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PREFACE 

IRF2025 is the eighth international gathering of a prestigious series of Integrity-Reliability-
Failure conferences coordinated by the International Scientific Committee on Mechanics and 
Materials in Design. This series of conferences started in 1999 and they are wholly devoted to 
advances in assessing the integrity, reliability and failure of engineering systems, materials, 
manufacturing and biomechanics. IRF2025 is jointly sponsored by the University of Porto, the 
University of Toronto and the Portuguese Society of Experimental Mechanics. The conference 
attracted over 160 contributions, with 148 accepted submissions involving 454 authors from 27 
different countries. 

The conference themes, which address novel and advanced topics on Integrity, Reliability and 
Failure, focused on Theory, Experiments and Applications in Engineering, including 
Composite and Advanced Materials, Fatigue and Fracture Mechanics, Structural Dynamics, 
Mechanical Design and Prototyping, Civil Engineering Applications, Biomechanical 
Applications, Energy and Thermo-Fluid Systems, and Industrial Engineering, among other 
topics. 

We believe that the meeting and these proceedings offered our delegates an excellent 
opportunity for the discussion and dissemination of their recent work in assessing the integrity, 
reliability and failure of engineering structures, components and systems. They fostered 
research that integrates mechanics and materials in the design process, and promoted exchange 
of ideas and international co-operation among scientists and engineers in this important field of 
engineering. 

We are particularly indebted to the authors and special guests for their contributions. Each of 
the 138 approved papers offers an opportunity for thorough discussions with the authors and 
the scientific community. Particularly, we acknowledge the excellent contributions of the 
participants, their innovative ideas and research directions, the novel modelling and simulation 
techniques, and the invaluable critical comments.  We also take this opportunity to thank the 
members of the International Scientific Committee and the reviewers for their time and helpful 
suggestions, the symposia organizers for their efforts and valuable contributions to the success 
of conference and this publication, and the local organizing committee for an absolutely superb 
organization of this “virtual” meeting. To all of them, we offer our deepest gratitude. 

            Porto / Portugal, July 2025 

J.F. Silva Gomes and Shaker A. Meguid 

(Conference Co-Chairs and Editors) 
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THERMAL BARRIER COATINGS FOR GAS TURBINE ENGINES: 

STATUS AND PROSPECTS 
 

Shaker A. Meguid(*) 

Mechanics and Aerospace Design Laboratory (MADL), 

University of Toronto, Toronton, Canada 
(*)Email: meguid@mie.utoronto.ca 

 

 

ABSTRACT 

Thermal barrier coatings (TBCs) were adopted in gas turbine engines (GTEs) since the 1950s 

for high temperature components, such as combustors, high pressure turbine and nozzle (Figure 

1). The use of TBC, along with the advancement in GTEs air-cooling techniques, had enabled 

higher operating temperature and improved engine thermodynamics efficiency. Alumina and 

zirconia-calcia are some examples of the early ceramic materials used in GTEs. These early 

coating materials have been replaced by highly advanced material systems that consist of four 

layers: substrate, bond coat, thermally grown oxide and a ceramic top coat, as depicted in Figure 

2. They are designed to protect high temperature components in GTEs against corrosion, 

erosion and creep, thus leading to improved engine efficiency and durability. In this keynote 

lecture, Meguid will review the structure, material properties, inelastic thermo-mechanical 

behavior of coating, and the resulting failure mechanisms as well as outline future directions of 

TBCs and summarize current TBC research activities in his laboratory. 

Keywords: Thermal Barrier Coatings, Gas Turbine Engines, Modeling & Characterization. 

  

Fig. 1 - A schematic of aviation GTE showing the hot sections 

that require thermal barrier coatings (Credit: Rolls Royce Inc.). 
Fig. 2 - Constituents of thermal barrier coatings. 
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SEISMIC BEHAVIOUR OF CONCRETE BUILDINGS: FIELDS 

LESSONS, STANDARDS AND RESEARCH NEEDS 
 

Humberto S.A. Varum(*) 

FEUP/CONSTRUCT, University of Porto, Porto, Portugal 
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ABSTRACT 

Recent earthquakes demonstrate that many of the existing reinforced concrete buildings 

structures may not perform adequately in future seismic events, due to several factors, including 

the design strategy adopted in the project, the irregular characteristics of the structural system, 

inadequate detailing and the potential influence of non-structural elements in the structural 

response. In some design situations, designers report difficulties in applying certain rules and 

requirements included in the codes. On the other hand, the materials, technical solutions and 

construction systems used in structures and non-structural elements continue to evolve, 

introducing new levels of complexity and uncertainty in the project. This justifies the research 

and continued development of seismic design rules and requirements to be included in codes 

with the aim of achieving rigorous design guidelines, but with an acceptable level of 

complexity. 

Keywords: Civil Engineering, Buildings Structures, Earthquakes, Seismic Design. 
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ABSTRACT 

To enhance the service life of the tunnel boring machine (TBM) cutter ring in extremely hard 
rock, the HR1 steel was developed by refining chemical composition and optimizing heat 
treatment, achieving high hardness and toughness. Compared to conventional cutter ring 
material DC53 steel, the HR1 steel quenched at 1050 ℃ and tempered at 540 ℃ increases 
hardness by 2.1 HRC and impact toughness by 225.7%. In low-stress wear, the abundant 
primary carbides in the microstructure of DC53 steel result in lower wear mass loss compared 
to the HR1 steel. However, the wear resistance of HR1 steel outperforms under high-stress wear 
due to its favorable matching of hardness and toughness. 

Keywords: TBM, disc cutter ring, heat treatment, mechanical property, wear resistance. 

 

INTRODUCTION 

When excavating extremely hard rock strata, the high abrasion and strong impact load of rock 
can seriously shorten the working life of cutter rings (Ling et al., 2021). In engineering practice, 
it has been demonstrated that the time spent on inspecting, replacing, and maintaining the cutter 
ring due to failures constitutes approximately 30% to 40% of the total tunneling construction 
time, with the associated costs making up about one-third of the total tunneling construction 
cost (Ren et al., 2018). To solve the issue that many TBM cutter rings made of DC53 steel were 
prone to wear and fracture under extremely hard rock geology in an underground project in 
China. In this study, the internal relationships among processing, microstructure, mechanical 
properties and wear behavior of the HR1 steel cutter ring after performance enhancement were 
mainly investigated, and compared to the structure and properties of the DC53 steel cutter ring. 

 

RESULTS AND CONCLUSIONS 

The experimental materials include HR1 and DC53 steel. The DC53 steel sample was obtained 
from a fractured cutter ring on site. After sampling the HR1 finished steel, the samples were 
quenched at 990, 1050 °C, 1110 °C and tempered at 540 °C. The microstructure and mechanical 
properties of the two test materials were analyzed by a metallographic microscope, Rockwell 
hardness tester, and pendulum impact tester. To compare the wear resistance of DC53 and HR1 
steel. Low-stress and high-stress cyclic wear tests were performed on the HCCW-1 wear tester. 
The low-stress test used a rubber wheel with quartz sand, while the high-stress test was carried 
out at the condition of steel wheel quartz sand. 

The microstructure of DC53 steel primarily consists of tempered sorbite and chain-like 
distributed primary carbides, Figure 1(a). The microstructural defect leads to stress 
concentration and crack propagation, thereby reducing impact toughness. Figures 1(b)-(d) show 
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the microstructure of HR1 steel at dissimilar quenching temperatures. With the increase of 
quenching temperature, the primary carbides in the HR1 steel structure are continuously 
dissolved, and the matrix structure is gradually grown from fine acicular martensite to acicular 
martensite, Figures 1(b)-(d). 

 

Fig. 1 - Microstructure of the DC53 steel (a) and the HR1 steel (b)-(d). 

When the heat treatment process is quenching at 1050 ℃ and tempering at 540 ℃, which results 
in HR1 steel having satisfying hardness and toughness.Compared with the DC53 steel, the HR1 
steel increases in hardness by 2.1 HRC, reaching 60.2 HRC, with the impact absorption energy 
increasing by about 225.7% to 49.6 J, as shown in Figure 2. Figure 3 exhibits the wear mass 
loss of HR1 steel with the best comprehensive mechanical properties and DC53 steel under two 
wear conditions. Under low-stress cyclic wear, HR1 steel exhibits lower wear resistance than 
DC53, with a mass loss of 323.3 mg, 25.12% more than DC53. However, under high-stress 
cyclic wear, wear mass loss of both steels significantly rises, reaching 937.1 mg for HR1 and 
984.6 mg for DC53. In this high-stress condition, HR1 outperforms DC53 with 4.82% less 
wear, indicating better wear resistance. 

 

Fig. 2 - Mechanical properties of the DC53 steel and 
the HR1 steel 

Fig. 3 - Comparison of wear resistance of DC53 steel 
and HR1 steel. 

Through improving the content of C, Cr, V, and other alloying elements and optimizing the 
heat treatment process. The impact toughness and hardness of HR1 steel are synergistically 
improved compared to DC53 steel. The results of the abrasive wear test show that good hard-
tough matching can make the cutter ring material have better impact wear resistance. 
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ABSTRACT 

Anelastic deformations in SiO2, radiation and structural functionalized nanocomposites of 
multiwalled carbon nanotubes (MCNT) and polyamide, polyvinylchloride, polyethylene were 
investigateded. 

Keywords: Anelastic deformations, elastic stress, electron irradiation, nanocomposites, 
carbon nanotubes. 

 

INTRODUCTION 

Poisson's ratio μ and elastic modulus E fully characterize the elastic properties of a polymer 
nanocomposite (Onanko et al., 2022; Trus et al., 2019). The increase of Debye temperature θD 
indicates the strengthening of interatomic interaction (Bereka et al., 2021; Onanko et al., 2019; 
Onanko et al., 2023). 

 

RESULTS 

Elastic, anelastic deformations in SiO2, radiation functionalized nanocomposites of multiwalled 
carbon nanotubes (MCNT) and polyamide-6 (NH(CH2)5CO)n (Figure 1), polyvinylchloride 
(C2H3Cl)n, polyethylene (C2H4)n were measured. 

  

Fig. 1 - Illustration of the window for processing data of quasitransversal elastic waves velocity measuring V┴ = 
782 m/sec in nanocomposite polyamide-6 (NH(CH2)5CO)n + 0.1% MCNT by impulse phase ultrasonic (US) 

method at frequency f┴ ≈ 0.7 MHz after electron irradiation with dose De- ≈ 20 Mrad with energy Ee- ≈ 2.0 Mev. 

Logarithmic decrement of attenuation � � �� ����	
��


 � �� ���

�� 
 � �3.44 � 0.1� � 10��. 

Complex elastic modulus E* nanocomposite is equal to the sum of dynamic elastic modulus 
�� � ��║� and loss modulus ��� � ��� (Onanko et al., 2022; Radovenchyk et al., 2021): 
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�∗ � ���1 + �� � ��║��1 + �� � ��║��1 + !"���,                             (1) 

where δ - logarithmic decrement of US attenuation, ρ - nanocomposite density, V║ - longitudinal 
US elastic waves velocity, Q-1 - internal friction. 

 

CONCLUSIONS 
1. After electron irradiation with dose De- ≈ 20 Mrad with energy Ee- ≈ 2.0 Mev the presence of 
the strong interaction for nanocomposites between multiwalled carbon nanotubes and polymers 
was confirmed by mechanical studies. 

2. The phenomenon of change of Poisson coefficient µ, Debye temperature θD, dynamic elastic 
modulus �� � ��║�, dynamic shear modulus # � ���� under the influence of radiative 

electronic e- radiation is caused by the appearance of primary radiation defects (RD). As the 
result of interdefect interactions primary RD form secondary RD. 
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ABSTRACT 

The Textile-Reinforced Mortar (TRM) is a well-established solution for reinforcing 
unreinforced masonry (UM) structures. A key factor in the effectiveness of this technique is the 
bond between the TRM and the masonry substrate. Although considerable work has shed light 
in the mechanics of this bond under static loading, few studies have focused on examining the 
effect of cyclic loading.  In this study, we present preliminary research on the bond behaviour 
at the interface of Carbon Textile Reinforced Mortar and masonry under fatigue loading 
conditions and attempt a comparison with the quasi-static case. Even at established bond length, 
our results show a consistent shift in the failure mode, i.e., from textile slippage at the static 
case to matrix detachment at the cyclic case. 

Keywords: TRM, carbon, fatigue, masonry, bond. 

 

INTRODUCTION 

Efficient strengthening of unreinforced masonry (UM) structures is a timely and pressing 
challenge of engineering practice. The Textile Reinforced Mortar (TRM) is an effective 
solution for strengthening UM structures, offering enhanced flexural and shear resistance. As 
with every strengthening technique, the key weak link is found in the bond between the UM 
and TRM. To this end, the quasi-static scenario gained primary attention in the research 
community. Conversely, research on the TRM response under fatigue loading is scarce. Cyclic 
loading scenarios are of prevalent in transport infrastructure, e.g., masonry arch bridges 
operating under repeated cycles of loading that result in damage initiation at stresses that are 
lower than the maximum stress level corresponding to the static case (Harrewijn and 
Vergoossen, 2022; D’Antino, et al., 2015; Carozzi, et al., 2009). As a result, failure occurs 
unpredictably, often before the structure exhibits sufficient visible damage. 

Until now, there is no standard for the fatigue bond tests. Most studies used the RILEM TC 
250-CSM standardized single-lap test protocol for testing the bond between TRM and masonry 
under static loading (de Felice et al., 2018). The load envelope in most studies is in a range of 
60%, 70%, and 80% of the critical load and 15% as a lower load, indicating that tests are 
performed under low-cycle fatigue conditions (see, e.g., Carloniet al., 2012). More recent 
studies on TRM to masonry strengthening under cyclic loading have investigated the 
effectiveness of TRM for strengthening rammed earth walls under in-plane cyclic loads. The 
strengthened specimens displayed a 104% recovery of shear strength, with a 600% increased 
drift capacity compared to the unstrengthened case (Romanazzi et al. 2023). 
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EXPERIMENTAL PROGRAM 

Test Specimens and Experimental Setup 

This experimental campaign involved two test series, i.e., under quasi-static and fatigue loading 
conditions using the single lap experimental setup shown in Figure 1. The specimens were 
masonry wallets comprising five clay bricks with individual dimensions of 215 x 102.5 x 65 
mm. The total height of the wallet was 365 mm. The thickness of the joint mortar was 10mm 
in all cases. The bonded area was positioned at a 25 mm distance from the prism edges to 
eliminate potential edge effects. The width and length of the bonded area in this research were 
120 and 250 mm, respectively. The TRM layer had an approximate thickness of 6 mm. 

  
(a) (b) 

Fig. 1 - Test setup (a) test setup details (all dimensions in mm), (b) actual test setup. 

The displacement measurement was organised as follows: two Linear Variable Differential 
Transducers (LVDTs) were directly attached to the wall. Two similar LVDTs were used to 
measure the relative displacement of the textile to the wall.  The maximum stroke of the LVDTs 
was 15mm. The load-displacement was recorded with a fully computerized data accusation 
system with a constant rate of 4 Hz. 

Materials  

A commercially available carbon textile was used, with a mesh size of 10mm on both sides and 
weight of 348 g/m2 (Figure 2). The corresponding equivalent thickness was evaluated to be 
0.097 mm. The textile fibre material properties are summarized in Table 1 as per the 
manufacturer’s datasheets. 

The joint mortar was a 1:4 cement to sand mix. A cement-based mortar was utilized for the 
application of the TRM strengthening composite system. This was an inorganic dry binder 
comprising cement and polymers at a ratio 8:1 by weight. A 0.23 water-to-mortar ratio was 
used in all cases; this was established after trial mixes to achieve the desired workability. The 
properties of the joint and strengthening mortars were identified according to EN 1015-11 test 
standard. The flexural strength was determined by conducting 3 three-point bending tests on 40 
x 40 x 160 mm prisms. Then the failed parts with a dimension of 40 x 40 mm were tested in 
compression (6 specimens). The resulting average values of the compressive and flexural 
strength are shown in Table . 
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a b 

Fig. 1 - Geometry of textile. 
 

Table 1 - Property of the textile. 

Material 
Weight 
[g/m2] 

Nominal 
thicknesses 

[mm] 

Tensile 
Strength 
[MPa] 

Young’s 
Modulus 

[GPa] 

Density 
[g/cm3] 

Carbon 348 0.097 3800 225 1.8 

 

Table 2 - Properties of the mortar. 

Mortar 
Compressive strength 

[MPa] 
Flexural strength 

[MPa] 

Join mortar 7.82 (0.36*/0.04**) 1.85 (0.5*/0.26**) 

M1: ready mix mortar 
(W/C:0.23) 

28.9 (0.17*/0.02**) 4.95 (0.17*/0.03**) 

*Standard deviation/**Coefficient of Variation 

 

RESULTS AND DISCUSSION  

Quasi Static Bond Tests 

The quasi-static test results are summarized in Table 3. As expected, in all cases the stress 
increases linearly until failure. In every instance, the failure mode was textile slippage (Figure 
3a). The average stress global slip plot is shown in Figure 3b. Four identical specimens with a 
bond length of 250mm were tested under the static case to determine the average value of the 
maximum load (6.9 kN).  

 

Table 3 - Test result for monotonic quasi-static tests. 

Specimen bond 
length 

Test result by specimen [kN] Mean value 
[kN] 

Standard 
deviation 

Coefficient of 
variation a b c d 

C_250_s 6.6 6.53 7.22 7.4 6.9 0.37 0.05 
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Fatigue Bond Tests 

The quasi-static tests aimed to establish a baseline for the maximum load and the corresponding 
failure mode. The attained maximum load was then used to establish the upper and lower 
bounds of the cyclic envelope during fatigue testing. The present work considered the case of 
a typical low-cycle fatigue envelope (Carloni et al. 2012), where the upper and lower boundaries 
of the load were defined as $%&'

(  and  $%)*
(  respectively, where the actual recorded  $%&'

(   and   

$%)*
(  is shown in Table 4. 

The average stress versus slip plots and the corresponding failure modes for the cyclic cases are 
shown in Figure 3cd. Conversely to the quasi-static, in the case of cyclic loading failure 
occurred via matrix detachment, albeit at a significantly lower level of load. Failure occurred 
after 8632 (average value) loading cycles. The last stable cycle is shown in the plot. 

 

Table 4 - Fatigue test results. 

Specimen Sample 
$%&'

(   

[kN] 

|Rd| 

[%] 
$%)*

(   

[kN] 

|Rd| 

[%] 
Ns 

 

Ch_250_f 

a 4.49 -7.49 1.28 23.00 9325 

b 4.63 -4.53 1.22 17.00 8534 

c 4.64 -4.26 1.14 9.72 8036 

Mean  4.59 0.67 1.21 17.00 8632 

St.d  0.08 0.49 0.03 7.03 260 

CoV.  0.01 0.73 0.02 0.41 0.03 

 

 

  
(a) (b) 

  
(c) (d) 

Fig. 2 - Failure mode and applied load versus slip paths for the static (a), (b) and cyclic 
cases (c), (d), respectively. 
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The cyclic response is manifested in three distinct stages, i.e.: 

Initial Crack Formation: This stage usually starts at the first 100-500 cycles. Initial cracks 
appear in the vicinity of the here as the load repeatedly stretches and compresses the composite 
material, concentrating stress at the top border where the bond connection is weaker. During 
this stage, the loading cycles evolve practically over the same slip range. 

Crack Propagation: Once the cracks form, they propagate as cyclic loading continues. The 
duration of this stage is approximately 5000 cycles. Even though the cyclic load causes micro-
cracks to merge and extend, the structure still retains enough integrity to delay immediate 
failure, however severe ratcheting is observed.  

Matrix Detachment: In this part, the cracks spread through the bonded area extensively. Then 
detachment initiates at the mortar to masonry interface. This in contrast to the quasi-static case 
where the mortar remains intact and the interface properties are governed by the chemistry of 
the bond between the textile and the matrix.  

Conversely, in the quasi-static tests, the failure mechanism initiates with cracks in the mortar 
matrix followed by matrix detachment. It may occur due to the mortar matrix experiencing 
localized fatigue and weakening under cyclic loading, leading to its inability to hold the textile 
in a matrix. 

 

CONCLUSIONS 

In this study, preliminary results were presented on an ongoing experimental campaign 
investigating the TRM to masonry bond under one-sided cyclic loading conditions. The key 
observations derived from experimental analysis are: 

• Under the single lap bond test considered in this study, a shift in the failure mode is 
observed. Under quasi-static loading, textile slippage occurred, whereas cyclic loading 
resulted in textile detachment. 

• The adhesion between the textile and the mortar matrix is subjected to progressive 
degradation under cyclic loading. The repeated stress disrupts the integrity of the adhesive 
property at the interface, eventually causing detachment rather than slippage. 

• Previous research by the authors on cyclic loading, where the basalt textile was used also 
manifested by shift of failure mode. This highlights the influence of textile property and 
mesh size on the bond performance factors. Also, it shows the need for careful material 
selection to enhance durability under repeated loading conditions. 
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ABSTRACT 

This paper discusses the problems of the transformations taking place in the joint area of the 
system of plates carbon steel P355NL2 and zirconium Zr700. The clads were produced in 
explosive welding  technologies with diversified proces parametrers (detonation velocities and 
stand-off distance). Then the interrelation between proces parameters and strength properties 
of the clad were analysed. The microstructure changes were analyzed with the use of scanning 
electron microscopy (SEM) and they were correlated with the results of the mechanical tests. 

Keywords: Layered structure Zr/(carbon steel), explosion welding, interface, intermetallic 
phases. 

 

INTRODUCTION  

Leyered products are often used in industry for structure application. Their production is 
justified not only by the economical factors but also by the necessity to fulfil particular 
funcional requirements. It is usually sufficient to apply a thin layer of a material, of high anti-
corrosive properties at elevated temperatures applied on a relatively inexpensive base 
(construction) material to meet the operation requirements, i.e. to obtain element characterized 
both by high corrosion resistance and strength. 

Materials, such as zirconium, titanium, tantalum, niobium, tungsten, etc., and their alloys, 
perfectly fulfill the above expectations. They show high corrosive resistance in numerous 
environments and therefore, they are widely used in the construction of processing apparatus 
used both in the chemical and the power generation industry. Taking into account the high cost 
of such materials, it is advisable to use them in the form of plated coatings, most often on carbon 
as two layered composites. However, joining these metals (e.g. in the form of metal sheets) still 
is a big technological problem. That is why, one increasing interest in the technology of 
explosive treatment of materials, including the technology of explosive cladding, is observed. 

Achieving such a connection requires particularly careful selection of the parameters of the 
explosive welding process, namely the energy of the explosion, the detonation velocity, and the 
distance between the sheets being joined [1] (Figure 1). An inappropriate selection of these 
parameters, for example, below the threshold values, may lead to the formation of 
discontinuities or a complete lack of connection. On the other hand, exceeding the critical 
values results in the melting of the surfaces of the joined sheets, ultimately leading to the 
formation of unfavorable areas of fusion that are characterized by high hardness and brittleness 
from the perspective of connection quality. 
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Fig. 1 - Scheme of the parallel system and the shape of the ejector die in the welding process. The basic 
parameters are: VD – detonation velocity, VP – velocity of plate collision, VC – velocity at the collision point, β – 

collision angle, h – distance between the plates, C – collision point. 

 

RESULTS AND CONCLUSIONS 

The results received allowed to conclude that for the assumed parameters it is possible to obtain 
Zr /(carbon steel) bi-metallic strips with properties meeting the standard's requirements. 
Performed metallographic analysis shows that the detonation velocities affect the quality of the 
welded sheets as well as the quantity of the transition zones near the interface. Smaller velocities 
promotes the formation of waves with lower parameters (of length and height), whereas greater 
velocities allow forming the bond of a more pronounced, repetitive wavy character, however, 
increasing the quantity of the transition zones at the same time (Figure 2). Also, the initial 
distance between the materials to be joined makes for the strengthening in the areas adjacent to 
the interface. SEM observations proved that the location of the intermetallic phase and the shape 
of the transition zone are strictly dependent on technological parameters of the process. The 
analysis of the chemical composition allowed to recognize three main intermetallic phases in 
the intermediate layer, i.e. FeZr, FeZr2 and Fe2 Zr3 (Figure 3). 

 

  
Fig. 2 - Morphological changes observed near the bonding zone of 
(carbon steel)/Zr composites manufactured at different detonation 

velocities: (a) 2200m/s, (b) 2800m/s and (c) 3500m/s. 

Fig. 3 - The changes in concentration of 
Zr and Fe elements inside the melted 

zone. 
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ABSTRACT 

The influence of Al-5Ti-B, Al-10Sr and Al-5Mo on the temperature-based parameters of 
ADC12 alloy were investigated using cooling curve thermal analysis. Results show that the 
alloy with 2 wt.% Al-5Ti-1B addition, under-cooling and nucleation rate of primary a-Al 
significantly increase. The nucleation and growth temperature of eutectic Si in ADC12 
aluminum alloy with 0.04 wt.%Sr addition significantly decreases. The nucleation and growth 
temperature of eutectic Al2Cu in ADC12 alloy with 0.1 wt.% Mo addition are the lowest. 
Evaluating the solidification structure of ADC12 aluminum alloy through characteristic 
temperature parameters optimizes the effect of trace elements on the microstructure and 
properties of ADC12 alloy.  

Keywords: ADC12 alloy, trace element, solidification characteristics, thermal analysis. 

 

INTRODUCTION 

Cooling curve thermal analysis (CCTA) is a non-equilibrium thermal analysis method that can 
evaluate the quality of the smelting process and optimize the addition of elements. Because it 
is a non-destructive quantitative technique that can be used before casting (Emadi D, 2005). In 
the process of melt solidification, the nucleation and growth of the structure in the alloy will 
release or absorb heat, thus showing a specific temperature value (Mackay R I, 2000). CCTA 
technology is to record the change of temperature with time during solidification. Therefore, 
the phase transition process in metal melt can be predicted and judged by CCTA method, and 
the information of alloy composition, solidification latent heat, solid fraction evolution, 
solidification phase type and dendrite phase can be obtained. In addition, thermal analysis can 
also be used to analyze the degree of modification and refinement, determine the liquidus and 
solidus temperatures, and obtain the characteristic temperatures related to the formation of 
eutectic zones and metal compound phases (Farahany S, 2012). 

 

RESULTS AND CONCLUSIONS 

Figure 1(a) illustrates a cooling curve recorded during the solidification of ADC12 casting 
alloy, along with its corresponding first derivative curve (dT/dt) and second derivative curves 
(d2T/dt2). The cooling curve shows three main reactions associated with phase formation, 
marked by arrows on the curves. Specifically, the solidification process of ADC12 alloy 
involves the formation of primary Al dendrites, the Al-Si eutectic reaction and Al-Cu eutectic 
reaction. To identify characteristic temperatures for primary Al, eutectic Si and eutectic Al-Cu, 
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namely nucleation temperature (TN), minimum temperature (TM), and growth temperature (TG). 
Specifically, TN is identified as the intersection point between the zero line and the second 
derivative curve when d2T/dt2 shifts upward. TM corresponds to the peak on the d2T/dt2 curve, 
which aligns with the zero point on the dT/dt curve, indicating the onset of latent heat release. 
TG is determined when the d2T/dt2 curve descends and then rises to intersect the abscissa, 
corresponding to another zero point on the dT/dt curve. (Saeed Farahany S, 2014).  

Figure1(b) is the cooling curve of ADC12 alloy with different trace elements. It can be seen 
that after adding Al-5Ti-1B, the TN and TG of α-Al increase, while adding Sr or Mo, TN and 
TG decrease. For the eutectic Si reaction, the TN and TG of the alloy with Al-5Ti-1B and Mo 
have little change, while Sr has a great influence on the nucleation temperature of the eutectic 
Si reaction, which affects the nucleation and growth of the eutectic Si. For the eutectic Al-Cu 
reaction, the TN and TG of the alloy with Al-5Ti-1B are slightly increased, while the TN and TG 
of the eutectic Al-Cu reaction are decreased to varying degrees by Sr and Mo. It shows that 
differences have little effect on the growth temperature of primary α-Al, but produce a greater 
effect on the eutectic growth temperature. 

 

Fig. 1 - (a) Cooling curve, first derivative and second derivative curves of ADC12 alloy indicating the three 
main phase reactions, (b) Cooling curves of ADC12 with different trace elements. 

In summary, thermal analysis is mainly applied to the solidification process of the alloy. The 
addition of A1-5Ti-1B, Sr and Mo has a certain influence on the solidification characteristic 
parameters of primary α-Al, eutectic silicon and eutectic copper in ADC12 alloy. In the study, 
the relationship between alloy elements and solidification characteristic parameters can be 
established to provide reference for optimizing the influence of alloy elements on the 
microstructure and properties of the alloy. 
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ABSTRACT 

To ensure the reproducibility of the results, strict quality control is required in sample 
preparation. However, these analysis methods are generally expensive and complex. In order 
to reduce the time, the amount of sample required for analysis, the cost and ensure efficiency 
in the methodology, an approach was taken using thermogravimetric analysis (TGA) to control 
the composition and degradation temperature of ceramic pieces (Zirconia with stearic acid - 
40%) bound with high and low densities polyethylene (HDPE and LDPE) and paraffin (60%). 
This makes it possible to control the percentage of zirconia through the residue obtained after 
heating and to determine, quickly and at a low cost, the initial degradation temperature (Ti) of 
the binders, which in this study are 196°C (Stearic acid and paraffin), 282°C (HDPE and 
paraffin) and 232°C (1st Event) and 447°C (2nd Event) (paraffin, HDPE and LDPE). 

Keywords: Zirconia, HDPE and LDPE, paraffin, TGA, prosthetic rehabilitation. 

 

INTRODUCTION 

Zirconia is a bioceramic used in dental processes, especially in prosthetic applications. For the 
production of these parts, injection molding of ceramic powders is the most commonly 
technique used because it allows the fabrication of complex structures at a low cost. However, 
due to the weak cohesiveness and low plasticity of the ceramic material, it is necessary to use 
binders or adhesive to favor molecular interactions and promote processability in all stages of 
production until the final sintered parts. Therefore, the composition of the mixture is of 
paramount importance (Belo et al., 2013; He et al., 2017; Nogueira, 2024). For this purpose, 
the compositions of the materials with and without the addition of binders were analyzed to 
evaluate the zirconia content and the temperature at the beginning of degradation through the 
TGA technique. 

 

RESULTS AND CONCLUSIONS 

The results of all triplicates were consistent with each other. In the case of residue, the 
coefficient of variation (CV) is less than 5%. Furthermore, the value of the calculated Student's 
t-test distribution is lower (9.925) than the tabulated t-value (9.2901), which indicates that the 
theoretical value is within the permitted variation range with a 99% confidence level; therefore, 
there is no statistically significant difference between the mass used and the established one 
(Bandeira, 2015). 

Another important point (Table 1) is that stearic acid and paraffin present an initial degradation 
temperature (Ti), in a single stage, of 196.0°C, while the paraffin and HDPE mixture, also 
degraded in a single stage, has a Ti of 282.4°C. In this case, paraffin and HDPE degrade 
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concomitantly, with the highest percentage of loss occurring at approximately 490°C. In the 
case of the paraffin, HDPE and LDPE mixture, the formation of two decay stages is due to the 
degradation of HDPE and LDPE, which, despite having similar degradation ranges, have 
different crystallinities, and therefore different Ti, and an initial degradation temperature of 
232°C (Ti- 1st Event) and 447°C (Ti- 2st Event) (Euzébio Jr., 2017). 

In this way, it is possible to determine the percentage of zirconia through the proposed 
methodology, as well as the initial degradation temperatures of the mixtures, quickly and at a 
low cost, since at 700°C, the binders are eliminated. 

 

Table 1 - Results obtained using the thermogravimetric analysis (Authors). 

Composition Stage 
Ti (oC) 
Event 1 

Ti (oC) 
Event 2 

Mass loss 
(%) 

Event 1 

Mass loss 
(%) 

Evento 2 
Residue (%) 

Zirconia – 40% 
Stearic acid – 4% 
Paraffin – 56% 

1 196.0±6.6 --- 44.56±0.58 --- 52.39±2.31 

HDPE – 44% 
Paraffin – 56% 

1 282.4±9.6 --- 99.99±0.01 --- 0.01±0.01 

HDPE – 33% 
LDPE – 11% 
Paraffin – 56% 

2 232.4±3.1 446.6±2.6 54.22±0.84 45.78±0.84 0.01±0.01 
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ABSTRACT 

Aiming to reduce environmental impacts, several “green” composites have been developed. 
Among them, thermoplastic materials with reinforcement from agribusiness have stood out. 
However, these materials need to be mechanically analyzed to determine their potential and 
applicability. In order to evaluate this property, mixtures of LDPE (low-density polyethylene) 
and Bertholletia excelsa bark were made in proportions of 10%, 20% and 30% to be compared 
with the pure material. This made it possible to obtain a composite that presented an increase 
in the elastic modulus and yield stress with the addition of reinforcement compared to the pure 
polymer. However, with the increase in the percentage of biomass, there was a decrease in the 
maximum stress, thus presenting a non-linear mechanical behavior. The composites obtained 
can be used in the automotive sector or in boxes and will contribute to reducing the use of oil 
and the disposal of waste from the agro-industry. 

Keywords: Brazil nuts, green composites, agribusiness, reuse, biomass. 

 

INTRODUCTION 

Bertholletia excelsa or Brazil nut is a plant native to the Amazon region with great economic 
importance. Its fruits, called ouriços, weigh about 2 kg and only the nuts are edible, with about 
90% of the total being discarded. In an attempt to reinsert this material into the production 
cycle, green composites using thermoplastic matrix (LDPE) that has low cost and easy 
processability were manufactured and injected to obtain the test specimens (Carvalho, 2019; 
Silva, 2024). However, to determine its applicability and behavior, mechanical tensile tests 
were performed. For this purpose, three families of composites (10, 20 and 30%) were tested 
and the result compared with the pure material worked under the same conditions. 

 

RESULTS AND CONCLUSIONS 

The shells were cleaned, dried, crushed and then sieved, obtaining a biomass with particle size 
lower than 50 meshes. The samples were then weighed in the appropriate proportions for the 
composition of the three families and mixed in a thermokinetic mixer (Dryzer). These mixtures 
were then injected (EMIC, with a 5 kN load cell at 1.4 mm.min-1), forming the six specimens 
for each tensile test (ASTM D 638, 2014). The tests (Table 1) show that LDPE has a yield stress 
of 2.90 ± 0.32 MPa, being the least resistant material to yielding. The incorporation of fibers 
into the composite progressively increases the yield stress, which is related to the presence of 
this material that acts as a reinforcing agent in the composite, improving the material's 
resistance to initial plastic deformation due to its superior rigidity and the effect of transferring 
stresses from the matrix to the fiber. The continuous increase with the addition of fiber, 
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indicates good adhesion between the polymer matrix and the fibers, which is crucial for the 
efficiency of the composite (Callister Jr.; Rethwisch, 2021). At maximum stress, the materials 
exhibit varied behaviors in relation to pure LDPE. This behavior may be due to several factors. 
Therefore, the increase with 10% fiber can be attributed to moderate reinforcement of the 
matrix. However, with an increase in the fiber fraction (20% and 30%), there is a reduction in 
maximum stress, possibly due to fiber agglomerates and their poor dispersion, resulting in stress 
concentration points, composite fragility due to a high percentage of fibers that lead to a 
reduction in the ductility of the matrix, making the material more susceptible to fracture, or 
structural discontinuity due to imperfect adhesion between matrix and fiber that can create weak 
interfaces that compromise the overall strength (Callister Jr.; Rethwisch, 2021; Silva, 2024). 

However, composites show a significant increase in elastic modulus with the addition of fiber, 
which reflects an increase in the stiffness of the materials. This increase is expected, since fibers 
have a higher modulus of elasticity compared to the polymer matrix. This results in a composite 
that is more resistant to elastic deformation. However, the proportional increase in fiber content 
also highlights the importance of uniform dispersion and fiber-matrix adhesion, which ensure 
good stress transfer. This behavior makes composites more suitable for applications that require 
greater rigidity (Callister Jr.; Rethwisch, 2021; Silva, 2024). 

Therefore, it is possible to conclude that the addition of fibers improves the yield stress and 
elastic modulus of composites, making them stronger and stiffer, that the maximum stress 
shows a non-linear behavior, with a slight improvement at low fiber contents and a reduction 
at high contents, probably due to dispersion or adhesion problems, and that composites with 
intermediate fiber contents (~10%-20%) can present the best balance between strength and 
ductility, while composites with 30% fiber are stiffer but less resistant to maximum load. 

Table 1 - Results of tensile tests of composites (Authors). 

Material Yield Stress 

(MPa) 

Maximum Stress 

(MPa) 

Elastic Modulus 

(MPa) 

LDPE 2.90 ±0.32 10.18 ±0.27 35.19 ±1.14 

LDPE 10% fiber 3.58 ±0.24 10.51 ±0.45 48.27 ±0.91 

LDPE 20% fiber 3.99 ±0.16 9.86 ±0.17 57.30 ±2.34 

LDPE 30% fiber 4.23 ±0.15 9.22 ±0.22 64.55 ±3.65 
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ABSTRACT 

The global push for a green and sustainable energy economy has intensified the focus on 
developing and optimizing advanced battery systems. This study advances Na⁺ all-solid-state 
structural batteries, combining the high ionic conductivity of Na₂.₉₉Ba₀.₀₀₅OCl with the 
mechanical strength of CFRP. The resulting coaxial cells are cost-effective, sustainable, and 
durable, offering a promising solution for energy storage in modern transportation systems. 

Keywords: Structural batteries, all-solid-state electrolyte, energy storage systems. 

 

INTRODUCTION 

Recognized as a cornerstone technology by the European Union and numerous governments 
and organizations worldwide, batteries play a pivotal role in addressing human-driven climate 
change and achieving net-zero CO₂ emissions targets (Titirici et al., 2024). Looking ahead, 
advanced, optimized, and eco-friendlier energy storage solutions have become the driving force 
behind modern transportation systems. In this context, materials scientists have been inspired 
to enhance battery functionality by integrating multiple primary roles, leading to the 
development of multifunctional devices that combine a perspective on energy storage 
capabilities with mechanical performance - known as structural batteries. The NGS – New 
Generation Storage project aligns with the EU’s energy transition strategy for 2050 by 
enhancing Na⁺ all-solid-state structural batteries through systematic studies of component 
interactions and scalability. A key innovation lies in the coaxial battery geometry first 
developed by Braga’s group, which combine the high electrochemical performance from the 
Braga’s glassy electrolyte Na2.99Ba0.005OCl (Danzi et al., 2022; Gomes et al., 2024) with the 
high mechanical performance of carbon-fiber reinforced polymer (CFRP) composites (Valente 
et al., 2023). This electrolyte exhibits exceptional properties, including an ionic conductivity of 
25 mS.cm⁻¹ and a dielectric constant (εr) of 108 at room temperature, enabling the fabrication 
of electrodeless batteries where only current collectors (e.g., copper, carbon, aluminum, or zinc) 
are employed as electrodes. This work explores the effect of aluminum rod diameters (4 mm, 6 
mm, and 8 mm) on the electrochemical behavior of coaxial cells, maintaining other parameters 
constant (cell diameter ~10 mm, effective length ~10 cm).  

 

RESULTS AND CONCLUSIONS 

Coaxial cells are constituted by an aluminium rod current collector, and a copper foil current 
collector which are separated by the glassy electrolyte Na2.99Ba0.005OCl. To provide mechanical 
robustness, a CFRP laminate is wrapping the structure, as suggested in Figure 1.  
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Fig. 1 - Schematic representation of a structural coaxial cell. 

The Nyquist plots revealed that a 6 mm aluminum rod minimized internal resistance. When 
connected to a 10 kΩ resistor for 24 hours, the cell delivered an output voltage of 1.1 V after a 
3-minute charge at 1.5 V (< 2.8 mA), demonstrating a discharge plateau voltage between 0.85–
1.1 V over 32 days and sustaining this plateau for over 40 days. These cells are safe, cost-
effective (< 10 €/kWh), sustainable, and mechanically robust, offering a viable alternative for 
energy storage in multifunctional applications, particularly in transportation.  
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ABSTRACT 

Due to their exceptional low density, superior wear resistance and favorable thermodynamic 
characteristics, C/C-SiC composites have emerged as the prime choice for lightweight high-
speed train brake discs. In this study, the mechanical properties of 2.5D needled C/C-SiC 
composites under tensile, compression, and shear loading at both room and elevated 
temperatures were explored. Furthermore, the changes in material properties subsequent to a 
1:1 dynamic fatigue test were analyzed. The results indicate that the in-plane tensile properties 
of the material initially increase and subsequently decrease with temperature. Cracks are present 
within the C/C-SiC after the test. The interlayer properties of the material decreased with 
increasing temperature, whereas the in-plane properties either increased or remain constant. 
Material fracture is predominantly caused by matrix cracks and the propagation of composite 
cracks. The initiation of fiber debonding predominantly occurs along the fiber cracks and the 
fiber-matrix interface. 

Keywords: C/C–SiC，damage mechanism，high-speed trains，composite brake discs. 

 

INTRODUCTION 

Due to their excellent properties, carbon-ceramic composites have considerable potential in the 
braking systems of high-speed trains (Li Z, 2016). When 2.5D C/C-SiC is subjected to uniaxial 
loading, the microscopic damage involves crack propagation and debonding of the carbon fibers 
and SiC shell (Dalmaz A, 1999). The brake disc endured 618 braking cycles under various 
working conditions. The test essentially simulated 618 thermal cycles with a maximum 
temperature of 889 °C. The material properties of the disc change significantly when the 
surface temperature is high during braking. The C/C-SiC properties before and after the fatigue 
test were analyzed. Combined with the results of the CT scan and SEM analysis, the damage 
mechanisms such as internal crack propagation, fiber debonding, and matrix cracking of C/C-
SiC were explored.  

 

RESULTS AND CONCLUSIONS 

Tests were performed in accordance with ASTM, GJB and GB/T standards, and data acquisition 
was performed on an Instron 5982 universal materials testing machine with a DIC test system. 
High-temperature in-plane tensile tests were performed on ZWICK/Z100 machines at 
temperatures of 200 °C, 400 °C, 600 °C and 800 °C. Figure 1 shows the test setup used 
and some of the results. 

The results of the mechanical property at room temperature are shown in Table 1. A comparison 
of the material properties before and after the test revealed that the properties of the materials 
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deteriorated among the layers after use. However, the performance in the plane has improved 
or remained unchanged. As shown in Figure 1(e), the in-plane tensile strength of the C/C-SiC 
composites first increased but then decreased with increasing temperature, reaching a maximum 
value of 148.12 MPa at 200 °C and only 15% of the normal temperature at 800 °C. 

A high-resolution CT scan was conducted on the material after the fatigue test, as depicted in 
Figure 2(a). After actual use, the carbon ceramic material exhibited matrix cracks and fiber 
cracks, with composite cracks that penetrated both the fibers and the matrix simultaneously. 
Figure 2(b) reveals cracking, slipping, debonding of the fiber bundles, and cracking of the 
matrix. Material fracture was caused by matrix cracks and composite crack propagation. The 
fiber bundle debonding primarily along the position of fiber cracks and the interfaces between 
the fiber and the matrix. 

  
Fig. 1 - Materials testing: (a) DIC testing system (interlayer shear); (b) load-displacement results; (c) stress-

strain results; (d) high-temperature tensile equipments; (e) results of tensile strength at different temperatures. 

Table 1 - Mechanical property test results. 

Strength test New (MPa) Used (MPa) Strength test New (MPa) Used (MPa) 
In-plane tensile  116.60 116.73 Interlayer tensile  13.16 9.14 
In-plane shear  55.23 59.12 Interlayer shear  33.77 30.48 

In-plane compressive  195.35 216.42 
Interlayer 

compressive  
315.29 258.26 

 

  
（a） （b） 

Fig. 2 - Microstructure: (a) CT scan image and (b) SEM results of in-plane tensile fractures. 
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ABSTRACT 

The electric vehicle (EV) market has experienced exponential growth, becoming a centrepiece 
in the global effort to reduce carbon dioxide emissions and fight climate change. The success 
of this market depends on advancements in battery technology to deliver higher energy density, 
greater capacity, longer lifespans, and affordability. A critical component of all battery 
systems—whether conventional lithium-ion batteries (LIBs) or next-generation solid-state 
batteries— is the cathode. Comprising the active material, binder, and conductive agent, the 
cathode plays a pivotal role in defining the specific capacity and energy density of a battery, 
while also representing a significant fraction of the overall cost [1]. This underscores the need 
for continuous innovation to achieve a balance between performance and cost-effectiveness. As 
of 2022, the EV industry has been dominated by three primary active materials: NMC (Nickel-
Manganese-Cobalt), LFP (Lithium Iron Phosphate), and NCA (Nickel-Cobalt-Aluminum) [2–
4]. In this poster, the authors present a comprehensive perspective on the development and 
selection of cathode materials for solid-state batteries, examining their alignment with evolving 
industry demands and addressing key challenges. Furthermore, it is emphasized the importance 
of adopting a life cycle perspective to ensure batteries serve as a truly sustainable energy storage 
solution and follow the environmental guidelines of the European Union, from the extraction 
of raw materials to end-of-life management. 

Keywords: Cathode, Electric Vehicles, Solid-State, Batteries, Sustainability. 

 

INTRODUCTION 

The electric vehicle (EV) market has seen rapid growth, attracting substantial investment and 
becoming a central element in efforts to reduce carbon emissions and combat climate change. 
The market’s success depends on the development of batteries with high energy density, long 
lifespan, capacity, and affordability. The performance of these batteries largely depends on 
three key components: the cathode, anode, and electrolyte. A major milestone in battery 
technology was the birth of solid-state batteries (SSBs). Unlike traditional lithium-ion batteries 
(LIBs), which use liquid electrolytes, SSBs utilize solid-state electrolytes that are non-
flammable (especially the inorganic) and more resistant to dendrite formation, greatly reducing 
the risk of explosions. These solid electrolytes also offer a broader electrochemical window, 
making them better suited for high-energy-density cathodes and anodes [5,6] .For high-energy-
density batteries, the development of stable cathodes with increased specific capacity is crucial. 
Cathodes are composed of three main parts: active material, binder, and conductive agent. The 
active material is particularly important as it determines the cathode's capacity. By 2022, three 
types of active materials dominated the EV industry: NMC, LFP, and NCA [2–4]. Among them, 
NMC stands out due to its excellent balance of energy density, cycle life, and thermal stability. 
NMC’s structure can incorporate various combinations of transition metals—nickel (Ni), cobalt 
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(Co), and manganese (Mn)—each contributing different performance benefits. Optimizing 
these metals’ proportions is essential to meet the EV industry's ambitious targets and reduce its 
environmental footprint [7].  However, a major challenge is balancing performance, stability, 
cost, and sustainability. NMC cathodes currently rely on cobalt (Co). Besides its toxicity, cobalt 
is primarily sourced from the Democratic Republic of Congo, where its extraction is linked to 
exploitative labor practices and unsustainable economic conditions [8,9]. As a result, there is 
growing pressure to reduce cobalt content in cathodes [10]. Additionally, the use of PVDF, a 
common binder in cathode production, is being phased out in the European Union due to 
environmental concerns [11]. In large-scale cathode synthesis, it is also critical to select eco-
friendly solvents to mitigate environmental impact. To truly position batteries as sustainable 
energy storage solutions, their entire lifecycle must be considered—from mineral extraction to 
disposal. The end-of-life management of batteries is particularly important, as they contain 
materials that are difficult to dispose of safely. Improper storage and disposal of batteries can 
lead to environmental hazards, including contamination of water systems due to their toxicity 
and flammability. In recent years, however, strategies for recycling or reusing batteries and 
their components have gained traction, fueling the development of a circular economy in the 
industry [12]. 
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ABSTRACT 

Batteries are pivotal in the transition to renewable energy, with current collectors playing a 
crucial role in optimizing battery efficiency. This study, part of the New Generation Storage 
(NGS) PRR project, explores the enhancement of solid-state structural battery performance 
through the incorporation of nanostructured copper current collectors (CCs). The initial stages, 
conducted by a collaborating group, involved coating PEN substrates with parylene-C and 
structuring them using Langmuir-Blodgett deposition of polystyrene spheres followed by O2 
plasma etching. These micro-structured substrates were subsequently coated with copper 
through thermal evaporation. Our research focuses on the topological characterization of these 
copper CCs and the electrochemical characterization of sodium solid-state batteries that 
incorporate them.  

Keywords: NGS, current-collectors, nanostructured, solid-state, structural batteries.  

 

INTRODUCTION 

Batteries are essential in the transition to renewable energy sources, serving critical roles across 
various applications, from grid storage solutions to electric vehicles. As the demand for more 
efficient and integrated energy storage solutions increases, the development of structural 
batteries, which combine load-bearing capabilities with energy storage, emerges as a 
particularly innovative area. These batteries serve a 
dual purpose: they provide structural support while 
also functioning as power sources, Figure 1. This 
dual functionality reduces the number of components 
and overall weight, making them ideal for 
applications where weight is a critical factor in the 
[1], [2]. In structural batteries, the function and 
efficiency of current collectors are of paramount 
importance. Current collectors influence battery 
performance significantly by affecting the interface 
connections between electrodes and electrolytes. The 
introduction of nanostructured current collectors can enhance these connections, particularly 
with solid-state electrolytes, potentially improving efficiency and battery life.  

Fig. 1 - Representation of a coaxial structural 
battery with major components highlighted. 
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RESULTS AND CONCLUSION 

The herein presented study was conducted under the New Generation Storage (NGS) PRR 
project and explores the enhancement of solid-state structural battery performance through the 
incorporation of nanostructured copper current collectors (CCs). These nanostructures aim to 
improve interface connections between the sodium ferroelectric solid-state electrolyte and the 
copper CCs, which lead to enhanced battery performance. The initial stages of this project 
involved collaborative efforts where PEN substrates were coated with parylene-C and 
structured using Langmuir-Blodgett deposition of polystyrene spheres, followed by O2 plasma 
etching to create micro-structures. These substrates were then coated with copper through 
thermal evaporation to produce the current collector samples. This work focuses on the detailed 
characterization and performance evaluation of copper current collectors (CCs) in solid-state 
batteries. Atomic Force Microscopy (AFM) is used to analyze surface topology, total surface 
area, and surface potential, Figure 2.  

       
Fig. 2 - Topological height images of nanostructured CC’s with different etching times obtained with AFM. 

Following the characterization, the copper current collectors are integrated into a real battery 
system. Each battery is constructed with two distinct current collectors: one made of aluminum 
and the other of nanostructured copper. These collectors are positioned opposite each other 
within the battery, separated by a sodium-based ferroelectric solid-state electrolyte[3],[4]. The 
setup is specifically designed to isolate and underscore the effects of different current collector 
materials, allowing for a clear comparison of traditional versus nano-engineered designs.  
Battery testing procedures include Cyclic Voltammetry, Potentiostatic Electrochemical 
Impedance Spectroscopy, and long-term charge and discharge cycles to evaluate the 
performance and stability of the batteries. Finally, post-mortem analyses such as EDM/XPS are 
conducted to study the interface formation and degradation processes, providing insights into 
the electrochemical interfaces and their impact on battery efficiency and lifespan.  

This comprehensive approach highlights the potential of nano-engineered surfaces and 
structural battery configurations in enhancing the performance and durability of batteries, 
which are crucial for advancing renewable energy technologies. 
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ABSTRACT 

Inconel 625 has been widely used in several applications due to its resistance to corrosion, 
oxidation protection in reducing environments, and mechanical strength. Performs well in 
environments containing chlorides, strong acids, and seawater. It shows good weldability and 
the production of functional components by Additive Manufacturing (AM) [1]. In energy 
storage applications, it has applications in flow batteries (e.g., vanadium redox flow batteries), 
which use aggressive electrolytes. Inconel 625's resistance to strong acids and chlorides makes 
it an excellent choice for (1) electrolyte containers and tanks; (2) piping and flow systems; (3) 
bipolar plates or current collectors exposed to corrosive environments. In battery 
manufacturing, particularly in lithium-ion or sodium-ion batteries, Inconel 625 may be used in 
machinery or systems exposed to corrosive chemicals, such as: (1) chemical reactors used for 
synthesizing cathode/anode materials and (2) acid-resistant processing tanks or pipelines for 
recycling spent batteries. Herein, we categorized electrochemically and electrostatically an 
Al/Na2.99Ba0.005ClO/Inconel625 3D cell containing a chloride-based alkali ferroelectric-
electrolyte, Na2.99Ba0.005ClO [2]. A caveat of the latter electrolyte is its hygroscopicity, which 
we tried to overcome by closing the cell in an epoxy resin enclosure. Results show a discharge 
voltage of 1.1 V, self-cycling with a 2.4 h period and 24 h, and self-charge of 30 mV when the 
cell is set to discharge with a 47 kΩ. The 3D cell was able to retain the voltage for more than 
62.5 days, while the Inconel 625 performed as a current collector/cathode.  

Keywords: Inconel 625, all-solid-state batteries, ferroelectric-electrolyte, Na+-based 
electrode-less batteries, cathodes. 

 

INTRODUCTION 

Inconel 625 contains (in weight percent): 20-23% Cr, 8-10% Mo, 3.15–4.15% Nb + Ta, <5% 
Fe, <1% Co, <0.5% Mn, <0.5% Si, <0.4% Al, <0.4% Ti, <0.1% C, <0.015% P, <0.015% S, 
balanced with Ni. Due to its chemical composition, Inconel 625 is resistant to chlorides and 
seawater [3]. Therefore, here we studied Inconel, not as a container, but as a AM current 
collector/electrode. Our hypothesis is that the material fixes the electrode’s chemical potential 
without reacting with the alkaline solid electrolyte. To determine if Inconel performs as a 
cathode or anode, we performed µm-Scanning Kelvin Probe (SKP) analysis. Then, in the face 
of the latter results, the second electrode was chosen. Subsequently, an 
Al/Na2.99Ba0.005ClO/Inconel625 3D cell was fabricated, tested, and compared to previous 
analyses [2].  
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RESULTS AND CONCLUSIONS 

The results demonstrate that Inconel 625 may perform as a cathode (Figure 1). Figure 2 shows 
the fabrication of an Al/Na2.99Ba0.005ClO/Inconel 625 3D cell in an Ar filled glove box.  

 
Fig. 1 - SKP analysis for Al//Inconel showing a potential difference of ∼1 V and Al and Inconel 625 surface 

chemical potential in the Standard Hydrogen Electrode (SHE) scale. 

 

Fig. 2 - Al/Na2.99Ba0.005ClO/Inconel625 3D cell fabricated in an Ar filled glovebox. 

a)  b)  

Fig. 3 - Al/Na2.99Ba0.005ClO/Inconel625 3D cell set to discharge with a 47 kΩ resistor for > 1500 hrs, showing 
self-cycling with two periods 2.4 and 24 h and a small self-charging effect corresponding to 30 mV observed 

after 350 hrs; a) full graph; b) inset. 

The electrochemical analysis (Figure 3) reinforces that Inconel 625 performs as a cathode 
showing a potential difference (1.05 V), as expected. When set to discharge with a 47 kΩ 
resistor, the cell may hold the potential between 1.035 to 1.065 V for more than 62.5 days. This 
data shows that the Inconel 625 may fix the potential without reacting with the ferroelectric Na+ 
electrolyte, which is an advantage in increasing the cells’ cycle life. The electrolyte holds the 
capacity of the cell as it contains all mobile species [4].  
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ABSTRACT 

This study investigates the thermal characterization of PLA, ABS, PETG, and Nylon filaments, 
widely used in 3D printing, to understand their behavior during additive manufacturing 
processes. Thermogravimetry (TGA) and differential scanning calorimetry (DSC) were 
employed to assess key thermal properties, including thermal stability, glass transition 
temperatures, and melting points. The research also examined how printing temperature affects 
the mechanical and dimensional stability of fabricated parts. Experiments involved 23 polymer 
samples, including virgin and recycled PLA, to evaluate sustainability and material 
performance. A 3D printer equipped with precise thermal control and calibrated analytical 
instruments ensured accurate evaluations. Results highlighted correlations between thermal 
properties and the quality of printed components, providing data to optimize print settings and 
minimize defects. The findings contribute to advancing sustainable 3D printing practices by 
identifying efficient material usage and reducing waste. This project addresses industrial needs 
for high-quality additive manufacturing, emphasizing eco-friendly material development and 
the importance of standardizing thermophysical data for improved processes and products. 

Keywords: PLA, ABS, PETG, Nylon, thermal characterization, additive manufacturing. 

 

INTRODUCTION 

Additive manufacturing (AM), commonly known as 3D printing, has revolutionized how 
objects are fabricated, offering unparalleled design flexibility and material efficiency (Ambrosi; 
Pumera, 2016) (Atakok et al., 2022; Pakkanen et al., 2017). Among AM techniques, Fused 
Deposition Modeling (FDM) is widely used due to its simplicity, cost-effectiveness, and 
versatility (Wojtyła et al., 2017). However, optimizing material performance requires 
understanding the thermal properties of the polymers involved, particularly during processing 
(Song et al., 2016). This study focuses on four commonly used thermoplastics—PLA, ABS, 
PETG, and Nylon - analyzing their thermal stability and transitions using TGA and DSC. These 
analyses aim to provide insights into material suitability for various industrial applications, with 
additional emphasis on sustainability through recycled PLA studies. 

 

RESULTS AND DISCUSSION 

Experiments were conducted using 23 polymer samples, comprising 14 PLA, 7 ABS, 1 PETG, 
and 1 Nylon. Sample preparation included standard extrusion into filaments followed by 
thermal characterization. Preliminary results demonstrated that PLA exhibits excellent 
printability but is sensitive to thermal fluctuations, whereas ABS offers higher impact resistance 
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but requires precise temperature control due to its higher thermal expansion. PETG and Nylon 
showed intermediate characteristics, with PETG excelling in chemical resistance and Nylon 
offering superior flexibility. 

Recycled PLA presented comparable performance to virgin PLA, though with slight reductions 
in mechanical properties, emphasizing its potential for sustainable applications. Numerical 
analyses confirmed that optimal temperature ranges for each material improved dimensional 
stability and minimized warping. 

 

CONCLUSION 

This study highlights the importance of thermal characterization in optimizing 3D printing 
processes. By correlating material properties with print performance, this research provides 
valuable data for selecting and processing polymers in additive manufacturing. The insights 
gained support the development of eco-friendly and cost-effective fabrication methods, 
contributing to the advancement of sustainable manufacturing practices. 

Future work will focus on expanding the dataset to include additional materials and exploring 
the effects of hybrid material blends on performance metrics. 
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ABSTRACT 

The use of continuous fiber-reinforced thermoplastics (FRTP) in automotive industry increases 
due to their excellent material properties and possibility of rapid processing. The scale spanning 
heterogeneity of their material structure and its influence on the material behavior, however, 
presents significant challenges for most joining technologies, such as self-piercing riveting 
(SPR). During mechanical joining, the material structure is significantly altered within and 
around the joining zone, heavily influencing the material behavior. A comprehensive 
understanding of the underlying phenomena of material alteration during the SPR process is 
essential as basis for validating numerical simulations. This study examines the material 
structure at ten stages of a step-setting test of SPR with two FRTP sheets with glass-fiber 
reinforcement. Utilizing X-ray computed tomography (CT), the damage phenomena within 
different areas of the setting test are analyzed three-dimensionally and key parameters are 
quantified. Dominating phenomena during the penetration of the rivet into the laminate are fiber 
failure (FF), interfiber failure (IFF) and fiber bending, while delamination, fiber kinking and 
roving splitting are also observed. At the final stages, the bottom layers of the second sheet 
collapse and form a bulge into the cavity of the die.  

Keywords: Self-piercing riveting; computed tomography; thermoplastic composites; process-
structure-interaction. 

 

INTRODUCTION 

The increasing use of FRTP in automotive and lightweight applications is driven by their high 
specific strength, stiffness, and superior processability compared to thermoset composites [17]. 
However, their integration into structural assemblies presents significant challenges, like high 
degrees of deformation in the context of mechanical joining [16]. 

Mechanical Joining Technologies for continuous fiber reinforced thermoplastic 
composites 

Several mechanical joining techniques have been explored to enable the assembly of 
thermoplastic composite structures. [3] introduced a method using braided thermoplastic rivets 
that are directly formed within pre-punched composite laminates. Similarly, [14] and [21] 
investigated thermoplastic composite fasteners, including 3D-printed and interference-fit 
solutions. While these approaches demonstrate effective joining strategies, they primarily 
address composite-to-composite joints and do not necessarily apply to hybrid joints involving 
metals. Furthermore, the necessity of a pilot hole requires an additional process step. 
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Hybrid metal-composite structures offer distinct advantages in lightweight design by 
combining the mechanical benefits of both material classes. However, joining FRTP with 
metals is particularly challenging due to differences in material properties, limited composite 
ductility, and stress concentrations at the joint interface [15]. A broad overview of multi-
material mechanical joining techniques is provided by [5] and [13]. [19] developed a 
thermoforming process, by combining flow drilling in metals and warm forming of boreholes 
in thermoplastic composites. Additionally, inductive contact joining [1] and thermally assisted 
clinching processes, such as thermoclinching, hotclinching and insert clinching [7] were 
investigated. Notably, techniques such as joint stamp riveting [10] and macro-scale mechanical 
interlocking [18] have been developed to improve the integrity of metal-composite joints by 
reducing fiber damage and enhancing interlocking efficiency. 

While many of these methods rely on forming processes adapted from metal joining 
technologies, these are now limited to metal-composite joints. SPR on the other hand has 
emerged as a viable mechanical joining approach for joining metal-composites as well as metal-
metal-joints, which reduces the variety of joining technologies. Additionally, SPR has gained 
attention as a robust technique for composite-metal joining due to its adaptability to different 
material combinations [13]. 

Self-Piercing Riveting for Hybrid Joints 

SPR is a mechanical joining technique used to assemble two joining partners without the need 
for pre-drilled holes. As illustrated in Figure 1, the process involves pressing a semi-tubular 
rivet into stacked sheets using a punch, while a die supports the assembly from below. The rivet 
penetrates the upper layers and expands in the lower sheet due to the die's cavity, forming a 
mechanical interlock.  

 

Fig. 1 - Schematic view of SPR-process with a) component labelling; b) areas of interest and key parameters. 

Current research on SPR is focused on improving the versatility of the process, particularly in 
joining dissimilar materials. [9] contributed to this effort by optimizing rivet-die combinations 
to enhance the robustness of SPR for dissimilar metal joining. The application of SPR in 
composite-metal joints was first explored by [4], who investigated the joining of glass-fiber-
reinforced epoxy panels with aluminum. He observed limited plastic deformation of the rivet 
due to residual composite material inside the rivet cavity. Subsequent studies, such as [12] and 
[22], identified damage mechanisms including fiber fracture and delamination in carbon-fiber-
reinforced plastics (CFRP) and polyamide-based FRTPs. [12] also defined three different 
phases of the joining process: Piercing, Flaring and Compression in the force-displacement 
diagram. [8] further extended the understanding of SPR in fiber-reinforced laminates by 
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developing numerical models to predict failure behavior. Error! Reference source not found. 
emphasized the need for improved process understanding to validate predictive simulations of 
SPR joints. Addressing this challenge requires a detailed characterization of local deformation 
and failure mechanisms within the composite structure, as these significantly influence joint 
performance. 

Advanced Characterization Techniques 

Traditional methods for analyzing joints, such as micrograph-based cross-sectional imaging, 
provide valuable insights but come with significant limitations. [20] used micrographs to 
analyze the material structure of hybrid joints. However, obtaining meaningful data requires an 
extensive number of micrographs, making the method highly labor-intensive. Additionally, 
damage phenomena, which may extend through the laminate in several directions, might not be 
traced across individual micrographs, since they only represent one single cross-section. 
Furthermore, inherent discontinuity of phenomena across different specimens significantly 
restricts the ability to provide a comprehensive and precise description of the spatial progression 
of such phenomena. 

In contrast, CT imaging enables a three-dimensional evaluation of damage phenomena, 
ensuring greater reliability in the identification and characterization of composite-related failure 
phenomena. CT has emerged as a powerful non-destructive tool for characterizing internal joint 
structures and fiber orientations [2]. In situ CT allows for the time efficient analysis of the joint 
structure, without elastic resetting effects [10]. However, in situ CT is not easily applicable, 
since the whole process needs to take place inside the CT. [6] used ex situ CT combined with 
step-setting tests – where the joining process is terminated at defined intervals – to enable 
detailed analysis of transient deformation states for thermally assisted clinching processes.  

Objective of this Study 

Building on these advancements, this study employs CT-based analysis to investigate the local 
deformation and failure mechanisms in SPR step-setting tests with FRTP-FRTP joining 
partners. By examining the material structure at different process stages, this study aims to 
characterize the evolution of damage phenomena in three dimensions. The findings deepen the 
understanding of the process-structure interaction in SPR, giving the possibility for validation 
of numerical simulations and process optimization in future research. 

 

MATERIALS AND METHODS 

Material and Laminate Structure 

FRTP sheets with a thickness of 2 mm consisting of eight unidirectional layers of glass fiber-
reinforced polypropylene (PP) with a [0°/90°/0°/90°]s layup and 45 vol% fiber content are used. 
The fibers have a weight per unit area of 307 g/m2 and a fineness of 600 tex. The material 
contains a stitching yarn in each layer.  

Figure 2 a) shows a CT scan of the initial material structure. The eight UD layers in 0° and 90° 
are clearly visible. The dark grey areas between the yarns represent matrix rich zones. The stitch 
yarn is only visible close to the top and bottom sheet (cf. Figure 2 c)). A slight undulation due 
to the textile architecture is visible in the 0° layers of the section view. No pre-damage is 
detected in the scan of the initial material structure (cf. Figure 2 b)). 
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Fig. 2 - CT-Scan of the initial material structure: a) cross section; b) maginfication and c) top view. 

Step Setting Tests 

For the step setting tests, sheets with a size of 23x23 mm were water jet cut out of the base 
sheet. For joining, the sheets were aligned in such a way that the outer fiber orientation was 
parallel to each other. A servo-hydraulic C-frame unit by TUCKER GmbH was used for this 
study. The punch speed was set to 20 mm/s and the spring loaded blank holder was loaded with 
2 kN. A FM 095 2117 was used as a die for all joints. The position of the punch is stroke-
controlled and can be set to a defined rivet head position during the joining process (cf. Figure 
1). For this purpose, the punch was calibrated to an end position of 0 mm, which corresponds 
to the contact of the punch on the sheet. For the stepwise setting tests, the targeted punch strokes 
were set to ten different positions. Figure 3 shows the advancement of the performed SPR 
setting test for selected stages.  

 

Fig. 3 - Advancement of setting test. 

Table 1 shows the used punch strokes. It must be noted, that the punch stroke has an offset of 
approximately 0.2 mm compared to the targeted positions due to positioning tolerances. For 
punch strokes ranging from 0.3 to 0.7 mm, a shorter C5.3x4.5 H4 rivet was used. This was due 
to requirements for the C-frame unit, where the final rivet head position must not exceed 4.5 
mm. A C5.3x5.5 H4 rivet was used for all subsequent strokes in order to ensure a progressive 
joining process. Apart from the different length, the rivets, made of 38B2, are identical. The 
rivets and the die were produced by Böllhoff GmbH. 

Table 1 - Scope of experiments with allocation of the rivets used per punch stroke (PS). 

Stage I II III IV V VI VII VIII IX X 

Target PS in mm 0.1 0.3 0.5 1.0 1.5 2.0 2.5 3.0 4.0 5.0 

Actual PS in mm 0.3 0.4 0.7 1.2 1.7 2.2 2.7 3.3 4.2 5.2 

Rivets C5.3x4.5 H4| C5.3x5.5 H4 
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Analysis Methods 

CT scans were performed at each step of the joining process to analyze the evolving process 
phenomena. For the early stages from 0.3 to 0.7 mm punch stroke, the rivet did not naturally 
adhere to the laminate due to the low penetration depth. Therefore, the rivet was attached to the 
top of the laminate with a drop of cyanoacrylate glue before the scan. For all investigated stages, 
the both sheets were glued together at the edges before the scan to ensure positional stability 
during scanning, since the rivet alone did not provide sufficient holding force.  

The specimens are investigated with a CT-system V|TOME|X L450CT (300 kV micro-focus 
X-ray tube) with the parameters in Table 2. To enhance signal quality, each radiograph was 
averaged from three images, whereby one image was skipped at the beginning. To minimize 
CT time, a helical scan was used in which four samples were scanned simultaneously. The 
samples were arranged in two planes, with the samples on the same plane offset from each 
other. During the scan the samples were in a 90°-angle to the central beam to reduce the 
radiation length. The acquired CT data were reconstructed into three-dimensional models using 
the FDK algorithm implemented in Phoenix datos|x 2. The reconstruction process was 
optimized for low noise and included region of interest selection as well as beam-hardening 
correction for multi material on level 8. Subsequent volume data analysis was performed using 
VG Studio 2.2. To mitigate metal artifacts caused by the high X-ray absorption of the rivet, the 
rivet representation in the images was adapted to a darker rendering, improving contrast and 
visibility of surrounding material structures. 

 

EXPERIMENTAL RESULTS 

Analysis of the Force-Displacement Curves in the Step-Setting Tests 

The force-displacement curves of the step-setting tests are depicted in Figure 4. The diagram 
includes the curves of all ten investigated stages. For a better representation, the curves were 
standardised by defining the punch stroke as zero at the point where the preload force was 
reached. The overall conformity of the individual curves is adequate, indicating good 
repeatability of the test procedure. Distinct phases of the setting process appear in the force-
displacement curves.  

In the first phase until 3.3 mm punch stroke, the rivet penetrates the first sheet. The second 
piercing phase begins afterwards, when the second sheet is penetrated. A force increase during 
the second piercing phase indicates the beginning of the compression phase, where the rivet 
shoulder begins to penetrate the laminate. Notably, this compression phase is superimposed on 
the ongoing piercing phase of the second sheet. The sharp decline in joining force marks the 
conclusion of the second piercing phase. The compression phase ends when the final rivet head 
position is reached. 

Table 2 - Applied parameters for the CT  measurement and image analysis. 

Parameter Unit Value 
Acceleration voltage kV 150 
Tube current µA 150 
Cu-Filter mm 1 
X-ray projections  1440 
Exposure time ms 500 
Voxel size µm 16 
Magnification  12.5 
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Fig. 4 - Force-displacement curve during SPR. 

 

Global Phenomena  

The material structure was assessed with CT scans at ten different stages of the setting process, 
with cross-sections along the 0° and 90° directions shown in Figure 5. The observed 
deformation and damage phenomena in the laminate include FF, IFF, fiber bending, fiber 
kinking, roving splitting, delamination and the collapse of the remaining bottom layers near the 
end of the process. The phenomena are assigned to four areas of interest: the piercing area, the 
reservoir area, the shaft area and the bottom area (cf. Figure 5). The phenomena in these areas 
are described in detail in the following subchapters.  

Notably, an initial gap between the sheets is observed (cf. Figure 5). During the punching 
process, the rivet displaces material from sheet 1 into the gap between both sheets. Along with 
the deflection, this accumulation of material leads to a widening of the gap. This gap is most 
likely enlarged due to the elastic springback effect after unloading. As the sheets are fixed with 
glue for scanning, the gap is fixed in its current position.   

Occasionally, IFF on the top and bottom layers of both sheets was detected, which is most likely 
not induced by the joining process itself. Instead, this damage was probably introduced prior to 
the process, likely during specimen cutting.  

In addition to qualitative observations, specific key parameters (cf. Figure 1) were measured 
and summarized in Table 3. Along with the punch stroke, the rivet head position, the penetration 
depth as well as the gap provide information on the actual rivet movement relative to the 
laminate. The bulge depth allows to quantify the laminate deformation. The identified damage 
phenomena were categorized into two groups: phenomena occurring on the rivet side (RS), 
caused by the rivet piercing through the laminate, and phenomena on the die side (DS), resulting 
from the laminate being compressed against the die. For both categories, the extent of the 
influence zone (IZ), i.e. the area in which damage occurs, was characterized by two primary 
parameters. Firstly, the radial width of the influence zone was measured, defined as the distance 
from the rivet shaft to the final identifiable damage feature. 
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Fig. 5 - CT scans of setting test stages. 
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Secondly, the depth of the influence zone was quantified by the number of damaged layers. 
Damage was further classified into FF and IFF. These parameters were systematically 
documented for each stage, along with measurements of the gap and the bulge depth (cf. Figure 
1). 

The initial penetration phase is characterized by local IFF. As punch stroke progresses to 0.7 
mm, the influence zone expands, with material being displaced downward over the entire rivet 
contour. At a punch stroke of 1.2 mm, compaction effects extend throughout the thickness of 
the first sheet and become apparent in the second sheet as well. Upon reaching a punch stroke 
of 1.7 mm, the influence zone of the rivet expands into the second sheet, where it overlaps with 
the influence zone of the die. Subsequent to this stage, both influence zones undergo continuous 
expansion, resulting in the manifestation of damage across all layers in the final stage.  

Although the imprint of the die is clearly visible from 1.2 mm onwards, no detectable imprint 
of the blank holder (diameter 15 mm) is observed at any stage. However, at the final stage, IFF 
of the outermost 0° layer at the edge of the blank holder becomes apparent.  

No deformation of the rivet (flaring) is observed at any stage of the process (cf. Figure 5). 

Table 3 - Key parameters of damage phenomena during setting test. 
 

Stage 
PS 

in mm 
Force 
in kN 

RHP  
in mm 

PD  
in mm 

No. of 
layers with 

IFF/ 
FF RS 

No. of 
layers with 

IFF/ 
FF DS 

Width of 
IZ on 

RS/DS  
in mm 

BD  
in mm 

Gap  
in mm 

I 0.3 3.43 4.04 0.03 - - - - 0.06 

II 0.4 4.00 4.01 0.02 1/0 0/0 1/- 0.07 0.19 

III 0.7 4.69 3.90 0.12 3/1 3/0 2.0/2.5 0.06 0.25 

IV 1.2 4.79 4.37 0.65 8/2 7/0 2.4/1.9 0.16 0.28 

V 1.7 5.42 3.87 1.18 9/3 8/0 2.7/1.4 0.12 0.23 

VI 2.2 5.16 3.43 1.60 9/5 8/0 2.8/2.5 0.24 0.25 

VII 2.7 5.02 2.72 2.28 15/7 8/0 4.0/2.0 0.34 0.42 

VIII 3.3 5.58 2.33 2.74 15/8 8/0 3.2/2.5 0.42 0.58 

IX 4.2 8.65 1.35 3.66 16/11 8/1 2.9/2.2 1.01 0.51 

X 5.2 14.78 0.31 4.71 16/16 8/1 3.5/1.6 1.60 0.28 

 

Piercing Area 

At the initial stage of 0.3 mm punch stroke, no detectable material damage occurs. The first 
significant interaction is observed at 0.4 mm, where the rivet begins to penetrate the first sheet, 
causing radial displacement and IFF within the 0° yarns. FF is not yet detectable at this stage. 
With further penetration, the influence zone of the rivet expands causing IFF in a progressing 
number of layers (cf. Table 3). The Material is pressed downward over the entire rivet contour. 
Initial FF is detected at 0.7 mm, as the rivet pierces through the first 0° layer, which is already 
bend downwards. At 1.2 mm punch stroke, IFF, caused by compression of the laminate against 
the die, occurs in all layers of the first sheet. The radial expansion of IFF is limited to 2 to 4 
mm, while FF only occurs at the tip of the rivet, when a deformed layer is finally pierced. 
Because the laminate of the first sheet is pressed downwards, it requires at punch stroke of 3.3 
mm until the first sheet with a thickness of 2 mm is nearly completely penetrated. At 4.2 mm, 
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FF occurs in the bottom layer at the edge of the die as the second sheet is pressed into the die 
cavity. In the final position, the last four layers of the second sheet remain unpenetrated as they 
are pressed downward, forming a bulge. However, visibility in this region is significantly 
obstructed by severe shadow artifacts in the CT scans, limiting further analysis. 

Reservoir Area 

From a punch stroke of 1.2 mm onwards, the already pierced layers begin to bend upwards into 
the reservoir. At 1.7 mm, the reservoir of the rivet is starting to fill with laminate residues of 
pierced layers, accompanied by additional FF, fiber kinking, roving splitting and matrix 
deformation inside the reservoir as the laminate is bend inwards. As a result, a void forms 
between the layers in the reservoir and the remaining layers outside. The residues in the 
reservoir protrude beyond the original sheet surface by approximately 1 to 1.4 mm. At 3.3 mm 
punch displacement, the reservoir is fully filled with debris and the internal material structure 
within the reservoir becomes increasingly indistinct. In the final position, the first four layers 
of the second sheet are fully compacted inside the reservoir, further compressing the laminate 
residues already present within it. 

Shaft Area 

Similar to the reservoir area, the first pierced layer begins to bend upwards, accompanied by 
FF and IFF due to the large deformation. At 2.2 mm, while the first layer remains bent upwards, 
all subsequent layers of the first sheet are bend downward, following the movement of the rivet. 
This deformation causes IFF in all layers of the first sheet outside the shaft region as well as 
delamination. As the second sheet is further penetrated, the upper layers of the second sheet are 
also forced downward, accompanied by the same damage phenomena. In the final position, the 
first layer of the first sheet, which had initially been bent upwards, is ultimately forced 
downwards by the rivet head. 

Bottom Area 

At 0.7 mm, the first bottom layers of the second sheet exhibit initial IFF due to compression of 
the laminate against the die. From 1.2 mm onward, the imprint of the inner outline of the die 
becomes increasingly visible, as fibers are bend inside the cavity. The measured dimensions of 
this imprint correspond to the die diameter of 10 mm (cf. Figure 5). During the whole process 
the die does not directly induce IFF in the first sheet, since the sheets are not in contact at this 
area due to the gap between both sheets. At 4.2 mm, FF occurs at the edge of the die in the 
bottom layer, converting the bend down fibers into a bulge. As a result, the material protrudes 
1.2 mm into the die cavity, while the overall material structure remains clearly distinguishable. 
In the final position, progressive IFF and FF in the remaining layers lead to a fully developed 
bulge, as the material is pressed downward through the die opening. However, at the edges of 
the bulge, the material structure becomes unrecognizable due to severe FF and IFF. 
Additionally, kinking of the bottom layer occurs at the edge of the bulge, further contributing 
to structural degradation. 

Artifacts 

As clearly visible in Figure 5, certain artifacts obstruct the analysis of the material structure, 
primarily due to the presence of the steel rivet, which exhibits significantly higher X-ray 
attenuation than the surrounding glass fiber-reinforced thermoplastic laminate. The resulting 
artifacts are predominantly beam hardening, shadowing, and photon starvation effects, which 
influence the accuracy of material characterization. 
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A shadowing artifact is particularly pronounced at the rivet peak, limiting direct visibility of 
the contact zone between the rivet and the laminate. This artifact extends radially into 
surrounding regions, reducing contrast and obscuring fine structural details. Beam hardening 
effects cause overexposure artifacts along the surfaces of the rivet, leading to an artificial 
brightening of adjacent regions, most notably along the shaft extension and in the reservoir area. 
In the later stages of the joining process, the reservoir area is subject to a superposition of these 
overexposure effects, reducing contrast between fiber and matrix. Additionally, photon 
starvation in highly attenuated regions increases image noise, particularly near the rivet-
laminate interface. 

Despite these artifacts, the fiber structure and associated damage mechanisms remain largely 
discernible.  

 

DISCUSSION  

The penetration phases as well as the compression phase are cleary visible in the force-
displacement-diagram in Figure 4. The material structure in the CT scans provides additional 
reliability regarding the beginnings and endings of the phases. Compared to the force-
displacement diagrams of SPR with CFRP-aluminum sheets, the curves show a good 
compliance except for the apex at 4.2 mm. This can be explained with higher loads due to a 
second piercing phase instead of a flaring phase at CFRP-aluminum. The sharp decline after 
the apex of the joining force can be explained with the collapse of the remaining bottom layers 
between 4.2 and 5.2 mm punch stroke, which is documented in Figure 5.  

It is noticable, that in Table 3 the penetration depth as well as the rivet head position do not 
develop according to the punch stroke for the first two stages. At the same time, the gap 
increases by roughly the same amount. This indicates, that the punch stroke mainly bends down 
the first sheet instead of piercing through. At the 0.7 mm, the penetration depth and rivet head 
position develop accordingly, while the gap remains constant until material accumulation 
widens the gap. The initial offset of 0.5 mm remains throughout the process and can also be 
noticed at the final stage of 5.2 mm punch travel, where the rivet has only penetrated to 4.7 mm, 
while the rivet head is 0.3 mm above the sheet of the surface.  

It should be noted that the use of two FRTP sheets in combination with a C-rivet does not result 
in the formation of a typical SPR joint. This is because the rivet primarily cuts through the 
second FRTP sheet. Consequently, the required flaring of the rivet does not occur, preventing 
the establishment of an undercut. 

The analysis of damage phenomena during the SPR process demonstrated that the layered 
structure of FRTP sheets allows for a layer wise detection of damage phenomena. This enabled 
the designation of specific phenomena and the quantification of influence zones at each stage 
of the process.  

The main driving force behind the observed damage is the rivet piercing through the laminate, 
accompanied by significant compressive loading. In the piercing area, IFF occurs extensively 
around the rivet and die due to compressive forces, while FF is primarily confined to the 
immediate vicinity of the piercing rivet shaft. In the shaft area, fiber bending, FF, IFF and 
delamination dominate. The reservoir area exhibits the most severe deformation, where all 
damage mechanisms occur simultaneously, leading to a highly compacted and unstructured 
material state. In contrast, the bottom layers maintain their integrity for a prolonged phase of 
the process, until they eventually collapse due to FF at the edge of the die, forming a bulge with 
an indistinct material structure at the edges. 
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The use of CT analysis proved highly effective in examining the joining zone in three 
dimensions, offering significant advantages over conventional micrographic analysis. The 
ability to analyze multiple cross-sections of the same specimen enables a continuous description 
of damage progression, which is particularly valuable given the heterogeneous nature of 
composites.  

 

CONCLUSION  

This paper presents a CT-based analysis of the stepwise setting process of SPR in FRTP sheet 
materials. The occurring damage phenomena were systematically described and quantified at 
ten distinct stages, ranging from initial contact to the final rivet position. These phenomena 
were further categorized based on their spatial distribution and correlated with the different 
phases observed in the force-displacement curve of the process. The study contributes to a 
deeper understanding of the SPR process in FRTP laminates and provides valuable quantitative 
data to support and validate future numerical simulations of SPR joints. 

It would be interesting to further analyse the mechanics behind the rivet flaring. A parametric 
simulation study varying the material parameters of the sheets could provide deeper insights 
into their influence on the SPR process and joint formation. 

Additionally, optimizing CT parameters is essential to reduce artifacts and improve the 
visibility of damage phenomena. While key mechanisms were identified despite imaging 
limitations, refining scanning and reconstruction settings would enhance data quality and 
support more accurate validation of numerical simulations. 
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ABSTRACT 

Due to their high performance, low molecular weight and flexible design, structural composites 
have been applied in several sectors, especially aerospace and energy. However, these advanced 
engineering materials require a curing process suitable for their transport and use. To do so, it 
is necessary to determine its degree of curing (after autoclaving the piece). In order to ensure 
efficiency in the methodology, an approach using differential scanning calorimetry (DSC) was 
taken to control this parameter in structural composites of epoxy resin and carbon fiber (63%). 
With this, an average degree of cure of 97% was obtained, which is in agreement with data 
found in the literature (<5%). 

Keywords: Epoxy resin, carbon fiber, DSC, autoclaving, engineering materials. 

 

INTRODUCTION 

The degree of curing obtained in a polymer composite is defined as the ratio between the 
number of interconnected unsaturations and the number of initial unsaturations. Thus, the 
curing reaction is directly related to obtaining quality parts at a low cost, with the temperature 
during the process, the speed and the curing time being fundamental parameters (Bandeira, 
2015; Costa, 2018). However, to ensure the quality of the materials obtained, it is necessary to 
evaluate the post-cured part. The literature determines that the crosslinking content, after 
curing, should be greater than 95%. However, it is often necessary that part of the material is 
not cured, in order to allow greater movement of the chains, improving the impact resistance of 
the final product and increasing the lifespan of the artifacts (Bandeira, 2015; Resende; Costa; 
Botelho, 2011). For this purpose, epoxy resin composites (bisphenol-A diglycidyl ether or 
DGEBA) and carbon fibers (HexPly® F584TM) were analyzed using the DSC technique. 

 

RESULTS AND CONCLUSIONS 

The results, performed in triplicate, were consistent with each other with a coefficient of 
variation (CV%) of 1.24 (Table 1). 

In the present work, the degree of residual cure and the cure of the material were obtained from 
the relationship between the total cure enthalpy of the epoxy resin (ΔHT = -287 J.g-1) and the 
enthalpy value obtained from the cured composite or residual cure (ΔHR = -9.61 J.g-1) 
(Equation 1 and 2). 
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      Degree of residual healing (%) = �,-.
,-/


 ∗ 100                           (1) 

 

        Degree of cure (%) = 100 − ��,-.
,-/


 ∗ 100�                           (2) 

 

Therefore, it is possible to determine the degree of curing of the material after it is exposed to 
the autoclaving process. Furthermore, it is possible to state that the curing degree of the 
composite is in accordance with the recommendations found in the literature, which is less than 
5% (Bandeira, 2015; Costa, 2018; Resende; Costa; Botelho, 2011), and that the material can be 
applied in several sectors. 

 

Tab. 1 - Enthalpy values and degree of cure of the epoxy/carbon fiber composite (Authors) 

Samples 

Residual 
curing 

enthalpy 
(mJ/mg) 

Mean 
Standard 
Deviation 

CV 
(%) 

 

Total curing 
enthalpy 
(mJ/mg) 

Degree of 
cure (%) 

Degree of residual 
cure (%) 

1 -9.48       

2 -9.71 -9.61 0.119 1.24 -287 96.6 3.4 

3 -9.65       
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ABSTRACT 

This study aims to characterize the geomechanical properties of oil shales occurring in the 
Araripe Basin, located in northeastern Brazil. This knowledge is essential for exploration and 
exploitation activities involving this type of natural energy resource. To achieve this, 
characterization techniques such as optical petrography, XRD, XRF, X-ray microCT, gas 
pycnometry, and uniaxial and triaxial geomechanical tests were applied to shale samples 
extracted from three gypsum mine fronts where oil shale is also found. The results indicate that 
these shales are composed of clay minerals, carbonates, quartz, and muscovite, and are 
relatively homogeneous. Macropores occur as microfractures, while micropores are mainly 
found in clay minerals. The geomechanical behavior of these shales can be classified as 
moderately to highly friable. 

Keywords: Non-conventional reservoirs, hydraulic fracturing, schist. 

 

INTRODUCTION AND METHOD 

The economic exploitation of hydrocarbons contained in unconventional oil shale reservoirs 
requires techniques such as hydraulic fracturing and horizontal drilling, whose proper 
application heavily depends on prior knowledge of the mechanical properties of these rocks. 
The shales in this study were extracted from gypsum mines located in the Araripe Basin. They 
are part of the Post-Rift I sequence, dating to the Aptian/Albian age, within the Ipubi Formation 
of the Santana Group (Assine, 2007). Laboratory tests were conducted to measure porosity, 
permeability, and grain density of shale samples, using a gas porosimeter and permeameter. To 
characterize the mineral composition of the samples, optical microscopy, X-ray diffraction and 
fluorescence, besides microCT analyses were performed. Geomechanical properties were 
investigated through uniaxial and triaxial tests. 

 

RESULTS 

Thin sections were prepared from oil shale samples extracted from the three mines. Figure 1 
shows examples of these thin sections. In all of them, a typical lamellar pattern of shales can be 
observed, with dark phases composed of clay minerals and organic matter, and light phases 
composed mainly of carbonate minerals (oolites, fossil shell fragments, and micrite), quartz, 
and muscovite. XRD and XRF analyses (Figure 2) indicate presence of the following minerals, 
in decreasing order of abundance: illite, smectite, calcite, quartz, anhydrite, montmorillonite, 
muscovite, gypsum and dolomite. 

Cylindrical core samples of shale from the MPB mine were subjected to gas pycnometry tests 
to determine porosity, permeability, and grain density, as well as X-ray microtomography 
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imaging for three-dimensional visualization of the internal depositional architecture of the core 
samples. According to laboratory experiments, porosity ranges from 14% to 31%, permeability 
from 1 mD to 4 mD, and grain density from 2.2 g/cm³ to 2.6 g/cm³. The linear trend seen in 
Figure 3A is a consequence of this relative rock samples homogeneity. Since the permeability 
of these rocks is given by microfissures, there is no a clear trend with porosity. 

 

 
(A) 

 
(B) 

 
(C) 

   
Fig. 1 - Petrographic thin sections of shales samples. A) MPB; B) Campevi; C) Royal.  

(A) (B) (C) 
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(A) 

 

(B) 

Fig. 2 - DRX (A) and FRX (B) analyses of a MPB shale sample. 

 

 

(A) 

 

(B) 

Fig. 3 - For MPB rock samples, relationship between A) porosity and bulk density; and B) 
permeability and porosity. 

X-ray microtomography imaging allowed for the investigation of the internal spatial 
arrangement of the various phases that make up the shale samples. Figure 4 presents an example 
of a digital rock model representative of an oil shale sample from the Araripe Basin, 
highlighting the internal spatial distribution of its different phases. The macroporosity of the 
shales is primarily due to microfractures, which develop predominantly along the fissility 
planes, as well as the dissolution of microfossil shells. On the other hand, microporosity is 
essentially found in the clay and micritic phases. Silica and carbonate grains are present in a 
disseminated form.  
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Fig. 4 - Representative digital rock model of the oil shales from the Araripe Basin. 

Rock mechanics tests indicate uniaxial strength ranges from 5.2 MPa to 8.1 MPa (Figure 5A), 
while triaxial strength varies from 28.2 MPa, at a confining pressure (Pc) of 5 MPa, to 36.9 
MPa, at Pc = 10 MPa (Figure 1B). A nonlinear failure envelope was fitted (Figure 6) considers 
the concept of dynamic cohesion and internal friction angle (Soares & Dillon, 2000). It was 
observed that cohesion and friction angle vary from 1.4 MPa and 50°, under a normal stress of 
5 MPa, to 13.8 MPa and 0.6°, at a normal stress of 40 MPa. A failure envelope was defined to 
predict the maximum shear stress supported by this rock type under a given normal stress 
condition. 
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Fig. 5 - (A) Uniaxial and (B) Triaxial tests. 

 

 

Fig. 6 - Mohr-Coulomb failure envelope. 

 
Table 1 presents the values of static elastic moduli measured in triaxial and uniaxial tests (in 
the latter case, only E-modulus values). Compared to typical values for shales (Anderson et al., 
1986), the oil shales from the Araripe Basin can be classified as moderately to highly friable. 
 

Table 1 - Static elastic moduli of Araripe black shales. 

Test type Rock sample E (G,Pa) K (GPa) G (GPa) Poisson´s ratio 

Triaxial 

Campevi B 8,8 4,0 3,9 0,13 

Campevi C 2,8 2,2 1,1 0,29 

Campevi F 2,8 2,3 1,1 0,30 

Uniaxial 

Campevi 1 3,0 

Not applicable 
Campevi 2 4,0 

Royal 3 1,7 

Royal 5 1,7 
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CONCLUSIONS 

This study presents the compositional, petrophysical, and geomechanical characterization of oil 
shales extracted from three mines located in the Araripe Basin, Brazil. The samples exhibit a 
typical lamellar pattern of shales and are primarily composed of clay minerals, carbonate 
minerals (oolites, fossil shell fragments, and micrite), quartz, and muscovite. The homogeneity 
of the samples is reflected in the narrow range of grain density values. Macropores are mainly 
observed in the form of microfractures contained within the shale's fissility planes and in moldic 
porosity. Micropores are found in the clay minerals, carbonate mud, and organic matter. 
Regarding geomechanical behavior, the oil shales from the Araripe Basin can be classified as 
moderately to highly friable. The failure envelope defines the geomechanical behavior of the 
black shales from the Araripe Basin and can be applied to predict the mechanical strength of 
this rock under a wide range of normal stresses. This result is applicable to support analyses of 
hydraulically induced fracture propagation, aiming to produce hydrocarbons in unconventional 
reservoirs in similar rocks. 
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ABSTRACT 

In many applications, single-material components struggle to meet all the service requirements 
for specific parts. Additionally, the need to join dissimilar materials often arises, which is more 
effectively accomplished under controlled conditions in a production facility rather than during 
final equipment assembly on-site. In such cases, using an interconnecting part made of different 
materials on each side can facilitate similar-material welds at the installation site, ensuring a 
simpler and safer assembly process. This paper highlights key factors that significantly 
influence the joint quality of multi-material components, focusing on Inconel alloys 718 and 
625 joined with 316 austenitic stainless steel and 42C martensitic stainless steel. All materials 
under investigation were deposited using powder-blown laser-directed energy deposition 
processes. The study examines the impact of material deposition order for both material 
combinations—Inconel 718–SS316 and Inconel 625–SS42C—while also exploring the effects 
of interface orientation and surface quality on the first combination, Inconel 718–SS316. 

Keywords: Composite structures, directed energy deposition, joint quality, deposition order. 

 

INTRODUCTION 

Additive manufacturing (AM), especially directed energy deposition (DED), is revolutionizing 
the production of functionally graded materials (FGMs) for applications like engine blocks, 
medical devices, and turbine blades (Ansari et al., 2021). AM enables complex shapes, 
customization, and controlled material property variations. While early research focused on 
single-material AM properties, current studies emphasize FGMs produced via powder bed 
fusion (PBF) or DED. Powder-blown laser DED, with its separate powder feeders and 
adjustable parameters, excels in multi-material deposition and component repair. FGMs often 
combine Fe-based stainless steels (e.g., SS316L, SS304) with Ni-based Inconel alloys (e.g., 
Inconel 625, 718), leveraging their compatibility and synergistic properties (Chen et al., 2020; 
Feenstra et al., 2020; Zhang et al., 2021). However, structural integrity and mechanical 
properties depend on process parameters, deposition sequence, interface orientation, and 
surface quality, as explored in recent studies. This work investigates these key factors affecting 
FGMs. 

 

RESULTS AND CONCLUSIONS 

The components investigated here were deposited by powder blown laser directed energy 
deposition (L-DED) systems. The materials combination of Inconel 718 and stainless steel 316 
were deposited by INSSTEK MX 600 equipped with 2 kW Yttrium fibre laser. While the 
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combinations of Inconel 625 and martensitic stainless steel 42C were deposited by machine 
consisting of a modular coaxial processing head and equipped with a fibre-coupled laser diode, 
model Laserline LDF 3000–100, with a nominal beam power of 6000 W. The powder nozzle 
is mounted on a KUKA KR 90 R3100 industrial robot, with six axes connected to the robot 
control unit.  

 

Fig. 1 - Deposited multi-material combinations: a) Vertical interface IN 718-SS316 [1, 2], b) horizontal interface 
IN 718-SS316 [3], c) Inclined machined interface IN 718-SS316 [4], c) Inclined as-deposited interface IN 718-

SS316 [4], e) Horizontal interface IN 625-42C. 

The specimens obtained in this study are illustrated in Figure 1. For the IN 718 and 316 stainless 
steel combination, material interfaces were deposited at various angles, ranging from horizontal 
to vertical orientations (Figure 1a-d). Inclined interfaces were prepared in two variants: one 
with the substrate surface machined before depositing the second material (Figure 1c) and the 
other with an as-deposited interface (Figure 1d). For the IN625-42C steel combination, 
horizontal deposition was used, with the order of material deposition varied. Both 
metallographic and mechanical property analyses were conducted. 

The results highlight the significant influence of material deposition order on the microstructure 
of the transition zone and the resulting mechanical properties. In both material combinations, 
stronger joints were achieved when Inconel was deposited onto the steel substrate. 

The study also revealed that the orientation of the inclined surface significantly affected joint 
quality, particularly for the as-deposited interfaces. The best results were observed for 
horizontal interfaces, with a slight decline in properties for angles up to 45° for machined 
surfaces and up to 30° for as-deposited interfaces. 
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ABSTRACT 

Repeated low-velocity impacts pose a critical threat to the structural integrity of composite 
materials in aerospace and offshore applications. This study investigates the progressive 
damage accumulation and failure mechanisms in glass fiber-reinforced epoxy composite 
laminates subjected to cyclic low-velocity impacts. By integrating comprehensive experimental 
testing with advanced AI-driven tools, we develop a robust framework for automated damage 
assessment that quantifies both microscale (e.g., matrix cracking) and macroscale (e.g., 
delamination and fiber fractures) impairments. Our approach leverages deep learning 
techniques inspired by recent methodologies to analyze impact-generated propagating waves 
and surface image data, achieving high accuracy in damage classification and prognostics. The 
experimental results demonstrate the cumulative effects of repeated impacts, underscoring the 
challenges in maintenance and safety assurance, and highlight the potential of tailored AI 
models to enhance inspection processes. This integrated methodology offers a cost-effective 
solution for monitoring composite health, thereby improving durability and ensuring the safety 
of critical aerospace structures. 

Keywords: Composite structures, low velocity impact, internal damage, artificial intelligence, 
structure integrity. 

 

INTRODUCTION 

Composite structures used in aerospace and offshore applications frequently experience 
repeated low-velocity impacts in localized regions during service [1]. These impacts gradually 
lead to matrix cracking, delamination, and fiber fractures, which compromise structural 
integrity and increase the risk of unexpected failure [2]. Artificial intelligence (AI)-based 
methods have shown significant potential for automating damage assessment, including 
damage classification, quantification, and predicting the remaining useful life of structures. For 
instance, Zargar and Yuan [3] demonstrated the use of a physics-inspired deep learning (DL) 
model to characterize impact damage by analyzing the evolution of impact-generated 
propagating waves. Similarly, Fotouhi et al. [4] utilized DL techniques for quantitatively 
assessing microscale damage (e.g., matrix cracking) and macroscale damage (e.g., impact and 
erosion). By analyzing images of impacted and non-impacted surfaces, their model achieved 
validation accuracies of 96% and 87%, respectively, underscoring the potential of DL to 
automate visual inspections. However, their findings also emphasized the need for improved 
datasets and customized classifiers to enhance DL model performance. While a single low-
velocity impact may not visibly damage composite structures, repeated impacts often lead to 
cumulative effects, making maintenance and safety assurance more challenging. Fiber-
reinforced composites, widely valued for their lightweight, high strength, and stiffness, are 
particularly susceptible to low-velocity impacts due to their limited transverse load-bearing 
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capacity. Although much research has addressed single-impact scenarios [1-5], repeated 
impacts better reflect real-world conditions, where cumulative damage can surpass that caused 
by a single high-energy impact. 

This study focuses on understanding the damage accumulation and failure mechanisms in glass 
fiber-reinforced epoxy composite laminates subjected to repeated low-velocity impacts. By 
combining experimental data with AI-driven tools, this research provides a robust framework 
for assessing damage, offering cost-effective inspection solutions, improving durability, and 
enhancing the safety of aerospace structures. 
 

RESULTS AND CONCLUSIONS 

Experiments were conducted using an instrumented drop-weight tower, applying localized 
impacts at energy levels of 6J and 25J with hemispherical, conical, and truncated-conical 
impactors. Mechanical responses were characterized through force-time, displacement-time, 
and energy-time curves, and visual inspection images of damage zones. For each impact, key 
metrics, including delamination area, energy absorption, peak impact force, bending stiffness, 
maximal displacement, and impact duration, were analyzed.  

.  

Fig.1 - Drop weight tour system. 

 

 
Fig. 2 - Low velocity impact data. 
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Fig. 3 - Visual inspection images showing damage area evolution.  

 

Fig. 4 - Combined CNN and Bi-LSTM models for predicting damaged area size. 

 
Based on this experimental data, an artificial intelligence (AI) methodology was developed to 
predict damage dimensions and their influence on mechanical properties. A database was 
constructed from the experimental results, capturing diverse damage profiles induced by 
repeated low-velocity impacts. This database served as input for training deep learning and 
machine learning models, which were tested in both parallel and sequential architectures. 

The results revealed that delamination growth ceased after a certain number of impacts, while 
bending stiffness continued to decrease due to progressive fiber rupture. The evolution of 
delamination areas varied with impactor geometry and laminate thickness, underscoring the 
need for advanced methods to predict damage progression and assess structural integrity. The 
AI models demonstrated high reliability and efficiency in predicting internal damage 
characteristics and assessing the residual performance of composite structures. 
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ABSTRACT 

This work aims to validate ultra-sound defect detection in PVDF/CF composites. For this, two 
plates were manufactured using two different fiber ply angles (unidirectional and [60º/-60º] 
stacking). Defect-generating seeds were introduced during the pressing stage. The plates were 
characterized through density measurements to ensure compatibility with the values sent by the 
supplier. Then, the plates were inspected with ultrasound, using a phased array transducer. 
Lastly, the plates were scanned using micro computational tomography in order to validate the 
results obtained by the ultra-sound analysis, allowing a comparison of the effectiveness of each 
method. The results obtained indicate the validity of ultrasound as a defect detection tool for 
carbon fiber reinforced thermoplastic composites, regardless of ply angle. 

Keywords: Thermoplastic composite, ultrasound, PVDF, carbon fiber, nondestructive testing. 

 

INTRODUCTION 

Thermoplastic matrix composites have been on the rise as the oil and gas industry is adopting 
thermoplastic composite pipes (TCPs) as potential replacements to the traditional flexible 
risers. However, not much is known about their behavior in operational conditions, so detecting 
internal damage in early stages is critical to maintain the integrity of the pipes. Ultrasound has 
been widely used as a nondestructive testing method due to its ease of use and wide range of 
applications, yet its application in TCPs is not well documented. The goal of this work is to 
validate ultrasound as a reliable defect detection tool for PVDF/CF composites. 

 

RESULTS AND CONCLUSIONS 

The material studied in this work is a composite made of a PVDF matrix reinforced with carbon 
fibers. The material was made available in prepreg tapes, with a 50/50 blend by weight. In order 
to manufacture plates out of the prepreg tapes, the compression molding technique was chosen. 

PVDF is an engineering polymer widely used in oil and gas applications that require good 
mechanical properties, low chemical reactivity and, especially, high thermal stability (Saxena, 
2021). Carbon fiber is a common reinforcement for polymer matrix composites due to its low 
weight, high mechanical strength and overall chemical stability (Zweben, 2005). 

In order to determine the capability of defect detection in PVDF/CF composites, two plates of 
8 mm thickness were pressed with circular defect-generating seeds interspersed between 
laminae. One plate was made with a unidirectional ply angle, with the second being made using 
a [60º/-60º] ply angle. The seeds were made using paper and Kapton tape, organized into four 
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rows of four disks with diameters of 2 mm, 4 mm, 8 mm and 16 mm, spread among four tapes 
at 1 mm intervals. This resulted in four lines of same size defects at the four different depths of 
4 mm, 5 mm, 6 mm and 7 mm, measuring from the surface in contact with the transducer. Each 
of the lines was scanned using a time gain compensation curve made specifically for each size. 

The phased array scan proved capable of identifying the seeded defects above the 2 mm 
diameter, while seemingly reaching its limit around this size threshold. The naturally occurring 
defects around this size within the pressed plate interfered with the detection of the seeds, 
partially or totally obscuring them in some cases. The identified defect zones also seem to 
preferentially follow the ply angle of the plate, which indicates that the zones could be 
delaminations caused by air bubbles being trapped along the fibers, Figure 1. 

  

Fig. 1 - C-Scan and B-Scan results obtained with 2 mm TGC curve for unidirectional and [60º/-60º] ply plates. 

The results were validated by micro computational tomography (microCT), where all the 
seeded defects were able to be identified, although the defects showed poor contrast against the 
plate, Figure 2. Their positions and sizes were matched to the results obtained by ultrasound, 
confirming their compatibility. 
 

  

Fig. 2 - Tomography results for unidirectional and [60º/-60º] ply plates, showing 2 mm diameter defects. 

This concludes that the ultrasound technique is a viable tool to investigate the internal state of 
thermoplastic matrix fiber reinforced composites and their eventual changes, such as defects, 
cavities, delaminations, etc., providing a quick and reliable nondestructive defect detection 
alternative for thermoplastic composites, while also not being restricted to lab conditions. 
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ABSTRACT 

The physical modification of the epoxy matrix is an effective form of influence to improve the 
strength properties of composites. The aim of this study was to analyse the effect of the addition 
of powder fillers to the matrix of a composite with carbon fibre fabric reinforcement on the 
impact resistance. For this purpose, four composites from L 285 resin matrix cured H 285 
hardener with powder fillers were fabricated. Three kind of powder fillers were used: halloysite 
nanoclay,  TiO� and CeO� in certain proportions amounting to 2,5%, 5% and 10%of weight 
share. In order to evaluate the effect of the additive, the tested materials were subjected to 
transverse impact loads of 0,5 [J] and 1 [J]. Based on the results obtained, it was observed that 
each of the three powder additives with a 2.5 percent share increases the values of the above-
mentioned parameters compared to samples without filler. However, as the amount of powder 
increases, these values decrease, and at 10% they are even lower than samples made from resin 
alone. The exception is the addition of titanium oxide TiO2, which with a 5% share and an 
impact energy of 0.5 [J] achieves the highest values of all batches.  

Keywords: Composites, powder fillers, impact resistances. 

 

INTRODUCTION 

Epoxy resin and carbon fiber composite materials are widely used in the aerospace industry due 
to their strength, high modulus of elasticity and low weight. [Dutton, at a.l 2004]. The use of 
epoxy resins as a matrix is very popular due to their good structural properties, which include 
high stiffness and strength, creep resistance, chemical resistance and good adhesion to many 
substrates. [Karnati, at al. 2020]. A commonly used method of modifying composite materials 
is the use of powder fillers.. Typically, traditional composites require a substantial amount of 
filler (more than 10 wt%) to fulfill the necessary functions and applications. Higher filler 
loading increases the composite's density and creates processing difficulties. This degrades the 
overall mechanical performance of composites [Shelly,at al. 2024]. Powder additives are used 
as functional fillers in many polymer-based composites where the dominant factors are particle 
uniformity, shape, diameter and surface chemistry, which influence the physical and material 
properties of the final product. These properties include, for example, mechanical strength, 
fracture resistance, thermal behavior and electrical conductivity. [Lapčík, at al. 2019]. 

 

RESULTS AND CONCLUSIONS 

To produce composite samples, L285 epoxy resin with H285 hardener was used, which was 
modified by adding the following powder materials: halloysite nanoclay, dwutlenek tytanu 
TiO� and CeO� in specific proportions of 2,5%, 5% and 10% weight share. 10 groups of 4 
samples of each composite were made. The Instron 9440 drop hammer (drop tower) was used 
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to measure the impact resistance of the finished composite samples.. To analyze the results, the 
time courses of force and energy changes, as well as the force and energy changes in relation 
to deformation, were used. In addition, the obtained properties were analyzed: the impact 
resistance [force on thickness N/m], the impact resistance [energy on thickness J/m], peak force, 
peak  energy, displacement corresponding to the maximum force. 

  

Fig. 1 - Impacy resistance [N/m] depending on the type and percentage of filler for 0,5[J] and 1[J]. 

• t was observed that each of the three powder additives at a share of 2.5 percent increased 
the values of the above-mentioned parameters compared to the samples without filler. 

• With the increase in the amount of powder, the parameter values decrease, and at 10% 
they are even lower than samples made of resin alone. 

• The exception is the addition of titanium oxide TiO2, which with a 5 percent share at an 
impact energy of 0.5J achieves the highest values of all batches, except for the 
deformation parameter. 

• In the case of an impact with twice the energy, the largest increase in value was also 
recorded for TiO2, but for a share of 2.5%. 

• In terms of deformation at maximum force, the results were consistent, with almost all 
samples with powder fillers achieving higher values than the nominal values of pure resin. 
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ABSTRACT 

The aim of the work is to investigate the influence of the mold size on the properties of a 
layered composite produced by the infusion method, i.e. how the form affects the propagation 
of the resin composition and the strength characteristics of the laminate. The scope of the 
work includes the following activities: production of one composite by the infusion method 
(which was divided into twelve research sectors), examination of individual samples from 
each sector under a microscope (in terms of the content of air voids in the material structure), 
examination of the internal and external structure of the laminates under a microscope, tests 
of the mechanical properties of samples prepared from the produced composite (bending 
strength test, impact strength test and tensile strength test). 

Keywords: Layered composites, composite manufacturing processes, infusion method, GFRP 
(glass fiber reinforced polymer). 

 

INTRODUCTION 

Modern industry, especially aviation, is constantly striving to develop innovative materials that 
can create structures with maximum strength while maintaining minimum weight. One of the 
most important achievements in this field are composite materials. Composites consist of at 
least two separate phases: reinforcement and matrix. They have unique properties compared to 
traditional materials such as metals and alloys. Reinforcement, often in the form of fibers (e.g. 
glass fiber, carbon fiber), is responsible for transferring loads and providing high strength. 
Meanwhile, the matrix bonds the elements and protects them from environmental influences. 
Composite materials are becoming increasingly important in the aviation industry, because they 
reduce the weight of aircraft, which leads to lower fuel consumption and lower operating costs. 
Composite technology allows the development of materials for specific applications due to their 
anisotropic properties, which makes them extremely versatile. Manufacturing methods such as 
infusion allow the creation of elements with complex shapes and large dimensions while 
ensuring high quality and structural coherence. Thanks to the continuous development and 
improvement of production methods, composite materials have become the basis of modern 
industrial structures and have set new standards of strength and efficiency. Thanks to this 
technology, it was possible to produce inexpensive composites that meet the requirements of 
the aviation industry.  

For the purpose of this work, the nine layers composite was made with reinforcement of glass 
fiber roving fabric with a weight of 390 g/m2 and a saturation of 370 g/m2 and a "twill" weave. 
MGS L285 epoxy resin and H287 hardener were used for production. The resin and hardener 
were mixed in a 100:40 ratio (according to the manufacturer's recommendations). In order to 
facilitate the removal of the composite from the mold, a delamination fabric was used. In 
addition, a special mesh was used to facilitate the propagation of the resin mixture and its even 
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flow through the mold. The final dimensions of the composite were 100 x 100 cm. The 
composite was divided into 12 zones and tested. 

 

RESULTS AND CONCLUSIONS 

The tested samples were cut using water, thanks to which they had very accurate dimensions. 
This enabled the generation of reliable results. However, after measuring the thickness of 
individual samples, a tendency was noticed to reduce it with each tested zone. In the first zone, 
the average thickness of the tested elements was 3.01 mm, and in the tenth it was already 2.86 
mm. This tendency also resulted from the calculations of the percentage share of reinforcement 
in the laminate. In the first samples it was 62% and in the last 64%. Visual examination using 
a microscope showed many differences in the surface and internal structure of the samples. The 
tested elements from the first zone of the composite had many air voids. Numerous air voids of 
small diameter were visible in the surface structure. On the other hand, in the internal cross-
section, there were fewer cavities, but they were larger. The tendency of air voids to appear 
inside the composite decreased until the sixth zone, where the least were observed. Under the 
microscope, an increase in the number of air voids in the structure of samples from further 
zones could be seen. There were not as many of them as in the first zone, but their diameter was 
larger. The strength tests began with the Charpy impact test. The samples were tested for edge 
and surface impact strength. Regardless of the tested zones from which the test elements were 
taken, they were damaged in a similar way. The results that were obtained did not indicate 
significant differences between the impact strength properties. The only thing that can be noted 
is that the results of the average edge impact strength were higher than the surface impact 
strength. The bending strength test of individual samples showed a certain trend as in the visual 
test. The strength modulus increased up to the fifth zone and then decreased. This may be related 
to the number of air voids in the laminate, which significantly change its properties. The course 
of the bending strength graph is diametrically different from the modulus graph. It also 
increases up to the fifth zone, but then drops rapidly. Large air voids located in the last zones 
and a smaller thickness of the laminate may affect its strength results. During the determination 
of tensile strength, all samples showed a similar value of Young's modulus. The difference 
between the highest average value and the lowest was 3.5%. Tensile strength depends to a large 
extent on the reinforcement used, which is the same throughout the composite. This may be the 
reason for such small differences in the obtained results. Based on the conducted tests and the 
obtained results, it can be concluded that the size of the mold in which the composite is created 
plays one of the key roles in the infusion process. It affects the propagation of the resin 
composition and the strength properties of the composite. The highest bending strength was 
demonstrated by samples from sector five. In the tensile test, the best result was achieved by 
zone seven. The ambiguous results show the high influence of the mold (especially its size) on 
the propagation of the resin mixture in the infusion process. 
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ABSTRACT 

Composite materials have been used in aviation for many years. Their use is becoming 
increasingly popular due to the unique properties of these materials. Due to the increasing need 
to protect various aircraft devices from the effects of high-temperature heat flux, it was 
proposed to produce a polymer composite with reinforcement in the form of aerogel powder. 
The research presented in the article presents the results of tensile strength tests of this type of 
ablation composite subjected to the action of high-temperature heat flux. Composites with 
different contents of powder aerogel were produced and cross-linked at different temperatures, 
and after taking the necessary measurements, they were subjected to the action of a hot gas 
stream, after which mechanical properties were tested and microscopic observations of 
fractures were performed. The results obtained during the tests and the analysis carried out 
allow us to state that both the amount of additive and the temperature at which the composite 
will cross-link have a significant effect on its strength properties. 

Keywords:  Polymer composite, aerogel, tensile strength, heat flux. 

 

INTRODUCTION 

Dynamically developing technology and constantly growing demand of the industry have led 
to a significant advantage of composites over other materials combining features such as 
excellent mechanical and strength parameters, low specific gravity and low production costs 
(Karsandik, et al., 2023). Aerogel, in turn, is a material that is characterized by excellent thermal 
insulation properties, strength and an incredibly low specific gravity. Thanks to its unusual 
structure, it has properties that have found application in the construction, space, chemical and 
electronics industries. It is the lightest solid material with the lowest value of the thermal 
conductivity coefficient λ (Sachithanadam, et al., 2016). Combining epoxy resin with a material 
with ultra-low thermal conductivity can enable the production of a material with acceptable 
mechanical strength and very good thermal protection. 

 

RESULTS AND CONCLUSIONS 

The test samples were made by casting in silicone molds. The polymer material was a 
composition of L286 resin and H287 hardener. The aerogel particles used in the tests had a 
diameter of 1.2–4.0 mm. During the preparation of the resin and aerogel composition, a 
technique was used to limit sedimentation of the mixture. The samples were characterized by 
the content of aerogel in the mass fraction from 0 to 4%. After casting into the molds, the 
samples were left to cross-link for 24 hours. After removal from the molds, the samples were 
divided into 3 series, which were then annealed at different temperatures. Then the geometry 
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of the samples was verified, the allowances were ground and their geometric dimensions and 
mass were determined. 

For the ablation tests, the samples were placed in special holders resistant to high temperatures 
and exposed to a high-temperature gas stream. After cooling, the samples were successively 
placed in the holders of a universal testing machine and subjected to a tensile test. An analysis 
of the change in the thickness of the tested samples was also carried out based on measurement 
data before and after the heat flux impact on individual samples. On this basis, the mass loss of 
individual samples was determined and the effect of the annealing temperature and the share of 
the aerogel additive on this parameter was analyzed. The samples were additionally subjected 
to a Shore hardness test, which noted, among other things, that in samples annealed at 55°C, 
the hardness increases with the increase in the aerogel content. 

Analyzing the results of the tensile strength tests, it can be seen that the highest strength values 
among the samples with aerogel are characterized by samples exposed to the high-temperature 
flux for the longest time (30 seconds). In turn, observing the nature of the changes in the 
Young's modulus value of samples heated after cross-linking at 80°C, it can be seen that 
extending the time of exposure to the high-temperature flux (the tests used a time of 10 or 30 
seconds) causes an increase in the Young's modulus value regardless of the percentage of 
aerogel content. The results obtained during the tests and the analysis performed allow us to 
conclude that both the amount of additive and the temperature at which the cross-linking of the 
tested composite was carried out have a significant influence on its strength properties. 
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ABSTRACT 

Structural composites with a foam core and modified epoxy matrix represent an interesting 
solution in the field of energy-absorbing materials for low-energy impact resistance. Chemical 
modification of the structural composite matrix by the addition of liquid polyurethane was used, 
an innovative element in the manufacture of sandwich composites used as energy-absorbing 
structures. A lightweight and flexible XPS foam core bonded with composite reinforcing layers 
was also used. A maximum composite thickness of up to 10 ± 1 mm was retained and the core 
was spread over 3 graded layers. Impact bending tests of the short beam, three-point bending, 
damage tolerance, puncture resistance and dynamic mechanical analysis of the matrix layer 
were carried out. 

Keywords: Composite structures, mechanical properties, low-energy impact, BVID 

 

INTRODUCTION 

Energy-absorbing materials are subjected to specific exposure to impact loads, bending or 
compression, in ‘emergency’ situations where there is an accidental or intentional static or 
dynamic impact. In practice, this means preserving a material that has an effective energy 
absorption capacity (Haq, 2021). The right choice of materials and design, fabrication 
technique, as well as repair and maintenance strategies can guarantee the production of highly 
efficient composite structures for low-energy impact shielding (Isaac, 2021). The effect of low-
energy impacts is often subsurface delamination, which is difficult to identify visually or 
manifests itself as a very slight deformation of the composite surface, is referred to as Barely 
Visible Impact Damage (BVID) (Polimeno et al., 2009). This paper presents the effect of 
chemical modification of the matrix on the mechanical properties of the composite with plain 
glass fabric and XPS foam. The introduction of the modifier is attributed not only to an 
improvement in the strength properties of the matrix layer, but also to an improvement in the 
adhesion properties between the composite phases, the inhibition of crack propagation 
throughout the cladding layer. 

 

RESULTS AND CONCLUSIONS 

Based on previous experimental studies using PU in the range of 0 - 20% and an analysis of the 
literature (Kostrzewa et al., 2015), used a modification of the matrix in the amount of wt.  
0-10%. The liquid polymer modification used in this study led to the formation of 
interpenetrating polymer networks between the reactive groups - OCN in the structural chain 
of the polyurethane and the resin. It was noteworthy that polyurethane could also form chemical 
bonds with hydroxyl groups present on the glass surface.  



Proceedings IRF2025:  8th International Conference on Integrity-Reliability-Failure 

Track A - Composite and Advanced Materials 

-76- 

The DMA test made it possible to characterise the composite layer and confirm the mechanism 
of reinforcement depending on the modifier content in the negative and positive temperature 
range and under constant, repeated loading. The addition of 5 wt% modifier in the epoxy matrix 
with GF250 reinforcement in the positive temperature range resulted in an increase in the loss 
modulus E’ (169.80 MPa), Figure 1 and Table 1. The ratio of material stiffness to viscoelastic 
properties (tgδ) was lowest for the EP0250GF composite (0.18) and highest for the 10PU250GF 
composite (0.37). The conservative modulus of the composites, which determines the stiffness 
of the material, showed that the modified composites exhibited a sharp decrease in stiffness at 
temperatures around 60 - 70°C. 

 

 

Fig. 1 - Comparison of dynamic mechanical analysis of EP/PU/250GF composites. 

 

Tab. 1. – Comparison of selected mechanical properties 

 
Charpy impact strength 

[kJ/m2] Energy absorbed 
[J] 

Flexural modulus 
[MPa] 

Compresion modulus 
[MPa] 

Perpendicular Parallel 

EP0250GF 10,84 14,08 7,89 41,95 130 

5PU250GF 11,28 17,67 7,92 35,57 175 

10PU250GF 11,82 18,58 7,76 40,75 175 

 

Visual identification of surface damage showed the impactor point impact trace and linear 
cracks radiating in two directions. The unmodified composites cracked in the matrix layer, also 
damaging the fibres in the reinforcement layer. Modified composites maintained structural 
continuity in the composite layer due to the elasticising effect of the modifier. 
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ABSTRACT 

The adoption of integrated sensing has significantly improved the maintenance and failure 
inspection of CFRP aircraft structures. Fiber optic (FO) sensor networks, known for their 
compactness and multiplexing capabilities, enable real-time structural health monitoring 
(SHM) by detecting damage in bonded joints and manufacturing defects such as porosity, 
delamination, and inadequate adhesive curing. However, Non-Destructive Inspection (NDI) 
techniques remain limited due to the lack of standardized defect generation methods, affecting 
inspection accuracy. This study presents an SHM system developed by CIRA under the 
OPTICOMS project (CLEAN SKY2 program) for monitoring the structural integrity of a full-
scale P180 aircraft wing during a static test campaign at Piaggio Aerospace (PA) Laboratory. 
The system, featuring fiber optic sensors embedded within adhesive layers, successfully 
detected manufactured defects, with size and location confirmed by ultrasonic NDI inspections 
performed by Israelian Aerospace Industries (IAI). The results demonstrate the high reliability 
of fiber optic-based SHM as a viable solution for bonded joint integrity assessment, supporting 
compliance with aviation safety regulations. 

Keywords: Composite structures, full-scale wing, fibre optics, adhesive bonding, damage 
characterization, structural health monitoring, adhesive joint 

 

AIM OF THE WORK - OPTICOMS PROJECT  

The aim of this work is the development and validation of an SHM system designed by the 
Italian Aerospace Research Centre (CIRA) within the OPTICOMS project, funded by the 
CLEAN SKY2 program. The system was deployed for real-time monitoring of the structural 
integrity of a full-scale P180 aircraft wing (Figure 1-a), manufactured using CFRP materials, 
during an experimental static test campaign at the Piaggio Aerospace (PA) Laboratory. The 
objective was to evaluate the SHM system's capability to detect, locate, and quantify defects 
within the structure, comparing its performance with conventional NDI techniques. 

 

DATA PROCESSING METHODOLOGY 

The proposed SHM system utilized an embedded fiber optic sensing network within the 
adhesive paste layers of a composite wing box to enable real-time strain monitoring and damage 
detection. The full-scale wing demonstrator was tested under static loading conditions without 
artificial damage to allow a direct comparison between the L.H.E.O. algorithm and NDI 
inspections. Eight embedded fiber optics were installed between caps of the spars and the lower 
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skin during the manufacturing process by IAI to maximize damage detection sensitivity (Figure 
1-b). To enable real-time data acquisition, an optical fiber interrogator (LUNA OdisiB) was 
used alongside a laptop-based monitoring system. 

 

 

1.Length: 6846 mm  

2.Max section height: 198 mm 

3.Root chord: 708.55 mm 

4.Tip chord: 282.9 mm  

(a) 

 

(b) 

Fig. 1 - Piaggio P180 Full-Scale Wing and OF location at cross section schematic view. 
 

The L.H.E.O. algorithm, developed by CIRA in Matlab™, employs edge detection techniques 
and cross-correlation filtering to identify localized strain variations linked to structural damage. 
It defines Damage Indices (DI) and Threshold Levels (TL) to detect anomalies, ensuring precise 
fault localization (Figure 2Error! Reference source not found.). The experimental tests were 
conducted at Piaggio Aerospace’s Structural Lab using a whiffletree test rig, replicating a Limit 
Load (L.L.) at Maximum Takeoff Weight (MTOW) positive gust maneuver. A comprehensive 
sensor network, including strain gauges, LVDTs, and high-resolution cameras, was integrated 
to monitor structural behavior and capture failure mechanisms. 

 

(a) 

 

Fig. 2 - LHEO Algorithm workflow scheme. 
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RESULTS AND DISCUSSION 

Figure 3-a) shows the case of a full-scale composite wing box demonstrator designed and 
manufactured by IAI to replicate the wing structure of the Piaggio P180 Avanti EVO aircraft. 
The assembly includes a lower section made of co-cured spars, along with an upper skin panel 
and a lower panel, the latter of which is bonded in a subsequent curing process. Tests were 
conducted at Piaggio Aerospace’s Structural Lab with using a dedicated whiffletree test rig to 
apply a representative load configuration defined in the test matrix, and on that base, a 
distributed load schematic was designed able to replicate at a good extent the actual stress-strain 
filed related to that load configuration (Figure 3-a). 

The experimental campaign was conducted in phases, starting with load applications from 20% 
up to 70% of the Limit Load (L.L.). At 70% L.L., an unexpected nonlinear strain response was 
detected, prompting an immediate test stoppage. Strain analysis revealed localized strain spikes 
in OF6, installed between the lower skin and the cap of the rear spar, suggesting potential 
disbonding or delamination. The L.H.E.O. algorithm was applied to process the data, 
identifying a 40 mm damage length along the rear spar, aligning with residual strain anomalies 
(Figure 3-b). 

 

(a) 

 
(b) 

Fig. 3 - Piaggio Lab. Wing Test Rig (a) and (b) SHM final readout on RS edge cap along rear spar. 



Proceedings IRF2025:  8th International Conference on Integrity-Reliability-Failure 

Track A - Composite and Advanced Materials 

-80- 

 

The results were validated using Ultrasonic NDI inspections, performed by IAI, which 
confirmed the presence of delamination at the same location and size. This strong correlation 
demonstrates the effectiveness of the L.H.E.O. algorithm in detecting and characterizing 
structural damage. The findings highlight the potential of fiber optic-based SHM systems as a 
reliable, real-time alternative to traditional NDI methods, contributing to improved structural 
health monitoring. 

 

CONCLUSION 

The SHM system demonstrated high reliability in detecting both the position and size of 
manufactured defects within the bonded joints of the composite wing. The system effectively 
identified structural anomalies that were later confirmed through ultrasonic NDI inspections, 
validating the accuracy and robustness of the fiber optic-based monitoring approach. 

The results highlight the potential of fiber optic-based SHM as a viable, non-intrusive, and 
highly accurate solution for ensuring bonded joint integrity. By addressing the limitations of 
conventional NDI techniques, this approach aligns with aviation regulatory requirements, 
supporting the development of safer and more reliable aircraft structures.
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ABSTRACT 

A multi-objective optimization framework for the sizing and anisotropic topology of 
geometrically nonlinear beam-stiffened shell structures made of fiber-reinforced plastics is 
proposed. The objective functions for the proposed robust design approach are the minimization 
of mass and the strain energy’s mean value, standard deviation and coefficient of variation. 
Their trade-offs are optimized while adhering to stress, displacement and buckling constraints. 
The design variables are the ply angles of the shell laminates, the ply widths of the beam 
laminates and the thicknesses and materials of all layers in the structure. The proposed Multi 
Objective Memetic Algorithm (MOMA) exploits the synergy between multiple Lamarckian 
and Baldwinian learning procedures, whose relative performance determines their selection for 
future offspring generation. Design space decomposition is achieved through the use of multiple 
sequentially-evolving subpopulations, while a virtual population with age-dominance dual 
nature updates the Pareto front and accelerates the global search. The concept of species serves 
as an abstraction of the search space discontinuities due to the presence of integer type design 
variables. The MOMA is validated through its application to two bi-objective and two tri-
objective optimization problems. 

Keywords: Memetic, multi-objective, hybrid composites, geometric nonlinearity. 

 

INTRODUCTION 

In an effort to reduce the costs associated with the manufacturing of FRP composite structures, 
considerable research has been devoted to the hybridization between expensive and higher 
stiffness materials and less expensive and lower stiffness materials. Memetic Algorithms have 
been shown to be an effective and efficient approach to this complex design problem (António, 
2024). 

 

RESULTS AND CONCLUSIONS 

The MOMA was applied to the multi-objective optimization of a spherical composite structure 
composed of three shell laminates and three beam laminates, hinged along its perimeter and 
with a point load acting on its central node (Figure 1). 

The MOMA was extended to be able to handle optimization problems with any number of 
objectives. Subsequently, the tri-objective optimization problem addressing the minimization 
of mass and the strain energy’s mean value and standard deviation was studied. The results that 
were obtained illustrate its effectiveness in finding optimal solutions. 
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Fig. 1 - Beam-reinforced shallow shell structure for a given set of design variables. 

The MOMA was extended to be able to handle optimization problems with any number of 
objectives. Subsequently, the tri-objective optimization problem addressing the minimization 
of mass and the strain energy’s mean value and standard deviation was studied. The results that 
were obtained illustrate its effectiveness in finding optimal solutions. 

The study of species distribution on the Pareto front revealed a niching effect that validated the 
adopted domain decomposition that was based on the assumption that different material 
combinations offer specific trade-offs. Furthermore, this effect suggests that hybrid composites 
may unlock otherwise unattainable design solutions. 
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ABSTRACT 

A novel staggered grid shell particle method (SGSPM) is proposed in this work to model the 
shell structural damage subjected to underwater explosion. The material point method (MPM) 
is used to model the fluid in underwater explosion, and the solid shell material point method 
(SSMPM) is adopted to model the shell structures. A staggered grid scheme is employed to 
eliminate the cell crossing noise, mitigate the volumetric locking and improve the accuracy of 
fluid simulation, and a conversion algorithm is proposed to handle the dynamic fracture of shell 
structures. In addition, a local multi-mesh contact method is introduced into the staggered grid 
scheme for modelling the fluid-structure interaction.  

Keywords: Material point method, solid shell, staggered grid, structural damage, underwater 
explosion. 

 

INTRODUCTION 

Underwater explosion is a class of extreme deformation problems and always causes severe 
damage to ship shell structures in engineering practice. To guide the design of engineering 
structures, the structural damage subjected to underwater explosion has attracted great attention. 
Experimental research and numerical research are important methods for evaluating the damage 
of ship structures. However, the cost of damage experiments on large engineering structures is 
extremely high. Therefore, the development of efficient and powerful numerical methods to 
simulate structural damage subjected to underwater explosion remains an active field of 
research. In the present work, a novel staggered grid shell particle method (SGSPM) is 
developed by introducing the staggered grid scheme and conversion algorithm into the SSMPM 
(Li et al., 2024) and employing a local multi-mesh contact method. 

 

RESULTS AND CONCLUSIONS 

The large deformation of a plate subjected to underwater explosion is simulated. 
Ramajeyathilagam and Vendhan (Ramajeyathilagam and Vendhan, 2004) carried out the 
experiment. Due to symmetry, the first octant of the model is simulated, as shown in Figure 1. 

The final deformed configurations of the plate are shown in Figure 2. The plate has undergone 
large deformation, which can be seen from the deflection contours of simulations. The 
deformed configurations in the simulations are in good agreement with the experimental result. 

The final center deflections of experiment and simulation are 57.8 and 58.5 respectively, which 
are consistent. The results verify the accuracy of SGSPM in simulating shell structures 
subjected to underwater explosion. 
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Fig. 1 - Diagram of plate subjected to underwater explosion. 

 

 

  

         Fig. 2 - Final deformed configurations of the plate. 
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ABSTRACT 

The study uses various manufacturing technologies to compare the fatigue life of welded 
samples of 6060 aluminum alloy in T6 and 64 states. It has been shown that the manufacturing 
technology has virtually no effect on fatigue characteristics. However, the scatters for manually-
made samples are much larger than those automat makes. The fatigue factor of the notch is 
approximately 2 regardless of thermal treatment. Additionally, the hardness in the joint vicinity 
was analyzed, and the surface topography of fatigue cracks in the welded joint was analyzed. 

Keywords: Cyclic bending, aluminium alloy, welding joints. 

 

INTRODUCTION 

Light materials, including aluminium alloys, are increasingly used for mechanical structures. 
Alloys from the 6xxx family are commonly used for engineering structures, including the 
production of windows and doors installed in trains. Among others, a comparison of fatigue 
tests can be found in (Łagoda et al., 2024). However, such a structure must be welded after 
forming by bending. This raises the question of the impact of welding on the fatigue life of such 
joints. Some solutions can be found in the literature (Hobbacher, 2008). However, these 
solutions are better known for steel than for aluminium alloys. 

 

RESULTS AND CONCLUSIONS 

Samples made of aluminium alloy 6060-T6 and 6060-T64 were subjected to fatigue tests. The 
tests were performed under cyclic bending for "diabolo" samples as shown in Fig. 1a and 
welded samples, the diagram of which is shown in Fig. 1b. Based on the experimental tests 
performed, the fatigue characteristics of Basquin were determined according to the formula 

�� = �′����      (1) 

Table 1 lists the parameters of the Basquin (1) characteristics for cyclic bending of samples 
without notches and samples welded using two technologies. On this basis, the fatigue action 
factor of the notch can be determined. From the data analysis in the table, it can be seen that the 
fatigue characteristics are almost parallel, and the fatigue notch action factor is approximately 
Kf= 2. 

Figure 1 shows the fatigue characteristics for cyclic bending for samples made of 6060-T6 and 
T64 aluminum alloy for samples without notches and welded joints in the nominal system. 
From the analysis of both the drawing and the table, it can be seen that the fatigue characteristics 
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of joints made manually and by automatic machines practically coincide. However, in the case 
of hand-made joints, there are much larger scatters, which is related to the level of confidence. 

Table 1 - Basquin (1) characterization parameters for cyclic bending of un-notched and dual-welded specimens. 

  T6    T64   

 �′�, MPa m R2 Kf(106) �′�, MPa m R2 Kf(106) 

Un-notched 941.27 -0.141 0.958 - 503.81 -0.108 0.924 - 

Manual 763.73 -0.178 0.602 2.05 230.68 -0.100 0.690 1.96 

Automat 774.93 -0.177 0.883 2.00 349.29 -0.133 0.870 2.04 
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Fig. 1 - Fatigue characteristics for cyclic bending for samples made of aluminium alloy 6060-a) T6 and b) T64 

(wheels - manual, squares - automat). 
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ABSTRACT 

The rolling process used to produce metal laminates gives the material a moderate anisotropy 
in the elastic range. The different behaviour of the material can be neglected in many cases, 
even if it certainly plays a role in the propagation phase of fatigue cracks. In this work, the 
changes that the anisotropy of the material introduces in the stress field originated by a hole in 
a plate were evaluated. Fatigue tests carried out on perforated specimens with different 
orientations showed the effective influence of the direction of application of the load, which 
can be justified by the different severity of the notch effect. 

Keywords: Elastic anisotropy, stress concentration, fatigue. 

 

INTRODUCTION 

Metallic plates are manufactured by lamination that introduce a moderate anisotropy of the 
material in the elastic range. This effect is originated by the deformation and alignment of grain 
in the rolling direction and is generally negligible. However, in certain cases, as for example 
the crack behaviour of thin aluminium plate, this effect plays an important role in determining 
a different crack propagation speed and crack toughness along L and T directions (Wei et al., 
2014; Xia et al., 2018; Kalina et al., 2023). Starting from an experimental evaluation of 
constitutive properties of Al1050 commercial plates, which has been carried out comparing 
dynamic measurements and static load tests (Messina et al., 2024), the effect of the elastic 
anisotropy on the stress concentration factor has been determined by FEM numerical models in 
case of perforated rectangular specimen. Finally, these specimens having an orientation of 0°, 
90°, and 45° (respectively L, T, S) with respect to the rolling direction have been loaded in 
fatigue to determine the Wöhler curves for a load ratio R = 0.1 and a runout of 107 cycles. 

 

RESULTS AND CONCLUSIONS 

Stress concentration factor associated to a hole in a finite plate can be easily evaluated using 
the classical diagrams of Peterson. According to the ratio of hole diameter and plate width, the 
stress concentration factor kt is given by: 

�	 = 
.�

�      →       �� = 2.654
     (1) 

However, this value is referred to an isotropic behaviour. Introducing a different material 
behaviour, the stress field around hole is depending by the direction of the applied load with 
respect to the ortotropy direction. Using a FEM model, constituted by quadrangular element 
with a parabolic formulation and assuming the ortotropy parameters determined in a previous 
work (Messina et al., 2023), the stress concentration factor has been determined varying the 
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ortotropy direction between ± 90° with a step of 15° (Figure 1). As a result, kt value in T 
direction is reduced of 2.53% with respect to the case of the isotropic behaviour, corresponding 
to  a maximum difference of elastic moduli in direction 1 and 2 of 4.9%.  

  

Fig. 1 - Numerical evaluation of stress field and stress concentration factor kt for different orientation. 

The fatigue behaviour (Figure 2) shows an effect of the different orientation of specimens that 
is clearly associated to the different value of stress concentration kt. The high fatigue limit is in 
fact obtained for T direction, for which an increase of 13% of fatigue limit is reached as effect 
of the reduction of 2.53% of stress concentration. 

 

Fig. 2 . Wöhler curves of notched specimen for different orientation. 
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ABSTRACT 

Based on the analysis of the fatigue crack propagation behaviour of GH4169 superalloy under 
300 MPa stress aging at different temperatures, the fatigue reliability of the alloy under 
temperature/stress coupling was evaluated. The results show that the fatigue crack growth rate 
of the alloy treated with temperature/stress coupling aging is higher than that of the alloy treated 
with single temperature aging, the fatigue threshold is lower, and the overall fatigue reliability 
is decreased. It is found that the orientation difference of the restricted dislocation plane slip 
and the activated slip system between adjacent grains will be reduced with the coarsening of γ" 
phase, at the same time, the localizing plastic deformation and reducing crack deflection. The 
accelerated coarsening γ" phase caused by coupled stress/temperature aging is the key factor 
for the decline of fatigue reliability of the alloy. 

Keywords: Fatigue crack propagation, microstructure evolution, temperature/stress coupled 
effect, reliability, GH4169 superalloy. 

 

INTRODUCTION 

The reliability of aero-engine turbine disk is directly related to the service safety of aircraft. In 
particular, especially for the modern large aviation aircraft, which the engines have to be 
servicing for a long time under high load at high temperature. Therefore, it is of great 
significance to investigate the fatigue reliability of a superalloy used for aeroengine under the 
coupling effect of temperature and stress. Based on such back ground, a systematic study has 
been made on the microstructure evolution behavior of GH4169 alloy under the coupling effect 
of temperature and stress, and the fatigue reliability of the alloy under the coupling effect of 
temperature and stress has also been carried out using the experimental study of the fatigue 
crack growth rate of the alloy with different microstructure, in order to provide a foundation for 
the safe servicing of the alloy. 

 

RESULTS AND CONCLUSIONS 

Fatigue crack propagation behaviour of GH4169 superalloy aged at 650 ℃, 700 ℃ and 730 ℃ 
with or without a stress of 300 MPa were investigated, respectively. Fatigue crack propagation 
rate (FCGR) tests were carried out with compact tensile specimens, typical results were shown 
in Figure 1. Both microstructural characteristics and fracture surface morphology were 
examined with an optical microscopy (OM), scanning electron microscope (SEM) and confocal 
laser scanning microscope (CLSM). The typical microstructure and statistical results of alloy 
microstructure evolution under different aging states are shown in Figure 2. 
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Fig. 1 - da/dN curves of the alloy aged at (a) 650 ℃ and (b) 700 ℃ for 1000 h without or with stress. 

  

Fig. 2.- Morphologies (a) and size (b) of γ″ phases of the alloy aged with different conditions. 

The results show that in the range of threshold value region the fatigue reliability of alloy aged 
at 650 ℃ for 1000 h with 300 MPa stress are the highest, while the FCGR is the slowest. It is 
mainly caused by the transition of dislocation approaching the γ" phase from the cutting to the 
by-pass where there is a critical size of γ" phase during ageing. However, the FCGR of alloys 
aged at 700 ℃for 1000 h with 300 MPa stress is lower than that of alloy aged at the same 
temperature and time without stress, which is considered due to the high bearing capacity of δ 
phase exceeding the critical length to diameter ratio during the ageing. The detail fatigue 
reliability mechanism also deeply discussed with quantitative analysis from the view point of 
both microstructure and fracture surface. 
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ABSTRACT 

This study investigates the impact of shot-peening on the fatigue performance of 7010-T7451 
aluminum alloy under cyclic loading conditions through fatigue testing and fractographic 
analysis. Surface parameters such as surface roughness, microstructure and residual stress 
profiles were carefully evaluated and correlated to fractographic features, in order to understand 
their roles in delaying crack initiation and propagation. Results demonstrate a significant 
improvement in fatigue life for shot-peened specimens compared to untreated ones, validating 
the effectiveness of shot-peening. 

Keywords: Shot-peening, aluminum alloy, fractographic analysis, fatigue testing. 

 

INTRODUCTION 

High-strength aluminum alloys are often used in the aerospace industry due to their favorable 
strength-to-weight ratio. However, these alloys are prone to fatigue damage under cyclic 
loading, which limits their service life in structural applications. To reduce the detrimental 
effect of surface integrity, shot-peening is often applied as a surface treatment [J. Barralis et al, 
1999]. This process induces beneficial surface compressive residual stresses and hardening, 
which can improve resistance to surface fatigue initiation and slow early crack growth. 
According to applied process parameters, the effectiveness of shot-peening varies with loading 
conditions and the complex interactions between surface modifications and intrinsic material 
properties [D. W. Hammond et al, 1990]. Under cyclic loading, the fatigue damage involves 
various mechanisms, such as surface-induced initiation and subsurface propagation, which 
must be thoroughly understood to predict and to assess the effect of surface integrity on fatigue 
performance [K. Takahashi et al, 2018]; [L. Trško et al, 2014]. The aim of the present paper is 
therefore to precisely characterize and assess the damage mechanisms in the case of shot-
peened 7010-T7451 aluminum alloy.  

 

RESULTS AND CONCLUSIONS 

Axial tension fatigue tests have been performed on machined and shot-peened cylindrical 
specimens with two different surface roughness at a load ratio of 0.1 and a frequency of 20 Hz. 
Fatigue tests results show: i) a detrimental effect of the surface roughness for as-machined 
specimens, ii) a beneficial effect of shot-peening, whatever the initial roughness, iii) an identical 
fatigue resistance of the shot-peened specimens, whatever the initial roughness. The results 
indicate a marked increase in fatigue life for shot-peened specimens compared to untreated 
ones. According to the applied load level and shot-peening conditions, fatigue life performance 
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has been improved from a factor of 1.75 for higher stress levels, up to 30 times for lower stress 
levels, highlighting the effectiveness of the tested shot-peening process on fatigue specimens. 
In addition, the baseline roughness of the specimens no longer influences fatigue performance 
once shot-peening is applied. The compressive residual stresses introduced by the treatment 
thus completely counteract the detrimental effect of surface roughness. Residual stress 
measurements confirmed the presence of compressive stresses at the surface of the shot-peened 
specimens, which play a critical role in delaying crack initiation and propagation even after 
their relaxation due to mechanical cycling. Observation of the fracture surfaces revealed that 
crack initiations of untreated specimens predominantly occurred at surface singularities. In 
contrast, the shot-peened specimens present fatigue crack initiations located further from the 
surface for lower stress levels. Figure 1 illustrates examples of crack initiation sites for both 
untreated and shot-peened specimens. The fractography also showed the presence of secondary 
cracks in shot-peened specimens, indicating that the presence of compressive residual stresses 
alters crack paths, contributing to a more complex fracture mechanism.  

      
Fig. 1 - SEM images of crack initiation as-machined (left) and shot-peened (right) 7010-T7451 aluminum alloys. 

The experimental results of this study highlight the significant beneficial effect of shot-peening 
on the fatigue behavior of 7010-T7451 aluminum alloys mainly due to the introduction of 
compressive residual stresses. The insights gained from the experimental and fractographic 
analyses lay the groundwork for the development of a fatigue life model in order to increase 
the accuracy of number of cycles calculations. 
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ABSTRACT 

This paper presents the results of impact bending tests, primarily focusing on the surface 
topography of the resulting fractures. Three aluminum alloys were used for the study: aluminum 
alloy 6060 in two heat treatment conditions, T6 and T64, and aluminum alloy 6063 in the T6 
heat treatment condition. The studies related to fracture surface topography were conducted 
using a scanning electron microscope. The results show that both the sample size and the 
material condition significantly affect the obtained surface parameters, which can be important 
in the design of impact-treated parts. 

Keywords: Aluminum alloy 6XXX, impact bending, topography of fracture plane. 

 

INTRODUCTION 

The type of material influences its strength and impact strength. In the case of aluminum alloy, 
heat treatment is also important. Aluminum alloys from the 6XXX group are often used in 
structures, including rail transport (Łagoda et al., 2023). The standard EN ISO performed 
impact tests. The tests and analysis used large and small samples of 3 and 5 mm thickness. 

 

RESULTS AND CONCLUSIONS 

Images of cracks obtained at low magnification are shown in Figure 1, for larger samples (a) 
and smaller ones (b). In the case of the 6060-T6 aluminum alloy, deep and wide cracks can be 
observed, indicating the material's relatively high ability to absorb energy before the final crack. 
Large voids in the material reflect places where fragments of the material detached under the 
influence of impact bending. The irregularity of the surface in the form of numerous peaks and 
depressions indicates the material's relatively low plasticity and high brittleness. Photos of 
cracks in samples made of 6060-T64 aluminum alloy show a greater plastic nature of the crack 
than in the case of T6. We observe a much more uniform structure with finer cracks that are 
well dispersed. The fracture surface is relatively smooth and contains fewer voids, suggesting 
better plastic properties and a greater ability of the tested material to dissipate energy during 
loading. 

It should be noted that there are distinct slip lines, which suggest the ability of the material to 
undergo plastic transformations under load, which reflects a higher impact strength value than 
for T6. The third aluminum alloy tested is 6063-T6, whose fracture surface is characterized by 
large and irregular cracks. Additionally, there are numerous voids of various sizes on the 
surface, which indicate significant detachment of the material during bending. The obtained 
surface structure highlights the low ability of the 6063 aluminum alloy to absorb energy and its 
tendency to brittle fracture under the influence of impact bending loads. Impact strength, for 
the tested aluminum samples are presented in Table 1. 
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                                           6060-T6                          6060-T64                          6063-T6  

   
(a) 

   
(b) 

Fig. 1 - SEM photos of the overall samples used in the study: (a) large specimens; (b) small specimens. 

 

Table 1 - Impact strength, kJ/m2 for the tested aluminum samples. 

Aluminium alloy larger samples smaller samples 

6060-T6 (AlMgSi0.5) 455.42 332.69 

6060-T64 (AlMgSi0.5) 577.44 430.71 

6063-T6 (AlMgSi0.7) 154.03 172.22 
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ABSTRACT 

Elastic, anelastic deformations in concretes, radiation and structural functionalized 
nanocomposites of multiwalled carbon nanotubes (MCNT) and polyamide, polyvinylchloride, 
polyethylene was researched. 

Keywords: Nanocomposites, carbon nanotubes, mechanical treatments, stress, deformations. 

 

INTRODUCTION 

Concretes, polymers strength increasing is achieved by changing their structure, the decreasing 
of overstrain coefficient γ, as the cracks healing at annealing, reducing the velocity of their 
germination (Bereka et al., 2021; Kuzmych et al., 2022; Onanko et al., 2022; Radovenchyk et 
al., 2021). 

 

RESULTS 

Anelastic deformations in hydro technical structures concrete (Fig. 1), structural functionalized 
nanocomposites of multiwalled carbon nanotubes (MCNT) and polyamide-6 (NH(CH2)5CO)n, 
polyvinylchloride (C2H3Cl)n, polyethylene (C2H4)n were represented. 

  

Fig. 1 - Illustration of the window for processing data of quasilongitudinal elastic waves velocity measuring V║ = 
3243 m/sec in concrete ZSh-35 by pulse-phase US method at frequency f║ ≈ 1 MHz. Logarithmic decrement of 

attenuation � = �� ������� � = �� � �! � ≈ 1.2 ± 0.1. 
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For any point of a quasihomogeneous medium Hooke's law is valid (Onanko et al., 2022; 
Onanko et al., 2023; Trus et al., 2019): 

�ij( )→* = +ijkl( )→*.kl( )→*,                                      (1) 

where �/0( )→*, .12( )→* - tensors of strains and deformations at point )→; +/012( )→* - tensor of 
elastic constants at this point. 

 

CONCLUSION 

The value of internal friction background 3�45 after mechanical treatments, temperature 
describes the changes of the elastic stress σi fields in concrete, nanocomposite. 

 

ACKNOWLEDGMENTS 

This work has been supported by the Ministry of Education and Science of Ukraine: Grant of 
the Ministry of Education and Science of Ukraine for the prospective development of the 
scientific direction "Mathematical sciences and natural sciences" at Taras Shevchenko National 
University of Kyiv. 

 

REFERENCES 

[1] Bereka V., Boshko I., Kondratenko I. et al. Efficiency of plasma treatment of water 
contaminated with persistent organic molecules. Journal of Environmental Engineering and 
Science, 2021, 16(1), pp.40-47. 

[2] Kuzmych L., Volk L., Kuzmych A. et al. Simulation of the Influence of Non - Gaussian 
Noise During Measurement. 2022 IEEE 41st International Conference on Electronics and 
Nanotechnology (ELNANO), 2022, 2022, pp. 595-599. 

[3] Onanko A.P., Dmytrenko O.P., Pinchuk-Rugal T.M. et al. Characteristics of Monitoring 
and Mitigation of Water Resources Clay Particles Pollution by ζ-Potential Research. 16th 
International Conference Monitoring of Geological Processes and Ecological Condition of the 
Environment, 2022, 2022, pp.1-5. 

[4] Onanko A., Kuzmych L., Onanko Y., Kuzmych A. Indicatory surface of anelastic-elastic 
properties of Ti alloys. Materials Research Express, 2023, 10(10), 106511. 

[5] Onanko Yu., Charnyi D., Onanko A. et al. Oil and Gas Reservoir Rock Sandstone SiO2 
Porosity Research by Internal Friction Method. International Conference of Young 
Professionals «GeoTerrace-2022», 2022, 2022, pp.1-5. 

[6] Radovenchyk I., Trus I., Halysh V. et al. Evaluation of Optimal Conditions for the 
Application of Capillary Materials for the Purpose of Water Deironing. Ecological Engineering 
& Environmental Technology, 2021, 22(2), pp.1-7. 

[7] Trus I., Gomelya N., Trokhymenko G. et al. Determining the influence of the medium 
reaction and the technique of magnetite modification on the effectiveness of heavy metals 
sorption. Eastern-European Journal of Enterprise Technologies, 2019, 6(10 (102), pp. 49-54.

и
à 

и
à 

и
à 

и



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-99- 

PAPER REF: 22374 
 
 

EXPERIMENTAL INVESTIGATION ON THE MOTORCYCLE 
SWINGARM DEFORMABILITY AND STABILITY 
 
Beatriz Almeida1(*), António Leite1, Sérgio Dias1, Miguel Oliveira2, Isidro Arce1,3, Fábio Pereira4 
1University of Trás-os-Montes and Alto Douro, Engineering Department, Vila Real, Portugal 
2A.J.P. Motos S.A., Lousada, Portugal 
3INEGI, Institute of Mechanical Engineering, Porto, Portugal   
4University of Trás-os-Montes and Alto Douro, Engineering Department, Center for the Research and Technology 
Agro-Environmental and Biological Sciences, CITAB, Vila Real, Portugal 
(*)Email : beatriz@utad.pt  
 
 
ABSTRACT 

The growing interest on sustainable transportation has pushed innovations in motorcycle 
design. This study combines numerical and experimental methodologies to mechanically 
characterize the swingarm of an electrical motorcycle, a critical structural component. 
Topology optimization is also applied to reduce production costs and enhance efficiency while 
maintaining structural integrity. The identification of deformation and stiffness characteristics 
are analysed and discussed.  

Keywords: Electric motorcycle swingarm, finite element simulations, topology optimization, 
experimental methods, sustainable transportation. 

 

INTRODUCTION 

Motorcycles are among the most commonly used vehicles worldwide, the pursuit of sustainable 
transportation has driven to innovations such as lightweight designs to reduce fuel consumption 
and emissions (Ahmed and Gupta, 2022). A key component in this context is the swingarm, 
which connects the rear wheel to the chassis and accommodates the rear suspension system, 
directly influencing vehicle stability (Risitano et al., 2012). Numerical and experimental 
methods have significantly advanced the understanding of the mechanical properties of 
structural components, allowing accurate predictions of their behavior under different load 
conditions (Taraborrelli et al., n.d.). Additionally, topology optimization enhances designs by 
removing unnecessary material while preserving essential mechanical performance (Frizziero 
et al., 2022). This study aims to characterize the mechanical properties of an electric motorcycle 
swingarm through finite element simulations and topology optimization. The results aim to 
contribute to the development of safer, more efficient, and sustainable electric motorcycles. 

 

RESULTS AND CONCLUSIONS 

The swingarm was specifically designed for an electric motorcycle with a symmetric, bulky 
and compact design, weighing 4.1kg. The experimental testing procedure was conducted on a 
custom-designed test bench for static tests (Figure 1) to evaluate the bending stiffness and 
deformation of the swingarm using an Instron 8801 machine. The swingarm structure was fixed 
at both ends, and the load was applied at the suspension connection point through a pin 
connection attached to the load cell. A 5000 kg load cell, aligned with the actuator axis, was 
used to measure the force applied by the actuator. 
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To validate the results of numerical simulation with finite element method, the experimental 
results were used. These simulations predicted stress and strain distribution in the swingarm 
under various load conditions. Additionally, topology optimization was applied to refine 
swingarm design. 

 
Fig. 1 - Test bench. 

The results of topology optimization are presented in Figure out what 2, showing a 13% 
reduction in weight. Numerical and experimental tests were performed on the original design 
to evaluate its structural performance, focusing on the stress field. These results provide as a 
baseline for validating the optimized design, highlighting its potential for enhanced 
performance in mechanical applications. 

 
Fig. 2 - Comparison of two swingarm designs: original (left) and optimized (right) for weight reduction. 
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ABSTRACT 

A probabilistic fatigue criterion is constituted by means of deterministic damage and random 
critical damage. The critical damage, a material capability to endure fatigue load, is defined as 
random fatigue life divided by its median. Fatigue damage caused by a stress cycle is defined 
based on median life under the cyclic stress, it is therefore a deterministic variable easy to deal 
with. The equivalence between fatigue damages accumulated at different stress histories is 
defined based on failure probability, based on that probabilistic fatigue life under variable 
amplitude load histories can be predicted. 

Keywords: Probabilistic fatigue life, failure probability, damage accumulation rule, load 
uncertainty, reliability. 

 

INTRODUCTION 

Fatigue life of a structure is a random variable even under a deterministic load history, because 
of the dispersion of material property and structure quality. Traditional fatigue life predictions 
are mostly concern the mean only. Nowadays, probabilistic fatigue life estimation methods 
have received more attention (Kamala et al., 2018; Noel, 2019) since high reliability is usually 
required in engineering practice.  

P-S-N (stress - probabilistic fatigue life) equation based method has been widely applied to 
predict probabilistic fatigue life of structures (Lan et al., 2018), given a deterministic load 
history. Such a method provides only an approximate way to predict the fatigue life associated 
with a particular survival probability. Especially, in situations of variable amplitude load 
history, the conventional damage accumulation rule may not be suitable for probabilistic fatigue 
life prediction. 

To reflect random stress effect, stress-strength interference model is applied (Lambert et al., 
2010; Roux et al., 2014; Yue et al., 2020). Obviously, stress-strength interference analysis is 
applicable only to the situation of constant amplitude cyclic stress or endurance assessment 
(infinite life). Investigations and methods/models on the probability characteristic of fatigue 
under variable amplitude load history are mostly object specific (Petryna et al., 2002; Zhang et 
al., 2011; Song et al., 2018). On probabilistic fatigue criterion, almost all are based on random 
damage and deterministic critical value (Ahmad et al., 2019; Songa  et al., 2019; Kliman, 1985; 
Liao et al., 2020; Fu et al., 2020), and for the majority of probabilistic fatigue criteria the critical 
damage is a constant, except for the Kliman model (Kliman, 1985) where critical damage is a 
deterministic function of cyclic stress level. Alternatively, it is noted that a probabilistic 
threshold value rather than a deterministic threshold value is more appropriate (Zhu et al., 
2014).  
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Taking fatigue damage as a random variable makes probabilistic fatigue damage accumulation 
difficult and fatigue probability computation cumbersome. To avoid these problems, a fatigue 
criterion with deterministic damage and random critical damage was introduced (Ren et al., 
2020). Besides, random critical damage or reference damage is introduced and a lognormal 
critical damage with median of 1.0 and deviation of 0.3 is simply assigned (Wirsching et al., 
1985; Losberg et al., 2016; Karadeniz et al., 2001; D’Angelo et al., 2015; Mansour et al., 1995).  

The present paper presents a deterministic cumulative fatigue damage - random critical damage 
based fatigue criterion, develops a probabilistic fatigue life prediction method. Where, an 
“equivalent damage” is defined according to equal failure probability, thus the “equivalent 
damage means identical failure probability” restriction is intrinsically satisfied. 

 

P-S-N EQUATION BASED FATIGUE DAMAGE ACCUMULATION AND DAMAGE 
EQUIVALENCE 

To predict the fatigue life of a structure under variable amplitude load histories, damage 
accumulation rule is indispensable. As assumed by the Miner’s rule, same cycle ratio ni/Ni 
means same fatigue damage (where, ni stands for the action number of cyclic stress si, Ni stands 
for the fatigue life under cyclic stress si), no matter of the cyclic stress level. In other words, 
fatigue damage produced by n cycles of a certain level of cyclic stress under which the fatigue 
life is N can be quantified as n/N. According to the Miner’s rule (developed under deterministic 
framework, fatigue life is taken as a deterministic function of cyclic stress amplitude), the 
cumulative fatigue damage produced by a variable amplitude load history containing n stress 
cycles equals to the sum of the damages produced by the every stress cycles, and fatigue occurs 
when the cumulative fatigue damage reaches to unity (the critical damage). In such a situation, 
the Miner’s rule can be expressed as 

∑ 1/�/8/95 = 1                                                           (1) 

However, fatigue life is a random variable. To predict the fatigue life related to an intended 
survival probability under a variable amplitude load history, P-S-N equation is usually used to 
calculate fatigue damage. However, such obtained equivalent damage does not really mean the 
same failure probability, making the fatigue life prediction result plausible. It can be 
demonstrated by the following example. 

Associated with a survival probability R, the fatigue life under cyclic stress si is denoted by NR,i. 
If the fatigue life under the cyclic stress si follows the Weibull distribution W(ηi, βi) (ηi and βi 
are the scale parameter and shape parameter, respectively), the relationship between the survival 
probability R and the associated fatigue life NR,i is 

: = ;4(=>,@/�@)B@  
or �C,/ = �/(−lnR)5/G@ 
According to the conventional damage equivalence concept and the P-S-N equation, ni cycles 
of si being equivalent to nj cycles of sj means 

, ,/ /
i R i j R j

n N n N=  
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i.e. 

1/ 1/( / )( ln( )) j i
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β βη η −= −  
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Therefore 

1/ 1/( ) ( ( / )( ln( )) )j i

i i j i j i
P N n P N n R

β βη η −< = < −
 

if and only if βi =βj. 

where, Ni and Nj are the life random variables under the cyclic stress si and sj, respectively. 

It indicates that the P-S-N equation based conventional “damage equivalence” does not 
coincide with failure probability equivalence. That is, the failure probability caused by ni cycles 
of si does not equal to that caused by 1/ 1/( / )( ln( )) j i

i j in R
β βη η −−  (i.e. the equivalent cycle number 

nj converted according to the conventional damage equivalence concept) cycles of sj, unless the 
shape parameter of the Weibull-distributed fatigue life random variable is independent on stress 
level. 

 

PROBABILISTIC FATIGUE CRITERIA 

Probabilistic Miner’s Rule 

Fatigue life of a structure is a random variable even under a deterministic load history, of which 
the scatter depends on material property, manufacturing quality and stress level. With regard to 
an intended survival probability R, fatigue criterion can be expressed as the number of stress 
cycles n being greater than the fatigue life related to the intended survival probability R, i.e. 

          � ≥ �C                                                             (2) 

where, n stands for cycle number of cyclic stress, NR stands for fatigue life under the cyclic 
stress associated with the intended survival probability R. 

Alternatively, such a probabilistic fatigue criterion can be expressed as: 

        I(� ≤ �) < :                                                      (3) 

i.e. fatigue is defined to occur when the probability that the number of stress cycles n is less 
than the fatigue life random variable N (the probability is denoted by P(n<N)) is less than the 
intended survival probability R.  

It is equivalent to 

              I(�/� ≤ 1) < :                                                  (4) 
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i.e. fatigue is defined to occur when the probability that fatigue damage (n/N, a random variable) 
is less than unity (the critical fatigue damage, a deterministic constant) is less than R. 

In situations of variable amplitude load history, a probabilistic fatigue damage accumulation 
rule can be established by taking the fatigue life Ni in the Miner’s rule (Eq.1) as a random 
variable: 

    I(∑ 1/�/8/95 ≤ 1) < :                                                (5) 

Such a fatigue criterion is difficult to apply since it is difficult to obtain the probability density 
function (pdf) of the fatigue damage 1/Ni. 

Median life based fatigue damage and probabilistic fatigue criterion 

An easy-to-use probabilistic fatigue criterion can be established based on the median life N , by 
defining /n N as the (median) fatigue damage (a deterministic variable) and defining /N N  as 
the critical damage (a random variable). Obviously, a deterministic fatigue damage is simple to 
deal with and the relevant fatigue damage accumulation is mathematically tractable. 

Since 

( ) ( )
n N

P n N P
N N

< = <
 

the probabilistic fatigue criterion can be expressed as 

( )P D R< ∆ <                                                                (6) 

where, /D n N=  stands for the fatigue damage produced by n cycles of cyclic stress s, /N N∆ =
the critical damage (random variable) under the cyclic stress s. 

Eq.6 indicates that the fatigue damage produced by a certain number of stress cycles, i.e. /n N  
is a deterministic value, while the material capability against fatigue damage, i.e. the critical 
damage, defined as /N N , is a random variable. In such a probabilistic fatigue criterion, the 
randomness of material property is characterized by the critical damage random variable.  

 

PROBABILITY DENSITY FUNCTION OF CRITICAL DAMAGE 

Fatigue life can be well described by the Weibull distribution. The probability density function 
(pdf) and the cumulative distribution function (cdf) of the Weibull-distributed fatigue life are 
as the following, respectively: 

1 ( )

( ) e
n

n
f n

ββ
η

β
β
η

− −
=                                                      (7) 

( )

( ) 1 e
n

F n

β
η

−
= −                                                        (8) 

where, n  stands for fatigue life; β and η stand for the shape parameter and the scale parameter 
of the Weibull distribution, respectively. 

With respect to a cyclic stress si, the critical damage random variable is 

/
i i i

N N∆ =                                                           (9) 
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where,
i

N stands for the fatigue life random variable under cyclic stress
is ,

iN stands for the 

median of the life random variable
i

N . 

Obviously, the pdf f(δ) and the cdf F(δ) of the critical damage random variable ∆ can be derived 
from Eq.7, Eq.8 and Eq.9: 

1 ( )

( ) e
N

N
f

βδβ β
η

β
β δδ

η

− −
=                                                   (10) 

( )

( ) 1 e
N

F

βδ
ηδ

−
= −                                                            (11) 

As 1/ln(2)N
βη= , Eq.10 and Eq.11 can be rewritten, respectively as: 

1 ln(2)( ) ln(2) ef
ββ δδ β δ − −=                                                (12) 

ln(2)( ) 1 eF
βδδ −= −                                                           (13) 

It illustrates that, when fatigue life follows the Weibull distribution, the critical damage is also 
the Weibull-distributed random variable, and the shape parameter β is the same as that of the 
life distribution, the scale parameter is 1/ln(2) β− . Therefore, the median equals to unity.  

 

MEAN LIFE BASED PROBABILISTIC FATIGUE DAMAGE 
ACCUMULATION RULE 

Damage equivalence and fatigue probability equivalence 

A fatigue damage accumulation rule is necessary for fatigue life prediction under variable 
amplitude load histories. It declares how fatigue damage is characterized and accumulated, and 
when fatigue occurs. Necessarily, probabilistic fatigue life prediction requires a probabilistic 
damage accumulation rule.  

For probabilistic fatigue damage accumulation, damage equivalence implies failure probability 
equivalence, i.e. the same damage means identical failure probability, regardless of the cyclic 
stress level or stress history by that the damage is produced. 

For a Weibull-distributed fatigue life random variable denoted by Ni~W(ηi, βi) (where ηi is the 
scale parameter, βi is the shape parameter, and the subscript i indicates that the associated cyclic 
stress is si), the critical fatigue damage ∆i is also a Weibull-distributed random variable: 

1/~ (ln(2) , )i

i iW
β β−∆ . The damage δi produced by ni cycles of cyclic stress si equals to /

i i
n N , 

and the failure probability caused by ni cycles of cyclic stress si is ( / )( ) 1 e
i

i in

i i
P n N

βη−> = − , that 

is the probability of the stress cycle number ni exceeding the fatigue life random variable Ni,  

On the other hand, the failure probability equals to the probability that the fatigue damage /
i i

n N

is greater than the critical damage random variable ∆i , i.e. ln(2)( / )( ) 1 e
i

i in N

i i
P

β

δ −> ∆ = − .  

Obviously, the failure probability characterized by critical fatigue damage distribution (denoted 
by PD) and that characterized by fatigue life distribution (denoted by PN) is equal, i.e. 
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It demonstrated that the critical damage random variable based failure probability is consistent 
with the conventional fatigue life random variable based failure probability. 

Probabilistic fatigue damage accumulation rule 

To accumulate damage is an essential work for fatigue life prediction under variable amplitude 
stress histories. According to the principle that “the equivalent damage means the same failure 
probability”, the converted cycle number ni→j under stress level sj, equivalent to ni cycles of 
stress si (i.e. ni→j cycles of sj is equivalent to ni cycles of stress si in sense of fatigue damage and 
fatigue probability), should be figured out as below. 

If nj cycles of stress sj is equivalent to ni cycles of stress si, then the respective failure 
probabilities are equal, i.e. 

( / ) ( / )1 1
j i

j j i i
n n

e e
β βη η− −− = −  

or 

ln(2)( / ) ln(2)( / )1 1
j i

j j i i
n N n N

e e
β β− −− = −  

Therefore, with respect to the cyclic stress sj, the cycle number equivalent to ni cycles of stress 
si equals to 

/( ) i ji
i j j

i

n
n N

N

β β
→ =                                                                 (14) 

and the corresponding fatigue damage is 

/( ) i ji j i

i j

j i

n n
D

N N

β β→
→ = =                                                          (15) 

For a two-level cyclic stress block containing n1 cycles of s1 and n2 cycles of s2, the cumulative 
fatigue damage with respect to the cyclic stress level of s2 equals to 

1 2/1 2 2 1 2
1:2

2 1 2

( )
n n n n

D
N N N

β β→ += = +                                        (16) 

It means that the fatigue damage 1 1/n N related to the critical damage ∆1 is equivalent to the 

fatigue damage 1 2/
2 2( / )n N

β β related to the critical damage ∆2. 
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Therefore, the probabilistic fatigue damage accumulation rule can be expressed as 

1 2/1 2
2

1 2

(( ) )
n n

P R
N N

β β + < ∆ <                                                    (17) 

For a multi-level stress history (n1, s1) - (n2, s2) - (n3, s3) -…, an iterative procedure should be 
applied to calculate the respective equivalent stress cycle numbers, equivalent cumulative 
fatigue damages and failure probability increments. Taking a three-level stress block (n1, s1) - 
(n2, s2) - (n3, s3) as an example, n1 cycles of s1 and n2 cycles of s2 are equivalent to n1,2→3 cycles 
of s3, n1,2→3 can be determined by failure probability equivalence principle as 
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Similarly,  
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For a n-level stress history containing ni cycles of si (i=1,2,…,n), the probabilistic fatigue 
damage accumulation rule can be expressed as (ref. Eq.17) 
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since the cumulative fatigue damage caused by all the Σni (i=1,2,...,n) stress cycles is 

2 3 11 2 / // 11 2
1:

1 2 1
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n

n n

n nn n
D
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β β β ββ β −−

−
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PROBABILISTIC FATIGUE LIFE PREDICTION APPROACH 

According to the probabilistic fatigue damage accumulation rule (ref. Eq.18), the fatigue life 
NR (the total cycle number to fatigue under a load history composed of ni cycles of si (i=1,2,…,n) 
associated with survival probability R can be obtained by the following equations: 
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For the typical situation of ni=1 (i=1,2,..., n), 

R
N n=                                                                         (23) 

In one word, the probabilistic fatigue life, i.e. the number of the total stress cycles to the survival 
probability R is determined by Eq.20 (or Eq.21), summarized by Eq.22 or Eq.23 in a special 

case, i.e. all the ni’s equal to 1, and 
1,2,...,( 1) 1

ln(2)( )n n n

n

n

N
e R

β− → +
−

= . 

The fatigue probability or probabilistic fatigue life of a structure can be predicted through 
accumulating fatigue damage cycle by cycle as the following: calculate fatigue damage 
produced by the first stress cycle → calculate failure probability caused by the first stress cycle 
→ calculate the damage-equivalent cycle number of the second stress level → calculate 
cumulative fatigue damage produced by the preceding two stress cycles → calculate the failure 
probability caused by the preceding two stress cycles → calculate the damage-equivalent cycle 
number of the third stress level → ... ..., until the intended failure probability is reached. The 
number of the total stress cycles involved in the process is the fatigue life related to the failure 
probability or survival probability. 

 

RESULTS AND CONCLUSIONS 

Based on the median damage and the related critical fatigue damage random variable, a 
probabilistic fatigue criterion is established. With respect to variable amplitude stress histories, 
the equivalent stress cycle number under different stress levels is defined based on failure 
probability equivalence, and cumulative fatigue damage is calculated iteratively. 

The fatigue probability and the probabilistic fatigue life of a structure can be predicted by means 
of the proposed probabilistic fatigue damage criterion: fatigue occurs when the probability that 
the cumulative fatigue damage is greater than the critical damage random variable equals to the 
intended failure probability.  

 

REFERENCES 

[1] Kamala M, Rahman M M. Advances in fatigue life modelling: A review. Renewable and 
Sustainable Energy Reviews, 2018, 82, pp.940-949. 

[2] Noel M. Probabilistic fatigue life modeling of FRP composites for construction. 
Construction and Building Materials, 2019, 206, pp.279-286. 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track B - Fatigue and Fracture Mechanics 

-109- 

[3] Lan C, Bai N, Yang H T et al. Weibull modeling of the fatigue life for steel rebar 
considering corrosion effects. Int. J. Fatigue, 2018, 111, pp.134-143. 

[4] C.M. Lan, Y. Xu, C.P. Liu et al. Fatigue life prediction for parallel-wire stay cables 
considering corrosion effects. Int. J. Fatigue 114 (2018), pp. 81-91. 

[5] S. Lambert, E. Pagnacco, L. Khalij, A probabilistic model for the fatigue reliability of 
structures under random loadings with phase shift effects. Int. J. Fatigue, 2010, 32: pp. 463-
474. 

[6] C. Roux, X. Lorang, and H. Maitournam et al, Fatigue design of railway wheels: a 
probabilistic approach. Fatigue and Fracture of Engineering Materials and Structures, 37 
(2014), pp. 1136-1145. 

[7] Yue P., Ma J., Zhou C., et al. A fatigue damage accumulation model for reliability 
analysis of engine structures under combined cycle loadings. Fatigue & Fracture of Engineering 
Materials & Structures 43 (2020), pp. 1880-1892. 

[8] Petryna Y.S., Pfanner D., Stangenberg F. et al. Reliability of reinforced concrete 
structures under fatigue. Reliability Engineering and System Safety 77 (2002), pp. 253-261. 

[9] Zhang D., Hong J., Ma Y., et al. A probability method for prediction on high cycle fatigue 
of blades caused by aerodynamic loads. Advances in Engineering Software 42 (2011), pp. 1059-
1073. 

[10] L.K. Song, G.C. Bai, C.W. Fei. Reliability-based fatigue life prediction for complex 
structure with time-varying surrogate modeling. Advances in Materials Sci. and Eng. 2018, ID 
3469465, doi.org/10.1155/2018/3469465. 

[11] H.W. Ahmad, J.H. Hwang, K. Javed et al. Probabilistic fatigue life prediction of 
dissimilar material weld using accelerated life method and neural network approach. 
Computation 7 2019, 10 DOI 10.3390/computation7010010. 

[12] L.K. Songa, G.C. Baia, C.W. Fei. Probabilistic LCF life assessment for turbine discs with 
DC strategy-based wavelet neural network regression. Int. J. Fatigue 119 (2019), pp. 204-219. 

[13] Kliman V. Fatigue life estimation under random loading using the energy criterion. Int. 
J. Fatigue, 1985, 7(1): pp. 39-44. 

[14] D. Liao, S. P. Zhu, B. Keshtegar et al. Probabilistic framework for fatigue life assessment 
of notched structures under size effects. Int. J. Mechanical Sciences 181 (2020) 105685 

[15] B. Fu, J. Zhao, B. Li, Fatigue reliability analysis of wind turbine tower under random 
wind load, Structural Safety 87 (2020) 101982. 

[16] S.P. Zhu, H.Z. Huang, Y.F. Li et al, Probabilistic modeling of damage accumulation for 
time-dependent fatigue reliability analysis of railway axle steels, Proc IMechE Part F: J Rail 
and Rapid Transit 2014, 0(0), pp. 1-11. 

[17] J.G. Ren, B.F. Zhao, L.Y. Xie. Fatigue Reliability Analysis of a Compressor Disk Based 
on Probability Cumulative Damage Criterion. Materials 2020, 13, 2182; 
doi:10.3390/ma13092182. 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track B - Fatigue and Fracture Mechanics 

-110- 

[18] Wirsching BPH, Asce M. Fatigue reliability for offshore structures. J Struct Eng, 110 
(1985) 2340-56. 

[19] I. Losberg, G. Sigrudsson, A. Fjeldstad et al, Probabilistic methods for planning of 
inspection for fatigue cracks in offshore structures, Marine Structures 46 (2016), pp. 167-192. 

[20] H. Karadeniz, Uncertainty modeling in the fatigue reliability calculation of offshore 
structures, Reliability Engineering and System Safety 74 (2001), pp. 323-335. 

[21] L. D’Angelo, A. Nussbaumer, Reliability based fatigue assessment of existing motorway 
bridge, Structural Safety 57 (2015), pp. 35-42. 

[22] A. E. Mansour, P. H. Wirsching, Sensitivity factors and their application to marine 
structures, Marine Structures 8 (1995), pp. 229-255.



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-111- 

PAPER REF: 22382 
 
 

SURVIVAL ANALYSIS TECHNIQUES FOR PROBABILISTIC 
FATIGUE LIFE EVALUATION IN BRIDGES CONSIDERING 
LOADING SEQUENCE EFFECTS 
 
Farhad Farajiani, Habib Tabatabai(*) 

Department of Civil & Environmental Engineering, University of Wisconsin-Milwaukee, Milwaukee, USA  
(*)Email: ht@uwm.edu 
 
 
ABSTRACT 

Fatigue is one of the primary causes of structural deterioration in steel bridges. In the United 
States, fatigue life estimation for steel bridges is generally based on non-probabilistic S-N 
curves prescribed by the AASHTO bridge design specifications. The conventional remaining 
fatigue life analyses are based on Miner's rule and the AASHTO S-N curves, which overlook 
the effects of loading sequence and conditional probability on remaining fatigue life. Survival 
analysis, commonly used in medical research, is an emerging method in engineering fatigue 
analyses that can address fatigue life estimation in a probabilistic manner while considering 
loading sequence. This work presents the development of probabilistic S-N curves for steel 
bridges using survival analysis techniques and proposes a methodology for probabilistic 
remaining life assessments considering loading sequence and conditional survival estimates.  

Keywords: Fatigue, survival analysis, steel bridges, Miner’s rule. 

 

INTRODUCTION 

Survival analysis, mainly used in medical research, has been adapted to study "time-to-event" 
phenomena in various fields, including engineering. The approach focuses on the time that it 
takes until a specific event, such as structural failure, occurs. By treating the number of cycles 
as a fictitious “time parameter, the existing survival analysis techniques can be applied to 
engineering fatigue. The following functions are the key functions for the survival analysis in 
engineering fatigue: 

L(�M) = I(�M > �M) = 1 − O(�M) (1) P(�M) = lim∆8S→� I (�M < �M < �M + ∆�M)/∆�M (2) 

ℎ(�M) = lim∆8S→� I (�M < �M < �M + ∆�M|�M > �M)/∆�M (3) 

where L(�M) is the survival function, P(�M) is the probability density function, and ℎ(�M) is the 
hazard rate function. Additionally, �M is the number of cycles to failure, �M is the number of 
applied stress cycles, and O(�M) is the cumulative probability of failure (Nabizadeh & 
Tabatabai, 2020). 

Nabizadeh and Tabatabai (2020) proposed survival functions for various steel bridge detail 
categories and different stress ranges using the original data that was the basis for the current 
AASHTO provisions. These survival functions were then used to develop probabilistic S-N 
curves in which the user can select their choice of probability of failure associated with the S-
N curve for each detail category.  
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Traditional fatigue analyses do not consider the sequence of loading (as in Miner’s rule) and 
make predictions for the remaining fatigue life based on the S-N curve of a new structure. This 
wrongly assumes that the fatigue life already spent without failure does not change the 
remaining life in the original S-N curve. However, as structures age without fatigue failure, the 
original survival curves require adjustments based on the conditional probability theory. 
Conditional survival analysis dynamically updates survival probabilities at different stages in 
fatigue life. Conditional survival is the likelihood of surviving a future number of cycles, 
assuming that survival has been previously achieved up to a particular number of cycles �MW 
(Nabizadeh et al., 2020). The conditional survival function (CS), expressed as Equation 4.  

+L(�M, �MW) = X 1                             0 ≤ �M ≤ �MWL(�M)L(�MW)                            �M > �MW (4) 

It should be noted that bridges are subjected to variable amplitude loading conditions in the 
field. The corresponding effective stress range for the variable amplitude loads is typically 
estimated using Equation 5, which is based on Miner's linear damage accumulation equation. 
This approach assumes that the damage fraction associated with any stress range is a linear 
function of the ratio of the number of cycles of applied load cycles to the total number of cycles 
required for failure at that stress range (AASHTO, 2020; Ghahremani & Walbridge, 2011).  

∆LY = (∑ �/8/95 ∆L/ ��Z��2 )5  ⁄  
(5) 

This linear theory would introduce inaccuracies in remaining fatigue life predictions, despite 
its ease of application. Its major flaws include assuming that damage develops at a particular 
stress level at the same rate without taking previous stress history into account and ignoring the 
impact of the order in which different stress levels are applied (Oh, 1991). Survival analysis, 
however, provides a rational approach for addressing the probabilistic effects of loading 
sequence through a process of alternating between survival curves associated with different 
stress ranges while considering the conditional survival effect presented in Equation 4.  
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ABSTRACT 

The development of interlocking joints between metals and composites seeks to replace 
traditional fasteners and adhesives, offering distinct advantages in terms of structural integrity 
and manufacturing efficiency. The metal surface includes three-dimensional anchors 
specifically tailored to engage the carbon fibers of the composite counterpart. These features 
are fabricated using laser powder bed fusion (L-PBF) additive manufacturing (AM). In addition 
to the anchor geometry and interfacial adhesion design, the fatigue performance of the metal 
alloy plays a critical role. The metal adherend exhibits a combination of bulk and thin 
geometries, with notch effects that induce local stress concentrations and varying growth 
orientations. Furthermore, the standard heat treatments for additively manufactured metals are 
modified during the thermal curing of the composite adherend in an autoclave. This study 
presents an experimental characterization of the fatigue behavior of standard specimens made 
of AlSi10Mg alloy. The investigation evaluates the effects of geometric parameters (sample 
aspect ratio, notching), loading conditions (mean stress effects), and process-related factors 
(growth direction, surface finish, and heat treatment). 

Keywords: Multi-material joints, AlSi10Mg, L-PBF, fatigue, heat treatments. 

 

INTRODUCTION 

In the field of multi-material joints, particularly those involving metals and composites, an 
innovative engineering approach employs interlocking mechanisms by fabricating three-
dimensional anchoring features directly on the metal surface [1]. These features interact with 
the carbon fibers of the composite material during the autoclave co-curing process, creating a 
permanent bond. This approach eliminates the need for mechanical fasteners and adhesives, 
improving manufacturing efficiency, enhancing structural integrity by avoiding holes, and 
reducing overall weight. 

In this study, the L-PBF process is utilized to produce the metal side of the joint in AlSi10Mg 
alloy. The fatigue characterization of this alloy fabricated through AM has been previously 
investigated [2, 3]. In this work, process parameters optimized for interlocking joints (1344 
mm/s infill laser speed, 352 W laser power, 672 mm/s contour laser speed, 304 W contour laser 
power, 0.03 mm layer thickness, and 0.124 mm hatch distance) are employed to fabricate 
fatigue test specimens according to ASTM E466. The standard sample is then modified to 
assess the influence of joint-specific factors on fatigue behavior. These factors include: a) 
Sample shape: variations in aspect ratio to evaluate the fatigue behavior of miniaturized anchors 
and bulk regions, notches effect with stress concentration factors Kt of 1.5 and 2.5. b) Load 
type: symmetric alternating load and additional mean load. c) Fabrication process-related 
parameters: growth directions of 45° and 90°, surface conditions (as-built roughness and 
machined surfaces with Ra < 0.2 μm), and modified heat treatments simulating joint curing in 
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autoclave. Two heat treatments are considered. a) HT7: solution annealing at 530°C for 30 
minutes, water quenching, aging at 165°C for 360 minutes (air cooling), followed by autoclave 
curing at 175°C for 175 minutes (air cooling). The HT7 treatment corresponds to the 
precipitation hardening process referred to as T6 for AlSi10Mg in the ASTM-F3318 standard. 
b) HT22: no solution annealing, aging at 140°C for 360 minutes (air cooling), followed by 
autoclave curing at 175°C for 175 minutes (air cooling). 

 

RESULTS AND CONCLUSIONS 

The fatigue experimental results are presented in the form of Wöhler (S-N) curves and Haigh 
diagrams. The results indicate low sensitivity to the growth direction of the samples, attributed 
to the precise calibration of the L-PBF process. Conversely, the modified heat treatment, which 
includes additional exposure to the autoclave, leads to a reduction in the fatigue limit (from 80 
MPa to 60 MPa). The effect of mean load is measured on the fatigue limit variation using the 
staircase method. The findings reveal a dependency on the mean load, as illustrated in Figure 
1. Finally, low influence is observed due to stress concentration factors Kt of 1.5 and 2.5. 

 
Fig. 1 - ASTM E66 samples. Left: Haigh diagram at 106 number of cycles, HT22 heat treatment, machined 

surface, 90° growth direction (dashed line: yield limit, continuous line: Goodman limit). Right: Wöhler diagram, 
HT22 heat treatment, as-built surface, 90° and 45° growth directions (dashed and continuous lines respectively). 
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ABSTRACT 

The effect of cooling conditions on the microstructure in a thick-walled rotor shaft made of 
nodular cast iron EN-GJS-600-3 was investigated. Furthermore, the impact of the 
microstructure on the fracture toughness behavior under quasi-static and cyclic loading was 
studied. Samples from different positions within the rotor shaft were taken. Consequently, 
microstructural characteristics, strength and deformation behavior, quasi-static fracture 
toughness, and cyclic crack propagation at different stress ratios were measured. It was 
observed that an increase in cooling time leads to an increase in graphite nodule size and nodule 
distance and less Bull’s-eye ferrite. This finding correlates to a decrease in quasi-static fracture 
toughness at both 20 °C and −40 °C. There was no significant effect of the size and mean 
distance of the graphite nodules on the threshold value for fatigue crack growth Δ]th. However, 
this threshold value increased with decreasing stress ratio. 

Keywords: Nodular cast iron, microstructure, static fracture toughness, cyclic crack growth. 

 

INTRODUCTION 

The increasing performance of wind turbines goes hand in hand with higher forces and moments 
endured by the rotor shaft and other components of the wind turbine. Among optimizations of 
geometry, the application of affordable high-strength materials is necessary. One approach is 
to use nodular cast iron EN-GJS-600-3 that has higher strength due to the pearlitic matrix 
compared to conventionally used EN-GJS-400-18LT with a ferritic matrix. 

An economic production route is casting of the hollow rotor shaft, i.e. using a chill mold in 
combination with a sand core. Since there is a large gradient in cooling rates in such a thick-
walled component, microstructural gradients are observed. In regions with high solidification 
times, i.e. a high wall thickness, a heterogenous microstructure is typical. Such a microstructure 
may consist of degenerated graphite nodules which are few in number but large in size (Borsato 
et al. 2017). The solidification time also affects the formation of the pearlitic matrix. It was 
shown  that so-called Bull’s-eye ferrite will form (Hübner et al. 2023). Such ferrite can reduce 
stress concentration around the graphite nodules by plastic deformation. Furthermore, the ferrite 
phase may build up compressive residual stresses (Cavallini et al. 2008). 

The main material requirement in the hollow rotor shaft is damage tolerance that can be 
expressed by quasi-static and cyclic fracture toughness. The pearlitic microstructure in the 
matrix leads to higher crack growth rates in comparison to a ferritic matrix. However, the 
strength of a pearlitic matrix is higher (Öberg, Wallin 1986). 

In the present study, the microstructure under different cooling conditions, quasi-static fracture 
toughness and damage behavior were investigated. Furthermore, the cyclic crack propagation 
behavior was investigated with respect to the fatigue threshold and stable (subcritical) crack 
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propagation. The crack propagation behavior was modelled by the NASGRO approach. The 
mechanical properties were correlated with the cooling conditions and the microstructure at 
different positions in a hollow rotor shaft made of EN-GJS-600-3. 

 

MATERIALS AND METHODS 

Nodular cast iron EN-GJS-600-3 (5.3201) from a real component, i.e. a hollow rotor shaft cast 
in a chill mold with a sand core, was investigated, see Figure 1. From the mechanical and 
thermal analysis, characteristic sections of the rotor shaft were identified, i.e. main section 
(inner and outer radius, referred to as MI and MO), shaft head (SH) and a reference section 
within the flange (RA). The solidification times in the whole component range from about 500 
to over 7000 s. The reference section can be used for sampling during actual production of the 
shaft. Near the main section, the main bearing is located. This section experiences cyclic 
loading with different stress ratios R. Since there is a thermal gradient, samples near the inner 
and outer radius are of interest. At the outer radius, the chill mold results in high solidification 
times. Near the sand core at the inner radius, solidification times are much higher. Samples 
from the shaft head were also investigated. Near the sand core, the solidification times are 
highest. Since not all relevant specimens could be machined from position MI, also some 
specimens were taken from the shaft head, but closer to the chill mold. At this position, referred 
to as SH*, the solidification time was nearly the same as at position MI. 

The microstructure was analyzed with respect to graphite morphology and distribution (graphite 
diameter `G, mean distance b, shape factor P), and pearlite/ferrite distribution in the matrix 
(relative area of the Bull’s-eye ferrite cF). The measures of the graphite nodules were quantified 
at metallographic sections in the polished state. The sections were then etched with 2 % 
alcoholic nitric acid (Nital) to reveal the ferritic/pearlitic microstructure of the matrix. Figure 2 
shows a schematic definition of these microstructural parameters. 

 

 
Fig. 1 - Schematic hollow rotor shaft with regions 

of higher/lower (red/blue) temperatures during 
casting. 

Fig. 2 - Microstructural parameters of 
the graphite nodules (`G, b, P) and the 

matrix (cF). 

The strength and deformation behavior was studied by tensile tests according to ISO 6892 (ISO 
6892-1) at ambient temperature and at −40 °C. To this end, cylindrical tensile specimens (gage 
length 30 mm, diameter of 6 mm) and a clip-on gage were applied. The low-temperature tensile 
tests were performed in a chamber with forced-air cooling. 

The fracture toughness at quasi-static loading was measured according to ISO 12135 (ISO 
12135) at both temperatures at position MO. Furthermore, the position SH* was used that has 
a similar solidification regime like MI. Compact tension (CT) specimens with dimensions e =25 mm and f = 50 mm were used. For position RA, single-edge notched bending (SEB) 
specimens with dimension e = 10 mm and f = 20 mm were applied in 3-point bending 
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mode. In each case, the crack opening displacement (+gh) was measured by a clip-on gage at 
the load line. To achieve low temperatures, cool gaseous N2 was directed to the specimen under 
closed-loop control. Since there was a transition in fracture mechanism between 20 and −40 °C, 
fracture toughness characteristics ]Ic or ]Jc were derived. Fractography was performed by 
means of scanning electron microscopy. 

The crack growth behavior at cyclic loading was determined according to ASTM E 647 (ASTM 
E 647-15) at all positions at ambient temperature. SEB specimens in 8-point bending mode 
were used. Analogously to the quasi-static experiments, the elastic compliance of the specimen 
was used to calculate the crack length. The fatigue threshold Δ]th was identified. Furthermore, 
the fatigue crack growth behavior at different stress ratios was comprehensively modeled by 
the NASGRO equation (Forman, Mettu 1992): 

dmd� = +FM ⋅ pq1 − P1 − :r ⋅ Δ]stFM ⋅ �1 − Δ]thΔ] �u

�1 − ]max]c �x (1) 

 

RESULTS AND DISCUSSION 

Microstructure. The effect of sampling position, and thus the solidification time ySolid, on the 
microstructure is shown in Figure 3. The thermal conditions at different positions in the hollow 
rotor shaft not only affect ySolid but also the further cooling, and hence the diffusion processes. 

  

  

Fig. 3 - Effect of sampling position on microstructure. The shape and distribution of the graphite nodules is 
best visible in the unetched state (a+b). The distribution of ferrite and perlite can be detected from the etched 

state (c+d). 
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It was observed that a slower cooling rate results in much coarser graphite nodules which are 
fewer in number. Consequently, their distance is higher. Furthermore, the shape of the graphite 
nodules becomes less circular (P = 1 for an ideal circle). At the micrographs of the etched 
states, a decrease of the ferrite content around the graphite nodules (Bull’s-eye ferrite) was 
found with increasing solidification time. 

The microstructural parameters were quantified at multiple micrographs, see Figure 4. At least 
1,000 graphite nodules were evaluated for each position. In addition to the interdependencies 
already mentioned, the analysis revealed, for example, an upper limit of `G and b at high 
solidification times. Similarly, P and cF have a lower limit. Furthermore, the spatial distribution 
of the graphite nodules become more heterogenous, as can be seen from the large scatter bars 
at higher ySolid. Consequently, a linear extrapolation from measurements at low solidification 
times is not acceptable. 

  
Fig. 4 - Effect of solidification time ySolid on microstructural parameters. (a) Graphite diameter `G and 

shape factor P, (b) Mean distance b and area of ferrite cF. 
 

Strength and deformation behavior: The effect of the solidification time and thus of the 
microstructure on the strength and deformation behavior is shown in Figure 5. 

  
Fig. 5 - (a) Stress/strain curves for selected positions and temperatures. Curves for position MI were 

shifted. (b) Effect of ySolid on characteristics of the tensile tests. Data points for c (with lines) are 
slightly shifted to the right. 

Figure 5a reveals stress/strain behaviors which are typical for nodular cast irons. The 0.2% 
offset yield strength (:p0.2) has increased with decreasing temperature. However, due to 
embrittlement of the matrix, the ultimate tensile strength (:m) and fracture elongation (c) were 
reduced with decreasing temperature. 
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The effect of ySolid is shown in Figure 5b. While :p0.2 is less affected by ySolid, :m and c are 
significantly reduced with increasing ySolid. This behavior was explained by the coarsened 
graphite nodules which are more degenerated (lower P) and are more heterogeneously 
distributed. The heterogenous distribution is demonstrated by the large scatter bars of c at 
position MI. 

Quasi-static fracture toughness: Depending on the material behavior, see Figure 6a, the plane-
strain fracture toughness ]Ic or the fracture toughness ]}c, which is equivalent to the critical J 
integral at unstable fracture (~c), were calculated, see Figure 6b. At 20 °C, the first significant 
pop-in was observed after some amount of crack growth and plastic deformation. After such a 
pop-in, some further stable crack growth was detected (more pop-ins were also possible). 
However, the first significant pop-in must be defined as the critical point according to ISO 
12135. At −40 °C, there was an insignificant amount of crack growth until the first pop-in. 

  
Fig. 6 - (a) Selected force/displacement curves for position MO. Curve at −40 °C was shifted; (b) Effect 
of ySolid and testing temperature on the fracture toughness characteristics. Position SH* has nearly the 

same ySolid as position MI. 

At a low testing temperature of −40 °C, plane-strain fracture toughness ]Ic was measurable at 
all positions. The embrittlement of the matrix is the main reason for this, see Figure 7b. At 
ambient temperature, Figure 7a, some regions of ductile fracture were observed. 

  

Fig.7 - Fracture surfaces showing mostly unstable crack extension by cleavage fracture, position MO. 
(a) At 20 °C, some ductile fracture zones are visible. (b) At −40 °C, ductile fracture is negligible. 

High solidification rates at position MO result in the highest fracture toughness. The decrease 
of the fracture toughness with increasing ySolid was explained by the increased notch effect of 
less globular graphite nodules and the more heterogenous spatial distribution. 
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Cyclic crack growth behavior: Figure 8a shows dm/d�-Δ] curves used for measuring the 
fatigue crack threshold Δ]th at position MO and different stress ratios :. Figure 8b shows the 
effects of ySolid and : on Δ]th. 

  

Fig. 8 - (a) dm/d�-Δ] curves for different stress ratios : at position MO at ambient temperature. 
At least 4 samples per :. (b) Fatigue threshold Δ]th for different microstructures and stress ratios. 

Position SH* has a slightly lower ySolid than position MI. 

At all sampling positions, higher mean stresses, i.e. higher :, result in lower values of Δ]th. 
This behavior is typical, not only for the present nodular cast iron, and is explained by crack 
closure effects at negative :(���;� 1970). In contrast, Δ]th is relatively insensitive to higher 
solidification times. Consequently, the properties of the pearlitic matrix determine the threshold 
behavior. An interaction with the graphite nodules is less relevant. At negative :, the scatter is 
increased. However, this scatter can be tolerated. The present EN-GJS-600-3 shows similar or 
higher fatigue thresholds then typical characteristics given in the literature (Hübner et al. 2023). 

At the position RA and at stress ratio : = −1, which is most relevant for practical application 
of the hollow rotor shaft, the slightly lower values of Δ]th were measured. Hence, samples from 
this reference position can be used to conservatively estimate Δ]th for the whole component. 

With the NASGRO equation (Equation 1), the dm/d�-Δ] curves for all stress ratios : were 
modelled. The suitability of this approach was demonstrated in Figure 9 for positions MO and 
MI. Similarly to Δ]th, it can be observed that the effect of different solidifications times is 
relatively weak.  

  
Fig. 9 - dm/d�-Δ] curves at positions (a) MO and (b) MI at ambient temperature. Lines represent the 

NASGRO description. Colors represent different stress ratios :, see Figure 8. 

The coefficients needed in Equation 1 are given in Table   indicate the small effect of ySolid. 
Depending on the stress ratio :, the respective value for Δ]th must be used, Figure 8b. ]c used 
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in Equation 1 was essentially set to ]Jc (see Figure 6b). However, in order to achieve a good 
description of the experimental data, the values were slightly adjusted. 

Tab. 1 - Coefficients of Eq. 1 for positions MO and MI. 

Position 
+FM / 104
 nm/MPa√m 

�FM P � � ]c / MPa√m 

MO 1.1 3.12 0.26 0.70 0.70 43.0 

MI 1.4 3.11 0.26 0.67 0.67 42.8 

 

SUMMARY AND CONCLUSION 

The nodular cast iron EN-GJS-600-3 from a real thick-walled casting was studied with respect 
to microstructure, quasi-static fracture toughness and fatigue crack growth behavior. The key 
findings are summarized below: 

• A slower solidification at positions with heat accumulation results in coarse and less 
round graphite nodules. Furthermore, the so-called Bull’s-eye ferrite is less pronounced 
after slow solidification. The main matrix phase is pearlite. 

• The ultimate tensile strength and deformability is reduced by a coarser microstructure. In 
contrast, the yield strength is relatively unaffected by different cooling conditions. 

• The quasi-static fracture toughness is reduced at positions with slow solidification. Due 
to matrix embrittlement, the cooling to −40 °C further decreases the fracture toughness. 

• The pearlitic matrix determines the fatigue behavior. Consequently, the threshold for 
fatigue crack growth and the shape of the dm/d�-Δ] curves is insensitive to different 
cooling conditions. An increase of the stress ratio reduces the fatigue crack growth. 

• Mechanical properties measured at samples taken from the reference area (RA) in the 
flange can be used for quality assessment. Those mechanical properties are representative 
of the highly loaded main area or slightly conservative in case of Δ]th. 
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ABSTRACT  

The Water Jet Peening (WJP) technology first introduced in the 1980s is a surface modification 
process that can induce compressive residual stresses within metals, therefore improving 
fatigue life of components. In this paper a finite element model simulating the WJP was 
established using ANSYS and MATLAB. The study focuses on analysing the compressive 
residual stress, surface roughness and fatigue cycle numbers after waterjet peening. The 
numerical findings are validated using the experiments. 

Keywords: Water Jet Peening (WJP), Finite Element Modelling, residual stresses, Roughness, 
Fatigue Life. 

 

INTRODUCTION 

Water Jet Peening is a cold working process that can induce compressive residual stresses 
within metals. In recent years the process has undergone research and experimentation with 
different materials and methods of modelling (Kunaporn. S et al, 2005). Here, 316L stainless 
steel was used as a corrosion resistant material. This stainless steel has accommodated a wider 
use in industry fields where higher product properties are required. In this paper the parabolic 
distribution p(r) provided by Leach and Walker (Leach and Walker, 1966) is used to model the 
radial impact pressure (Ramulu. M, 1999) on the material surface. The effects of different 
peening parameters on the residual stresses have been predicted using the finite element 
simulations. 

 

RESULTS AND CONCLUSIONS 

Equation (1) models the impact pressure distribution of the WJP by substituting Leach and 
Walkers P(r) parabolic with the Kunaporn pressure distribution model. 

I(�) = 3+� IW� � `8`8 + 2(Lgh) tan �2�
 

�2 ��m� − 3 ��m�
 + 1� 

In Equation (1) P(r) is impact pressure across the radial impact zone, �� is the wave velocity, `8 is the nozzle diameter, r is the variable radius impact zone, IW is the supply pressure, SOD 
is the stand-off distance, u is the nozzle feed rate, α is the jet angle and a is the contact area 
radius. The assembly presented in Figure 1 better illustrates the variables of equation (1)  

(1
) 
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Fig. 1 - (a) Water Jet Peening Schematic (Mahmoudi A.H et al, 2020). (b) & (c) WJP Assembly. 

The Supply pressure, Stand-Off Distance and nozzle feed rate were changed in respect to the 
residual stress induced. The impact distribution produced from Equation (1) was incorporated 
into a FE model to generate the residual stresses post unloading. 

 
Fig. 2 - FE Residual stresses induced across depth. 

The specimens inducing the optimal residual stress relative to surface roughness were subjected 
to fatigue testing to investigate the effects of WJP on fatigue life. For comparison, the same 
method was applied to unpeened specimens. 
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ABSTRACT 

Fracture toughness is a key and important design parameter for assessing the integrity and 
service life of structures and materials containing crack or defects. Polymer Concrete (PC) is a 
multi-ingredients composite that can be manufactured with different ingredients and contents. 
Accordingly, the mix design can affect the structural integrity and resistance of PC materials 
against cracking. In this research, Taguchi method was employed to find the optimum 
percentages of a silicious aggregate + polyester resin + chopped glass fiber PC mixture to 
achieve the highest KIc. The initial window of input variables were: 0% <glass fiber <1.5%, 
39% <coarse aggregate <55%, 20%<fine aggregate<37% and 11%< epoxy resin <30%. The 
fracture toughness tests were done using a novel sub-sized short bend beam (SBB) sample. The 
SBB tests were performed according to a L32 Taguchi DoE technique and the optimum 
percentages of PC ingredients and the importance of each ingredient on KIc value were obtained. 

Keywords: Polyester-silicious polymer concrete, mode I failure, Taguchi method. 

 

INTRODUCTION 

Polymer concrete (PC) is a type of concrete that can be made by mixing different components 
namely (i) a polymeric resin, (ii) fine and coarse aggregate and filler materials and (iii) 
reinforcing fiber materials in suitable percentages. This material has several specific 
applications in different civil structures such as composite structures, roads and pavement 
systems, overlay of bridges, repairing and reinforcing of the damaged structures and offshore 
structures. Mechanical and strength properties in such multi-ingredient composite materials is 
affected by the type and dosage of the components. The usage of design of experiment (DoE) 
methods (such as Taguchi) can help the PC designers in determining the optimum mix design 
parameters to obtain the best achievable strength and mechanical properties with lesser number 
of laboratory experiments. Since PC mixtures may exhibit dominantly brittle or quasi-brittle 
behaviour in real field applications, catastrophic failure and fracture due to sodden crack growth 
is one of the major failure modes for reducing the reliability of structures made of PC materials. 

Some experimental testing methods have been utilized and employed by several researchers to 
determine the fracture toughness of PC materials. Rectangular beam [1,2], semi-circular [2,3] 
disc [2] and circular [2,4] shape cracked specimens subjected to bending or compressive forces 
are some of the samples for KIc testing of PC materials. In this research a novel sub-sized short 
beam bend (SBB) sample that requires less amount of material for KIc testing compared to other 
conventional test samples is utilized for conducting the fracture tests on different mix designs 
of PC composition to obtain the highest cracking resistance value. The experiments are done 
according to the suggestions of Taguchi optimization method. The importance of input 
parameters and optimum range of each ingredient to achieve the highest fracture toughness is 
then obtained via the analyses of the Taguchi method. 
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RESULTS AND CONCLUSIONS 

The PC mixture of this research was composed of polyester resin, silicious coarse grain 
aggregates, fine grain filler and chopped glass fibers in the following weight percentage ranges: 
0% <glass fiber <1.5%, 39% <coarse aggregate <55%, 20%<fine filler <37% and 11%< 
polyester resin <30%.  A L32 Taguchi DoE technique (with four input variables and four levels 
for each input factor) was utilized to prepare different PC mixtures and to investigate the effect 
of each ingredient on the cracking resistance of the PC. Accordingly, a number of fracture 
toughness tests were done using the short bend beam (SBB) made of different PC mixtures as 
shown in Figure 1. The fracture toughness for each test was determined by means of Eq. (1). 

 
Fig. 1 - SBB test sample for conducting fracture toughness tests on different PC mixtures. 

]�� =  ����
���  √�m �� � �� , ��� (1) 

where Pcr is the critical applied load to the SBB sample, t is the thickness of sample and YI is 
the geometry factor that depends on the crack length ratio and loading span ratio. For the tested 
SBB samples of this research YI was determined equal to 1.94 by finite element modelling. The 
corresponding average values of mode I fracture toughness (KIc) for different PC mix designs 
were obtained in the range of 1.45 to 3.75 MPa.m0.5. This reveals the significant influence of 
mixture type on cracking resistance of PC materials. Based on the main effect parameters 
obtained from the Taguchi analyses, the best composition of PC mixture is achieved for the 
following contents of the ingredients: 26% polyester resin, 29% filler, 44% silicious aggregates 
and 1% glass fiber. Also, based on the signal to noise analyses, the resin content and coarse 
aggregate percentage showed the highest impact on the change of PC fracture toughness.  
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ABSTRACT 

The reliable assessment of structural integrity is essential for ensuring safe design and operation 
of nuclear power plants. This study introduces a specific crack growth evaluation to 
demonstrate the applicability of extended finite element method. A case study highlights the 
suitability of this versatile numerical method for reactor components and provides deeper 
insights into plausible failure phenomena. Its validity is confirmed through comparisons with 
an engineering evaluation method and actual images. Key findings are outlined, with 
discussions on expanded applications and potential limitations. 

Keywords: Crack growth simulation, extended finite element method, reactor components. 

 

INTRODUCTION 

Integrity of nuclear components must be rigorously ensured. In particular, reactor vessel 
internals (RVIs) which are exposed to high-temperature and neutron irradiation environments 
require reliable material performance. However, cracking in complex RVIs has been reported 
globally within their design life, necessitating a comprehensive risk management strategy for 
such failures. To address the cracking issue, various methods have been employed to predict 
initiation and propagation behaviors. Among these, experimental tests are constrained by the 
challenges of preparing hot-cell facilities, engineering evaluation methods are inherently 
simplistic and conservative, and conventional numerical methods incur high costs due to the 
need for crack modeling and re-meshing. The extended finite element method (XFEM) (Moës 
and Belytschko, 2002), known for its advantages of relatively simple modeling and reasonable 
accuracy, has been successfully applied to fracture mechanics assessments of compact tension 
specimens and nuclear piping (Sim and Chang, 2019), in conjunction with degradation 
mechanisms such as primary water stress corrosion cracking and thermal aging embrittlement. 
This paper utilizes XFEM for reactor components, aiming to provide an enhanced structural 
integrity assessment and deeper insights into irradiation-related failure mechanisms. 

 

RESULTS AND CONCLUSIONS 

Unlike previous XFEM applications, two separate numerical analyses were conducted. The first 
involves conventional finite element (FE) analyses using a global-local approach. Stress, strain 
and displacement profiles of the RVIs were calculated taking into account irradiation 
embrittlement, irradiation-enhanced creep, void swelling and irradiation-assisted stress 
corrosion cracking (IASCC) (Jyung et al., 2024). For the subsequent XFEM analyses, the 
displacement vector function is approximated as described in Equation (1) and Figure 1. 
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 � = ∑ ��=� ())��� + �())m� + ∑ O� �95 ())���¡ (1) 

Here, ��()) is the nodal shape function, �� is the nodal DOF, Heaviside function �()) along 
with discontinuity-related nodal DOF m� capture the crack path. Additionally, crack tip 
enrichment function O¢()) and nodal enriched DOF ��¢ represent the crack tip behavior. 

 
Fig. 1 - Schematic of XFEM and adopted functions. 

Out of available options, the quadratic stress criterion and virtual crack closure technique were 
adopted. The crack evolution energy was calculated from the relationship between forces and 
displacements, while the threshold value was determined by considering irradiation-adjusted 
properties of the RVI material, namely stainless steel. 

On the other hand, as a typical engineering evaluation method, the procedure specified in the 
well-known ASME Boiler & Pressure Vessel Code was employed. Stress profiles obtained 
from the conventional FE analyses were substituted into the stress intensity factor calculation 
equations provided in the code. The IASCC crack growth rate was defined as follows: 

���� = 4.73 × 1045
 ��.

.¤ 
]
.¤�  (2) 

The validity of crack propagation results was assessed by comparing them with results from the 
engineering evaluation method and actual 3D data obtained through an advanced imaging 
technique, which depicted the grown crack shapes and sizes of the defective component. 
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ABSTRACT 

This study compares experimental durability and virtual durability calculation through 
numerical models, aiming to reduce costs and speed up the development of vehicle structures, 
specifically bus bodies. The results show a good correlation between the durability measured 
in the physical prototype and the one calculated in the virtual model, demonstrating the 
robustness and reliability of the applied methods. 

Keywords: Experimental durability, virtual durability, Dirlik methodology, finite element 
method (FEM). 

 

INTRODUCTION 

Many automotive companies use well-established experimental methodologies to evaluate the 
durability of their structures, conducting advanced tests on special tracks and correlating the 
damage caused per kilometre on these tracks with the damage on public roads (Lee et al., 2005; 
Park JS et al., 2018). In bus structures, sensor instrumentation is costly due to the number 
needed to cover the entire length and structural joints. With the advances in numerical methods 
and the processing capacity of new computers, this study describes a methodology for 
calculating the virtual durability of a bus structure and correlating these values with the 
durability obtained from a physical prototype. 

 

RESULTS AND CONCLUSIONS 

To calculate numerical and experimental durability, a track signal obtained from a physical 
prototype was used. In the vehicle, 4 triaxial accelerometers were used to map the input loads 
and several uniaxial strain gauges to verify the deformation/stress response along the track and 
subsequently calculate the durability of the vehicle's structural joints (Benasciutti D, 2004; 
Pascualinotto, 2021).  

Durability through conventional methods was calculated using the Rainflow method for cycle 
counting and the Palmgren-Miner rule for accumulated linear damage calculation. For virtual 
durability calculation, the Dirlik methodology was used for cycle counting and accumulated 
damage, using acceleration values obtained by the accelerometers as input loads (Lee et al., 
2005; Park JS et al., 2018). The accelerations were converted from the time domain to the 
frequency domain, resulting in 12 PSDs (Power Spectrum Density) and 44 Cross-PSDs 
(CPSD), each containing amplitude and phase angle between the correlated PSDs (Broussinos 
et al., 1990). The highest damage observed through conventional methodologies was 0.0077, 
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and the damage value obtained through numerical calculation was 0.008. Other damage values 
through both methodologies are presented in the Table 1 below, and Figure 1 shows an image 
of the finite element model (FEM) used for numerical damage calculation. 

Table 1 – Comparison of damage values. 

 Local of the test 
Damage  

Experimental Method 

Damage 

Virtual Method 

LD01 SPECIAL TRACKS (TATUI) 0,00773 0,008 

LD02 SPECIAL TRACKS (TATUI) 0,00048 0,00079 

LD04 SPECIAL TRACKS (TATUI) 0,00043 0,003 

  

 

 

Fig. 1 - FEM model and region of highest cumulative damage.  

The results indicate a good correlation between virtual durability via numerical model and the 
durability obtained with a physical prototype. This provides greater agility and lower cost in 
the development of new vehicle structures, reducing the number of prototypes and sensors 
needed and allowing structural changes to be evaluated without compromising the validated 
structure's durability. 
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ABSTRACT 

This study explores the use of machine learning (ML) to optimize asphalt mixture design for 
improved durability and performance. By analyzing fracture energy from pre-cracked semi-
circular bend (SCB) tests under varying conditions, a neural network with regression techniques 
and genetic algorithms identified the optimal asphalt mixture. The Multi-Layer Perceptron 
(MLP) model, known for capturing complex nonlinear relationships, used to map input 
variables such as aggregate composition, air voids, temperature, and loading rate to fracture 
energy. Bayesian regression applied to train the model, improving predictive accuracy and 
generalization for optimizing durable asphalt designs. 

Keywords: Asphalt Mix Design, Machine Learning, Fracture Energy, , Pavement reliability. 

 

INTRODUCTION 

Optimizing asphalt mix design is vital for enhancing pavement performance, durability, and 
cost-efficiency. Traditional empirical methods, while effective, are resource-intensive and lack 
adaptability to varying conditions, leading to growing interest in machine learning (ML) 
models. ML techniques like Gene Expression Programming (GEP), Artificial Neural Networks 
(ANN), and Support Vector Machines (SVM) have shown success in predicting key asphalt 
composite properties (such as fracture energy, stiffness modulus, and Marshall stability). 
Studies by Majidifard et al. [1], Ghanizadeh et al. [2], and Jalota and Suthar [3] demonstrated 
that ML models can analyze large datasets, identifying complex relationships between variables 
like aggregate type, air void content, temperature, and loading rate. However, gaps remain in 
predicting the fracture energy as the critical measure of structural integrity in pavement systems. 
This study addresses these gaps by combining ML with fracture tests, focusing on pre-cracked 
asphalt mixtures to optimize designs under intermediate temperature conditions. This data-
driven framework promises to improve asphalt durability and reliability of pavement structures 
while reducing testing time and costs. 

 

RESULTS AND CONCLUSIONS 

At intermediate service temperatures (5 to 25°C), hot mix asphalt (HMA) in pavement overlay 
layers experiences varying loading rates due to vehicle speeds, affecting its mechanical 
properties and fracture resistance. HMA mixtures were compacted using different gyratory 
rotations to obtain air void contents of 3%, 5%, and 7%. Manufactured cylindrical HMA 
specimens (with diameter and height of 150 mm and 140 mm, respectively) were cut into semi-
circular bend (SCB) samples with a 25 mm vertical edge crack (shown in Figure 1). The SCB 
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fracture tests were conducted under mode I loading at intermediate temperatures (5°C, 15°C, 
and 25°C) and loading rates (1, 5, 10 mm/min). A total of 88 SCB specimens were tested, 
highlighting trends in fracture resistance and mechanical properties of asphalt mixtures under 
controlled conditions. Results showed that loading rate, air void content and aggregate type 
significantly can impact the fracture energy and cracking behavior.  

 
Fig. 1 - SCB sample preparation form the HMA gyratory compacted cylinders. 

This study utilized a three-layer neural network topology to predict target variables with 
simplicity and efficiency. The Multilayer Perceptron (MLP) model was designed with an 
optimal number of neurons to prevent over fitting, adhering to best practices for small datasets. 
For an MLP with � input variables and � neurons in the hidden layer, the predicted output ¥¦ can be expressed as: ¥¦ = P(∑ §0¨(∑ §0/)/ + �08/95 * + ��t095 * 

Data was split into 80% for training and 20% for testing to balance learning and generalization. 
The network employed hyperbolic tangent sigmoid functions in the hidden layer and a linear 
activation function in the output layer, enabling accurate gradient flow and reliable predictions. 
Bayesian regression back propagation was used to train the network, combining back 
propagation with Bayesian inference to optimize weights while quantifying uncertainty. By 
updating a probability distribution over weights, the model accounted for data variability, 
enhancing robustness and predictive accuracy. This integration of Bayesian inference improved 
generalization and allowed the model to effectively capture complex, nonlinear relationships, 
as demonstrated in Figure 2. 

 
Fig. 2 - Neural network train. 
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ABSTRACT 

The effect of pre-cleaning methods (ethanol ultrasonic cleaning and Ar/O2 plasma treatment) 
on Ag sintered joints was investigated. It emphasizes the significance of pre-cleaning in the 
bonding process and offers new approaches to creating more uniform and durable Ag sintered 
joints, comparing the effects with conventional ultrasonic cleaning. This method proves 
effective for applications requiring higher bonding quality. The Ar/O2 plasma-treated samples 
exhibited the highest bonding strength, interfacial connection ratio, necking thickness, and 
failure energy, while showing the lowest values in porosity. These improvements are attributed 
to the uniformity, enhanced thermal conductivity, and the presence of hydroxyl groups formed 
on the surface. 

Keywords: Ag sinter, die attach, wide bandgap, plasma treatment, hydrophilic treatment. 

 

INTRODUCTION 

Wide bandgap (WBG) power semiconductors, such as SiC and GaN, are attracting attention as 
next-generation power semiconductors as interest in electric vehicles and autonomous vehicles, 
and renewable energy increases. Power semiconductor packaging processes, including die 
attach, wire bonding, molding, are crucial process for ensuring the performance and reliability 
of power module [1]. Among these, we focused on the Ag sinter die attach process to maximize 
the performance of power module. Here, we used Ar/O2 plasma pre-cleaning as a method to 
uniformly remove contaminants without affecting the coating layer (Figure 1). It was confirmed 
that the shear strength of Ag sintered joint increased by the plasma pre-cleaning by the 
comparison with the non-cleaned sample. The surface characterization tests, including 
wettability, photoelectron spectroscopy, and atomic force microscopy, were investigated to 
reveal the role of pre-cleaning of Ag plated surface on the Ag sintering behavior. 

 

 
Fig. 1 - Surface cleaning methods for Ag sintering: non-cleaned, ultrasonic cleaning, and plasma treatment. 
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RESULTS AND CONCLUSIONS 

The bonding strength of the non-cleaned sample was 35.9 MPa. After ethanol ultrasonic 
cleaning, the bonding strength increased to 42.57 MPa (18.58% improvement), and with both 
ethanol and Ar/O2 plasma cleaning, it reached 49.38 MPa, a further 16% improvement. X-ray 
analysis showed no significant difference in porosity across the pre-cleaning methods. The non-
cleaned sample exhibited minimal necking, while ethanol and Ar/O2 plasma cleaning increased 
the neck thickness and bonding area, as shown in Figure 2. 

 
Fig. 2 - SEM micrograph of Ag sinter bonding interface and Ag sinter layer for non-cleaned, 

ultrasonic cleaned and plasma treated samples. 

Figure 3 shows core-level XPS analysis results for the surface of substrate according to the pre-
cleaning methods. This result revealed that both ultrasonic and plasma cleaning are effective in 
removing organic contaminants. After Ar/O2 plasma cleaning, a large amount of hydroxyl 
groups (-OH) were formed. These hydroxyl functional groups increase the surface energy, 
polarizing the surface and strengthening the interaction with the solvent. As a result, the 
hydrophilicity increases, allowing the solvent to spread better over the surface. 

 
Fig. 3 - SEM micrograph of Ag sinter bonding interface and Ag sinter layer for non-cleaned, 

ultrasonic cleaned and plasma treated samples. 

In conclusion, the combination of ethanol ultrasonic cleaning and Ar/O2 plasma treatment 
improve surface wettability of electroplated Ag surface significantly, resulting in improving 
shear strength of Ag sintered joint 
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ABSTRACT 

The Brazilian test is broadly used to determine the indirect tensile strength of most brittle 
materials, such as rocks or concrete. The effectiveness of this method remains under debate as 
numerous investigations have concluded that specimen’s failure may occur in the vicinity of 
the contact with the compressing platens. To reduce the stress concentration, a flattened 
Brazilian splitting test was proposed, by machining two parallel flat ends on the disc, which are 
subsequently loaded using flat plates. However, several researchers have observed that the 
stress concentration problem still persists and that the final contact angle between the flattened 
disc and the horizontal plates is a key point for the success of the test. Under these 
circumstances, the objective of this work is to analyse the factors of influence, notably the 
potential lack of parallelism of the flattened faces due to machining imperfections. To achieve 
this, a set of finite element method (FEM) simulations will be conducted to derive significant 
results regarding the improvement of predicted Griffith’s theoretical equivalent stress by means 
of an analytical expression. 

Keywords: Flattened Brazilian disc, indirect tensile strength, contact stress distribution. 

 

INTRODUCTION 

In the fields of civil and mining engineering projects, the accuracy and reliability of the 
experimental test providing the mechanical properties of the rocks present in the project site is 
one of the key issues. Among the several testing methods, the Brazilian testing methods remains 
one of the most popular ones, due to its relatively easy preparation (Yan et al. 2021). However, 
the conventional Brazilian test has been criticized due to an unwanted high stress concentration 
in the contact area between the disc and the compression plates (García et al. 2017). One of the 
proposed alternatives is the flattened Brazilian splitting test shown in Figure 1. (Wang et al. 
2004; Huang et al. 2015). According to previous researchers, the factors that can influence the 
success of this indirect test include the contact angle 2� and the parallelism between the 
flattened surfaces (Wang et al. 2004; Huang et al. 2015; Lin et al. 2016; Pourya and Mehrnoosh 
2016; García et al. 2017). Hence, a detailed analysis of these variables has been conducted in 
the present study.  

Several authors (Wang et al. 2004; Lin et al. 2016; Huang et al. 2015) have already stated that 
the stress condition for the initiation of the crack in a flattened disc is: 

3�© + �Y < 0 (1) 

Being �© and �Y  the tangential and radial stresses, respectively. Due to the symmetry of the test, 
the vertical diameter is a principal direction; hence, no shear stresses are induced along it. 
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Therefore, there exists a direct relationship between cartesian and polar coordinates along the 
vertical diameter, where �ª = �© and �« = �Y. Consequently, the equivalent Griffith stress can 
be calculated using the following equation: 

�¬ = − (�ª − �«*

8(�ª + �«* (2) 

 
Fig. 1 - Flattened Brazilian splitting test. 

 

The solution for the flattened Brazilian disc subjected to uniformly distributed stress along the 
contact was developed by Huang et al. (2015). According to this author, the maximum tensile 
stress region is located along the vertical diameter and, thereby identifying it as the likely 
initiation region for failure. Due to the symmetry of the test, shear stresses are absent at the 
vertical radius. Consequently, the maximum and minimum principal stresses are directly 
correlated with �ª and�« , respectively. Hence, the stress field along the vertical radius of the 
specimen due to uniformly distributed stress along the contact is expressed as: 

�ª = I cos ��:y + I�:y sin � qe5c5 + +5 + e c + + r (3) 

�« = I cos ��:y − I�:y sin � qe5c5 − +5 + e c − + r (4) 

Where I is the applied load, α is the semi-loading angle, R is the radius of the flattened disc, t 
is the thickness of the disc and r is the distance between any point of the vertical radius and the 
centre of the disc.: 

c5 = (: cos � + �)
 + (: sin �)
 c = (: cos � − �)
 + (: sin �)
 e5 = (: cos � + �): sin �  (5) e = (: cos � − �): sin � +5 = −arctan (: sin � /(: cos � + �)) + = −arctan (: sin � /(: cos � − �)) 
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INFLUENCE OF THE TOLERANCE OF PARALLELISM BETWEEN THE 
FLATTENED FACES 

One of the first issues of the present work is to confirm that the optimal contact angle is 2� =30°. To do so, a series of simulations were conducted using the material properties listed in 
Table 1, with contact angles of 20º, 25º and 30º. In this case, a three-dimensional model was 
developed with Abaqus Software to precisely replicate the experimental test. The mesh size 
was set to 1 mm for the disc and 3 mm for the platens, both of which were meshed using 8-
node linear brick elements. Notably, these mesh sizes have been previously and successfully 
employed by various authors (Lin et al., 2015, 2016; Komurlu et al., 2016) to model Brazilian 
tests. In all three-dimensional models, a representative friction factor of μ=0.5 was applied at 
the interface between the platens and the flattened disc (Gorst et al et al., 2003). A uniform 
pressure was applied to the top platen, while the bottom platen was constrained to replicate the 
actual test conditions. 

Table 1 - Geometrical and mechanical properties for the 2D numerical models. 

Elastic Body Diameter 
D (mm) 

Thickness 
t (mm) 

Young’s Modulus � (GPa) 
Poisson’s 
coefficient ±(²³/²³) 

Specimen 53.60 27 30 0.31 
Platen 30.00 30.00 210 0.33 

Figure 2 shows the map of the equivalent Griffith stress for ideal three-dimensional models that 
is, with perfect parallelism. The stresses have been obtained directly from the FEM software, 
by means of a new field output including equation (2). The maximum equivalent stress in red, 
is located at the centre of the disc. However, it is possible to visualize areas of stress 
concentration respectively and yellow at the edge of the flattened faces that decrease as the 
contact angle increases. These results coincide with those observed by (Pourya and Mehrnoosh 
2016), who recommend the loading arc configuration of 30° to reduce the risk of unwanted 
cracks at the flattened ends of the disc.  

                     
2α = 20°    2α = 25°              2α = 30° 

Fig. 2 - Distribution map of the Griffith´s equivalent stress for the contact angles analysed. 

Based on these results, it can be confirmed that the contact angle of 30° is the optimal 
configuration in terms of the central crack initiation, provided that the flattened faces have no 
parallelism deviation. 

The machining process of the flattened Brazilian disc is difficult in terms of the parallelism of 
the flat surfaces. It is thus necessary to quantify its influence in the achievement of the central 
crack initiation. Thus, this section aims to quantify how the lack of parallelism can affect the 
failure of the disc. The analysis has been performed starting with the FEM 3D model of 2α = 
30°, but assuming that the bottom flat face is parallel to the horizontal plane, while the top face 
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is slightly inclined. The lack of parallelism is expressed in terms of the difference in high 
between the edges of the top surface.  

Figure 3 presents the front view of the four 3D models with tolerances ranging from 0.03 mm 
to 0.10 mm. The equivalent stress according to Equation 2 is represented, indicating in grey the 
possible zone of failure. The colour scale then goes from red to blue to indicate the stress in 
decreasing order.  

 

           tol = 0.03 mm            tol = 0.05 mm          tol = 0.08 mm           tol = 0.10 mm  

Fig. 3 - Distribution of the Griffith equivalent stress for the flattened disc of 30° with different tolerance of 
parallelism of the flattened faces. 

The proposed tolerances collected in Figure 3 are close in value and may be hard to achieve 
during the preparation process, but they prove how small differences in parallelism deviate the 
initiation of failure from the centre, increasing the possibility of premature failure in the vicinity 
of the contact. Particularly, Figure 3 illustrates that as the tolerance of parallelism increases, the 
probability of unexpected cracks at the flattened ends of the disc also increases. According to 
the simulation results, the central and unique crack is guaranteed when the tolerance of 
parallelism is lower than 0.05 millimetres. For higher tolerances, the crack zone enlarges and 
tends to be oriented towards the edge with higher stress concentration. In a less strict sense, the 
test could be considered valid up to a tolerance of 0.10 mm, as the differences between the 
central equivalent stress and the maximum stress is less than 1.1%. 

 

RESULTS AND CONCLUSIONS 

The four simulations performed also allow to determine the real contact angle at the instant of 
the crack initiation. Table 5 shows that the increase in the lack of parallelism generates a logical 
decrease in the final contact angle. If the two magnitudes (tolerance of parallelism and final 
contact angle) are represented for the four simulations in Figure 4, there is evidence of a strong 
linear relation between them.  

 
Fig. 4 - Evolution of the final contact angle with respect to the tolerance of parallelism. 
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The linear regression of Figure 4 could be taken into account when a more accurate result wants 
to be found as the lack of parallelism of the flat surfaces will be always present in real specimen. 
Thus, before performing the test, the tolerance of parallelism can be quantified and by using an 
equation like equation 6 (the one defined by specimen dimensions), a more realistic contact 
angle can be considered in the calculus of the equivalent Griffith stress, as the expected contact 
angle would be altered during the test, leading to the maximum α value corrected by equation 
6: 

2� = −82.368y´� + 30.222 (6) 

In the case of the disc and the tolerances chosen in these simulations, we have calculated the 
relative error of the equivalent Griffith stress considering the theoretical angle of 30º and the 
final contact angle found in each simulation. Table 5 shows the differences between the FEM 
results and the theoretical ones for these two cases. 

As it can be inferred from Table 5, the lack of parallelism between the flattened faces results in 
an increased discrepancy between Griffith’s theoretical results (2α = 30°) and the numerical 
ones. If the contact angle resulting from Equation (6) is considered, the analytical predictions 
are improved, since the larger percentage of error between the equivalent stress corresponding 
to the new analytical expressions and the maximum equivalent stress of the numerical models 
do not exceed 3%.  

Table 5 - Comparison between the FEM models for 2α=30° and considering parallelism deviations with the 
theoretical model proposed for both cases, with and without tolerance correction. 

Tolerance of 
parallelism 

(mm) 

Final load I 
(N) 

2� from FEM 
simulation (°) 

%���´� = ¶�¬ − �¬_¸¹º¶�¬_¸¹º 100 

For 2� = 30° 
For corrected 2� with 

Eq.(6) 
0.03 12410 28.10 4.3 2.2 

0.05 12052 25.97 7.0 2.9 

0.08 11884 23.88 8.3 2.1 

0.10 11815 21.73 8.9 1.1 

According to these findings, it can be said that lacks of parallelism higher than 0,05 mm 
compromise the success of the flattened Brazilian test as there is a high probability of failure in 
the center but also in the contact with the plates. The preparation of the testing specimens is 
therefore crucial for the reliability of the results. 

In this work, it is proven that the analysis and quantification of the discrepancies between the 
ideal and real specimens under test can be carried out in numerical models so that the results 
are then considered to improve the accuracy of the theoretical model. This methodology has 
been applied with success in the case of the Brazilian test with flattened faces, where the 
unavoidable lack of parallelism of the faces can be well studied in numerical models to improve 
the result of the analytical equivalent Griffith stress. 
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ABSTRACT 

Adhesive joints are preferred for joining the materials in low weight and high strength 
applications. Adhesive joints are exposed not only to static loads but also to dynamic loads such 
as fatigue and impact due to the effects of the structures they are used in. We investigate the 
fatigue and post-fatigue behaviours of single-lap joints experimentally. For improving the 
strength of adhesive, graphene nanoparticle was used as a modifier. Test samples were prepared 
with neat adhesive, 0.25 wt.% graphene used, 0.5 wt.% graphene used, and 1 wt.% graphene 
used adhesives. Tensile and fatigue strength of samples increased with adding graphene 
nanoparticle to the adhesive. Increasing the number of cycles applied before tensile tests, 
decreased the post-fatigue tensile strength of samples for all graphene contents. 

Keywords: Adhesive joint, fatigue testing, graphene, post-fatigue. 

 

INTRODUCTION 

Carbon-based materials such as graphene, fullerene and carbon nano tube can be used for 
reinforcing the adhesive materials (Saraç et al., 2019), (Bali and Topkaya, 2023). Nanoparticle 
reinforcements can improve mechanical properties of adhesive joints with the aid of better 
adhesion to the adherends (Demir et al., 2022). Daggumati et al. reported that stiffness of the 
test samples increased by 7-8% with the application of fatigue loading (Daggumati et al., 2013). 
In this study, we investigate the post-fatigue tensile behavior of single lap joints with graphene 
nanoparticle- reinforced adhesive. Post-fatigue tensile tests were conducted following the 
tensile and fatigue tests of the samples. For reinforcing the adhesive material 3 different amount 
of GNP was used in addition to neat samples. 

 

RESULTS AND CONCLUSIONS 

Tensile test results showed that reinforcing adhesive with GNP increased the sample strength 
and increasing the GNP content increased the sample strength. Failure load for neat adhesive 
used samples was observed as 15.516 kN. While failure load was 16.461 kN for samples with 
0.25 wt% GNP containing adhesive, it was determined as 16.539 kN and 16.786 kN for samples 
with 0.5 wt% GNP and 1 wt% GNP containing adhesives, respectively. 

After determining the tensile strengths of samples, tensile- tensile fatigue tests were carried out 
for samples. Number of fatigue cycles to failure is given in Figure 1 as a function of load ratio 
(Fmax/Fult). Using GNP as a reinforcing material improved fatigue strength of samples. 
Maximum tensile fatigue strength observed on 0.5 wt.% GNP modified samples. Increasing the 
GNP content after 0.5 wt.% decreased the fatigue strength of samples. But using 1 wt.% GNP 
still has higher fatigue strength than neat adhesive samples for all load levels.  
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Fig. 1 - Fatigue test results for different GNP content. 

For neat adhesive-used samples, the tensile failure load is 15.516 kN without fatigue loading. 
Applying fatigue load to the samples decreased the sample strength. Tensile failure load 
determined as 14.740 kN, 11.792 kN, and 10.254 kN after Nf=50,000 cycles, Nf=100,000 
cycles, and Nf=200,000 cycles, respectively. Applying 50,000 cycles of fatigue loading 
decreased the tensile failure load from 16.461 kN to 15.333 kN for 0.25 wt.% GNP samples. 
Tensile failure load continued to decrease with increasing fatigue cycles and tensile failure 
loads were determined as 12.784 kN and 8714.1 kN for Nf=100,000 cycles, and Nf=200,000 
cycles, respectively. A minimum decrease in tensile failure load was observed for 0.5 wt.% 
GNP samples for Nf=50,000 cycles compared to without fatigue-loaded samples. After 
Nf=50,000 cycles fatigue loading tensile failure load determined as 16.527 kN, while tensile 
failure load was 16.539 kN for without fatigue- loaded sample. A minimum tensile failure load 
was determined as 8.581 kN for Nf=200,000 cycles sample. tensile failure load was 12.694 kN 
for Nf=100,000 cycles sample. Tensile failure load determined as 16.786 kN, 16.609 kN, 
12.758 kN, and 8548.4 kN after without fatigue- loaded, Nf=50,000 cycles, Nf=100,000 cycles, 
and Nf=200,000 cycles samples, respectively.  

Following conclusions can be made according to limited study results: 
• Maximum fatigue strength observed in 0.5 wt.% GNP samples for all load levels. 
• Applying fatigue cycles to the samples decreased the tensile strength of the samples. 
• Post-fatigue tensile strength decreased with increasing the fatigue cycles. 
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ABSTRACT 

Predicting the propagation path of microcracks in polycrystalline metal alloys is extremely 
challenging because the crack path is sensitive to local microstructure textures. Many fatigue 
indicator parameters (FIPs) have been proposed for crack nucleation and propagation 
prediction, but experimental validation is lacking. This study evaluates an FIP that combines 
effective strain and surface roughness to predict the future propagation path of micro-cracks in 
polycrystalline nickel. Validating such an FIP could provide a powerful tool for understanding 
the driving mechanism of fatigue crack nucleation and propagation in polycrystalline metal 
alloys. 

Keywords: Fatigue, microstructure sensitive crack, fatigue indicator parameter, effective 
strain, surface roughness, crack propagation. 

 

INTRODUCTION 

Despite recent progresses in characterization techniques, simulation tools, and data-driven 
learning, predicting the propagation of microcracks in polycrystalline metals remains an 
unsolved engineering problem. This is because numerous microstructure features, including 
microtextures, grain/twin boundaries, pores, inclusions, etc., contribute to crack nucleation and 
propagation. Many different fatigue indicator parameters (FIPs) have been proposed and 
studied for predicting crack nucleation and propagation. However, many of these studies were 
carried out using simulated data and no FIP has been experimentally validated to be capable of 
predicting the crack nucleation site or microcrack propagation. This work presents an FIP that 
combines effective plastic strain and surface roughness changes and assesses its performance 
for microcrack propagation prediction in terms of accuracy, confidence, and consistency. 

 

RESULTS AND CONCLUSIONS 

A middle tension (MT) sample with a center notch was fatigue tested using a mechanical tester 
integrated with a Whitelight Scanning Interferometer (SWLI) surface profiler. The sample was 
made of pure nickel and its surface was finely polished to an average surface roughness of 12 
nm. The vicinity of the notch tips was slightly etched to reveal the grain boundaries, increasing 
the average surface roughness to 110 nm. For digital image correlation (DIC) analysis, a speckle 
pattern with an average speckle size of around 1.1 ²� was coated on the surface. At selected 
fatigue intervals, the sample was unloaded, and an area of 1 × 1 ��
 (0.1 �� behind and 0.9 �� in front of the notch tip) was imaged using the SWLI surface profiler. 

The high resolution SWLI surface topography images were processed using an in-house DIC 
program to measure both the in-plane and out-of-plane surface deformations at sub-grain scale. 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track B - Fatigue and Fracture Mechanics 

-144- 

The in-plane strains εxx, εyy, and γxy were calculated from the in-plane deformations ux and uy. 
The out of plane normal strain, .»», was determined assuming plane stress condition and plastic 
incompressibility, i.e., .»» = −(.ªª + .««), while the out of plane shear strains, .ª» and .«» 
were assumed to be zero. The effective plastic strain, which has been considered as an FIP in 
ductile materials, is calculated from these strain components as 

.¼�� = ½
 (.t,8 × .t,8)     �, � = 1,2,3                                        (1) 

The surface roughness change of the sample surface was calculated from the out-of-plane 
surface topography of fatigued samples before and after fatigue. 

To calculate the FIPs, the imaged area was divided into 23 columns and 21 rows with a total of 
483 subsets, each contains 50 pixels. Three FIPs, i.e., the effective plastic strain FIPε, surface 
roughness FIPRa, and combined FIPc, were calculated for each subset to construct the FIP maps. 
FIPc was calculated by multiplying FIPRa and FIPc normalized with their respective maximum 
value.  

To predict the future crack path in front of a crack tip, the most critical subsets in each column 
were determined using the “confidence threshold” criterion. First, the histogram of the subset 
intensity in each column is fit to the lognormal fit. The subsets whose damage index above a 
confidence threshold are then identified. These subsets provide an envelope within which the 
crack is predicted to pass through, as shown in Figure 1. At 80 percentile confidence threshold, 
all three FIPs predicted the future crack path reasonably well. Increasing the confidence 
threshold to 95 percentile leads to disconnected crack paths for FIPε and FIPRa. In contrast, 
FIPc consistently predicted the crack path well, including the turns along the tortuous crack 
path. As such, this work demonstrated that an FIP combining the effective strain and the surface 
roughness is more accurate and reliable in predicting the propagation path of microstructure 
sensitive cracks. 

 
Fig. 1 - the predicted crack path based on (a) O¾I¿  (b) O¾IC� and (c) O¾IM  with 80, 90 and 95-percentile 

confidence thresholds when the crack was arrested at ‘A’. 
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ABSTRACT 

To prevent fatigue failure of mechanical components is crucial to develop empirical models to 
predict the fatigue limit of the metallic alloy considering the manufacturing processes, namely 
intrinsic defects. In this research work, an approach based on Vicker hardness, intrinsic 
manufacturing defects of casting followed by cold rolling, and experimental fatigue tests were 
applied to develop a new fatigue limit prediction model for the 16MnCr5 CD steel alloy. This 
model is crucial for the mechanical design of manganese steel components, such as gears. 

Keywords: Fatigue limit, Defects, 16MnCr5 HR, Structural Integrity. 

 

INTRODUCTION 

Transmission systems, such as gears, are sensitive to service conditions, such as service loads, 
lubrication, mounting and manufacturing procedures [1]. The International Organization of 
Standardization [2] identified fatigue as one of the most frequent failure modes of gears. Fatigue 
is the most critical failure mode in all industries since it is claimed that about 90% of all failures 
are related to it [3]. 

In the last decades, authors such as Murakami et al. [4], Ueno et al. [5], Taijiri et al. [6], 
Morgado et al. [7, 8], and Alves et al. [9] have studied the structural integrity of mechanical 
components and developed empirical approaches to predict the fatigue limit (��¸) of the 
metallic alloys based on the area of the defects observed or introduced in the material and the 
Vickers Hardness (HV). The authors [4-9] verified that the results obtained through the different 
approaches were in agreement with the experimental results, and the slight differences in values 
can be associated with different metallurgical factors that affect life to the fatigue of the 
materials. 

This work aimed to describe the behaviour of the material DIN 16MnCr5 when subject to a 
dynamic load and develop a new fatigue limit prediction model. For that purpose, specimens 
and samples of the material DIN 16MnCr5 HR were used for fatigue tests and to evaluate the 
Vickers hardness and the intrinsic manufacturing defects. The samples for the hardness tests 
and manufacturing defects study were prepared following the ASTM E3-95. The Vickers 
Hardness test was conducted according to ASTM E384-16, and the fatigue specimen 
dimensions were defined according to ASTM E8/E8M-13a. A sinusoidal wave was used to 
carry out the fatigue tests, with a stress ratio R= 0.05 and 10 Hz of frequency. The defect 
analysis was conducted using the reverse optical microscope Leica DMI 5000M that allowed 
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the swiping extent of the sample using the multistep technology, and the images were post 
processed using the ImageJ software that allowed the counting and the measurement of the area 
of the defects observed, this by applying a contrast filter. 

 

RESULTS AND CONCLUSIONS 

According to the analysis of the intrinsic manufacturing defects of the DIN 16MnCr5 CD 
material, namely casting followed by cold rolling, it can be concluded that the large percentage 
of defect area (49.55%) is in the range of ]0.001 to 0.003] mm2. It was also possible to conclude 
that the material is homogeneous. 

With the microhardness tests, it was concluded that the Vickers hardness of the DIN 16MnCr5 
was of 232.2455. À5
.!HV 0.5.  

The analysis of the lifetime of the material to fatigue, in the number of cycles, N, revealed that 
the behaviour of the material depends on maximum applied stress, �tÁª and is described by 
equation (1). 

� = ;�ÂÃÄ.ÅÆÇÈÉÊËÃÆ.� �                                                      (1) 

A new fatigue limit prediction model was developed (equation (2)) for the DIN 16MnCr5 HR 
based on the Vickers hardness (Hv) and the area of the intrinsic manufacturing defects (area) 
of casting followed by cold rolling processes. 

��¸ = 1.18 	ÌÀ

(√�Y¼�)� ÍÎ                                                           (2) 
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ABSTRACT 

The main objective of this work was to obtain the S-N curves for the alloys ST-52 (AISI 1024) 
and R304 (AISI 304), with and without corrosion and study a fatigue life prediction model to 
obtain durability under these conditions. The experimental results showed that the corrosion 
present in the organic waste environment significantly affects both materials, reducing their 
resistance to fatigue and, consequently, their durability. The predicted model tested showed that 
durability is lower than the experimental. In conclusion, the fatigue limit stress prediction model 
showed results that were too conservative, leading to a durability that was quite different from 
the experimental one. As a result, the prediction model produces premature withdrawals from 
service and incorrect inspection times. 

Keywords: Fatigue limit, Structural durability, S-N curves, Corrosion. 

 

INTRODUCTION 

This study allowed to obtain the durability through the experimental procedure and prediction 
fatigue limit (σÐÑ) model of Murakami [1]. The Murakami model (equation 1) have as main 
variable the effect of the defect area (area), the Vickers hardness (HV) and the stress ratio (R) 
to obtain the value of the fatigue limit stress, with C=1.56 for internal defects and C=1.43 for 
surface defects and α=0.226+HV×10(-4) in both cases.  

σÐÑ = C (ÓÔÀ5
�)(√ÁÕÖÁ)�/Í × �54×
 �¢                                                      (1) 
In this work the defect area (area) was obtained by intrinsic manufacturing defects analysis 
using optical microscopy and the samples analysed followed the ASTM E3-95 in its 
preparation. Vickers hardness (HV) study followed the ASTM E384-16. For the experimental 
fatigue limit values were obtained the S-N curves of AISI 1024 and AISI 304 alloys, through 
fatigue testing, according to the standard ASTM E739. The stress ratio was of R= 0.05. The test 
specimens were designed according to ASTM-E8/E8M:13a and manufactured through CNC 
milling and grinding cutting processes. During the testing methodology several specimens of 
each material were placed in an organic waste solution in order to simulate the predominant 
corrosion in the solid waste treatment industry and consequently observe its impact on fatigue 
results.  
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RESULTS AND CONCLUSIONS 

The steel fatigue tests concluded that both undergo a significant reduction in fatigue strength 
when subjected to an organic waste corrosion environment (Figures 1 and 2). By applying this 
fatigue strength value in each S-N curve, a correspondent value of durability was obtained to 
confirm the durability of these alloys applied in organic waste treatment industry studied by 
Paulo and Morgado [2, 3].  

 
Fig. 1 - ST-52 and R304 S-N curves, submitted to: a) noncorrosive fatigue testing; 

b) to corrosive fatigue testing. 

With the application of the fatigue prediction model (equation 1) it was possible to predict the 
fatigue limit for each material and compare with the experimental values (Table 1). The R304 
alloy presented a highest durability (number of rupture cycles - Nr) than ST-52. These results 
were confirmed in the presence and absence of organic waste corrosion and verified for both 
superficial and internal discontinuities. The predicted fatigue limit presents higher values than 
experimental, for both material and corrosion (Corr.) and non-corrosion (Non corr.) 
environment. 

Table 1 - Fatigue limit stress and respective durability of ST-52 and R304 steel according 
to the prediction model and experimental results. 
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Material 

Predict model 
NrØÙØ ÚÙÛÛ [cycles] 

Predict model 
Nr ÚÙÛÛ [cycles] 

Predict model ÜÝÞ[MPa] 
Experimental ÜÝÞ[MPa] 

Experimental 
Nr [cycles] 

C=1.43 C=1.56 C=1.43 C=1.56 C=1.43 C=1.56 Non corr. Corr. Non Corr. Corr. 

ST-52 26557 10461 19966 8221 574 607 448 461 
106 

R304 104462 77160 75863 59536 471 498 266 311 
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ABSTRACT 

Gaussian vibration and non-Gaussian vibration are usually classified according to the Statistical 
characteristics of the signal. But another index, unsteady state, will also affect the damage of 
vibration fatigue. Through a non-stationary index, the damage of non-Gaussian random signals 
with the same kurtosis is compared, and the relationship between the non-stationary factor and 
the damage is obtained, Figure 1. The whole research includes generating signals with different 
kurtosis and different unsteady indexes, and studying their damage. 

Keywords: Random vibration fatigue, Non-stationary, Non-Gaussian, Damage, Miner rule, 
Lifetime. 

 

RESULTS AND CONCLUSION 

The research process is realized by virtual test based on the finite element simulations using a 
series of random signals with the same PSD, but with different kurtosis.  

 

 
Fig. 1 - Probability Density Function (Log) Red) Gaussian Blue) Non-Gaussian. 

 

The results show that the degree of non-stationary affects the damage, and the farther away 
from stationary state, the damage will increase accordingly, Figures 2 and 3. 
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Fig. 2 - FE model of double-notch specimen. 

 
Fig. 3 - FE model of double-notch specimen. 

An indicator is introduced to characterize the degree of data discretization within the segmented 
signal, further reflecting the degree of non-stationarity of the signal. This index better reflects 
the damage at the same kurtosis compared to the non-stationary index that already exist. 
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ABSTRACT 

The growing need for safer oil drilling processes offshore, with reduced costs, ease of 
transportation and equipment assembly, requires the implementation of more sophisticated 
solutions, such as processes applying coiled tubing (CT) wound on reels. The design project 
requires assessments of fatigue life considering low cycle approaches inasmuch as the 
deformations attain plastic states. This work assesses the impact of the uncertainties in the 
material parameters on the service life estimates of a coiled tubing. The deformation cycles are 
computed using a three-dimensional finite element model, and the low-cycle fatigue analysis 
considers Ramberg-Osgood and Coffin-Manson models whose computations are performed in 
a Python-developed code. A reliability analysis is conducted to determine the number of cycles 
after which periodic monitoring of the structure is required. 

Keywords: Coiled tubing, low-cycle fatigue, finite-element, reliability, steel. 

 

INTRODUCTION 

The literature provides little information on the material properties of low-cycle fatigue in CTs. 
Therefore, to understand the importance of each material parameter involved, it becomes 
important to analyze their uncertainties, focusing on estimating the number of operating cycles 
that can occur without resulting in failure. Thus, this paper investigates the impact of 
uncertainties of the CT-110[1] material properties on the low-cycle fatigue life of this structural 
component. 

 

RESULTS AND CONCLUSIONS 

The estimation of low-cycle fatigue life involves modeling the geometry of the coiled tubing 
(CT) with three-dimensional finite element analysis in the spool and gooseneck sections (see 
Fig. 1(a)), considering contact, plasticity, and large displacements to obtain the deformation 
history. In this work, the three-dimensional model is created in Abaqus software for each region 
of interest (see Figures 1 (b) and (c)). The strains obtained are illustrated in Figures 1 (d) and 
(e). Based on these strains, the Ramberg-Osgood model (cyclic stress-strain curve) and Coffin-
Manson model (strain-life curve), it is possible to calculate fatigue life, Nc. The parameters that 
are analyzed include the hardening factor, K’, Young's modulus, E, fatigue limit of stress and 
strain, σf and εf, respectively, and the exponents b and c. The strain hardening exponent, n’, is 
equal to 0.1. The three parameters, K’, n’ and E, are used in the Ramberg-Osgood model and 
the four parameters, σf, εf, b and c, are required in the Coffin-Manson model.  

Nc is calculated from a 105 randomly samples of material parameters modeled using uniform 
densities, considering each parameter within ±5%, ±10%, and ±20% around the reference 
values. Figure 2 (a) presents four realizations of cyclic stress-strain curves. For the failure 
equation, 
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The failure probability is calculated by adopting the desired number of CT usage cycles, Nf, 
ranging from 1 to 10 operating cycles. The results are shown in Figure 2 (b).  

  

 

                           (a)            (b)         (c)   

  

(d) (e) 

Fig. 1 - (a) Sectors 1-6 describing specific strain patterns of coiled tubing; Model in FE software: (b) Reel and 
(c) Gooseneck; Longitudinal section of FE with maximum strains: (d) Reel and (e) Gooseneck. 

       (a) (b) 

Fig. 2 - (a) Cyclic stress-strain curves. (b) Failure cycles vs failure probability, Pf.  
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ABSTRACT 

Sandwich structures with PA6 foam as core material were investigated for car applications. For 
certification, cars have to satisfy certain safety standards required for pedestrian impact 
scenarios. New solutions are sought for, which offer improved pedestrian protection whilst 
keeping or reducing the mass of the vehicle. In this study sandwich materials consisting of PA6 
foams and aluminium coversheets were analysed. Since the automotive sector is very sensitive 
to costs, an in-situ joining technique was analysed by directly using the melted thermoplastic 
material as adhesive. In an experimental study, the performance of the adhesive bonding was 
characterised. Virtual material descriptions were derived from the sandwich materials by 
performing quasi-static and dynamic material tests. Finally, impact studies were conducted on 
the material, testing the performance of the sandwich and validating the numerical models. 

Keywords: Sandwich, crash, hybrid, material cards. 

 

INTRODUCTION 

For decades, customer demands in terms of comfort and safety have led to ever-increasing 
vehicle weights in automotive engineering. This constant weight increase has to be reversed 
due to the need to reduce the CO2 emissions of vehicles. Sandwich designs could offer the 
possibility to reduce vehicle weight due to the improved structural performance of the sandwich 
design. According to R. Bhagat at al. [1] hybrid materials as sandwich design could replace the 
conventional metallic design of bonnets due to the improved stiffness and safety performance. 
In the field of safety, the pedestrian impacting the bonnet plays a significant role. Qi Liu at al. 
investigated the performance of a sandwich hood design, identifying that of 12 impact positions 
covering the main hood area, about half of the impact points meet the HIC<800 and the others 
achieve HIC from 800 to 1000 [2]. In the presented study, an attempt was made, to investigate 
a cost-efficient manufacturing technique for sandwich structures by using the contact surface 
of the thermoplastic core material for the adhesive bonding of the hybrid material. 

 

RESULTS AND CONCLUSIONS 

Since the automotive is very cost sensitive, a straight forward manufacturing technique for the 
generation of a sandwich structure was analysed. Thermoplastic foams melt if a certain 
temperature level is obtained and this process can be utilised for adhesion whilst the melted 
material cools down. A simple manufacturing technique was investigated by pressing a heated 
Aluminium sheet on a thermoplastic sandwich core. Due to the heat on the contact surface the 
foam melts and bonds as soon as the metallic sheets cool down below 223°C. In this study 
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surface pretreatment of the metallic surfaces was not considered. Tension and shear specimens 
were built up for three different densities of the Zotek® N PA6 foam using the described 
manufacturing technique. In Figure 1 the tension specimen and the obtained test results are 
shown. 

 
Fig. 1 - Test specimen and tension test results for the bonding of different core densities on metallic face sheets. 

The coupon tests were used to identify the obtained bonding properties and the obtained 
characteristics were integrated into a material description for an explicit solver. Impact 
simulations on the hybrid material were conducted analysing its impact performance. For 
validation impact tests were performed using a pendulum with a round impactor. The force 
displacement characteristics were taken and compared with explicit simulations. The test setup, 
the impacted specimen and the numerical results are shown in Figure 2. 

 

 
Fig. 2 - Dynamic validation test and FE-simulation of the hybrid material sandwich structure. 

The results show that on the one hand, this manufacturing technique could have the potential 
for the generation of cost-efficient sandwich structures. However, during the manufacturing it 
was not possible to have the same heat distribution over the core, leading to a different bonding 
quality over the plate. Weakly bonded points led to initiated local delamination of the face 
sheets. Whilst the simulation proved that this technique has the potential for a light sandwich 
design, more research is required to improve the quality of the bonding. Future research should 
focus on improving the heat and pressure distribution or implementing additional surface 
treatment on the metallic face sheets. 
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ABSTRACT 

In recent years, the automotive industry has been developing autonomous driving systems. 
There are six levels of autonomous driving, ranging from 0 to 5, with levels 4 and above 
enabling unmanned driving. However, to ensure the stable operation of unmanned driving, it is 
considered more important to reduce the frequency of maintenance due to accidental 
breakdowns. For this reason, airless tires are expected to play a key role as the next-generation 
tire suitable for future unmanned vehicles, thanks to their puncture-free advantage. Using a 
scale model airless tire simulating a full-size tire, wheel load and rolling resistance were 
measured in a rolling experiment. It was confirmed that both wheel load and rolling resistance 
change over time due to tire deformation caused by preload. In this study, we investigated and 
analyzed the effects of preload and tire rotation speed on these changes over time. 

Keywords: Non-pneumatic tire, Airless tire, Wheel load, Rolling resistance. 

 

INTRODUCTION 

In recent years, research on airless tires (non-pneumatic tires, NPT) for passenger cars has 
received extensive attention (Deng et al., 2023; Nakajima, 2020). This interest is driven by the 
development of autonomous driving technology. Autonomous driving at Level 4 and above 
involves unmanned driving, making it increasingly important to reduce the frequency of 
maintenance due to accidental failures. Puncture-free airless tires are therefore being considered 
as a suitable for autonomous vehicles. Measurements of the tire forces generated in a rolling 
experiment using a scale model airless tire confirmed that both wheel load and rolling resistance 
change over time due to tire deformation caused by preload (Fujita et al., 2023). Consequently, 
we investigated the temporal changes in wheel load and rolling resistance and analyzed the 
effects of preload and tire rotation speed on these changes over time. 

 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

In the experiment, a scale model simulating the structure of a full-size airless tire is used. Figure 
1 shows the scale model airless tire, which consists of a wheel, spokes, and a tread ring. It has 
an outer diameter of 200 mm and a width of 50 mm. Figure 2 shows the experimental setup for 
the rolling test to measure wheel load and rolling resistance. The airless tire is fixed to a 
cantilevered axle and pressed against a drum with a preload. In this configuration, the tire 
rotates passively as the drum is rotated by the drive motor. Wheel load and rolling resistance 
are measured using a 6-component force transducer equipped with the axle. Rolling tests were 
conducted by varying the preload (100, 200, and 300 N) and the tire rotation speed (180, 360, 
and 540 rpm). To examine changes over time, measurements were taken immediately after 
rolling (0 minutes) and then at 1, 2, 5, and 10 minutes thereafter. 
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                        Fig. 1 - Airless tire.                                      Fig. 2 - Experimental setup. 

 

EXPERIMANTAL RESULTS AND CONCLUSIONS 

We investigated the effect of preload and tire rotation speed on the steady-state average values 
and the amplitude changes over time for wheel load and rolling resistance, respectively. Figure 
3 shows the temporal changes in wheel load and rolling resistance for preloads of 100, 200, and 
300 N at tire rotation speed of 360 rpm. The average wheel load and rolling resistance values 
for each elapsed time are plotted, with the amplitude represented by error bars. 

 
Fig. 3 - Temporal changes in wheel load and rolling resistance. 

It was confirmed that the average of the wheel load decreases exponentially over time, with the 
rate of decrease increasing as the preload increases. This tendency becomes more pronounced 
as the rotational speed increases. The amplitude of the wheel load nearly converged after 2 
minutes, and no effects of preload or tire rotation speed were observed. 

The average of the rolling resistance increases with preload, but the decrease over time is much 
smaller compared to that of the wheel load. The amplitude of the rolling resistance converged 
after 2 minutes, similar to the wheel load, and it was confirmed that the amplitude tended to 
increase as tire rotation speed increased. 
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ABSTRACT 

Bolted end plate joints are widely used for steel frame buildings located in seismic zones. When 
partial strength joints are employed, the joint ductility is strongly influenced by the properties 
of the T-stub components. Moreover, in case of multi-hazard scenarios involving local failures 
after strong earthquakes, the residual capacity may be insufficient to provide alternate load 
paths, thus resulting in the propagation of failure. The study presents the results of an 
experimental study on a set of T-stub elements subjected to monotonic loading, cyclic loading, 
and sequence of loadings, i.e., monotonic after cyclic at different amplitudes. The results 
showed a significant reduction of stiffness and ductility when T-stubs are tested in sequence of 
loading. 

Keywords: Bolted joint, multi-hazard, robustness, cumulative seismic damage, column loss. 

 

INTRODUCTION 

Bolted end plate joints are widely used for steel frame buildings, both in seismic and non-
seismic regions. When properly designed and detailed, they exhibit ductile behavior and 
appropriate seismic performance (Mahin, 1998), (Tremblay et al., 2011). However, their 
capacity to resist strong seismic aftershocks or localized failures can be seriously diminished. 
Similar observations have been made about other types of construction materials. One example 
is the Christchurch (New Zealand) earthquake series of 2010-2011, where not the mainshock 
of 7.1 Mw, 2010 caused the most losses but the smaller 2011 aftershock (6.2 Mw), which was 
responsible for 185 fatalities and over 40 billion US$ damage (multi-hazard issues). The seismic 
list is much longer and include April 2012, Indonesia; Great Tohoku earthquake in Japan, 2011; 
Chile, February 27, 2010; Wenchuan earthquakes, 2008; New Madrid Earthquakes of 1811-
1812) (Li et al., 2014). 

A dramatic example is the 32-story building collapse in Bangkok, Thailand, on March 28, 
2025, at over 1000 kilometers away from the epicenter of the 7.7 Mw Myanmar earthquake. 
The progressive collapse took just a few seconds and resulted in the complete destruction of the 
building, following a so-called pancake collapse. After the earthquake, the safety of other tall 
buildings in Bangkok started being questioned. 

Despite the problems noted above, the existing provisions do not encompass sufficient design 
rules and requirements, e.g., the description of seismic hazard does not include the probability 
of aftershocks. As a result, the level of pre-existing damage strongly influences the results of a 
structural assessment and the capacity to resist further accidental events (Li et al., 2014). And 
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there are no direct considerations on multi-hazard issues, e.g., column loss (due to fire or 
explosion) after earthquake, a situation that can be easily described if we mention the Kobe 
earthquake of January 17, 1995, when major fires sparked throughout the city and caused severe 
losses (Cole et al., 2013). There are also deliberate attacks and accidental actions (technological, 
industrial) that may affect building structures, producing damages and endangering the lives of 
occupants (Guglielmi, 2020). 

A step forward is the consideration of resilience, which represents the ability to withstand and 
recover from deliberate attacks, accidents, or natural hazards (Therese P. McAllister et al., 
2022). Two components of resilience are important when considering structural systems, 
namely the ability to withstand a threat, i.e., robustness (i) and the ability to recover from a 
threat (ii). The impact of these two components, namely their total or partial lack, has been 
demonstrated by previous natural or human-made disasters. More important, the post-event 
reconstruction process has brought to surface the urban resilience as a main goal (Bruneau et 
al., 2003). 

Most research worldwide targeted independently the threats to lateral (seismic) or gravity load 
resisting systems. The studies on members and connections focused on the response under 
either cyclic (seismic) or monotonic (column loss, robustness), with or without possible 
dynamic effects (ElSabbagh et al., 2019), (Adey et al., 1998), (Both et al., 2017), (Landolfo, 
2022), (Dinu et al., 2016), (Anwar et al., 2019), (Both et al., 2021), (Demonceau et al., 2019; 
Demonceau and Jaspart, 2010). As a result, there are no modeling parameters and acceptance 
criteria for beam to column steel joints under multi-hazard scenarios involving local failures 
(i.e., columns) following earthquakes. To do this, relevant experimental tests are needed, which 
are not yet available.  

The same problems have been reported for other types of constructions. Thus, in the study 
performed by (Nojavan et al., 2014), a set of full-scale reinforced concrete columns was tested. 
The specimens were subjected to large monotonic and cyclic displacement reversals of up to 
10% story drift ratio to investigate the behavior at or near collapse conditions. The effect of 
loading history was investigated by comparing the load-displacement curves and cyclic 
envelopes of the test specimens. It was observed that columns exhibited faster strength 
degradation and stiffness deterioration under larger axial load, but, probably more important, 
under larger number of preceding displacement cycles. 

A framework for evaluating the seismic performance of damaged buildings has been proposed 
in (Polese et al., 2012a), which adopted the residual capacity as a measure of seismic capacity 
reduced due to damage; the reduction of residual capacity after an earthquake is representative 
of performance loss. Even the mentioned study refers to existing under-designed reinforced 
concrete buildings that are typically found in European Mediterranean regions, the 
methodology may be extended to other structural typologies and sequence of loading 
(Demonceau et al., 2021). 

Also, of special interest are the partial strength / semirigid joints, and their capacity (strength, 
ductility) to arrest the progressive collapse in the event of a column loss, single or following an 
earthquake. Thus, the test results reported in (Dinu, 2017) showed that partial strength end plate 
bolted joints fail before a significant catenary action would develop. 

The study presented in the paper investigates the response of end plate bolted joints under large 
deformation demands. On this aim, bolted T-stub components were tested under different quasi-
static loading protocols, i.e., monotonic, cyclic, and combined cyclic and monotonic loading. 
Some preliminary results have been also presented in (Dinu et al., 2024). 
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EXPERIMENTAL PROGRAM 

The experimental program on T-stubs comprised tests at room temperature, considering quasi-
static loading protocols. Geometry of the T-stubs, including the bolt distance (w), end plate 
thickness (tf), end plate length (L), and edge distances (e1) and n, is presented in Figure 1(a). 
For all T-stubs, bolts are M16 of grade 10.9 HV. To reduce the number of specimens, T-stubs 
were connected to a more rigid T-stub, with identical geometry but thicker end plate, i.e., 20 
mm. The “rigid” T-stub is reused after each test. Figure 1(b) shows one specimen ready for 
testing in the universal tensile machine. Four LVDT transducers were used to measure the 
deflection of the T-stub, one at the web-flange transition, two at the end plate edges and one on 
the rigid T-stub. The load was measured using the 250 kN universal testing machine load cell. 
The nominal steel grade in end plates is S275. More data about material characteristics may be 
found in (Dinu et al., 2024). 

           

     (a)          (b) 

Fig. 1 - Geometry of the T-stubs (a), and a specimen in the universal machine before testing (b). 

 

Bolted T-stub components were tested under different loading protocols, i.e., monotonic (noted 
with M), cyclic with increasing amplitudes (noted with C), and combined cyclic and monotonic 
loading (noted with Ci + M), where the subscript i holds for the maximum level of plastic 
deformation during the cyclic loading, see Table 1. 

For the monotonic tests (M), the quasi-static loading was applied using displacement control 
and was incremented up to the failure of the specimen, which is given by the fracture of either 
the bolts or the end plate, or both. 

For the cyclic loading (C), the protocol was adapted from the ECCS recommendations (ECCS, 
1986), which is governed by the value of the elastic displacement δy, corresponding to the point 
of intersection between two tangent lines, one to the initial stiffness and one to the final stage 
of the monotonic load (Dinu et al., 2024). The loading protocol starts with four cycles of loading 
at amplitudes incremented with δy/4, until the elastic displacement δy is reached. After that, 
there are three cycles for each displacement incremented with (2 + 2n)× δy, where n = 0, 1, 2, 
…, see Figure 2(a). T-stubs are subjected to repeated cyclic loading, first in tension and then in 
compression. 

For the combined cyclic and monotonic loading (Ci + M), to consider the pre-existent damage 
due to an earthquake, the T-stubs were first tested to a certain level of plastic rotation using the 
cyclic loading protocol. The pre-existent damage level, denoted by the subscript, was set to low, 
moderate, large and hazardous, i.e., 4dy, 6dy, 8dy, and 10dy. Subsequently, the load was applied 
quasi-statically using displacement control and incremented up to the failure of the specimen, 
see Figure 2(b). 

30 100 30

160

45

45

10

90

30

12

10mm

7

M16 10.9 HV

34



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track C - Structural Dynamics 

-162- 

Table 1 - Summary of experimental program. 

T-stub 
Loading 

Cyclic  Monotonic 

M          +  

C    +  

C4dy+M 4×dy          + 

C6dy+M 6×dy          + 

C8dy+M 8×dy          + 

C10dy+M 10×dy         + 

 

    
(a)               (b) 

Fig. 2 - ECCS loading protocol adapted to T-stub testing under cyclic loading (a) and combined 
cyclic + monotonic loading (b). 

 

EXPERIMENTAL RESULTS 

A total of twelve T-stubs were tested, 2 for each loading protocol. Table 2 presents the yield 
and ultimate response parameters, and also the failure mode. Note that for (Ci + M) specimens, 
the yield point refers to the monotonic loading step that follows the cyclic loading.  

Figure 3 shows photos of the failure mode for each loading condition. The failure mode for 
each loading protocol involved either fracture of the end plate in the heat affected zone HAZ or 
bolt fracture. However, for tests C6dy + M, one specimen failed due to bolt fracture and one 
due to end plate fracture. In cases involving bolt fracture, cracks of various extensions were 
observed in the HAZ. The mixed failure modes is partly given by the value of the yield force 
in relation to the characteristic resistances in mode 1 and mode 2 calculated in accordance to 
(EN 1993-1-8, 2011), see Figure 4. 

Figure 5 shows the cyclic response and the comparison between force - displacement curve for 
monotonic test M/1 and 1st cycle envelope for tests C/1, C/2, and the averaged, respectively. 
While the initial stiffness and yield points are rather identical, the deformation at peak force in 
the cyclic tests reduces by 25 % for one specimen and by 50% for the second specimen, which 
is somehow expected. The average of the maximum deformation capacities under cyclic 
loading supported the decision to limit the cyclic amplitude in the combined protocol (cyclic 
plus monotonic) to 10dy, which is approximately 14 mm.  
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Table 2 - Experimental results from monotonic (M), cyclic (C) and monotonic after cyclic loading (Ci + M). 

T-stub Fy
average [kN] dy

average [mm] Fmax
average [kN] du

average* [mm] Failure mode 

M 150.00 1.40 228.01 22.37 End plate 

C 150.00 1.40 209.07 13.91 End plate 

C4dy+M 167.22 3.14 231.80 21.80 Bolt 

C6dy+M 201.87 5.62 239.23 24.80 Bolt, end plate** 

C8dy+M 193.25 8.80 236.15 30.10 End plate 

C10dy+M - - - - End plate 

Notes:  

* Deformation corresponding to peak capacity  

** One specimen with bolt fracture, one with end plate fracture 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

(f) 

Fig. 3 - Failure modes: a) monotonic; b) cyclic; c) C4dy+M; d) C6dy+M; e) C8dy+M; f) C10dy+M. 

 
Fig. 4 - Monotonic force displacement-curve vs analytical results (EN 1993-1-8, 2011).  
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Figure 6 shows the force - displacement curves for T-stubs tested for monotonic loading after 
cyclic loading at four different amplitudes. For the first two T-stub series, that were tested for 
low to moderate cyclic plastic deformations, i.e., C4dy + M and C6dy + M, there is a good 
agreement between the behavior of the specimens of each series, with very close peak force and 
ultimate deformation. However, for the specimens tested for larger cyclic amplitudes, i.e., C8dy 
+ M and C10dy + M, the cyclic degradation has significant impact on the capacity to resist the 
last monotonic loading phase. This is, the specimens damaged at this level by an earthquake 
may fail even with a small increase of the load, e.g., due to a column loss.  

a) b) 

Fig. 5 - Experimental force-displacement curves: (a) cyclic response; (b) monotonic vs 
backbone curve, 1st cycle.  

  
(a) (b) 

  
(c) (d) 

Fig. 6 - Experimental force-displacement curves: a) C4dy+M; b) C6dy+M; c) C8dy+M; d) C10dy+M.  
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Figures 7(a),(b) show the load-deformation relationship for steel structural components, with a 
general definition and modelling parameters for intact components (prEN 1998-1-2:2019.3, 
2019) and damaged components adapted from (Polese et al., 2012a), (Demonceau et al., 2021). 
Also, comparative force-displacement curves for monotonic, and monotonic after cyclic tests 
at different amplitudes are shown in Figure 7(c). Note that the two cyclic curves are based on 
the average of the envelope curves obtained in each series of tests. Also, for (Ci + M) specimens, 
the curves refer to the monotonic loading step that follows the cyclic loading. Due to the failure 
in the cyclic loading phase, no monotonic curve is represented for specimens C10dy + M.  

The results are summarized in Table 3. As may be seen, when the cyclic damage in T-stubs is 
low to moderate (C4dy, C6dy), the initial stiffness and the normalized plastic deformation 
capacity (or ductility) in a subsequent monotonic loading decrease by different amounts, but 
the ultimate deformation remains at levels close to that resulting from monotonic tests. 
However, when the T-stubs are severely damaged by an earthquake (C8dy, C10dy), the residual 
capacity to sustain any additional load in a subsequent monotonic loading is severely 
compromised, with 3 out of the four specimens failing at the very end of the cyclic load. 

 
(a) (b) 

 
(c) 

Fig. 7 - Load-deformation relationship for steel components under monotonic loading: (a) general definition and 
modelling parameters for “no damage” components (prEN 1998-1-2:2019.3, 2019); (b) modelling parameters for 

damaged components (Polese et al., 2012b); (c) monotonic after cyclic tests at different amplitudes. 
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Table 3 - Response parameters for the intact and damaged T-stubs under monotonic loading. 

T-stub 
Initial stiffness 

[kN/m] 
Ratio 

damaged/initial 
Normalized plastic 

deformation capacity 

Initial (intact), M 110 000  16.0 

Damaged C4dy+M 53 000 0.48 6.9 

Damaged C6dy+M 29 450 0.27 4.4 

Damaged C8dy+M 21 931* 0.19* 3.4* 

Damaged C10dy+M - - - 

*data are for specimen C8dy+M/1 

 

CONCLUSIONS 

The study presented in the paper investigated experimentally the response of a set of bolted T-
stub elements under monotonic loading, cyclic loading, and sequence of loadings, i.e., 
monotonic after cyclic at different amplitudes. In the following, the concluding remarks and 
some further developments of the study are presented: 

- T stubs are the main contributors to the joint ductility for partial strength joints. Their detailed 
investigation allowed us to identify the main response parameters (initial stiffness, peak force, 
ductility). 

- When monotonic response is envisaged (e.g., beam to column joints adjacent to a lost column), 
the T-stubs may provide large ductility, with large deformation capacity of the end plate before 
bolt fracture. 

- Cyclic tests showed ductility is almost halved compared with monotonic. End plate fractures 
in the heat affected zone (HAZ) before bolt fracture. 

- When multi-hazard scenarios are of interest (monotonic after cyclic), moderately damaged T-
stubs (C4dy, C6dy) show significantly lower initial stiffness and ductility, but ultimate 
deformations at levels close to that resulting from monotonic tests. However, when the T-stubs 
are severely damaged by an earthquake (C8dy, C10dy), the residual capacity to sustain any 
additional load in a subsequent monotonic load is severely compromised. For such a scenario, 
a column loss following an earthquake may reveal insufficient capacity to develop alternate 
load paths and arrest the propagation of collapse. 

Further studies will consider other T-stubs configurations (end plate thickness, bolt diameter 
and distances) under single and multi-hazard scenarios but also dynamic effects due to column 
loss. 
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ABSTRACT 

Helicopter vibration monitoring is crucial for ensuring flight safety, reducing maintenance 
costs, and optimizing operational efficiency. Traditional health monitoring systems, such as 
Health and Usage Monitoring Systems (HUMS) and Prognostics and Health Management 
(PHM), rely on extensive sensor networks and pre-defined diagnostic models but often require 
aircraft grounding to operate. This study explores the application of neural networks for 
helicopter vibration analysis, using raw acceleration data and its Fast Fourier Transform (FFT) 
representations as inputs. A simple neural network architecture was trained with various 
hyperparameter configurations to assess its performance. Initially, raw vibration data were fed 
into the model to evaluate its capacity to learn without feature extraction. Subsequently, FFT-
modified data were used to capture frequency-domain characteristics. The results demonstrate 
how input choice (raw vs. FFT) and hyperparameter tuning influence the model's ability to 
detect and classify vibration anomalies. This approach suggests a real-time health monitoring 
solution that complements existing HUMS and PHM systems, enhancing early fault detection 
and predictive maintenance in rotorcraft operations.   

Keywords: Neural networks, vibration monitoring, helicopter vibration. 

 

INTRODUCTION 

Helicopters are a type of rotary-wing aircraft that utilize rotating blades to generate lift, 
propulsion, and enable flight control (Venkatesan, 2015). The rotor hub is the fundamental 
component of helicopters, it is attached to the blades and the fuselage, and through this 
component the aerodynamics forces and vibrations are transmitted to the aircraft. Due to the 
rotational motion and aerodynamics, natural frequencies arise and vary across different flight 
phases, inducing vibrations throughout the entire aircraft (Bramwell et al., 2000). Prolonged 
exposure to these vibrations has the potential to harm critical hub components which can alter 
vibration patterns, providing valuable data that can be harnessed for proactive measures to 
prevent incidents and accidents. As technology continues to evolve, new computational 
resources are being introduced and can be used in vibration-based damage detection techniques, 
such as Neural Networks (NN). In this study, two vibration detection methods are integrated 
with computational tools to effectively identify structural damage in helicopters. Publicly 
available vibration datasets are employed to train NN models using different combinations of 
techniques and software architectures. 

 

HELICOPTER VIBRATIONAL PATTERNS 

According to Bramwell et al. (2000), aerodynamic loads are periodic during steady flight, which 
can be used to model the force equation in lateral/longitudinal axes and the vertical axis. By 
defining � as the number of blades on a helicopter and � as the angle of one blade taken as 
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reference, vertical loads observed from the fuselage can be modeled using Fourier series into 
the following equation 

 (1) 

in which � and � are constants obtained from the Fourier series. As it can be seen, vertical 
loads are periodic and dependant only on frequencies that are integer multiples of the number 
of blades �. Using the same methodology for lateral and longitudinal loads, equations 

 (2) 
and 

 (3) 

can be achieved. Both longitudinal (�) and lateral (�) are dependant on the Fourier constants �, �, 	 and 
, but this time the trigonometric functions contains the � integer that when 
combined to the Fourier constants depending on �� � 1 or �� � 1 leads to forces only 
appearing at frequencies multiples of ��� � 1� or ��� � 1�. This mathematical model can be 
summarised at Table 1, also presented at Prouty (1993),  in which � is the rotor rotational speed 
and the primary frequency acting on the rotor hub. 

Table 1 - Ideal frequencies transmitted to the fuselage according to frequencies on 
the hub and blades. 

 

 

FAULT DETECTION METHODOLOGY 

Helicopter vibration analysis can be performed using different methods, which commonly 
involve treating data in the time domain or the frequency domain. To make use of existing 
knowledge in the helicopter vibration field, two approaches will be taken: one developing the 
raw vibrational acceleration data and the other will use the frequency domain, transforming 
time series data acquired in real aircraft from accelerometers positioned in the fuselage and hub 
in different axis to the frequency domain using the Fast Fourier Transform (FFT).  

Time Series Classification (TSC) has been one extensive subject of study in the Machine 
Learning community with researchers investigating the performance of different NN models, 
architectures and methodologies combinations over multiple datasets such as Bagnall et al. 
(2017). A study compared different NN models, including the Multi Layer Perceptrons (MLPs) 
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- denominated “Regular NN” in this study—, Convolutional Neural Networks (CNNs), 
Encoders and other classifiers, showing that MLPs, although not exceptional, can exceed other 
models and stand in the average performance range for TSC (Fawaz et al., 2019). The present 
study explores the potential of MLPs over the TSC problem and in the frequency domain, 
displaying the capabilities of fault detection with neural networks. 

To interpret and generalize the analysis, a NN was developed returning the aircraft health 
condition using data from the Airbus Challenge Large Scale Machine Learning to the detection 
of anomalies in accelerometer data (ETH Zürich, 2020). This data is composed of one-minute 
acceleration samples captured at 1024 Hz, being 1677 healthy samples in the original train 
dataset and 594 samples in the validation dataset, evenly split between healthy and faulty 
conditions. Four samples extracted from the validation dataset are represented in Figure 1, in 
the time and frequency domain. 

 
Fig. 1 - Samples extracted from the validation dataset represented in the time and frequency domain. 

Creating a regular NN required using the original validation dataset as the training dataset, since 
the original training dataset contained only healthy samples, which is considered unbalanced 
and would lead to poor results. Two training routines were created: one using the entire 
validation dataset; other using a method called stratified k-fold cross-validation, consisting of 
partitioning the original validation dataset into ‘k’ balanced pieces of samples, training with (k-
1) samples and validating with the last piece for every combination possible. After that, samples 
were divided using the knowledge from Table 1 to verify if separating data would lead to better 
performances. 

A NN with three layers — an input layer, one hidden layer, and an output layer — was designed 
with configurations of 128, 256, 512, and 1024 neurons. To prevent data memorization, a 
dropout rate of 25% was applied in the first and second layers. The Rectified Linear Unit 
activation function was used in these layers to introduce non-linear behaviors, while the 
Softmax activation function was employed in the output layer to classify data into healthy or 
anomalous states. The network was optimized using the Categorical Cross Entropy loss 
function and the Adaptive Momentum (ADAM) optimizer, with predefined learning rates and 
corresponding decays for each configuration. Additionally, L2 regularization was incorporated 
with fixed values to penalize high weights, reducing the risk of overfitting caused by 
memorization. The whole coding was created in Python based on Kinsley & Kukieła (2020). 
The complete set of hyperparameters used is summarized in Table 2, and a visual representation 
of the NN architecture is shown in Figure 2. 
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Table 2 - Hyperparameter combination for different neurons, learning rates (LR), 
decay and L2 penalization. 

 

 
Fig. 2 - Neural Network model used in visual representation. 

 

DATA PREPARATION 

The validation dataset contained 25 duplicated faulty samples, which were removed to ensure 
correct results. This removal created the necessity of balancing the dataset once again, with 25 
additional healthy samples being transferred from the original dataset to the training dataset, 
going from 1677 and 594 samples in the original training and validation dataset to 1702 and 
544 samples respectively. 

The same dataset was also separated in the vertical and lateral/longitudinal axis to check if it 
would lead to better performance. The separation methodology applied was according to the 
region of peaks in the frequency domain. Due to aerodynamics phenomena, lateral and 
longitudinal vibrations also have noticeable peaks of smaller amplitude in high frequency 
regions (Bramwell et al., 2000; Prouty, 1993). This behaviour was used to separate samples 
into vertical, in case the sample has high peaks in low frequency regions (<90 Hz/5400 RPM), 
or lateral, in case the sample possess high frequency prominent peaks (>=90 Hz/5400 RPM) or  
frequency peaks are similar in magnitude (<=10%). This separation was only necessary due to 
the fact that the dataset provider did not specify the direction of each sample, which would not 
be necessary in a real implementation, with accelerometers capturing data in known directions. 
After balancing, the new original dataset size, both mixed and separate is exhibited in Table 3. 

A common process in NN model training is feature normalization, where columns from each 
sample are normalized to the interval of [-1,1] or [0,1] in order to avoid large numbers in neuron 
weights and biases. 
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Table 3 - Processed datasets sizes. 

 

This feature normalization is not meaningful to acceleration data that is presented in time series, 
since the data captured in the 30th second mark, for example, does not correlate with other 
samples captured in the same 30th second mark. However, this feature normalization is useful 
for the FFT transform of samples, since peaks might appear in the same region of frequency for 
every sample. The same normalization values applied in the training dataset must be used in 
the validation dataset, avoiding BIAS. To avoid adding complexity to the analysis, all samples 
were normalized by the maximum absolute value in the actual training dataset. 

 

PERFORMANCE METRICS 

For binary classifiers NN models, the confusion matrix is easily assembled with numbers from 
the NN guesses. The confusion matrix for helicopter fault detection NN models is represented 
in Table 4. Loss and accuracy are the main metrics used in this study, the lower the loss, the 
better overall performance the model will have. Accuracy accounts for the right predictions 
from the network, given by Equation 4. After evaluating the best models, the True Positive Rate 
(TPR), False Positive Rate (FPR) are calculated, along with the Area Under the Curve (AUC) 
and F1 Score (Google, 2024a; 2024b). Great NN models present loss and FPR close to zero and 
accuracy, TPR, AUC and F1 Score close to 100% during validation.  

Table 4 - Confusion matrix for helicopter fault detection neural network models. 

 

�������� �  ���������������� (4) 

��� �  ������� (5) 

 �� �  ������� (6) 

 1 
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RESULTS AND CONCLUSIONS 

Training with raw data did not lead to impressive results, achieving up to 85.19% accuracy 
when validating with only healthy samples, as shown in Table 5, and when using both healthy 
and faulty data the accuracy increased to 89.34±1.9%, shown in Table 6, but still not reaching 
the desired performance above 95% for safety indications. Using the same input but in the 
frequency domain, after passing through an FFT algorithm, the accuracy reached up to 98.41% 
when validating with only healthy samples (Table 7) and 97.24±0.83% when validating with 
both healthy and anomalous data, exhibited in Table 8. As seen by the low loss, coupled with 
low standard deviations in both the accuracy and loss of the latter, this is a promising model to 
be used in a real scenario. 

Table 5 - Results for raw data as input in the mixed data analysis. Trained with all 
validation data and validated with only healthy samples. 

 

Table 6 - Results for raw data as input in the mixed data analysis. 
Results for the 5-fold cross validation. 
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Since it was observed that the FFT analysis outperformed the raw data analysis, the Separate 
Samples Analysis were trained and validated similarly to the Mixed Samples Analysis: first 
validating with the original training dataset; then performing the k-fold cross validation. After 
training, the best combination of networks achieved 97.80% accuracy in vertical vibrational 
patterns and 98.58% in lateral when validated with only healthy samples, shown in Table 9. In 
Table 10, the results are shown after validating with healthy and anomalous data, reaching up 
to 92.72±4.91% precision in the vertical analysis and 100±0% in the lateral one. Although it 
may seem impressive to obtain 100% accuracy, it can be attributed to the small validation pool 
sample, consisting of only 37 or 38 samples for lateral models during the cross validation. 

Table 7 - Results for FFT data as input in the mixed data analysis. Trained with all 
validation data and validated with only healthy samples. 

 

Table 8 - Results for FFT data as input in the mixed data analysis. 
Results for the 5-fold cross validation. 
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Table 9 – Results for FFT data as input in the separated data analysis. Trained with all 
validation data and validated with only healthy samples. 

 

Table 10 - Results for FFT data as input in the separated data analysis. Results for the 5-fold cross validation. 
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After picking the best two models from each analysis, Table 11 was created to show additional 
metrics. Since some validations occurred with only healthy samples, it is not possible to 
calculate the TPR, AUC and F1 Score, since these metrics all depend on the number of actual 
positive (faulty) samples in the dataset.  

Table 11 – Additional metrics for the best two models of every analysis. Healthy Only abbreviated as H. O. 

 

It is quickly evident that high learning rates promote better models, which is a great lead for 
future studies. FFT analysis outperformed the raw data analysis, with higher F1 Scores, AUCs, 
and smaller FPRs. The separation methodology applied improved models in the lateral axis 
analysis, but worsened in the vertical axis, which can indicate the creation of a BIAS during the 
separation. 

 

RESULT COMPARISON WITH BIBLIOGRAPHY 

Garcia et al. (2021) performed a similar study over the same dataset, creating a CNN instead of 
a MLP, which turns slices of the time series signal into visual information through 
methodologies like Gray-scale encoding, compresses the numeric information of the image to 
lower dimensions and reconstructs it in the same network. This allows the network to train 
solely on healthy data, since any faulty data would lead to poor reconstruction of the slice of 
data. In the study, the latter authors achieved a remarkable model of 85±02% TPR, 01±00% 
FPR, 91±01 F1 Score and 92±01% AUC, which is close to what the developed regular NN 
models achieved. The idea of using regular Neural Networks was to simplify the analysis and 
take advantage of already known faulty modes of a helicopter, which can be simulated in a 
controlled environment with safety. 

 

CONCLUSIONS 

Neural networks and Artificial Intelligence are modern technologies that have plenty of 
applications in the engineering industry. By using a helicopter vibration database with healthy 
and faulty samples from an Airbus, models were trained in two methodologies, one in the time 
domain and other in the frequency domain. An attempt to separate the samples in the vertical 
axis and lateral/longitudinal axis of vibration was made, leading to better results in the lateral 
axis but worse results in the vertical axis. This study proposes the application of neural network 
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models in fault detection and prevention, demonstrating its effectiveness if correctly trained, 
following different architectures and methodologies. 

The best NN models trained can be used to create a real-time analysis in helicopters where 
pilots get constant feedback on helicopter health based on vibrational patterns. Evidently, more 
techniques must be applied to further improve the diagnostic provided by the NN, making it 
more reliable and of easy access, always prioritizing safety. More safety layers also can be used 
to avoid false alarms, for example, a computer can store a pre-defined number of previous 
diagnostics and alert the pilot if the number of anomalous diagnostics reach a certain threshold. 
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ABSTRACT 

The complexity of protection systems has gradually evolved into sophisticated, multi-layered 
and multi-material solutions to deal with changing levels of threat. Their design requires a 
numerical optimization. In this context, the present preliminary work focuses on the comparison 
of different numerical algorithms for the optimization of the mechanical properties of an armor 
plate perforated by small munitions. 

Keywords: Ballistics, simulation, optimisation, ISIGHT, ABAQUS. 

 

INTRODUCTION 

Ballistic problems are related to high-speed impacts on structures that can cause irreversible 
damage and further failures. They include, but are not limited to, impacts of ammunition on 
armored vehicles, hail on aircraft, and debris/micro-meteorite on satellites. The complexity of 
ballistic protection systems has progressively evolved from a monolithic configuration into 
sophisticated, multi-layered and multi-material solutions, aiming to cope with ever-changing 
threat levels. Their design requires a numerical optimization. In this context, this preliminary 
work is concerned with the comparison of different numerical algorithms for the optimization 
of the mechanical properties of an armor plate perforated by small munitions, see Figure 1 and 
related literature (Cosquer et al., 2023). 

 

RESULTS AND CONCLUSIONS 

Numerical simulations are carried out using the commercial finite element computation code 
Abaqus and optimizations using the numerical environment Isight. The initial-boundary value 
problem is the impact of a small munition onto a metallic plate. The behaviour of the plate 
material is described using Johnson-Cook models for plasticity and fracture, see (Johnson and 
Cook, 1983) and (Johnson and Cook, 1985). We here consider Johnson-Cook models material 
coefficients A and D1 that respectively represent the initial yield stress and fracture strain at 
given temperature, strain rate and stress triaxiality ratio (for the latter). For high-enough initial 
velocity Vinit, the munition perforates the plate and has a residual velocity Vres, see Figure 1.  

The optimization problem consists in finding the parameters A and D1 giving a residual velocity 
Vres with the constraint C=A·D1. Three numerical optimization algorithms available in Isight 
are compared: (i) Downhill Simplex, (ii) NLPQLP, and (iii) Hooke-Jeeves. Starting with the 
same initial values for A and D1, they are expected to converge toward the reference values A 
and D1 used to carry out the numerical simulation giving the residual velocity Vres, see Figure 
2. 
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Fig. 1 - Perforation simulation of an aluminium plate. Fig. 2 - Parameters to calibrate. 

The results of the optimisation are summarized in Figure 3. All employed algorithms 
demonstrate convergence toward the residual velocity Vres. Values of the parameters A and D1 
depend on the specified precision range. The non-gradient-based optimization method 
Downhill Simplex is the most precise, even though the iteration number is high. The gradient-
based method NLPQLP provides less precise results, but it needs fewer iterations. At last, the 
Hooke-Jeeves method requires a higher number of iterations, while not being the most precise. 

 
Fig. 3 - Optimization results. SP #i stands for starting point #i. 

Further work is needed to refine the process and improve consistency in matching the desired 
parameters. The computation time itself has not yet been factored into the analysis and should 
be considered in future studies to provide a more comprehensive evaluation. 
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ABSTRACT 

Bridges are essential for road and railway networks, and their closure can cause significant 
economic losses. Regular maintenance, including non-destructive testing, is crucial for 
effective bridge management. However, due to budget constraints, the condition of bridges in 
Slovakia is deteriorating. This study focuses on a multi-span reinforced concrete bridge built in 
the 1980s, where traffic had to be controlled due to its deteriorating condition. Repeated 
dynamic testing was performed to assess the dynamic characteristics and structural integrity of 
the bridge. The results highlight the importance of repeated measurements and advanced 
numerical modelling for evaluating the health of aging infrastructure while minimizing traffic 
disruption. 

Keywords: Operational modal analysis, FE model updating system identification, repeated 
measurements. 

 

INTRODUCTION 

Bridges are especially important part of the road or railway network. Due to this fact, any 
closure can lead to a lot of economic losses (Carvalho et al., 2017). Periodic and careful 
maintenance covering not only visual inspections, but also non-destructive testing or 
monitoring can have a positive effect on bridge management and can save money in the future 
(Rodrigues and Duvnjak, 2021). Nowadays, there is a lot of possibilities how to test the 
structure and an investigation of dynamic response can be included among non-destructive 
testing (Horvath et al., 2023). Besides the approaches using new technologies in testing and 
monitoring, researchers are designing in-depth numerical reliability-oriented assessment 
methods for bridge systems (Apostolidi et al., 2022) as a hopeful practice. Testing or monitoring 
has no sense itself and because of that various damage detection methods are currently 
developed or tested (Jarosinska and Berczynski, 2021; Akahoshi et al., 2023) 

On the contrary, due to the insufficient budget for maintenance or the lack of specialists, the 
“health” of bridges in Slovakia is deteriorating. The similar situation occurred on a multi-span 
reinforced concrete bridge which was built in the 80s of the 20th century. According to the 
assessment, the traffic on the bridge had to be decreased and controlled by the traffic lights. 
This state is provisional, and the repeated measurements were done to have a comprehensive 
information about the change in the state.  

This study presents the findings of repeated dynamic testing of the multi-span reinforced 
concrete bridge, with the objective of identifying its dynamic characteristics and structural 
integrity. The bridge, which has been in service for several decades, was subjected to six 
separate rounds of dynamic testing using high-precision accelerometers to capture its dynamic 
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responses under real traffic conditions. Due to the necessity of maintaining operational traffic 
throughout the testing, an operational modal analysis (OMA) was conducted to assess the 
bridge's dynamic properties without requiring traffic interruption. 

 

 

(a) (b) 

Fig. 1 - The multi-span reinforced concrete bridge: a) side view with Vajnorska street on the right; b) the 
restricted traffic operation. 

The tests were designed to monitor the natural frequencies, mode shapes and damping ratios of 
the bridge, providing a comprehensive understanding of its dynamic behaviour. A highly 
detailed numerical model of the bridge was developed using the Finite Element Method (FEM). 
This model was used to simulate the bridge response to dynamic loads, comparing the 
numerical results with the measured data to validate the accuracy of the numerical model. 

 

NUMERICAL MODEL 

The foundations of the bridge were modelled using shell elements with a height of 1,5 m, which 
corresponds to the height of the cup foundations. The columns are modelled using beam 
elements. Height and width of the cross-section is 0,7 m. Due to the gradient of the bridge deck 
(Figure 1 a)); the columns have a variable height. The axial distance of the columns (violet) in 
the transverse direction is 2,8 m (Figure 2). 

The superstructure of the bridge is modelled in detail (Figure 2). All of its elements, such as the 
cross girders (blue), beams (red), carriageway (orange), sidewalks (pink), and grouts (green), 
are created with volumetric elements. In the cross-section of the superstructure, we can see 11 
precast beams (type KA-67) placed on the crossbar. The joint between the beams is filled with 
volumetric element, which is a cast-in-place concrete. At the edges of the bridge, the sidewalks 
are also formed with the same type of element. The carriageway is modelled in the joint and 
fixed to the girders at all common points. The cross girder is rigidly connected to the columns 
at four points. The abutments are modelled by volumetric elements and are flexibly supported 
by springs in all directions, as well as the foundations under all columns.  

 

Fig. 2 - The cross-section of the bridge deck. 
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MEASUREMENTS 

Between 2020 and 2024, several measurements were carried out in order to monitor the 
deteriorating “structural health” of the bridge. The measurements included measurements of 
the strains at the bottom edge of the eleven beams (type of KA-67) in the chosen span (span. 
no. 3 in Figure 3) during common operation (as mentioned before traffic is restricted). Vertical 
deflections over time were also recorded using interferometric radar in the same span. However, 
the main focus was devoted to the measurement of the ambient vibration and the identification 
of the first natural frequencies. Figure 3 shows the positions of the accelerometers on the bridge 
deck according to the initial modal analysis performed on the FE model described in the 
previous chapter. The sensors oriented perpendicularly to the longitudinal axis of the bridge in 
the horizontal direction (Y direction) are marked in red in order to identify mode shapes in that 
direction. The vertical sensors marked in green in order to identify vertical bending and 
torsional mode shapes. Two sensors were also located in the direction along the bridge (X 
direction) are marked in blue. In total, 26 sensors were deployed. 

Fig. 3 - Placement of the accelerometers and devices of measuring system (dimensions in millimetres). 

Due to the excessive damage of the 7th girder, the third span was measured in more detail (Fig. 
3) and therefore there was a greater concentration of vertical sensors. All high sensitivity 
accelerometers PCB 393B31 were connected to two acquisition devices (D1 and D2 marked on 
Fig. 3). Connection and synchronisation between them were ensured by ethernet cable and the 
device D1 was used also for the storage of recorded data.  

Thermocouples located in span no. 4 and no. 3 close to the accelerometers in vertical direction 
were connected to the device D1. As a result, the correlation between temperature and modal 
parameters could be investigated.  

Ambient vibrations were recorded in data sets of 300 s or 600 s to fulfil minimum length of 
time series according to (Brincker and Ventura, 2015). The necessity of minimum length is 
caused by the fact that only output (response of structures) is measured. On the contrary, the 
main advantage of OMA is no need to traffic restriction or stop the traffic. Thanks to that, OMA 
could be done successfully, and the entire process is described in the following section.  

 

OPERATIONAL MODAL ANALYSIS (OMA) 

OMA was performed in ModalVIEW software using previously pre-processed data by own-
developed script (Sokol et al., 2020). Due to the hardware restrictions, 2048 samples per 
seconds were used during measurements. 15 Hz were chosen as the upper limit for filtering in 
order to identify enough natural frequencies and appropriate mode shapes. According to the 
upper limit, data could be downsampled in order to analyse data quicker and to store lower 
amounts of data. 
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Example is depicted on Figure 4 where bridge deck is moving in the horizontal direction (Y 
direction) as the first mode shape with the natural frequency of 2,44 Hz. It can be seen that 
interpolation between measured points and intermediate points was not able to correctly set by 
the ModalVIEW software. As a result, the amplitudes from the intermediate points were lower 
as in the reality and the values obtained by numerical model. To compare numerical results and 
identified from the measurements using MAC (Beutelhauser, Venglar and Honti, 2023), only 
amplitudes from 26 measured points were used (interpolated values were excluded). 

 

Fig. 4 - The first mode shape identified using OMA (appropriate natural frequency 2,39 
Hz) – data from 04/2021. 

 

RESULTS 

Similarly to the data from 2021, data from years 2020, 2022 and 2023 were analysed. The first 
natural frequency from various campaigns is summarised in Table 1. There is also information 
about the air temperature. It can be seen that the first natural frequency corresponding to the 
mode shape in horizontal direction is increasing with the increasing temperature and vice versa. 
This environmental impact can disguise the real damage or in this case, decreasing temperature 
can signalise the damage that is not present or real, as mentioned in (Wenzel, 2009). 

Table 1 - Natural frequencies (in Hz) for the first mode-shape identified during repeated measurements.  

It is necessary to eliminate the environmental impact (temperature effect on modal parameters) 
before applying model updating methods in order to prepare a verified and validated numerical 
model. At the moment, there is not possible to statistically evaluate the impact and due to that 
there is a plan to monitor the bridge in real time to obtain larger statistical sample. At this stage 
of the research, the difference between the measured value and the results from the FE model 
for the first natural frequency is 0,1 Hz (2,39 Hz for the measurement and 2,29 Hz for the initial 
FE model) with the MAC value of 0,97 (that is showing quite good agreement even before the 
updating process). 

MODE 

NO. 

Measurements (month/ year) and air temperature 

12/2020 04/2021 08/2021 11/2021  06/2022 07/2023 12/2023 

3°C 20°C 29°C 6°C 25°C 19°C 4°C 

1 2,34 2,39 2,44 2,36 2,45 2,37 2,35 
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CONCLUSIONS 

The lack of maintenance has necessitated restricted operation and more detailed monitoring or 
testing. The results indicate that the “health” of the bridge during restricted operation over the 
past three years has remained unchanged. This suggests that the repeated measurement 
campaigns have been successful. 

The findings of this study provide valuable insight into the dynamic performance of an ageing 
reinforced concrete bridge, emphasising the importance of repeated measurements and 
evaluation.  

The highly detailed FE model can be considered a valuable step in the overall assessment 
process. In this case, the FE model was used solely as a base for the measurements. After 
accounting for temperature effects, it will be used to update selected parameters through particle 
swarm optimisation as a part of the ongoing research project. 

 

ACKNOWLEDGMENTS 

Authors thank the Slovak Research and Development Agency (SRDA) for providing grant from 
research program APVV Nr. 0431-22 as well as this paper has been supported by the Grant 
Agency of the Ministry of Education, Science, Research and Sports of the Slovak Republic 
VEGA No. 1/0230/22.  

 

REFERENCES 

[1] Carvalho H, Hallal Fakury R, Leite Vilela PM. Structural integrity assessment and 
rehabilitating of Hercilio Luz bridge. Frattura ed Integrità Strutturale, 2017, 11, pp.93-104. 

[2] Rodrigues H, Duvnjak I. Editorial on the Special Issue: Advanced Structural Health 
Monitoring: From Theory to Applications. Applied Sciences, 2021, 11, pp.1-3. 

[3] Horvath P, Hajdu F, Szalai P, Papp, C, Apagyi A et al. Investigation of Traffic Induced 
Dynamic Response of a Bridge. Strojnícky časopis - Journal of Mechanical Engineering, 2023, 
73, 1, pp.85-102. ISSN 2450-5471. 

[4] Apostolidi E, Somodikova M, Strauss A, Novak D, Pukl R et al. Modelling of Nonlinear 
and Uncertain Behavior of Concrete Bridges. Proceedings of the 1st Conference of the 
European Association on Quality Control of Bridges and Structures. Lecture Notes in Civil 
Engineering. Cham: Springer International Publishing, 2022, pp. 244-251. ISBN 978-3-030-
91876-7. 

[5] Jarosinska M, Berczynski S. Changes in Frequency and Mode Shapes Due to Damage in 
Steel-Concrete Composite Beam. Materials, 2021, 14, 21. ISSN 1996-1944. 

[6] Akahoshi K, Hayashi G, Chen Y, Yamaguchi T. Damage identification of corroded arch 
bridge using vibration characteristics and rotational angle. Life-Cycle of Structures and 
Infrastructure Systems. London: CRC Press, 2023, pp.562-569. ISBN 9781003323020. 

[7] Brincker R, Ventura C. Introduction to operational modal analysis. Chichester, England: 
Wiley, 2015. ISBN 978-1-118-53516-5. 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track C - Structural Dynamics 

-186- 

[8] Sokol M, Venglar M, Lamperova K, Marfoldi M. Performance Assessment of a 
Renovated Precast Concrete Bridge Using Static and Dynamic Tests. Applied Sciences, 2020, 
10, 17. ISSN 2076-3417. 

[9] Beutelhauser D, Venglar M, Honti R. Case study - System identification of an old 
reinforced concrete bridge. AIP Conference Proceedings, 2023, 2887, 020035. 

[10]Wenzel H. Health monitoring of bridges. Chichester: Wiley, 2009. ISBN 978-0-470-
03173-5.



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-187- 

PAPER REF: 22435 
 
 

TRANSPORTATION OF SMALL PARTS ON A PLATFORM EXCITED 
IN TWO PERPENDICULAR HORIZONTAL DIRECTIONS BY 
SINUSOIDAL VAWES WITH A PHASE SHIFT 
 
Kristina Liutkauskienė1(*), Ramūnas Česnavičius1, Sigitas Kilikevičius2 
1Department of Mechanical Engineering, Kaunas University of Technology, Kaunas, Lithuania 
2Department of Transport Engineering, Kaunas University of Technology, Kaunas, Lithuania  
(*)Email: kristina.liutkauskiene@ktu.lt  
 
 
ABSTRACT 

This paper proposes a vibrational transportation method of small parts on a platform excited in 
two perpendicular horizontal directions by harmonic sinusoidal excitation with a phase shift. 
To investigate the characteristics of the transportation process, dynamic and mathematical 
models were developed. The mathematical model was implemented by developing simulation 
codes using MATLAB, and simulations of the process were carried out. The simulation results 
showed that parts can be transported due to the asymmetry caused by the phase shift between 
the perpendicular sinusoidal waves. Moreover, the transportation characteristics can be 
controlled by modifying the excitation parameters. The influence of the input parameters on the 
transportation characteristics was determined. The method can be applied across various 
industries, especially those related to high technologies that implement tasks related to feeding, 
position or automatic assembly of delicate objects. 

Keywords: Transportation, control, vibrations, asymmetry. 

 

INTRODUCTION 

The transportation of small parts is relevant for various industries, especially those related to 
high technologies that implement tasks related to feeding, position or automatic assembly of 
delicate objects. In practice, parts are transported, positioned and manipulated through various 
active and passive methods. Active approaches rely on sensory approaches [1], feedback 
systems [2], and computer vision systems [2]. However, these methods are expensive, complex, 
and require more energy. Therefore, passive methods in certain situations might be more 
efficient and cost effective. These methods are achievable through an asymmetry of a 
mechanical transportation system [3]. In practice, this is achieved using transportation surfaces 
exposed to vibrations with a sawtooth waveform [4] or asymmetric vibrational trajectories [5]. 
This paper proposes a vibrational transportation method transportation of small parts on a 
platform excited in two perpendicular horizontal directions by harmonic sinusoidal excitation 
with a phase shift. In this case, the effect of transportation is achieved through the asymmetry 
caused by the phase shift between the perpendicular sinusoidal waves. 

 

DYNAMIC AND MATHEMATICAL MODELS OF MOVEMENT OF A PART 
ON A HORIZONTALLY OSCILLATING PLATFORM 

Dynamic and mathematical models were developed to study the transportation of small parts 
placed on a horizontal platform subjected to sinusoidal vibrations in two perpendicular in-plane 
directions. To easily and quickly move parts from one place to another, it is necessary to 
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determine the movement trajectories of the part on the horizontal platform excited in two 
perpendicular horizontal directions by harmonic sinusoidal excitation with a phase shift. When 
the harmonic excitation amplitude and frequency are the same in both directions, then any point 
on the platform follows the same trajectory. Figure 1 shows the dynamic motion model of the 
part on the platform as it moves in a circular path. The system consists of a fixed base (1) 
(Figure 1) on which a horizontal moving platform (2) is placed. At the intersection of two 
horizontal stationary axes % and & is origin of immovable base coordinate system Σ. The 
coordinate system of the moving platform is named Σpl and it moves with the platform. 

 

Fig. 1 - Dynamic model of transportation on a platform subjected to circular trajectory of planar oscillations: (1) 
stationary base; (2) mobile platform; (3) part in initial position; (4) part in final position; (5) distance traveled ∆d. 

As the platform is excited with the same amplitude in both directions, but with phase shift 
between the harmonic waves, the equations of motion of the platform are written as follows: 

'% � %( � �sin�,-�        & � &( � �sin�,- � .�      (1) 

where t is excitation time, A is the excitation amplitude in x and y directions, ω is the frequency 
of excitation, and . is the phase shift between the harmonic waves along the x and y axes (in 
this case it is equal τ = π/2 for circular motion), %0 and &0 - platform initial coordinates. 

When formulating the equations of motion of a part placed on a platform (Figure 1, (3)), for 
simplicity, it is assumed that the part is flat, and the mass of the part is concentrated at the center 
of mass. Also, an assumption is made that the coefficient of dry friction between the part and 
the platform is constant.  

Then equation of motion of the small part, placed on a horizontally vibrating platform:  

456 � �,# 789� ,-� � :;<=><= ?�@= ? ,
�6 � �,# 789� ,- � .� � :;@=><= ?�@= ? .     (2) 

The trajectory of the movement of the part on the platform varies depending on the excitation 
frequency, friction conditions, and excitation amplitude. By changing these parameters, it is 
possible to control the velocity of the transfer of the part onto the platform. The average sliding 
velocity of the part is calculated by dividing the transport path by the transport time: 

C � DE/D-       (3) 

where ∆d is the distance and ∆t is the travel time. The equations of motion express the position 
and velocity vectors of the part with respect to the coordinate system Σpl. 
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RESULTS OF SIMULATION 

In order to study the influence of the input parameters μ, ω, and A on the movement 
characteristics of the part, simulations were carried out using software developed for this 
purpose. The software was written using the MATLAB (Mathsoft, Cambridge, MA, USA) 
programming language. The equations of motion were solved using the ode45 solver based on 
the Runge-Kutta (4, 5) formula. All simulated cases are assigned a value of g = 9.81 m/s2.  

When a horizontal platform is excited in a circular path, the part initially moves a certain 
distance in a wavy path (Figure 2, (b)). Later, the wavy trajectory turns into a spiral one. 
However, the part eventually starts to move around one point, i.e. does not move further forward 
and the part is no longer transported. The location of the steady movement of the part is 
perfectly visible in the Figure 2, (a), then the part no longer moves in the x and y directions but 
only oscillates around the equilibrium point (the vertical red line and the letter E mark the place 
where the part is no longer transported). The characteristics of the movement and the nature of 
the trajectory depend on the parameters of the system such as the excitation amplitude, 
frequency and dry friction coefficient. 

 
(a)                                                                                        (b 

Fig. 2 - Trajectory of movement of the part on the platform, when μ = 0.15, A = 0.001 m, ω = 300 rad/s, τ = π/2: 
(a) displacement of the part with respect to time in the x and y directions; (b) trajectory of the part to be transported. 
 
The velocity of transportation is a very important parameter from the practical point of view. 
Therefore, in order to determine the average velocity of the part on the platform, it is necessary 
to determine the time during which the part reaches the equilibrium position. An additional 
program code was developed that calculated the centers of arcs and circles for each oscillation 
cycle and compared the coordinates of the differences between two adjacent points. When the 
difference between the center points of the adjacent circles was ∆k < 2·10−4 m, the code was 
terminated and the platform excitation time was recalculated. 

During the study, it was found that by increasing the excitation amplitude and frequency, the 
average transport velocity increases linearly (Figure 3 (a and b)). However, when the excitation 
frequency is high, the friction coefficient does not have a significant effect on the part's sliding 
velocity (Figure 3 (c)). Thus, when a horizontal platform is excited in two perpendicular 
directions by sinusoidal waves of the same amplitude with a phase shift, the excitation 
frequency and amplitude have the greatest influence on the average transportation velocity of 
the part. 

 

CONCLUSIONS 

A method of transporting small parts on a platform that is excited in two perpendicular 
horizontal directions by harmonic excitation has been proposed, where the transportation effect 
is achieved through the asymmetry caused by the phase shift between the perpendicular 
sinusoidal waves. 
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(a)                                                    (b) 

 
                                                               (c) 
 

Fig. 3 - Average transportation velocity depending on: (a) excitation amplitude, where μ = 0.15; (b) excitation 
frequency ω, where μ = 0.15; (c) friction coefficient μ, where ω = 300 rad/s. 

 

Dynamic and mathematical models of small part transportation were developed. Modelling 
codes were developed using MATLAB, and simulations of the transportation process were 
performed. It has been found that the excitation frequency and amplitude have the greatest 
influence on the average transportation velocity of the part. When the excitation amplitude or 
frequency increases, the average transportation velocity increases linearly. When the excitation 
frequency is high, the friction coefficient does not have a significant effect on the sliding 
velocity of the part. 
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ABSTRACT 

Vibration isolation is crucial for experiments and measurements of dynamic systems. Among 
the options, a robust inertial table, supported by helical springs, may be a feasible and affordable 
solution. However, to guarantee stability and accuracy of tests an appropriate vibrational 
dimensioning is required. The objective of this work is to describe the necessary steps to design 
a 3.3-ton inertial table, suspended by helical springs, with rigid body modes under 2Hz. The 
process includes the choosing and characterizing of springs and the finite element models built 
to analyse the linear and nonlinear behaviours imposed by the vertical load. Modal analyses 
were performed to position the six rigid body modes (3 translational and 3 rotational axes) 
below target. Based on the simulation results the table was physically built and natural 
frequencies confirmed by experimental frequency response functions (FRF). The comparison 
between measured and simulated FRFs showed that the dynamic behaviours of the inertial table 
could be reliably predicted thanks to the use of FEM in the table design. 

Keywords: Inertial table, vibration analysis, vibration isolation, modal analysis, linear static 
analysis, nonlinear static analysis, FEM. 

 

INTRODUCTION 

Structural engineering is essential for designing and constructing structures that can withstand 
loads, including extreme events such as earthquakes and strong winds, ensuring safety, 
durability, and efficiency. In civil engineering and structural dynamics, passive vibration 
control in structures subjected to transient loads is crucial for their integrity and performance. 
With advancements in computational modeling, it is possible to analyze dynamic behavior, 
validate results through experimental modal analysis, and implement strategies for vibration 
isolation.  

 

RESULTS AND CONCLUSIONS 

For the characterization of the springs, the first step is to perform an analytical analysis to 
calculate the stiffness modulus in Equation (1) of the springs, using theoretical formulas based 
on geometric parameters and materials provided by the manufacturer. 

                                    G �  EH ∙ J8 ∙ 9 ∙ LM � 16,4H ∙ 80 ∙ 10M8 ∙ 7 ∙ 119M � 61,3 S��                         �1� 

Since the springs are identical, the theoretical stiffness modulus is the same for all of them, 
resulting in an equivalent stiffness constant, Equation (2).   



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track C - Structural Dynamics 

-192- 

                                                      GTU � 4 ∙ G � 4 ∙ 61,3 � 245,2 S��                                      �2� 

Based on the equivalent stiffness modulus and the inertia table mass of 3300 kg, the table's 
volume is estimated using the concrete density along with the mass of the steel components of 
the table. From this, the natural frequency of the table is estimated in Equation (3) and Equation 
(4). 

                                                              ,X � YGTUZ � 8,62 ��E7                                                      �3� 

                                                                     [ �  ,X2\ � 1,37]^                                                        �4� 

In a simplified analytical model, the table's natural frequency is calculated to be below 2 Hz. 
After characterizing the springs, a computational simulation of the inertia table is performed 
using the HyperMesh software. Initially, the springs were simulated separately to verify if they 
would withstand the applied loads. Subsequently, a simulation was conducted with the 
complete table model (Figure 1). 

 
Fig. 1 - Simulation conducted with the complete table model. 

In the image above, the results of the frequencies in all six axes are presented, and all of them 
are below 2 Hz. 
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ABSTRACT 

This paper analytically examines the seismic retrofitting of high-voltage current transformers 
in power transmission substations using various energy-absorbing dampers. The dampers 
studied include viscous, friction spring, rotational friction, yielding dampers, and wire-rope 
isolators. These dampers are considered in two scenarios: between the equipment and support 
structure, or at the base of the support structure. The best retrofitting option is selected based 
on efficiency and cost, presented as a prioritization index (PI). The results show that rotational 
friction dampers perform best when placed between the equipment and structure support. 

Keywords: Power transmission substation, Current transformer, seismic damage, seismic 
retrofit, damper, wire-rope isolator. 

 

INTRODUCTION 

Power transmission substations are critical components of the power network. Their behavior 
and the damages they sustained during past earthquakes reveal their vulnerability. Most damage 
in high-voltage substations during earthquakes is due to porcelain insulator failure. Current 
transformers, particularly top-core types, are vital and have shown seismic vulnerability in past 
earthquakes (Bastami, 2008). Standards like IEEE-693 and IEEE-1527 provide guidelines for 
designing and improving substation equipment behavior against earthquakes. Extensive 
research has been conducted to evaluate this behavior. Recently, there is a trend to use seismic 
protection devices like isolators and dampers to improve equipment behavior (e.g., Alessandri 
et.al. 2015 and Cochran et.al. 2022). This paper presents an approach for retrofitting current 
transformers using dampers and suggests the best type through technical and economic analysis. 

 

RESULTS AND CONCLUSIONS 

This paper models a 400 kV current transformer weighing 1780 kgf and its support structure in 
SAP2000 software. It is dynamically evaluated using nonlinear time history analysis subjected 
to IEEE-matched earthquake ground motions (Takhirov et. al. 2017) for high seismic level 
(PGA=1g). The transformer is a top-core type with porcelain insulators, supported by a truss 
structure with steel angle sections. The model, prepared using the manufacturer's drawings, is 
validated based on the first mode frequency. Various dampers—viscous (FVD), friction spring 
(FSD), wire-rope isolator (WRI), V-type rotational friction (V-RFD), and yielding metallic 
(TADAS)—are used in two scenarios: on top of the support structure and at the. The dampers 
move vertically, causing a rocking isolation effect. Each damper is applied using the NLLink 
element with parameters provided by the manufacturers, which optimized. 
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Fig. 1 - Picture of the current transformer and support structure (Left) and analytical model in SAP2000 (right). 

In order to determine the best type of damper for retrofitting the equipment, the prioritization 
index (PI) for each option was calculated using equation (1): 

�_ � `�max �∆cde∆fgg  , hijkhfgg��lm × �o��l?                                        (1) 

Where, CR is the cost ratio, Δtop and Δall represent the maximum displacement at the top of the 
equipment and its allowable value, respectively. Mins and Mall are the maximum bending 
moment at the base of the insulator and its allowable value (according to IEEE-693), 
respectively. w1 and w2 are the relative weights, respectively. The cost ratio (CR) is the total 
cost of retrofitting, normalized to the price of the equipment and support structure. The PI 
values for the examined options are presented in Table 1. 

Table. 1 - Prioritization Index (PI) values for various retrofitting options of the current transformer 

TADAS 
(base)  

TADAS 
(top)  

RFD 
(base)  

RFD 
(top)  

WRI 
(base)  

WRI 
(top)  

FSD 
(base)  

FSD 
(top)  

FVD 
(base)  

FVD 
(top)  

Damper Type 

0.61  0.47  0.43  0.3  0.59  0.55  0.57  0.46  0.76  0.72  PI  

Based on the PI values in Table 1, the preferred retrofitting option is the V-type rotational 
friction damper, installed between the equipment and its support structure.  

 
REFERENCES 

[1]  Bastami, M., Seismic Assessment of medium and high voltage power substation 
equipments, in the 14th World Conference on Earthquake Engineering. October 12-17, 2008: 
Beijing, China. 

[2]  Alessandri, S., Giannini, R., Paolacci, F., Malena, M. (2015). Seismic retrofitting of an HV 
circuit breaker using base isolation with wire ropes. Part 1: Preliminary tests and analyses. 
Engineering Structures, 98, pp. 251-262. 

[3]  Alessandri, S., Giannini, R., Paolacci, F., Amoretti, M., Freddo, A. (2015). Seismic 
retrofitting of an HV circuit breaker using base isolation with wire ropes. Part 2: Shaking-table 
test validation. Engineering Structures, 98, pp. 263-274. 

[4]  Cochran, R., Parker, E., Gille, S., Kempner Jr, L. (2022). Damping Devices for Seismic 
Protection of Substation Equipment. In Electrical Transmission and Substation Structures 2022 
(pp. 508-523). Reston, VA: American Society of Civil Engineers. 

[5]  Takhirov, S., Fujisaki, E., Kempner, L., Riley, M., Low, B. (2017). Development of Time 
Histories for IEEE693 Testing and Analysis (Including Seismically Isolated Equipment). PEER 
Report No. 2017/10, Pacific Earthquake Engineering Research Center.



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-195- 

PAPER REF: 22480 
 
 

NUMERICAL AND EXPERIMENTAL MODAL ANALYSIS OF A 
SMALL-SCALE WIND TURBINE BLADE 
 
Vanessa da Nóbrega Porto de Moura1(*), Antônio Almeida Silva1, Andersson Guimarães Oliveira1, 
Rômulo Pierre Batista dos Reis2 
1UFCG, Federal University of Campina Grande, Campina Grande, Brazil  
2UFERSA, Federal Rural University of the Semi-Arid Region, Mossoró, Brazil 
Email: vanessa.npmoura@gmail.com 
 
 
ABSTRACT 

Technological advancements and climate change have driven the transition to renewable energy 
sources, with wind energy emerging as one of the leading clean and sustainable alternatives. 
Increasing the size of wind turbine components, such as blades, has proven to be an effective 
strategy for increasing the energy power for each machine. However, this structural growth 
introduces challenges, including higher vibration levels that negatively affect performance, 
reduce turbine lifespan, and increase maintenance costs. This study presents an experimental 
and numerical modal analysis of a small-scale wind turbine blade. The objective was to perform 
a methodology to characterize the dynamic parameters of the wind blade structure and validate 
by numerical model. For the experimental analysis, triaxial electronic accelerometers, an 
impact hammer, and a National Instruments data acquisition system were used under free-free 
boundary conditions. The collected data were processed to generate frequency spectra (FFTs) 
and determine the structure’s natural frequencies. Subsequently, a numerical simulation was 
performed, and the results were compared with the experimental data. The results showed good 
agreement between the methods, with relative errors below 5% for most analyzed modes. The 
accuracy of the numerical analyzes was significantly influenced by the proper control of 
geometric configurations and boundary conditions. The method demonstrates the continuous 
improvement of the geometric model and appropriate selection of materials can increase the 
accuracy of results, contributing to a deeper understanding of the dynamic behavior of wind 
turbine structures and the optimization of their performance and reliability. 

Keywords: Experimental modal analysis, finite element method, wind turbine blades, 
failure modes. 

 

INTRODUCTION 

Wind energy, a rapidly expanding renewable energy source, plays a crucial role in the transition 
to sustainable energy matrices and in reducing dependence on fossil fuels. With the increase in 
energy demand and the challenges of climate change, the wind sector has promoted 
technological advances, such as increasing the length of towers and blades in order to improve 
the energy efficiency of turbines (Moraes, 2019). However, these innovations bring new 
structural challenges, such as high levels of vibration, which can compromise the efficiency 
and integrity of turbines (Awada et al., 2021). 

Structural deflections, such as edgewise (in the plane parallel to the axis of rotation) and 
flapwise (in the perpendicular plane), are essential in the analysis of the vibrational behavior of 
blades, as they directly influence the operational efficiency and durability of the structure. 
Vibration monitoring, combined with modal analysis, allows the identification of problems 
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such as misalignments and failures, and is an essential strategy in predictive maintenance. The 
Finite Element Method (FEM) is widely used in modal analysis to evaluate vibrational 
properties and ensure structural integrity (Xu et al., 2021). 

 

RESULTS AND CONCLUSIONS 

In this study, an experimental modal analysis and a numerical simulation were performed using 
FEM on a VERNE 555 wind turbine blade from ENERSUD. The experimental analysis was 
performed with the blade in free-vibration condition, using ADXL 335 triaxial electronic 
accelerometers and a PCB 086C03 impact hammer. The data were acquired by a National 
Instruments acquisition system and NI DAQ Express software The geometric model initially 
proposed by Araújo et al. (2016), was updated and the geometry was imported into ANSYS® 
for discretization, using quadratic-order tetrahedral meshes, adjusted to balance computational 
accuracy and customization. The results identified the natural frequencies and the first modal 
shapes of the blade, evidencing greater deformations at the tip and smaller ones at the root. The 
vibrational modes demonstrate a combination of flapwise and edgewise deflections, with 
deflection in the edgewise direction predominating in modes 3 and 4. Figure 1 shows the 
vibrational modes of the blade. 

 

 
Fig. 1 - Representations of the first 5 vibration modes. 
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Table 1 shows a summary of the natural frequencies and vibration modes found in the numerical 
modal analyses and the respective relative errors between the numerical and experimental 
values. 

Table 1 - Results of natural frequencies and vibration modes – free-free condition. 

Modes 
Numerical Frequencies 

(Hz) 
Experimental Frequencies 

(Hz) 
Relative error 

(%) 

1 12.22 12.12 0.82 

2 50.68 53.48 5.23 

3 63.72 61.15 4.2 

4 99.43 96.12 3.44 

5 148.19 150.68 1.65 

 

Considering all the parameters used in the simulation, it can be observed that the updates to the 
geometric model proposed by Araújo et al. (2016), as well as the appropriate choice of materials 
that make up the blade, directly influenced the accuracy of the results. The analysis of the 
natural frequencies revealed that, for most of the modes evaluated, the relative errors remained 
below 5%, which reinforces the effectiveness and suitability of the numerical model based on 
the Finite Element Method (FEM) to capture the global vibrational behavior of the blade. The 
more accurately the geometric model is able to represent the reality of the object of study, the 
greater the convergence between the experimental and numerical results will be, ensuring a 
more reliable and consistent modal analysis. 
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ABSTRACT 

This paper presents an upper bound analysis for the axisymmetric extrusion of a perfectly 
plastic material. It is built a velocity field valid for all die forms possible. This field allows the 
potential development of a central explosion while extruding. Assuming the boundary at 
entrance into deformation zone is an arbitrary curved surface and at exit to be a spherical 
surface. Extrusion pressure is minimized at the entrance to obtain the shape of the boundary. 
The best effective die profiles that reduce the precious extrusion pressure, along with the 
specification curves for braided rupture in the midsection and the secure areas for a large set 
of process variables, are presented. We show that the optimal die profiles also fulfil the central 
burst prevention conditions. Predictions obtained using the proposed criterion compare well 
with the FEM simulation data and are consistent with published results. 

Keywords: Rod extrusion, Upper bound method, Central bursting defects, Curved die. 

 

INTRODUCTION 

In this process a round bar is subjected to plastic deformation under a compressive load; is 
made to flow through the die opening which has a smaller cross-sectional area than that of the 
original rod, and may take a conical or curved shape. During this process due to some die 
geometries, the products may form a crack on their centre line leading to a fracture called as 
central burst. These defects are insidious due to their hidden nature on the product’s surface and 
require more sophisticated and costly equipment for diagnosis. Thus, computation simulations 
should be conducted to predict and avoid the central rupturing successfully. The die profile, 
friction and reduction ratio is particularly influential in solving this problem. Another 
important aspect of the die design is the specification of a profile which simultaneously reduces 
the external power along with providing a defect free product. The optimal profile is a profile 
leading to the lowest extrusion pressure. 

Several papers have discussed the subject of central defects in axisymmetric extrusion. Using 
the upper bound approach on an axisymmetric region with an infinitesimally small radius 
cylindrical hole, Avitzur studied the central burst phenomenon in extrusion and wire drawing 
through conical dies of rigid perfectly plastic materials. Two concentric spherical surfaces have 
been assumed as the boundaries at the entrance and exit regions of the deformation zone which 
are shear surfaces or velocity discontinuity surfaces respectively. He postulated that it was less 
force required for that extrusion or drawing process with central bursting started compare to 
no-central bursting state (Avitzur, 1968). For proof of the concept, an analytical model was 
introduced by Zimmerman and Avitzur (1970) using the upper bound method, considering 
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spherical surfaces at inlet and outlet shear boundaries for linear strain hardening materials. 
Moritoki, 1991 applied a slip line method to predict the central bursting defects during extrusion 
through conical dies and validated his model predictions with Avitzur results. In the rod 
extrusion process through rectangular dies for rigid perfectly plastic materials, Wu and Li 
predicted central bursting defects employing the upper bound analysis (Wu and Li, 1992). 
Venkata Reddy et al. used the pressure-velocity finite element formulation and predicted the 
minimizing die profiles in the redundant forming energy in extrusion with the different process 
conditions. They also demonstrated that the optimal dies by this proposed hydrostatic stress 
criterion satisfy the condition for central bursting prevention (Reddy et al., 1996). KO and KIM 
introduced a method to predict central bursting defects while simatraneously inspecting 
deformation during extrusion and wire drawing. They utilized using the damage model, 
according to rigid-plastic finite element method (Ko and Kim, 2000). 

Plancak et al. propose an idea of forming limit curve to study the forming ability of carbon steel 
and the central bursting defects (Plancak et al., 2014). Sebek et al. employed a numerical 
simulation with the use of the package of Abaqus/Explicit to study the effects of die angle, 
friction and reduction ratio. They used the uncoupled ductile failure models and compared the 
numerical results with the experimental results (sebek et al., 2015) The analytical model for 
the prediction of central bursting defects during rod extrusion process through conical dies is 
proposed by the current authors based on the upper bound method (Parghazeh and Haghighat, 
2016). 

 

RESULTS AND CONCLUSIONS 

A velocity field kinematically admissible to the predicted axisymmetric extrusion of rigid-
perfectly plastic materials is defined in this paper which leads to the central bursting defects 
through dies of any shape simultaneously with the necessary and sufficient conditions. The 
inlet shear boundary is approximated as a spherical surface, and the outlet shear boundary is 
approximated as an arbitrary curved surface in the analysis. The optimized inlet shear 
boundary and extrusion force are derived by minimizing total power obtained from the analysis 
velocity field, and the criterion for central bursting defects is achieved. In addition, the effect 
of process parameters like die length and frictional factor on die wall on the central bursting 
defects is also established. The upper limit extrusion pressure is compared with the results 
calculated by the finite element method. 
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ABSTRACT 

This proposal exposes the application of the generative design to a mountain bike swingarm 
considering the reduction of the structural weight and model improvement. The process was 
carried out to obtain the optimized model of the swingarm. Different alternatives generated was 
observed, to compare between them and obtain the best alternative that complies with the 
standards. Three different methods were used to obtain the alternatives: own generation, 
generate by artificial intelligence and optimization a topographic study. A total of seven 
alternatives were proposed to perform the analysis and determine the quality level. Through the 
simulation of the different alternatives the best working conditions were verified based on the 
resistance and compliance with the safety factor of each alternative. The greatest structural 
reduction was obtained in the alternatives obtained through AI generation with 25.64 %, 
however, the safety factor of the alternative was not proper. The most encouraging results were 
obtained in one of the alternatives obtained by self-generated generation when complying with 
the safety factor of 1.32 and 13.82 % of structural reduction, which translates into 36.12 grams. 

Keywords: Generative design, factor of safety, reverse engineering. 

 

INTRODUCTION 

Currently the world of cycling has become famous due to the versatility of the sport, which has 
evolved over time, becoming one of the most practiced sports in the country thanks to its great 
performance, to thoroughly understand this area is necessary to understand what is available, 
and the operation of each component that, despite seeming simple, must be well executed to 
achieve harmony in the movement. Especially if we are talking about mountain biking where 
the riding conditions are much more aggressive compared to the city [1]. This harmony translates 
into an excellent convergence between the rider and the bicycle, among the most important 
parameters is the need for the bicycle to be light, so this research focuses on the application of 
generative design to the swingarm of a mountain bike with the aim of reducing its structural 
weight. Generative design uses a different approach to computer aided design where algorithms 
and artificial intelligence techniques are used to generate design models based on predefined 
parameters. The results obtained were favorable due to the structural weight reduction obtained, 
39.189 g of reduction for the final part obtained, about 15 % of the original weight, which 
complied with what was proposed when using the generative design. 

A. Double suspension mountain 

The improvements that were integrated to the model were appearing according to the needs that 
were appearing in the process, a fork type suspension was implemented, since, with this solution 
[2] allowed a better driving experience which allowed a pivot with the impact and thus reduce 
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fatigue to the rider, the first forks used as elastic system to the air and for damping a system of 
open oil. With this it was possible to counteract the problem of rigidity and soon it did not take 
long to appear the double suspension bicycles that were much more useful for the mountain 
descent, an important role was also played by the diameter of the wheel, nowadays there are 
from 24 in. to 29 in. 

It provides an additional level of comfort and is particularly suitable for areas with technical 
trails and descents, where greater stability, fun and comfort are sought. In addition, the presence 
of damping systems also facilitates climbs and improves traction, avoiding rear wheel slippage, 
since both wheels remain in constant contact with the ground for longer. According to the 
research of Perez [3] double suspension frames are ideal for mountain biking because an 
evolution can be obtained within mountain biking by optimizing aspects to ensure the 
adaptability of the bicycle to the rider, which requires knowledge on how the rider’s body 
behaves with respect to the bicycle, thus achieving a correct posture that meets the 
biomechanical requirements that prevent injuries. In addition to the size that each bicycle should 
have with respect to the user is different and must be correct to be able to regulate the saddle as 
shown in Figure 1. 

 
Fig. 1 - Trek Slash 8 Bike. 

B. Generative Design 

A computer-aided design and engineering approach [4]that uses advanced algorithms and 
software to automatically generate optimal or efficient designs for a specific product. Itis based 
on simulation and optimization to find design solutions that meet certain objectives, such as 
weight reduction, structural strength, or aerodynamic efficiency. It is thus an artificial 
intelligence used in mechanical engineering to solve design problems [5]. Instead of facing 
constraints and parameters during the process, designers tell the program the desired objectives 
and limits of the project. Cloud computing allows the program to generate multiple possible 
solutions based on these requirements. Generative design introduces changes to the 
conventional design process, where the engineer sets the overall parameters so that the software 
can work accordingly [6]. 
 
C. Reverse Engineering 

It is a discipline in constant evolution due to the fact that its application has been useful in 
engineering fields. That reverse engineering represents a revolution in the aspect of the product 
development process [7]. The high potential it has lies in the continuous improvement of 
machines, tools, technological accessories of the industry. Where the demand for quality 
increase and price preservation makes it necessary to optimize time and costs in complete 
research processes, i.e., to start from scratch. With reverse engineering you already have a base 
part, and a base of necessary data with which hat part works, if you want to make some kind of 
improvement to this part, by means of 3D information obtained; the process can be greatly 
expedited. The process involved in reverse engineering, and the difference that exists with 
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normal engineering, Figure 2 shows the beginning of a normal engineering process starting 
from base data to obtain a final prototype, as opposed to reverse engineering [8], which is to 
take the prototype already built, apply design improvements and obtain data and a new database. 
 
D. 3D Scanner 

A 3D scanner is a device that is used to capture different geometries in third dimension in a 
precise digitizing software, thus obtaining a digital model that represents the characteristics of 
the scanned object [9]. The process used to obtain it is based on an emission camera and a 
reception camera, through the emission of light beams that interact with the reflection markers 
are captured by the receiving camera to record three-dimensional information, the diameter of 
the markers differ in the reflective part of the normal part in Figure 3 shows the size and color 
that have these markers. 

                 
Fig. 2 - Reverse Engineering [9].                                           Fig. 3 - Reflective markers. 

 
RESULTS 

The swingarm of a Trek bicycle, model Slash 8, was selected as the object of study to apply 
generative design with the aim of reducing structural weight. To obtain the scanned part, several 
steps were followed, including the calibration of the scanner using a box with reflection 
markers. During the scanning process, markers were placed on the rocker and support surface 
to ensure accuracy and proper reference, as shown in Figure 4. 

 
Fig. 4 - Link obtained with 3D scanner. 

The scanning progress was monitored through the software, and the total time spent was 
approximately 35 minutes.   However, the model initially obtained did not meet expectations, 
so additional operations were performed to refine it in SolidWorks software. Details such as 
bearing holes were adjusted and imperfections were eliminated to prepare the model for 
optimization by generative design in the Figure 5.  
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Fig. 5 - refined model. 

A. Static Analysis 

Static analysis is a crucial step in the design and evaluation of structures, focusing on the 
equilibrium of bodies and systems under static loads to determine internal forces, deformations 
and reactions. In the case study of the bicycle, a static analysis was performed at the support 
points of the wheels to calculate the reactions and forces acting on them as shown in Figure 6. 

 
Fig. 6 - Reaction management at strategic points. 

The calculated values for the forces and reactions are shown in Table 1. These results were used 
as inputs for the simulation of the part and compared with the results obtained during the 
analysis. This process provides a detailed evaluation of the structural behavior and its suitability 
for implementation in the bicycle design.  

Table 1 - Calculated analysis results. 

Forces / Reactions Magnitudes (N) 
Weight (W) 1177.2 

Ry1 385.87 
Ry2 405.45 
F1x 559.35 
F1y 385.87 
F1 679.53 

F3y -318.58 
F4y -704.45 

 

B. Base model simulation 

The simulation of the base model of the swingarm was carried out using SolidWorks to observe 
stresses, displacements and deformations, these being fundamental data for the analysis. Before 
starting, the initial mass of 261.26 grams in 6061 aluminium alloy was considered. Force F1, 
with a magnitude of 679.53 N and an inclination of 34.6°, was applied at point A, while points 
B and C were used as fixtures, one fixed and the other as a bearing support, respectively as 
shown in Figure 7. 
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Fig. 7 - Denomination of each hole. 

Results included maximum stresses of 37.24 N/mm² and maximum displacements of 0.149 mm. 
Unit deformations were mainly concentrated in hole B, one of the two direct connections to the 
bicycle frame, being one of the most stressed parts. The safety factor was calculated at 1.48 as 
shown in Figure 8, indicating that the original part is suitable for its current use and serves as a 
reference for the analysis in the optimized model. These results are fundamental to achieve a 
correct optimization, as they will help determine the percentage of structural weight reduction 
in the generative design model using artificial intelligence tools. 

 
Fig. 8 - Original part safety factor. 

C. Design alternative 

In house generation 

Weight reduction is prioritized, currently at 261.26 grams with a safety factor of 1.48. It is 
decided to work with a safety factor of 1.2 to observe the eliminated mass. The least affected 
areas in the original part are in the central part, so it is decided to reduce the weight in these 
areas. 

These results show the importance of finding a balance between weight reduction and part 
strength in the generative design process as shown in Table 2. 

Table 2 - Results of the Analysis Of 3 Alternatives. 

Variables Alternative 1 Alternative 2 Alternative 3 
Weight 193.49 gr 214.31 gr 225.14 gr 

Maximum tension 208 MPa 256 MPa 43.56 MPa 
Maximum 

displacement 
0.22 mm 0.208 mm 0.162 mm 

Deformation 0.00157 0.00145 0.00048 
Safety factor 0.265 0.354 1.266 

 

Generation using AI 

The generative design models in Autodesk’s Fusion 360 [10] are based on the selection of 
geometries to be retained and obstacles, along with constraints and loads [11]. The software 
uses this data to iteratively calculate a part that fits the initial parameters. Depending on the 
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complexity, various design options are obtained. In the process, the constraint and obstacle 
geometries are identified with green and red colors, respectively, as shown in Figure 9 [12]. 
The generated alternatives may vary in small details, but these can significantly influence the 
analysis as shown in Table 3. 

 
Fig. 9 - Visualization of generative design process on Fusion 360. 

None of the AI-generated alternatives were found to be feasible for use. It was determined that 
the manual design approach, based on the results obtained on the original part, produces better 
results. Alternative 3 as shown in Figure 10, obtained from this approach, has an excellent ratio 
of weight reduction to initial strength. 

Table 3 - Results of the analysis of 3 alternatives with AI. 

Variables Alternative 1 Alternative 2 Alternative 3 
Weight 196  gr 197.58 gr 195.54 gr 

Maximum tension 260 MPa 516 MPa 398 Mpa 
Maximum displacement 2.57 mm 0.227 mm 0.506 mm 

Deformation 0.0374 0.005 0.00493 
Safety factor 0.0.0169 0.0107 0.138 

 

 

Fig. 10 -Alternative of generative with AI. 

Generation by topographic survey 

The process of generation by topographic survey in SolidWorks involves setting parameters 
such as mass reduction and the desired factor of safety, together with the selection of surfaces 
to be retained and free areas for optimization [13]. 

Parameter settings: The mass reduction (in this case, 15%) and the desired safety factor (1.5) 
are set to start the study. Surface selection:Areas to be retained are marked in green, while areas 
free for optimization are highlighted in gray. 

Once the parameters have been set, the topographic survey is executed, and an initial parametric 
model is obtained. However, the initial results do not meet the safety requirements, suggesting 
that the optimization has not converged properly.  

A second study is performed with more conservative parameters (15% mass reduction and 
safety factor of 1.5). The resulting model requires refinement to correct the surfaces generated 
by the software. Once refined, a more viable model is obtained for implementation as seen in 
Figure 11. 
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Fig. 11 - Figure with 15% weight reduction. 

Analysis of the optimized alternative by topographic survey yields a weight of 226.66 g, a 
maximum stress of 86.5 MPa, a maximum displacement of 0.178 mm, a maximum unit strain 
of 0.000934, and a factor of safety of 0.637. Although the refined model shows improvements, 
the factor of safety is still insufficient, indicating that this alternative is not feasible for the 
materialization of the project. 

Figure 12 details the best option with its own optimization. Figure 13 details the best option 
with AI optimization. 

                            
Fig. 12 - The best option con own optimization.                       Fig. 13 - The best option con AI optimization. 

Figure 14 details the best option with topological optimization. 

 
Fig. 14 - The best option con topological optimization. 

 

CONCLUSIONS  

Considering the simulations, there is variability in the results obtained in several aspects. 
Among the five alternatives proposed in the framework of this project, only the third option 
was able to achieve established objectives. First, the percentage of weight reduction was 10.87 
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%, equivalent to a decrease of 28.42 g with respect to the initial weight. In addition, there was 
an increase of 12 MPa in the maximum strength of the part.  

The alternative generated by artificial intelligence had the potential to be one of the most viable 
options due to the type of software used. The weight has a weight reduction of 65.26 gr. 
Additionally, it shows the lowest safety factor as a result its construction is not feasible. 

The results derived from the topological analysis failed to meet all the parameters established 
at the beginning of the simulation. Although an effectiveness was evidenced in the weight 
reduction section, reaching 15 % corresponding to a decrease of 39.189 g, the part under 
consideration does not satisfy the safety factor requirement. This drawback indicates the lack 
of feasibility of the proposal using the topographic study method, showing the need to 
reconsider alternative approaches for the optimization of the part in question. 

The most accure results were obtained in one of the alternatives obtained by self-generated 
generation when complying with the safety factor of 1.32 and 13.82 % of structural reduction, 
which translates into 36.12 grams less. 
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ABSTRACT 

The increasing demand for advanced wearable technologies has driven innovations in 
stretchable strain sensors. In this contribution, we investigated the mechanical behaviour of 
Ecoflex™ Shore 00-30 under varying temperature conditions. The results of the effects of 
temperature on stiffness, energy dissipation, and failure mechanics were analysed and 
discussed. Mechanical testing across a range of temperatures revealed no significant changes 
in these properties, highlighting the material's thermal stability. 

Keywords: Stretchable strain sensor; Ecoflex silicone rubber; Temperature dependence; 
Mechanical characterization. 

 

INTRODUCTION 

Stretchable strain sensors, used in various applications such as health monitoring, electronic 
skin, and motion detection, depend on materials such as silicone polymers for their exceptional 
physical properties, including biocompatibility, non-toxicity, and thermal stability (del Bosque 
et al., 2023; Liao et al., 2020). Ecoflex™ Shore 00-30, a rubber-like silicone with excellent 
stretchability and durability, is particularly promising due to its mechanical resilience and 
environmental resistance (Lee et al., 2022). While its mechanical behavior has been extensively 
studied, the influence of temperature on its tensile properties remains underexplored (“Strain 
rate, temperature and deformation state effect on Ecoflex 00-50 silicone mechanical behaviour 
- ScienceDirect,” n.d.). This study aims to investigate how temperature variations affect the 
stiffness, energy dissipation, and failure mechanisms of Ecoflex, providing critical insights to 
optimize the performance of stretchable strain sensors for diverse applications. 

 

RESULTS AND CONCLUSIONS 

In this study, EcoflexTM Shore 00-30 was supplied in two liquid components: which were 
combined in a 1:1 weight ratio and mixed for 3min. The resulting mixture was poured into a 
sensor mold and placed in a vacuum oven at 52ºC and 6 bar for 1 hour to remove entrapped air 
and minimize bubble formation. Four samples were prepared for each experiment, subjected to 
different temperature treatments: nonheated, heated at 70°C for 2 hours, and heated at 70°C for 
4 hours. 

Tensile tests were conducted using an Instron Micro-Tester 5848, where each specimen was 
subjected to a controlled, increasing force while its deformation was measured (Figure 1). The 
face of each specimen was marked with black points and recorded using a smartphone camera 
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to capture the material’s response during the experiment. The recorded videos were converted 
into images and then processed using an algorithm developed in MATLAB, to measure 
displacement and determine the strain values over time (Figure 2). 

 
Fig. 1 - Tensile test. 

 

 
Fig. 2 - Greyscale image (left) and binary image (right). 
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ABSTRACT 

The exact solution of the trigonometric system of equations for direct kinematic analysis of the 
driving system of a knuckle mechanical press is difficult to achieve. The authors propose an 
algebraic system of equations to obtain the solution by an iterative procedure. The method 
consists of defining the mechanism configuration at a defined time step t. Then the same 
equations are rewritten for a next time step t+∆t and the increments for the stroke, velocity and 
acceleration of the press slide are evaluated. This way, the updated configuration of the system 
allows the evaluation of any of the system parameters, which lead to the progressive update of 
the system variables until a defined time step. A code was generated to allow different 
geometrical inputs and to achieve solutions iteratively at any time step, usually one cycle. 

Keywords: Mechanical press, knuckle joint press, mathematical equations. 

 

INTRODUCTION 

The kinematic analysis of these machines and detailed analytical, yet with a lesser 
mathematical development of the press driving concept, has been focus of some research in 
book chapters (Dubbel,1979; Schuler, 1998). This mechanism has good potential for short 
displacement under high forces in metal forming processes (Mäkelt, 1968). When a motion law 
of the slide machine is identified, it is possible to know the necessary power to plastically 
process a defined component geometry. Authors Xinyu Dong and Yu Sun (Xinyu et al., 2022) 
proposed a study of the knuckle mechanism kinematics focusing only on the crankshaft angle, 
when the slide is close to BDC, a critical point for the machine integrity for reasons of force 
singularity. In their simulation, the single point multiple connection knuckle mechanism was 
not considered; instead, they used the modified knuckle mechanism (with two final connection 
holes). Heinz Tschaetsch (Tschaetsch, 2006) also presented a detailed graphical stroke vs 
crankshaft kinematics study of knuckle mechanisms. Tschaetsch proved that the knuckle 
mechanism has a faster tool approach/return slide motion than the classical crank mechanism; 
moreover, getting close to the workpiece, the speed is much controllable.  

The knuckle press driving system, is depicted in Figures 1, 2. A system of equations is obtained 
by the geometry of the device. Conventional press slide driving mechanisms are 2D kinematics 
systems. The definition of the system kinematics consists in the characterization of the slide 
motion, velocity and acceleration as time dependent functions. From previous concepts, the 
geometry of the press driving system is defined by two equations (now algebraic) for each time 
step: Equations (1, 2). Then these will be transformed into algebraic equations to be solved 
iteratively. This system involves a classical crankshaft/connection rod group; respectively parts 
1-2 and 2-3. Component 1-2 is the crankshaft and revolves at a prescribed angular velocity 
about axis 1; then it transmits a motion to main connecting rod 2-3 which imposes an alternative 
displacement at node 3 either on X and Y axes. 
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Fig. 1 - Knuckle press (sketch of basic mechanism and kinematics). 

 
Fig. 2 - Schematic representation of the knuckle system in a mechanical press. 

Point 4 is a fixed bearing mounted in the press crown (or press head). It cannot be displaced; 
however, it allows rotation about X-axis (normal to X-Y plane). For sake of accessibility to tool 
mounting, there is the option of assuming an offset between vertical axis of the slide 5 and the 
one passing on bearing 4. 
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METHODOLOGY 

The equations obtained for the geometrical system are Equations 1, 2, below, and the variables 
of the problem are ��, ��, �� and y5  ��� 	 − �	�
�: ��� ��
 �� + �� ��
 �� + �� 
�� �� = 	��� 
�� �� − �� 
�� �� = 	� − 	�   (1) 

��� � − �	�
�: ��� 
�� �� − �� 
�� �� + �� ��
 �� = ���� − �� ��
 �� − �� ��
 �� = ��   (2) 

A numerical method based on step-by-step time increment of the motion mechanism is used for 
the solution of this system of equations.  

The equations are of great importance for the machine design, given that the leading forces and 
their time dependency when performing a stroke, will heavily condition the machine dynamic 
behavior and its fatigue endurance. The accurate definition of the system kinematics leads to 
the characterization vs time for the slide displacement, velocity and acceleration. This last 
parameter is superimposed by the generation of inertial forces, with the material plastic forming 
forces, so informing about the strength of press structure and additional components of the 
mechanical driving system. 

Resulting from these concepts, the geometry of a press driving system can therefore be defined 
by a system of two equations: 

����������, ��, ��, ��, . . � = !"���, ��, ��, ��, . . �#��������, ��, ��, ��, . . � = !$���, ��, ��, ��, . . � 

Here ���, ��, ��, ��, . . � are angular positions of integrating components of the driving system 
at a defined time instant (such angles are themselves functions of time). 

As mentioned above, this pair of equations refers to the system configuration at a defined time 
instant t. It can be checked what happens if an increment in time, as t+ % t; all angular arguments 
defining the system geometry also evolve to an “updated” configuration. To solve that problem, 
it´s necessary to obtain the geometric increment of the machine kinematics during a single time 
increment %t: 

&%���������, ��, ��, ��, . . � = '()*+,-.(/0 12 × %�� + '()*+,-.(/4 12 × %�� + '()*+,-.(/5 12 × %��+. . .
%#��������, ��, ��, ��, . . � = '(6*+,-.(/0 12 × %�� + '(6*+,-.(/4 12 × %�� + '(6*+,-.(/5 12 × %��+. . .  (3) 

The terms enclosed by brackets refer to the actual system or current configuration; they are 
determined from a previous time step and assumed constant during time increment %t. This 
methodology allows the evaluation of increments %�� during time step t for a time increment %t. 

This is an algebraic and linear system of equations, but it is frequently indeterminate. However, 
geometric constraints and some angular arguments may have a prescribed time dependent law, 
this rendering the system determinate and possible to be solved. 

Boundary conditions and prescribed variables: 

• �1 has a prescribed time dependent law, so it is not an unknown 
• Bearing 4 has prescribed coordinates; respectively 	� and 	� are given values and do 

not change with time 
• Bearing slide 5 has a prescribed value on x-axis (it is guided laterally); so 	� is known. 
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Unknown �� can be obtained after knowing � 2, � 3 and � 4 

Next using incremental procedure in Equations (1, 2) new Equations (3, 4) are obtained: �78 9 − :9;<� 

&�� ��
� �� + %��� + �� ��
� �� + %��� + �� 
��� �� + %��� = 	� + %	�=�>�?@��� 
��� �� + %��� − �� 
��� �� + %��� = 	� − 	� + %	�=�>�?@� − %	�=�A�?@�
   (4) 

�78 B − :9;<� 

&�� 
��� �� + %��� − �� 
��� �� + %��� + �� ��
� �� + %��� = �� + %��=�>�?@��� + %��=�A�?@� − �� ��
� �� + %��� − �� ��
� �� + %��� = �� + %��    (5) 

It is recalled that values of 	�, �� and 	� are given constants, then no increment is allowed. 

As all integrating mechanical components are rigid, their dimensions cannot change with time; 
only trigonometric functions change, as shown in previous equations. Assuming that the 
angular increments are small, the following expressions hold: 


��� � + %�� = 
�� � ��
 % � + ��
 � 
�� % � ≃ 
�� � + ��
 � %� 
��� � + %�� = ��
 � ��
 % � − 
�� � 
�� % � ≃ ��
 � − 
�� � %� 

The results lea to a first order Taylor expansion of incremented trigonometric functions as 
follows: 


��� � + %�� ≃ 
�� � + ��
 � %� ��
� � + %�� ≃ ��
 � − 
�� � %� 

If time is included as independent variable, equivalent expressions can be obtained: 


��� �2DE2� ≃  
���2 + ��
�2 × �F2%G ��
� �2DE2� ≃ ��
�2 − 
���2× �F2%G 

It can be understood that a next time step, G + %G , can result in updating the current system 
state (at time G) by previous recurrence equations. 

This results in a new system of equations that can express only the increments of the kinematics 
state of the driving system, and is written as a matrix equation: 

H−�� 
�� �� �� ��
 �� 0 00 �� ��
 �� −�� ��
 �� 0−�� ��
 �� −�� 
�� �� 0 00 �� 
�� �� �� 
�� �� −1K &%��%��%��%��
L = &−�� 
�� �� %��0�� ��
 �� %��0 L (6) 

Having obtained the angular increments, the respective angles are updated, leading to renaming 
as current values, playing the role of actual known parameters in the algebraic system above, 
so leading to the calculation of new angular increments in an operating recurrence cycle. 
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RESULTS 

An example was studied considering the machine with the following dimensions and operating 
velocity: 

Dimensions �� = 0.1M �� = 0.5M �� = 0.5M �� = 0.5M 

Initial values, increment considered is O/10 ��= -3.1415927  ��= 0.08728 ��= 0.17456  ��= 0.15 %��= 0.3141592700 %��= 0 

Table 1 - Slide displacement values in M. � %�� O/10 0 2O/10 0.012 3O/10 0.024 

4O/10 0.025 

5O/10 0.006 6O/10 -0.015 7O/10 -0.025 8O/10 -0.024 

9O/10 -0.015 O -0.005 

The code used allows to calculate with different increments. Figure 3 shows the displacements 
obtained with increment defined as O/20. 

 
Fig. 3 - Slide displacement �� obtained (in m). 

 

 
 

Fig. 4 - Respective slide velocities obtained. 

π 
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CONCLUSIONS 

The simulation tool presented showed how it was possible to model with accuracy the 
kinematics of dedicate machine tools as the one here presented, the knuckle press. Despite the 
low velocity and relatively small amplitude displacements, the involved forces may be very 
large and this means a high level of plastic work involved during materials forming. A precise 
information about the displacement and velocity field during the press strokes is valuable to 
compute the energy spent by the machine and temperature estimation of the processed material 
in order to predict additional hardening behavior affecting the quality of the processed items. 
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ABSTRACT 

Unmanned Aerial Vehicles (UAVs) generally operate in complex and effective environments 
that impose multiple physical stresses, including thermal, aerodynamic, and structural loads. 
Conventional analysis methods usually look at these things separately, which can cause 
problems and lead to less-than-ideal design results. This study aims to implement a 
Multiphysics modeling framework for comprehensive structural design optimization for UAVs. 
We designed a Multiphysics framework to analyze and integrate aerodynamic forces and their 
structural responses using coupled simulations, enabling accurate predictions of unmanned 
aerial vehicle structural behaviour under real-world conditions. We will apply optimization 
algorithms to refine UAV designs for enhanced performance, which include improved 
structural durability, reduced weight, and increased energy efficiency. This paper highlights the 
practical applications of Multiphysics modeling, such as extended UAV lifetimes, reduced 
maintenance costs, and improved safety margins. The research concludes by discussing the 
iterative design approach of the UAV structural design using multi-physics modelling. 

Keywords: Unmanned aerial vehicle, UAV, Multiphysics modelling, design optimization. 

 

INTRODUCTION 

The highly increased use of Unmanned Aerial Vehicles in the field of defense, logistics, 
surveillance, and environmental monitoring (N. V. Nguyen et al., 2014; Skarka, 2018) has 
created an impact on finding modernized UAV design development methods for improving the 
effectiveness of the UAV design process, development, and reliability of the design (Skarka, 
2018; Skarka et al., 2023). In general, the conventional design process follows a step-by-step 
approach, which helps only to find the solution one step at a time, such as aerodynamic and 
structural analysis (Ives et al., 2018; Matsson et al., 2016; Khadse et al., 2015) separately. The 
interdependence of the UAV design process becomes more complex. They involve one another 
as they evolve, so there is a dire need for new design frameworks that can holistically capture 
these design complexities.  

In the context of design optimization using multi-physics (Cheng H.D et al., 2015) modelling 
for UAVs, multi-physics modelling will be a more powerful tool that helps simulate (Cheng 
H.D et al., 2015) various physical phenomena and their interaction in a single computational 
environment. Using the Multiphysics iterative approach, engineers can run a realistic 
simulation, and they can decide to find the best structural design (Peruru et al., 2017) 
configuration based on the simulation results, which are closer to real-world conditions. This 
iterative approach not only integrates the various fields of physics but also reduces the design 
cycle by preventing wasted efforts on UAV structural design that won't work. 
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In this paper, we demonstrated the use of multi-physics-based design optimization for UAV 
design using coupled simulation in aerodynamics, structural mechanics, and natural frequency 
response of the UAV structures to create a more robust and high-performing design. This 
iterative approach will help us to push the boundaries for maximum performance, weight 
minimization, energy efficiency, and flight efficiency across a wide range of mission profiles. 

 

METHODOLOGY 

Multiphysics is the study of the simultaneous simulation of various physical fields within a 
single framework. This method is crucial in situations where multiple physics interact and 
influence each other, necessitating their collaboration to achieve accurate and comprehensive 
outcomes in the UAV design process. The research uses advanced computer tools like 
computational fluid dynamics (CFD) (Cheng H.D et al., 2015); Matsson et al., 2016) and finite 
element analysis (FEA) (Cheng H.D et al., 2015; Peruru et al., 2017) to show how the airflow 
over the UAV structure and the changes in the structure affect one another (Cheng H.D et al., 
2015; Son et al., 2016). The methodology employed one-way fluid-structure interaction (FSI) 
coupling (Cheng H.D et al., 2015; Son et al., 2016) in conjunction with computational fluid 
dynamics analysis to analyze the structural response of the UAV, which is essential for 
calculating aerodynamic forces at the specific mission profile velocity. Additionally, this 
method describes the key role of a repeated process in the design by linking the aerodynamic 
forces with how the structure responds, including structural analysis and modal analysis, while 
considering the pre-stress condition. 

After making a successful connection, tools like Computational Fluid Dynamics (which studies 
aerodynamic forces) were added to the information for structural analysis (which examines 
stress and changes in shape) using one-way FSI. The findings from both the structural analysis 
and CFD (Cheng H.D et al., 2015; Ives et al., 2018; Peruru et al., 2017; Khadse et al., 2015) 
were then used to perform modal analysis under pre-stress conditions to find out how the 
structure naturally vibrates. Along with developing a 3D model based on the trade study, 
mission profile, and initial sizing, created a loop for the iterative approach. 

We will optimize the UAV design through an iterative approach. Once we reach the desired 
geometry based on the mission profile and aerodynamic results, we will use software for 3D 
modelling to create a 3D model that incorporates fewer design constraints from our initial 
concepts. We will then import this model into the previously mentioned coupled simulation to 
perform Multiphysics simulations (Ives et al., 2018; Matsson et al., 2016) with our designed 
frameworks. Based on the simulation results, if we obtain the desired result, the optimized 
design will move on to the detailed one; if not, we will modify it to improve the structural 
integrity with additional structural components, like skin thickness, spars, ribs (Peruru et al., 
2017), and stringers of the UAV, with related structural constraints. 

Multiphysics modelling requires the assistance of sophisticated design and simulation software 
for its execution. This methodology will utilize the technical advancements of the sophisticated 
software that is available on the market (Ives et al., 2018) for aerodynamic calculations, 3D 
UAV designs, and Multiphysics simulations. To get the most out of the Multiphysics 
application in this study, we will be designing a sustainable energy propulsion (Peciak et al., 
2022; Skarka, 2018; Peciak et al., 2023) UAV with a fixed wing that strictly follows the UAV 
design regulations (Raymer, 2018; Skarka et al., 2023). The algorithm of design optimization 
is as follows, Figure 1: 
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Fig. 1 - Algorithm of multiphysics modeling for UAV design optimization. 

 
RESULTS 

This research aims to provide a new approach to optimizing conventional UAV design using 
Multiphysics modeling, especially for UAV structural design, as mentioned in the algorithm in 
the methodology section, Figure 1. The research begins with a selection of types of UAVs. We 
have considered designing the Long-range UAV for its efficiency, range, and sustainable 
energy propulsion comfort to demonstrate this new approach. A trade study has been conducted 
to create the perfect mission profile (Raymer, 2018) for the selected type of UAV. The trade 
study was conducted among six Long-range UAVs that operate in real-time, and the names and 
parameters considered are mentioned in the Table 1 below: 

Table 1 - Collected data of existing long-range UAVs – Trade study. 

 
* The data for the trade study was collected from various sources. 

Based on the data collected from multiple long-range UAVs, we have used a graphical method 
optimization technique to design our mission profile requirements (Raymer, 2018) based on 
two main criteria, such as range and gross weight, as shown in Figure 2 below. 
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Fig. 2 - Graphical optimization method to define the mission profile: a) Range, b) Gross weight 

 
Based on the results obtained from the trade study, our desired mission profile parameters are 
mentioned in the Table 2. 
 

Table 2 - Desired mission profile of the UAV. 

 
 
After deciding on the mission profile parameters, we moved on to find the dimensional and 
non-dimensional parameters of the long-range UAV wing by utilizing the conceptual design 
(Raymer, 2018) phase of the conventional UAV design methodology. The wing design 
parameters that were obtained are shown in the Table.3 below. 
 

Table 3 - Obtained wing design parameters. 

 
 
All the obtained dimensional non-dimensional parameters and the selected airfoil profile for 
the long-range rectangular wing configured UAV, the airfoil NACA 2412 (Matsson et al., 
2016), have been chosen based on its proven efficiency of lift, drag, and pitching moment 
characteristics (Ives et al., 2018). It's specially designed for rectangular-wing UAVs. To ensure 
the flying capabilities of the designed UAV wing, we have compared the aerodynamic 
performance coefficients (Ives et al., 2018; Matsson et al., 2016) that we obtained from both 
analytical and numerical methods in the Table 4 below. 
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Table 4 – Comparison of the designed wing results. 

 

After getting sufficient results, the next step of the methodology algorithm guides us to enter 
the iterative design approach of the UAV with the help of the Multiphysics Modelling 
framework. To demonstrate the iterative design approach for the UAV structural design, 
developing the proper CAD model is important (Peruru et al., 2017). In general, the design of 
the UAV has a symmetrical structure. So, we are taking one-half of the structure to perform the 
iterative design approach. The half segment of the developed CAD model of the wing with the 
calculated dimensional and non-dimensional parameters, along with the profile of the 
NACA2412 airfoil (Ives et al., 2018; Matsson et al., 2016), has been shown in Figure 3. 

 
Fig. 3 - CAD model of the desired wing geometry. 

The next step of the algorithm allows us to perform the Multiphysics simulation that has already 
been explained in the methodology section. For this simulation, we have employed high-fidelity 
software such as Ansys Workbench. In general, the forces that act on the aircraft structures are 
aerodynamic forces (Ives et al., 2018; Matsson et al., 2016). So, we begin our iterative approach 
with the CFD analysis of the UAV wing structure for the mission profile velocity of 45 m/s. 
Since our mission profile parameters are fixed, this iterative approach is going to explain how 
the structural components of the UAV are going to be decided using the Multiphysics 
simulation model. So, we recommend performing the analysis with the flexible relative 
aerodynamic forces to make a strong structural design. For that, we have considered 60 m/s 
velocity as our margin of safety, so the desired UAV structure will be able to carry some more 
aerodynamic forces other than the mission profile velocity. After setting all the boundary 
conditions of the wing structure, we performed the CFD analysis in Ansys fluent (Ives et al., 
2018; Matsson et al., 2016), and the simulated pressure load is shown in Figure 4. 
 

 
Fig. 4 - Obtained CFD results: a) Dynamic pressure, b) Static pressure. 
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The algorithm allowed us to move to the coupled simulation of CFD and FEA analysis (Matsson 
et al., 2016; Peruru et al., 2017), so the Fluid-Structure Interaction (FSI) (Son et al., 2016) has 
been taken into consideration. In this study, we have considered only One-way FSI , which is 
often called weak coupling, which means the impact of the fluid over the structure is only 
considered, and the effect in the fluid will be (Son et al., 2016) ignored. The reason behind 
choosing the one-way FSI over the two-way FSI is that the one-way will give a realistic pressure 
distribution, which is very important for the FEA analysis (Peruru et al., 2017), as shown in 
Figure 5. 
 

 
Fig. 5 - Pressure distribution over the wing surface. 

 
The pressure loads of the relative velocity obtained from the CFD analysis (Ives et al., 2018; 
Matsson et al., 2016) have been taken as the analysis setup for the FEA analysis (Peruru et al., 
2017). Further, the algorithm has been structured with the modal analysis (Khadse et al., 2015) 
to find out the maximum bending and torsion of the wing structure for its natural frequency. 
Since the pressure load has been applied to the structure, the modal analysis  will be performed 
under the pre-stress condition. For the FEA and Modal analysis (Peruru et al., 2017; Khadse et 
al., 2015), the material selection is very important. We have taken aluminum alloy 7079 (Yuvraj 
et al., 2015) for this demonstration, and the material properties (Yuvraj et al., 2015) have been 
added as the simulation setting of the FEA and Modal (Peruru et al., 2017; Khadse et al., 2015) 
coupled simulation. The iterative approach loop gave us instructions on how to follow the steps 
in the process of designing the UAV. In the very first step, the thickness of the skin is set to 2 
mm, with ribs at the edges. The design of the wing and the results of the first iterative approach 
are shown in Figure 6 below. 
 

 
 

Fig. 6 - Iteration 1: a) CAD model, b) Total deformation, c) Equivalent stress, d) Bending deformation. 
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Based on the results of Figure 6 (b), we decided to refine our wing with the same skin thickness 
of four ribs (Peruru et al., 2017), mainly from the left end. Adding more ribs from the free end 
will give more strength to the place where the maximum deformation happened in the first 
iteration process; longitudinal spars are placed between ribs to cover the length (Peruru et al., 
2017) between the ribs, and the results of the second iterative approach are shown in Figure 6. 
also, in iteration 2 we have successfully minimized the bending deformation significantly by 
refining the wing structure. 

 
 
Fig. 7 - Iteration 2: a) Refined CAD model, b) Total deformation, c) Equivalent stress, d) Bending deformation. 

Even with significant results in iteration 2, we decided to run iteration one more time to get a 
finer result and reduce the bending (Khadse et al., 2015) deflection. In iteration 3, the wing 
geometry was modified further with five ribs and two full-length longitudinal hollow spars 
(Peruru et al., 2017) across the wingspan to maintain a similar weight and reduce the bending 
deflection. The result is in Figure 7, and the results of an iterative approach are shown in Table 
5. 

 
 
Fig. 8 - Iteration 3: a) Refined CAD model, b) Total deformation, c) Equivalent stress, d) Bending deformation. 

 
Table 5 - Comparison of results from the iterative approach. 

S.No Velocity, m/s Material Thickness, mm Wing Components Mass, Kg 

Iteration 1 

60 Aluminium Alloy 2 

Shell, two ribs 14.793 

Iteration 2 4 ribs, two spars 15.271 

Iteration 3 5 ribs, two long spars 15.349 
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DISCUSSION 

This study proposes a novel design optimization for unmanned aerial vehicles by introducing a 
new iterative design approach that uses the advantages of Multiphysics during the preliminary 
design phase. By coupling the following tools, such as Computational Fluid Dynamics (CFD) 
(Ives et al., 2018; Matsson et al., 2016), Finite Element Analysis (FEA) (Peruru et al., 2017), 
and Modal Analysis (Khadse et al., 2015), the engineers can understand the effect of 
aerodynamic forces on the structure and dynamic stability well before entering the detailed 
design phase. This shows the major shift from the conventional UAV design workflow, where 
structural design decisions such as the layout of spars, ribs, and skin thickness (Peruru et al., 
2017) are usually addressed only in later phases. 

One major benefit of this iterative design approach is the use of starting the iterative approach 
with a shell-based structure to perform the simulation. These shell models are computationally 
lightweight (Yuvraj et al., 2015) and versatile, allowing rapid analysis of the multi-physics 
output. Structural refinement can be progressively altered based on the structural stress, 
deformation, and frequency responses (Ives et al., 2018; Peruru et al., 2017; Khadse et al., 2015) 
gained from real aerodynamic conditions. 

The application of one-way FSI (Son et al., 2016) effectively captures the aerodynamic forces 
as pressure loads. It has an impact on structural deformation, making it highly recommended 
for early design optimization, as we explained in the methodology. One-way FSI is more 
accurate in capturing aerodynamic loads, which is closer to real-world conditions; on the other 
hand, two-way FSI (Son et al., 2016) offers a higher level of accuracy by allowing mutual fluid-
structure feedback, and it remains computationally intensive and more helpful for the final 
validation. 

However, this methodology has limitations. Firstly, high-fidelity software is required to 
maintain accuracy in both the design of the 3D model and the analysis of the multi-physics 
framework. During the iterative approach, engineers need to switch between both software 
systems simultaneously and perform the analysis for each component because putting them all 
together will require more computational power, which might delay the process. Secondly, this 
iterative approach is more suitable for lightweight, (Yuvraj et al., 2015) low-altitude, and 
relatively low-speed platforms like UAVs, where we can manage to analyze the aeroelasticity 
within the simplified multi-physics framework, due to the requirement of high computational 
resources and advanced computational strategies applying the same methodology to large 
commercial or high-speed aircraft requires extreme validation. Hence, the multi-physics system 
needs to be really sophisticated. 

In spite of these limitations, the integration of CFD-derived pressure (Ives et al., 2018; Matsson 
et al., 2016; Khadse et al., 2015) loads into modal analysis under pre-stress conditions gives a 
strategic advantage. It also allows us to detect potential issues and dynamic (Khadse et al., 
2015) instability. This is specifically important for UAVs, where the mass is low and modal 
frequencies match the aerodynamic excitation frequencies. 

In the end, the methodology provides a flexible and expandable basis for designing UAVs, 
allowing the integration of structural and aerodynamic performance (Peruru et al., 2017; 
Khadse et al., 2015) into a single optimization framework. 

 

CONCLUSION 

This paper presents a multi-physics modeling framework developed for the structural design 
Optimization of Unmanned Aerial Vehicles. By combining CFD, FEA, FSI, and modal 
analysis (Ives et al., 2018; Matsson et al., 2016; Peruru et al., 2017; Khadse et al., 2015) in a 
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single simulation environment, the methodology allows critical structural decisions to be made 
much earlier in the preliminary design stage than is possible in conventional workflows. Shell 
models, enhanced by CFD-derived pressure fields, provide vital insights into stress distribution, 
modal behavior, and aeroelastic responses at initial design stages. One-way FSI is 
computationally efficient for the transfer of aerodynamic loads to the structural domain and has 
adequate accuracy during early development. 

It is highly recommended for the development of UAVs, where weight, cost, and fast iteration 
cycles are of greatest concern. However, it is not necessarily suited to all fluid–structure 
interactions due to issues in accurate prediction at extreme flexibility (Yuvraj et al., 2015; 
Matsson et al., 2016) or flown speed. The method also builds the foundation for future 
developments, such as automated optimization and integration with machine learning-based 
design tools. Therefore, this methodology represents a valid, practical, and future-oriented 
approach to UAV design optimization. Thus, it leads to better decision-making at an early stage 
in the design process, accelerates the design cycle, and helps design UAV structures that are 
both more efficient and more reliable, both aerodynamically and structurally. 
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ABSTRACT 

Artificial Intelligence (AI) as a modern endeavour has a long history in the making. Many early 
authors have been writing on this topic such as McCorduck [1] who writes, “For nearly as long 
as we have records, human beings have imagined bestowing their essence upon artifacts – idols, 
automata, robots, simulacra, unpredictable deities, obedient slaves- animated, artificial 
intelligences, every one of them”. For a very long time the scientific and the engineering world 
was interested in making inanimate objects intelligent. According to Mijwel [2], “Ancient 
Greeks had myths about robotics, and Chinese and Egyptian engineers made automatons. We 
can see the traces of the beginning of modern artificial intelligence as an attempt to define the 
classical philosophers' system of human thought as a symbolic system”. In other words, AI and 
robots somehow had gotten intertwined into a perceived systems where AI delivers its 
‘intelligence’ through physical objects that could be stationary or mobile or both. While it has 
become a common sight to see service robots at various places like the airports and restaurants, 
with more or less ‘programmed’ intelligence, researchers around the world have been working 
on ‘intelligent’ robots with human-like face and body. Hanson Robotics’ Sophia is one example 
of such advanced human-like robot. According to Hanson Robotics, “Sophia is simultaneously 
a human-crafted science fiction character depicting the future of AI and robotics, and a platform 
for advanced robotics and AI research”. (https://www.hansonrobotics.com/sophia/ retrieved on 
15 December 2024). Will AIs always have physical form? Is this the future progress for AI? In 
this paper the authors research into the possibility of ‘pervasive / omnipresent intelligence’ 
which does not require physical form.  

Keywords: Artificial intelligence, human-to-AI interaction, reliability and trust. 

 

INTRODUCTION 

Opportunity to find answers to the question of interacting with ‘formless’ AI came in the form 
of research grants for the development of autonomous vehicle under Singapore’s National 
Research Foundation (NRF) awarded to a research alliance between Nanyang Technological 
University (NTU) and Technical University of Munich (TUM) called TUMCREATE. Further 
grant to pursue this has come from the Ministry of Education of Singapore through a Tier 1 
Grant from 2022 to 2025. 

The research framework for this wider project was to study how human-to-human interactions 
take place within the findings of Speech Act theory by Searle Speech Act Theory [3] from a 
human-to-human communication point of view, which requires in a spoken sentence to fulfill 
the following: 

1) Essential Condition, 2) Preparatory Context, 3) Propositional Content and 4) Sincerity 
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where its intent is carried through 3 different forces, which are Locutionary, Illocutionary and 
Perlocutionary Forces by itself, and more discerning acts need to be understood for its intentions 
to be clear. To have clarity and to bring sincerity and authenticity to the way humans 
communicate with each other, Habermas’ [4] Communicative-Action Theory builds on this 
with the introduction of validity claims which work towards mutual agreement for both speaker 
and hearer. With an understanding of these two theories, the authors set out to propose the 
qualities for interacting with pervasive / omnipresent AIs. This takes one to the question on 
how should/could humans interact with omnipresent AIs if and when the AIs evolve into 
omnipresent entities. 

 

SIMULATING DESIRED COMMUNICATION THROUGH EXPERIMENTS. 

The authors are at present testing their proposal for a ‘natural communication’ with omnipresent 
AI through simulation of an autonomous vehicle, testing both the emerging capabilities of Open 
AIs such as ChatGPT and Claude, as well as how human participants communicate with an 
autonomous driver. The experiments set up prepares participants through a pre-recorded trip in 
a virtual mockup of an autonomous vehicle, where they role play as passengers. The 
conversations are analysed and recorded to assess the effectiveness of these designed 
experiment with the first level results ready by June 2025. 

 

RESULTS AND CONCLUSIONS 

With rapid development in Open AI which can interact directly with human users and with the 
anticipation of omnipresent AIs with interconnectivity and access to large amounts of data, 
there is a need for building in communication ability for them to interact with human users 
which could be more ‘normal and social’. In this research the authors and the research team 
exploring on a more natural mode of communication between humans and future omnipresent 
AIs. This research has taken into considerations’ “...concepts of human communicative 
theories, nonverbal communication, the use of personality to create presence” [5]. To validate 
the research direction, experiments are in progress to strengthen the validity and hence the trust 
in future communication between humans and AIs.  
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ABSTRACT 

This work presents the mechanical design of a fully functional robot dedicated to the inspection 
of the steel cells containing dry spent nuclear fuel, and potentially suffering from stress 
corrosion cracking. The sealed cells made of steel can be placed inside an overpack and hold in 
open spaces. The challenge is making the inspection without removing the cell out of the 
overpack, due to radiation issues, and using just the venting wall openings. Both, the radiation 
condition, and the tough access limitation, would be solved by using a dedicated remote 
inspection device. The developed design focuses in the widely common HI-STORM overpacks, 
probing the inspection concept. Autonomous inspection cells can deploy sensors to perform the 
non-destructive inspection. A real scale prototype and mock-up were used to demonstrate the 
feasibility of the design concept. 

Keywords: Mechanical design, nuclear spent fuel, stress corrosion cracking (SSC). 

 

INTRODUCTION 

The dry storage of nuclear spent fuel storage is a suitable option for fuel that has cooled 
substantially [1]. Dry interim storage of spent nuclear fuels requires the use of specific 
containers for the entire handling operation and temporary storage (Figure 1, left). Typical 
solutions used worldwide include containers with some form of sealed pressure capsule (called 
Multi-Purpose Container MPC) installed inside of an overpack for mechanical and 
environmental protection (Figure 1-right). MPCs can be designed for 40 years; however, local 
lifecycle management may include inspections at shorter periods (e.g., 20 years in Spain) to 
ensure the right safety status.  

 
Fig. 1 - Left: Interim storage at Ascó (Spain). Right: MPC container in an overpack [2]. 
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These devices use passive cooling methods to dissipate the thermal energy of the nuclear waste, 
avoiding excessive heating of the MPC. These passive systems consist of openings to the 
outside at different heights and a system of vertical channels (metallic profiles which also serve 
as centring devices for the correct insertion of the MPC) that create a ventilation stream inside 
the overpack that cools down the surface of the MPC. 

The MPCs are made according to the highest standards for pressurized vessels (ASME B31.3-
2016). However, dedicated research programs pointed out that it remains a potential risk in the 
long-term due to appearance of stress corrosion cracking (SCC) around the welds. SSC can 
cause cracks by a combination of stress (accumulated in the affected zone from the heat of 
welding that occurred in the construction of the MPC), and corrosion (caused by the deposition 
of chlorides on the surface). SSC is difficult to predict, and shows crack opening displacements 
of 15-30 μm, at the limit of visual inspections [3]. 

Removing the MPC for inspection is a complex operation (as it is the initial insertion). Indeed, 
it becomes a dangerous option if an existing crack was under the forces happening in handling 
or transport of the MPCs, inducing a radiation leak or allowing for oxygen intake that would 
dangerously alter the state of the stored fuel. 

 

RESULTS AND CONCLUSIONS 

All of the above opens up the opportunity to consider a robotic remote inspection. Considering 
the HI-STORM overpacks (Holtec International, PA, USA), the access from the outside is 
through the ventilation inlets (650mm x104mm). Then, the inspection of the MPC surface 
should be done along the vertical channels (4m long, 200mm x 58mm).   

We created a mechanical design that allows the simplified insertion of the main body of the 
robot inside the container. Once on top of the MPC, a mobile arm can rotate and provide access 
to all the inspection channels. An independent system allows for driving inspection cells 
through the channels. These cells, equipped with sensors (visual testing, eddy current testing, 
radiation testing, etc.), can reach all possible and necessary inspection areas for doing a point-
wise scanning. A full operational prototype was built using off-the-shelf and rapid prototyping 
elements. A real size mock-up was used to probe the capability of the prototype and the 
feasibility to make an appropriate inspection.  
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ABSTRACT 

The effect of plastic strain on the hot deformation behaviour and grain size evolution in bainitic 
steel was investigated using Gleeble thermo-mechanical physical simulation and finite element 
simulation. The model was validated by comparing the predictions with the experimentally 
measured true stress-strain curves. The model allowed quantification of the heterogeneity of 
plastic strain within the thermomechanical control processing under the investigated conditions. 
The results reveal that increasing plastic strain enhances dislocation density, promoting the 
nucleation of recrystallized grains. The recrystallized grain size decreases with higher strain 
due to enhanced grain boundary migration and subdivision of grains, reaching a saturation grain 
size at large plastic strain. The inhomogeneous distributions of plastic strain resulted in an 
inhomogeneous final microstructure, i.e., inhomogeneous distribution of recrystallization, 
constituent fraction, and average grain size. 

Keywords: Thermomechanical control processing, plastic strain, finite element simulation. 

 

INTRODUCTION 

The thermomechanical control processing (TMCP) of Bainitic steels plays a critical role in 
tailoring their microstructural structure to reach optimal mechanical properties [1]. During 
TMCP, the distribution of plastic strain significantly impacts the evolution of microstructure, 
particularly in these steels. Understanding the relationship between plastic strain distribution 
and microstructural evolution is vital for designing advanced TMCP strategies to enhance the 
properties of bainitic steels [2]. This study explores the mechanisms through which plastic strain 
affects microstructural changes, aiming to provide insights into optimizing TMCP parameters 
for improved steel performance. 

 

RESULTS AND CONCLUSIONS 

The study showed that plastic strain significantly influences the hot deformation behaviour and 
microstructural evolution in low alloy steel. The validated finite element model accurately 
captured the heterogeneity of plastic strain during uniaxial hot compression test (UHCT). The 
results exhibited that increasing plastic strain enhances dislocation density that facilitates the 
nucleation of recrystallized grains. Furthermore, the average grain size was decreased with 
increasing plastic strain due to intensified grain boundary migration and grain subdivision, 
eventually stabilizing at a saturation grain size. However, the plastic strain was unevenly 
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distributed throughout the material, leading to an inhomogeneous microstructure characterized 
by variations in recrystallization fraction, constituent phases, and grain size (Figure1). 

 

 
Fig. 1 - (a) FEM plastic strain distribution; (b) OM microstructure of different areas in the UHCT sample. 
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ABSTRACT 

This paper investigates the effects of different sizes and concentrations of environmental 
nanoparticles on the wear and scuffing performance of lubricants. Experimental results show 
that the size and concentration of the particles are the main factors affecting tribological 
performance. In fresh lubricants, larger particles and higher concentrations are associated with 
increased wear and scuffing. However, deviations from this optimal water content range, 
regardless of particle size, result in inferior tribological performance compared to fresh 
lubricant. Therefore, there may be a balance point where the deterioration of the lubricant 
caused by water and its absorption of frictional heat, and the increase in real contact area caused 
by nanoparticles, results in better tribological performance than new lubricants. 

Keywords: Environmental nanoparticle, tribology failure, scuffing, excessive wear. 

 

INTRODUCTION 

The atmospheric environment is filled with numerous tiny water droplets and environmental 
particles. During the operation of mechanical components, these water and particles interact 
with the lubricant, causing gradual degradation over time, which reduces the performance of 
the components and may even shorten their service life. Among them, excessive wear and 
scuffing are the main reasons for the replacement of transmission components. Excessive wear 
will cause excessive contact temperatures and surface roughness. (Wu et al., 2015). Scuffing, 
in particular, lacks an accurate prediction method to this day (Horng and Lin, 1995; Chern et 
al., 2021). The most widely used method for estimating the service life of bearing grease 
internationally (ISO281, 2007), where the solid particle contamination factor ec is only listed in 
six levels of 0, 0.1-0.3, 0.3-0.5, 0.5-0.6, 0.6-0.8, and 1.0, according to the severity of the 
contamination described in the text. ec = 1 represents clean grease, and ec = 0.5 represents 
moderately contaminated grease. However, there is no quantitative measure for what is 
considered moderately contaminated, and the description can only be blindly selected based on 
experience, indicating a lack of effective quantitative specifications. This paper mainly explores 
the influence of solid particles on excessive wear and scuffing.  

 

RESULTS AND CONCLUSIONS 

In this study, experiments were conducted using the ASTM D4127 four-ball accelerated wear 
tester, as shown in Figure 1. The balls used in the experiments are SUJ2 bearing steel with a 
diameter of 12.7 mm, a hardness of 64-66 HRC. Lithium-based grease was used as the test 
lubricant. Figure 2 shows that as the concentration of SiO2 particles in the grease increases, the 
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water content also increases, while the total acid number (TAN) decreases. The greatest 
reduction in TAN occurs at a concentration of 1.480 wt% SiO2 particles. It is hypothesized that 
the addition of SiO2 particles, along with their associated surfactants, contributes to the decrease 
in TAN. A wear comparison was performed between the condition without particles and the 
condition with a particle concentration of 0.2 wt %. As shown in Figure 3, the wear diameter of 
SiO2 in the dust was larger than that of clean grease. Assuming a wear tolerance life Lw = 340 
μm as a baseline, it can be found that the life with a particle concentration of 0.2 wt % (7.2 
minutes) is only 9.0% of the life without SiO2 (80 minutes). 

The scuffing test conditions followed the DIN-51350-4 standard, with a rotational speed of 
1450 rpm, an oil temperature of 35°C, and an initial load of 10 kgf. The scuffing test results are 
presented in Figures 4(a) and 4(b). These figures illustrate that the grease containing 0.2 wt % 
SiO2 exhibited higher friction coefficient and contact temperature compared to the clean grease. 
The scuffing load was observed to be 70 kgf for both the test without particles and the test with 
0.2 wt % SiO2 particles. However, the grease with 0.2 wt % SiO2 reached the end of its service 
life approximately 50 seconds earlier. These results indicate that environmental particles tend 
to reduce the reliability and service life of mechanical components. 

        
Fig. 1 - Four-balls tribometer.   Fig. 2 - Water content and total acid value at   Fig. 3 - Wear life curves of grease 
                                           the different SiO2 concentrations of grease.        with and without SiO2 particle. 

  
Fig. 4 - Friction and oil temperature of the grease with different particle concentrations (a)0.0 wt% (b)0.185 wt%. 
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ABSTRACT 

The introduction of a reliability-based evaluation of fuse elements is an important 
developmental improvement towards ensuring operational safety. A case study presented here 
focuses on the essential level of details to be considered in early development stages of a 
product when it is already necessary to decide on the suitability of the design to ensure the 
required reliability level during operation. A finite element analysis of an indicator spring on a 
fuse element is carried out for a given geometry, material properties and operating conditions. 
The displacement-dependent force signal generated by the indicator spring is then worked out 
from the simulation results. The comparison of the generated spring force signal with the 
distribution of the micro-switch activation load yields the reliability assessment of the 
indication that a fuse has operated and needs replacement. 

Keywords: Fuse element, indicator spring, reliability, finite element analysis. 

 

INTRODUCTION 

Fuses are used in all electric circuits (Coman et al., 2024; Bayliss and Hardy, 2012; Todorov 
and Kamberov, 2020; Hajimohammadi et al., 2020; Osmani et al., 2023). They are deliberately 
made weak so they can break the electric circuit when overloads and short-circuit currents 
appear which then protects the users and electrostatic components in such events (Bayliss and 
Hardy, 2012; Torres et al., 2010). The operation of a fuse is usually provided by a built-in fuse 
element which melts when overloaded (Coman et al., 2024; IEC 60269-1, 2006; Todorov et al., 
2020). Typical elements used in an electric fuse are shown in Figure 1(a).  

 
Fig. 1 - Electric fuse: (a) physical component and (b) geometric model with typical elements. 
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The operation of the fuse can also be shown by an indicator element as the fuse requires 
replacement after the fault clearance and before the electric circuit is put back into operation. 
The operation of the fuse can also activate an indicator spring which then turns on a micro-
switch, Figure 1(b), and allows for an easier and also remote identification of fuses that need 
replacement when electric systems consist of a number of fuses (Coman et al., 2024; Plunkett 
et al., 2021). 

 

METHOD  

The force F  which can be generated by an indicator spring depends on several factors, 

( )1 2, , , , ,F F u t r hµ µ=      (1) 

where 1 2, , , ,u t rµ µ  and h  stand for the displacement of the spring at fuse operation, friction 

coefficient between the indicator spring and the guide cap, friction coefficient between the 
indicator spring and the micro-switch activation lever, thickness of the activation spring, 
positioning of the activation wire onto the indicator spring and the initial position of the 
indicator spring, respectively. The force generation of an indicator spring in this study has been 
simulated using finite element (FE) analysis in Abaqus 6.13-5. The FE model consisted of 3 
parts using 5800 shell and solid structural elements, Figure 2(a).  

 
Fig. 2 - (a) Finite element model, (b) equivalent von Mises stress at position 1, (c) force signal of the indicator 

spring for various boundary conditions and (d) the measured distribution of the micro-switch activation load and 
estimated reliability at position 3. 

The contacts between the parts allowed for the transfer of normal and tangential loads with 
prescribed coefficients of friction in prescribed range between 1 2, 0.1µ µ = and 1 2, 0.4µ µ = . 

Elastoplastic material properties of a 0.11 mmt =  X12 CrNi 17-7 steel sheet metal were 
measured prior to the simulation and were then applied as a bilinear material model with elastic 
modulus 210000 MPa,E =  yield stress y 1114 MPaσ =  and tangential modulus 

t 1292 MPa.E =  Boundary conditions included positioning of the indicator spring with the 

guide cap, pre-loading of the indicator spring with the activation wire, operation of the fuse 
(melting of both the fuse element and the activation wire) and generation of force by the 
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indicator spring against the micro-switch activation lever at three pre-defined positions 
(positions 1, 2 and 3). Positions 1, 2 and 3 corresponded to pre-defined displacements of 

0.76 mm,u =  3.0 mmu =  and 3.5 mm,u =  respectively. Boundary conditions were applied in 
steps 1-5 where step 1 represented the pre-loading of the indicator spring and step 2 stood for 
the initial contact between the indicator spring and the micro-switch activation lever (position 
1). Step 3 exhibited the displacement of the lever just before the activation of the micro-switch 
(position 2) and finally steps 4-5 stood for the activation of the micro-switch and hence the 
blockage of the indicator spring movement (position 3). 

 

RESULTS AND CONCLUSIONS 

During the pre-loading of the indicator spring, stresses beyond the yield stress of the spring 
material can occur which cause plastic strains in the rounded part of the indicator spring, Figure 
2(b). Consequently, the indicator spring does not return to its initial position (before the pre-
loading) after the operation of the fuse. Pre-loading hence has the highest impact to the force 
generation ability of the indicator spring which can be clearly seen by the force peak at step 1, 
Figure 2(c). If the pre-loading of the indicator spring and hence its initial position is only 
reduced for 0.15 mm, the force generated is reduced from 3.5 N to 2.9 N, Figure 2(c). 
Interestingly, the force in positions 2 and 3 in this case is higher due to lower plastic strains and 
consequently a higher spring-back effect. A similar effect although to a much lower degree is 
achieved by reducing the friction from 1 2, 0.4µ µ =  to 1 2, 0.1µ µ = , Figure 2(c). 

The micro-switch is activated at position 3 so it is crucial that the force caused by the indicator 
spring at that position is higher than the force needed to activate the micro-switch. Typical 
values of the micro-switch activation forces depend on the length of the lever, but in its shortest 
setting, where highest forces appear, a typical scatter is shown in Figure 2(d) (Novak, 2024; 
Novak et al. 2024). Comparing a typical force generated by the indicator spring at position 3 to 
the scatter of the forces needed to activate the micro-switch it can be seen that a high reliability 
of the fuse operation indication can be expected. Specifically, if the reliability of the micro-
switch activation sR  is calculated with respect to the observed indicator spring force at position 

3, 3,F as 

( )
3

0

d
F

s
R f F F=       (2) 

where the probability density function of the micro-switch activation force ( )f F  is described 

by a two-parametric Weibull distribution function ( ) ( )w , ,f F f F θ β=  with parameters 

0.22 Nθ =  and 11.5,β =  then a value s 1R ≈  is observed. 

 

CONCLUSIONS 

Electric fuses are an important safety element in every electric circuit. It is also important that 
a reliable indicator is integrated into the fuse to warn the user when and where in the electric 
circuit a failure has occurred. Here we used a finite element analysis to simulate the behaviour 
of the indicator spring after the operation of a fuse, i.e. after melting of both the fuse element 
and the activation wire. It has been shown that an accurate elastoplastic material behaviour, all 
the crucial assembly parts and contacts between them have to be included in the simulation if 
the results are to be used in the reliability analysis of the failure indicator. 
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ABSTRACT 

Circular Economy challenges demand effective actions in the context of systemic change, 
production innovation and new product design approaches. Most company products must be 
redesign applying circular design principles articulated with sustainable design guidelines. 
Regarding product type, different approaches must be considered, namely in the scenario of 
novel product versions with updates or new design, and in the scenario of product instance 
redesign. This work presents a model for product redesign encompassing multidimensional 
assessment, ReDesignFX, considering design-for-X guidelines, either for new product 
development or product instance redesign in circular economy strategies application for product 
life extension. The model is applied as a proof-of-concept of the methodology in a system 
redesign in the context of a real-based remanufacturing operation of an industrial robot 
machine, where design-for-disassembly and design-for-repair were assessed for performance 
in the old machine (reverse engineered) and the new redesigned version.  

Keywords: Circular Economy; Product Redesign; Design-for-X; R-Strategies; Design-for 
Disassembly; Design-for-Repair; Remanufacturing. 

 

1. INTRODUCTION 

As we continue to face a massive influx of new products designed following a Linear Economy 
approach - with minimal consideration for their use phase duration and lifecycle extension 
beyond legal requirements and warranty cost minimization - the transition to a more Circular 
Economy requires that products are fundamentally redesigned, in order to meet CE standards, 
following circular design principles and integrating sustainable design guidelines. To better 
understand if the correct approach is being taken, the 9R circularity index, as proposed by 
(Muñoz et al., 2024), can be considered. From the perspective of the producer, depending on 
the complexity and economic value of its parts and modules, Remanufacturing can be specially 
appealing, as it could lead to higher profits, by reducing production costs and being 
environmentally positive (Fegade et al., 2015). Design-for-Remanufacturing encompasses 
various domains, such as Design-for-Disassembly, Design-for-Repair, Design-for-Retrofit or 
Design-for-IoT which adds a lot of variables to consider in the design process. All of these have 
to be taken into account, as the ultimate suitability of a product towards remanufacturing is 
highly dependent on decisions made in the earlier phases of the design process (Fegade et al., 
2015). Unsuitable decisions during the design process prevent products from being 
remanufacturable, leading to enormous costs in correcting design flaws – correcting a design 
flaw increases its cost by ten in each development stage (Paul et al., 2024). As an example, if 
Design-for-Disassembly is one of the X domains selected for the design process, there are 
several design parameters that will influence the successful application of this domain – part 
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accessibility, as (Soh et al., 2016) concluded, is essential to determine the optimal disassembly 
path; (Bogue, 2007) argues that DfD can be enhanced by incorporating modularity, reducing 
components and standardizing manufacturing processes, as well as designing fasteners, joints 
and connections for ease of disassembly, preferring mechanical fasteners and being matched to 
standard tools. Independently of the X domains selected, there are several design parameters 
which must be taken into consideration during the design process, to ensure that the product 
will be more likely remanufacturable in the future. These parameters are summarized in Table 
1 below. 

Table 1 - Design parameters for Remanufacturing. 

Parameter Description Reference 

Disassemblability and 
Reassemblability 

Easily separate a product into 
components, enabling repair, 
refurbish, remanufacture and 
upgrade 

(Mesa, González-Quiroga, 2023) 
(Mesa, 2023) 

Durability/Longevity 
Ensure a product lasts, allowing it 
to be reused and having multiple 
lifetimes 

(Mesa, González-Quiroga, 2023) 
(Paul et al., 2024) 
(Mesa, 2023) 

Modularity 
Allow components to be added, 
removed or exchanged to modify a 
product’s functionality 

(Mesa, González-Quiroga, 2023) 
(Paul et al., 2024) 
(Mesa, 2023) 

Identifiability 

Allow individual parts 
(components, fasteners) and 
function and condition (wear, 
contamination) to be determined 

(Paul et al., 2024)  

Accessibility 

Facilitate the separation of 
components from the rest of the 
product by having fasteners and 
components accessible, to loosen 
connections during disassembly – 
position, depth, arrangement and 
orientation are critical factors 

(Paul et al., 2024) 

Manageability 
Ensure the required 
disassembly/reassembly tasks are 
based on human body capacity 

(Paul et al., 2024) 

Standardization 

Use standard parts and low 
diversity (few materials and low 
model diversity) as well as 
standardizing fasteners, tools and 
components 

(Paul et al., 2024) 
(Mesa, 2023) 

Separability 
Make it easy to components from 
each other (eg: detach fasteners 
from components) 

(Paul et al., 2024) 

Cleanability 
Have products suited for cleaning, 
resistant to chemicals and high 
temperatures 

(Paul et al., 2024)  
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Within the context of complex product design and concurrent engineering, where multiple 
design disciplines and product life cycle dimensions of knowledge must be coherently and 
efficiently integrated, Lean Design-for-eXcellence (LeanDfX) as proposed by (Atilano et al., 
2019), aiming to integrate Lean Thinking and Design-for-X methodologies to enhance product 
development through various domains and aims to assess the effectiveness and efficiency of a 
given product design. The present work proposes a new framework, so-called ReDesignFX, 
which aims to combine the necessity to design products, namely focused on Remanufacturing 
capability and related R-Strategies, while considering Design-for-X base principles.  

 

2. METHODOLOGY DEVELOPMENT 

2.1 Development method  

The proposed framework followed a Design Thinking approach (Serrat, 2017), composed of 3 
phases in order to achieve the full methodology development (Figure1). Initially, there was a 
systematic literature review on the relevant topics, which led to the formulation of the respective 
research question. 

Fig. 1 - Design process for the development of the ReDesignFX methodology. 

 

In the second phase the architecture of the proposed methodology was defined, mainly through 
brainstorming sessions. Finally, with the methodology fully developed, it was tested for initial 
validation in a concrete case study. 

2.2 Architecture Design and Methodology Description and Guidelines 

The research question for this study consist in developing a methodology capable of assessing 
the performance of product redesign and integrating multiple design dimensions. In Figure 2 is 
presented the overall architecture developed of ReDesignFX.  

The proposed methodology foresees two distinct scenarios of application. The case of a new 
product design, i.e., a new version (or evolution) of an existing product (scenario A); and the 
case of redesigning an existing product or updating it, so, instance-based (scenario B) which 
will be delved deeper further ahead. For both scenarios, despite the urgency to design with these 
guidelines in mind, it is important not to do it without considering the impact it can have on 
costs. For this reason, incorporating Lean Design principles is key. In fact, (Dombrowski et al., 
2014) defined a group of qualitative guidelines to aid design engineers in the process of 
converting non-value-added variables. This can be used as the basis for the evaluation of 
possible design solutions and subsequent new product designs, although it is only qualitatively. 
Due to this, LeanDfX, as proposed by (Atilano et al., 2019), presents as a powerful solution to 
combine these concepts, while also providing a quantitative analysis and being a powerful tool 
for decision making. 
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Fig. 2 - ReDesignFX architecture and the two predicted scenarios for application. 

 

2.2.1 Scenario Redesign Product Version  

For the considered scenario A, which considers the development of a new version of a given 
product, redesigned to be suited for remanufacturing, which is regarded as a crucial strategy for 
achieving circularity. In this scenario, since a new product version is being developed, it is 
relevant to meet the criteria enlisted above. Nevertheless, it is mandatory to look for areas of 
improvement and to understand what has not been achieved in the product’s previous version. 
This can be done either through an analysis of historical information of the product’s use phase, 
direct feedback (from end-user, for example) or through quality reports. In fact, (Zhang et al., 
2019) suggests that customer reviews have become a crucial data source for product design. 
This contributes to a better definition of the new version’s requirements, better meeting the 
user’s needs, since good requirements are essential for the success of a project (Montgomery et 
al., 2022). After this information is gathered, it will then be used by the Engineering Design 
Department (or equivalent) when designing a new version or a new model, where a coherent 
DfX approach, including Circular Design guidelines, will be taken. In fact, the design of 
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products that strictly follow Circular Design guidelines is still very limited, with focus being 
solely given to improving product design, manufacturing, use and final disposal stages (Mesa, 
2023). Moreover, (Sassanelli et al., 2020) found that new methods for incorporating DfX in 
product design are needed, so that they can firmly support design decision-making. 

 

2.2.2 Scenario Redesign an Existing Product Instance  

As for scenario B, it presupposes the existence of a product manufactured instance, meaning 
that a given asset that was designed in the past, where probably it didn’t include Design-for-X 
integration guidelines, circular design or eco-design principles. One thing that plays a vital role 
during this process is the existence of available documentation in various engineering domains 
(Mechanical, Electrical, Automation and Electronic, Software, etc) that will support the 
necessary reverse engineering needed to decompose the product in manageable 
modules/components and work their way from there. Reverse engineering has become essential 
in product development, particularly within the context of circular economy and sustainable 
manufacturing. It typically involves data acquisition through advanced digitization techniques, 
such as 3D scanning, and subsequent processing steps like point-cloud and surface 
reconstruction to generate accurate computer-aided design (CAD) models (Várady et al., 1997). 
Of course, in the case CAD models are available, this first step can be skipped. Feature 
recognition is crucial, serving as a foundation for functional understanding and design 
modifications aimed at product optimization (Buonamici et al., 2018). The analytical phase, 
including finite element and tolerance analyses, ensures structural and functional integrity, 
supporting original performance standards (Otto & Wood, 1998). Redesign integrates design-
for-X (DfX) principles - especially manufacturability, assembly, and remanufacturing-
enhancing sustainability and product lifecycle management (Fegade et al., 2015; Atilano et al., 
2019; Muñoz et al., 2024). Reverse engineering can significantly differ when applied to new 
product designs versus existing products. For new products, reverse engineering typically 
leverages historical product use data, direct consumer feedback, or sensor data to refine design 
requirements and specifications proactively (Stark et al., 2017). In contrast, reverse engineering 
of existing products frequently requires deconstructing products to their fundamental 
components, analyzing existing documentation, and conducting detailed assessments to identify 
improvement opportunities based on past performance and lifecycle experiences (Raja & 
Fernandes, 2008). When the principles behind this instance are understood, there should be a 
new revised definition of both requisites and specifications that the product must match, 
allowing for its design calculus verification and assessment, and thus providing that the new 
modules or components can be redesigned to include Circular Design and R-Strategies. 

 

3. USE CASE TESTING AND RESULTS DISCUSSION  

3.1 Use Case Description – Machine System Redesign 

An exemplary case of industrial application is represented by the Cartesian robot, as show in 
Fig. 1, manufactured by Campetella, an Italian industry specializing in robotic automation 
systems. As presented in Figure 3, Campetella's Cartesian robot comprises three orthogonal 
linear axes complemented by a sophisticated robotic wrist, offering precise and versatile 
manipulation capabilities suitable for various industrial applications. The vertical axis typically 
includes components such as a balance bar, servo-motor, and belt-driven mechanism, designed 
for operational efficiency and accuracy. This modular design supports varying payload 
capacities and movement dynamics, aligning with industrial flexibility requirements. The 
integration of precision control systems, underscores performance, reliability, exemplifying 
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modular design that can facilitate sustainable manufacturing practices based on circular 
business models. 

 

Fig. 3 - The Campetella’s Cartesian robot. 

Figure 4 presents the principal robot machine systems considered in this study for redesign in 
a remanufacturing real-based context. This example maps the ReDesignFX “Scenario B” 
methodology application, where an existing machine is under a remanufacturing operation. The 
Vertical Axis System was considered for redesign (Figure 5) and is divided into three main 
modules: Balance bar (M1); Servo-motor (M2); and Belt-Driven System (M3).   

  
(a) (b) 

 

 

(c) (d) 

Fig. 4 - Systems of Cartesian robot considered: (a) vertical axis; (b) wrist; (c) extraction 
axis; (d) and transversal axis. 
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The results presented are based on real remanufacturing operation that deals on machine 
instances at the end of the use-phase, and for old product versions some modules might need to 
be redesigned to the updated in the remanufactured machine. Due to confidentiality reasons the 
example values were distorted, but the results interpretation and methodology validation are 
not affected. 

Fig. 5 - Top Levels product breakdown hierarchy of the Cartesian robot machine. 

 

3.2 Parameterization for the selected X-Domains and Design Variables  

3.2.1 Selection of X-Domains for the ReDesignFX proof-of-concept  

For initial proof-of-concept of ReDesignFX methodology, Scenario B’s guidelines were 
followed, i.e., it considering an instance of the product – in this case, the vertical axis of 
Campetella’s cartesian robot – that is under a Remanufacturing Operation. In order to study the 
selected system according to the proposed methodology, by applying the LeanDfX integration 
tool to assess the product design performance, two X-domains were defined as essential in a 
redesign scenario and to make the product more suitable for remanufacturing: Design-for-
Disassembly (DfD) and Design-for-Repair. Each X was then composed of three Design 
Variables (DV), which would assess the feasibility of the design proposal, both before and after 
the application of the methodology and its suggestions based on the obtained results (old vs 
new redesigned modules). The X-domains and respective Design Variables were organized as 
follows, alongside the proposed levels of assessment for each. 

X1 - Design-for-Disassembly 

DV1 - Joint/Union type – the reversibility or irreversibility of a joint between two components 
is known to be one of the main factors influencing ease of disassembly (De Fazio et al., 2021). 
For example, avoiding non-detachable fastenings (rivets, welding, etc) facilitates non-
destructive disassembly (Paul et al., 2024). A 3-level scale was considered:  

(i) Using only irreversible joints; 
(ii) Using a mix of reversible and irreversible; 
(iii) Using only reversible joints; 

Cartesian Robot 
Machine

Product

Transversal 
Axis
System 1

Vertical Axis

System 2

Balance Bar

Module 2.1

Servo Motor

Module 2.2 

Belt Driven 
Mechanism

Module 2.3

Wrist

System 3

Extraction Axis

System 4
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DV2 - Components accessibility – allow an easy separation of components during disassembly 
processes, by considering the position and depth of the components in the product, as well as 
their orientation (Paul et al., 2024). In this work, a 5-level scale is proposed: 

(i) Non-serviceable – lack of modularity or access limited due to obstructions or 
destruction of components needed (because of irreversible joints or similar); 

(ii) High complexity – dependence on specialized tools or general high effort needed 
for component retrieval; 

(iii) Moderate – use of commonly available tools but multiple steps required for access; 
(iv) Low complexity – use of basic tools and minimal steps required for access; 
(v) Fully serviceable – all components accessible from multiple ways and directly 

available. 

DV3 - Standard tools use – using standard tools, by using standard fasteners and components 
and reducing their diversity (Paul et al., 2024). A 3-level scale was considered: 

(i) Heavily dependent on specialized equipment and tools; 
(ii) Mix of standard and specialized equipment and tools; 
(iii) Mostly dependent on standard equipment and tools. 

 

X2 - Design-for-Repair 

DV1 - Ease of Disassembly – This maps lower disassembly times and logical disassembly 
sequences that make it easier for damaged/non-functional components or modules to be 
retrieved and repaired, while also minimizing components needing substitution (Roskladka et 
al., 2023) (Dangal et al., 2025). Since Design for disassembly was already characterized above 
as X1 dimension, the effectiveness and efficiency will be directed mapped in the analysis 
results.  

DV2 - Availability of spare parts - (Roskladka et al., 2023) (Dangal et al., 2025). For repair 
operations, the access to substitute parts is a key element. It was considered 5 level qualitative 
scale: 

(i) Spare parts very low availability – very low access to spare parts, that are no more 
produced or very hard to reach.   

(ii) Spare parts low availability – low access to spare parts, that are no more produced 
or hard to reach.   

(iii) Moderate spare parts availability – moderate access to spare parts, that are still on 
production and available to order or produced.   

(iv) Spare parts good availability – good access to spare parts, that are produced or easy 
to reach.   

(v) Spare parts very good availability – very good access to spare parts, that are 
produced or very easy to reach and order.   

DV3 - Material components robustness – using parts made from robust materials that allow for 
their replacement, without breaking (Roskladka et al., 2023). It was considered a 3 level 
qualitative scale. 

(i) Low material parts robustness – Low material strength or durability in the context 
of repairability.   
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(ii) Medium material parts robustness – Medium material strength or durability in the 
context of repairability.   

(iii) High material parts robustness – High material strength or durability in the context 
of repairability.   

DV4 - Repair information – Defines the level of information available for a given product, 
module or component. It includes also the information type and availability. It was considered 
a 5 level qualitative scale.  

(i) Very low information availability – very low access to product information and its 
parts, either in digital or non-digital format.   

(ii) Low information availability – low access to product information and its parts, 
either in digital or non-digital format.     

(iii) Moderate information availability – sufficient access to product information and its 
parts, either in digital or non-digital format.   

(iv) Good information availability – good access to product information and its parts, 
either in digital or non-digital format.       

(v) Very good information availability – very good access to product information and 
its parts, either in digital and non-digital format.     

 

3.3 Results discussion and key findings 

The analysis of the redesign of the three modules of the Vertical Axis system are presented 
below in the ReDesignFX scorecards that adopt a LeanDfX approach but in these cases for 
Design-for-Disassembly and Design-for-Repair context of Remanufacturing operation of a 
given machine. A particular difference to previous LeanDfX case studies rely on the qualitative 
design variables assessment and the interconnection of Design-for-Disassembly overall result 
(effectiveness and efficiency of the design) to the Design-for-Repair, as a dependent DV (DfD). 

 
3.3.1 Assessment to the machine Remanufacturing Instance modules to redesign.   

In Figure 6 are presented the results for the Design-for-Disassembly of the 3 modules 
considered. The “design fail” of some design variables (DV1 Joint / Union type or DV2 
Components Accessibility), represent that in this present condition design assessment the 
design criteria is more demanding that it was when these modules were firstly developed in the 
past (and the robot machined produced). The design for disassembly was not bad, but should 
be improved now as more Circular Business Models and R-Strategies are essential to put in 
place by companies, as Campetella is doing by expanding the Refurbishment and 
Remanufacturing business area. In the Efficiency assessment it must be clarified that the 
inefficiency of design is measured face the maximum level of each DV qualitative scale. Thus, 
since all DV are qualitative, it can’t be straightly interpreted as “overdesign engineering” as 
many times occurs in continuous design variables. 

In Figure 7 it is presented the Design-for-Repair performance assessment of current, reversed 
engineered, robot machine design. The DV related to Design-for-Disassembly was linked to 
the overall result of scorecard presented in Figure 6. This interlink is coherent to the 
instrumental role of DfD in Design-for-Repair, the best DfD the better the reparability 
performance and vice-versa. The DV2 related to parts availability is observed to be failing as 
design assessment for Module 2.2 (Servomotor) and M2.3 (Belt Driven Mechanism). The 
Material Robustness is below threshold 3 in M2.1 (Balance Bar). The repair information is also 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track D - Mechanical Design and Prototyping 

-252- 

insufficient in M2.1 and M2.2. The overall design performance for reparability of the current 
existing machine modules are thus compromised, to the lens of today needs, and need to be 
improved in the redesigned version of this study, namely by resolving the downsides of DfD, 
consider more availability for spare parts, improve the material robustness of M2.1 balance bar 
and create detailed information for reparation of M2.1 and M2.2. 

 

Fig. 6 - Design-for-Disassembly performance of current (reversed engineered) robot machine design. 

 

 
Fig. 7 - Design-for-Repair performance of current (reversed engineered) robot machine design. 
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3.3.2 Assessment for the Modules Redesigned 

In Figure 8 is presented the final result regarding Design-for-Disassembly of the redesigned 
modules M2.1, M2.2, M2.3, thus of System 2 (Vertical Axis). The effectiveness was know all 
assured to the updated design requirements and in terms of efficiency of design only the DV2 
Components Accessibility was not possible to achieve maximum level (5).   

Figure 9 shows the final results regarding the Design-for-Repair of the redesigned Vertical Axis 
System and its modules. All the design issues were solved, passing all the effectiveness 
thresholds.  

 
Fig. 8 - Design-for-Disassembly performance of redesigned robot machine design. 

Fig. 9 - Design-for-Repair performance of redesigned robot machine design. 
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Some design variables were not possible to attain top level criteria for efficiency of design 
(DV2 Availability of Parts for M2.1 and M2.3, 80% of performance, and DV4 for repair 
information of M2.2). Nevertheless, the overall result achieved is very good and the 
improvement of DfD of all modules provide a direct impact in the reparability, as it was 
intended.  

The new methodology of ReDesignFX, here in the context of remanufacturing operation, 
proved to be effective to map the design trade-offs and act as an integration methodology for 
product design performance for complex products as industrial robot machines.  

 

4. CONCLUSIONS 

This work presents a model for product redesign encompassing multidimensional assessment, 
ReDesignFX, considering design-for-X guidelines, either for new product development or 
product instance redesign in circular economy strategies application for product life extension 
(Design-for-Reuse, -Repair; -Refurbish, etc.). The model was applied in a proof-of-concept of 
a system redesign in the context of a real-based remanufacturing operation of an robot machine, 
where design-for-disassembly and design-for-repair were assessed for performance in the old 
machine (reverse engineered) and the new redesigned version.  

The new methodology of ReDesignFX, here in the context of remanufacturing operation, 
proved to be effective to map the design trade-offs and act as an integration methodology for 
product design performance for complex products as industrial robot machines.  

Despite the strong points of the method, there are shortcomings that need to be developed. The 
information mapping for a given product at a redesign stage must be detailed, either for a novel 
redesign version, or parts of a existing product (system or machine). The data sources must be 
coherently integrated (user feedback, maintenance records, repair history, etc.) and even to 
consider digital platforms data access (PDM or PLM softwares). Finally, the methodology 
should be tested in a complete design-for-remanufacturing of a new product or product version, 
to explore and demonstrate all its capabilities for design performance trade-offs and the 
relations between R-Strategies and D-Strategies.    
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ABSTRACT 

A new algorithm has been developed for automatically detecting rebar locations and diameters 
in reinforced concrete structures using ground-penetrating radar (GPR) techniques. This study 
formulates the speed of electromagnetic waves in reinforced concrete using two-way travel time 
and bi-quadratic equations, which approximate hyperbolic signatures. An established algorithm 
has been leveraged to create a computer program that allows for automated analysis of GPR 
data collected from survey grids. The developed evaluation approach is validated by testing a 
reinforced concrete slab and a beam on a functional bridge. The proposed methodology 
demonstrates exceptional signal processing capabilities and effectively identifies rebar 
information, highlighting its efficiency. 

Keywords: Reinforced-concrete structures, non-destructive evaluation, ground-penetrating 
radar, rebar depth, rebar diameter. 

 

INTRODUCTION 

For several decades, ground-penetrating radar (GPR) has been used in geophysics for soil 
exploration. Since the early 1990s, advancements in high-frequency antennas, as well as 
sophisticated software and hardware systems, have made GPR a rapid and reliable method for 
assessing concrete structures. This technique has been effectively applied to monitor and 
evaluate bridge decks [1], detect the size and location of rebar within concrete [2], and estimate 
the cover and thickness of bridge deck concrete [3], [4]. 

This study utilizes GPR data to determine the depth and size of rebar in reinforced concrete 
slabs. A novel computer algorithm has been developed to accurately extract the hyperbolas 
representing rebar in the radargram. The introduction of new methods for determining the time 
zero and electromagnetic wave velocity offers significant advantages over existing techniques, 
enhancing the accuracy and reliability of the assessment. Additionally, bi-quadratic and 
theoretical equations for hyperbolas have been formulated to evaluate rebar spacing and depth. 
The comparison of experimental and theoretical curves provides valuable insights into the size 
of the rebar. 

 

GPR SYSTEM AND DATA PROCESSING 

Ground-penetrating radar (GPR) is an electromagnetic (EM) technique that uses radar pulses to 
create images of the subsurface. This technology relies on the propagation of high-frequency 
electromagnetic waves transmitted from a radar antenna. For most civil engineering 
applications, the wave frequency typically ranges from 200 MHz to 2.6 GHz. Two key physical 
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properties that influence GPR performance are dielectric constant and electrical conductivity, 
which affect how electromagnetic waves propagate through different materials.  

As GPR energy travels through a medium, it experiences attenuation, meaning radar energy is 
lost. In resistive materials—such as dry sand, ice, or dry concrete—the signal remains strong 
for longer, allowing it to penetrate greater depths [5], [6]. Conversely, in conductive materials 
like salt water and wet concrete, GPR energy is absorbed more quickly, limiting its effective 
range. Because of these characteristics, GPR is well-suited for inspecting construction materials 
such as concrete, sand, wood, and asphalt [7]. 

The dielectric constant of a material indicates the speed at which radar energy travels through 
it. Ground Penetrating Radar (GPR) transmits electromagnetic (EM) waves into concrete and 
measures the time it takes to travel back after reflecting off embedded objects. The depth of 
these objects can be obtained by multiplying the two-way travel time by the wave speed. In air, 
GPR energy propagates at almost the speed of light, corresponding to a dielectric value of 1. 
Dielectric values typically range from 3 to 12 for construction materials, translating to radar 
wave velocities between 0.178 and 0.089 meters per nanosecond [8]. 

When radar energy encounters a subsurface or embedded object or a boundary between 
materials with different electrical conductivity and dielectric values—such as rebar, voids, or 
other inhomogeneous materials—it reflects to the surface and is detected by the receiving 
antenna [9]. The greater the difference in these values, the stronger the reflections. For instance, 
embedded rebar in concrete slabs produces a strong reflection because it is a conductive 
material. A GPR antenna consists of a transmitter (T) and a receiver (R); the transmitter sends 
the signal, while the receiver captures the reflected signal. This study chose a 1.6 GHz antenna 
with a 58 mm T-R offset (the distance between the transmitter and receiver) for the GPR system. 

Data collection and acquisition 

The data collection was conducted with meticulous attention to detail, with the direction chosen 
to be perpendicular to the steel rebars (i.e., parallel to the longer slab edge). The ground-coupled 
antenna, operating at a frequency of 1.6 GHz, was consistently used for all RC slab specimens. 

Rebar depth and diameter 

The shape of a hyperbola in ground-penetrating radar (GPR) data is influenced by two primary 
factors [5]: (1) scan spacing, where smaller spacing (i.e., more scans per meter) results in wider 
hyperbolas, and (2) wave velocity, where higher velocities (associated with lower dielectric 
constants) produce wider hyperbolas, and lower velocities produce narrower ones. To derive 
the theoretical equation of the hyperbola, the following assumptions are made: 

• The positive peaks of the reflected waves from the rebar correspond to the negative peaks 
of the transmitted wave, indicating a phase reversal. 

• The transmitted wave reflects at the surface of the rebar along the shortest two-way travel 
path. 

The transmitting and reflection paths can be obtained as follows (Figure 1): 

�� = ��� + � − � cos 
�� + �� − �� − � sin 
��
   (1a) 

�� = ��� + � − � cos 
�� + �� + �� − � sin 
��
   (1b) 

where: tan 
 = � �⁄ ; X=xp-x is the distance between the rebar and the center line of the 
transmitter and receiver (TR) in the horizontal direction; z is the depth of the rebar center; r is 
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the rebar radius; S is the spacing of the transmitter and receiver; x0 is the horizontal coordinate 
of the rebar; x is horizontal coordinate of the antenna. Those parameters are illustrated in Figure 
1. 

Consider the peak point of the hyperbola; the two-wave travel time is expressed by Equation 
(2), where t0 is time zero; tp is the time of the hyperbola peak. Consider a point on the hyperbola; 
the two-wave travel time can be obtained, as can be depicted in Equation (3). 

�� − �� = √��� ��
!"      (2) 

�#−�� = $% $�!"       (3) 

Substituting Eq. (1) and Eq. (2) into Equation (3) results in producing Eq. (4). 

�# = &�� − ��' ��� ()( *+, -�� �.)/�)( ,01 -�� ��� ()( *+, -�� �. /�)( ,01 -��
√��� �� + �� (4) 

Equation (4) depicts the hyperbolic curve from a rebar embedded in RC. The suggested steps 
for solving for the rebar depth (z) and radius (r) in Equation (4) are as follows: 

- Estimate the electromagnetic wave velocity. 
- Calculate the rebar depth using Equation (2). 
- Identify the coordinates at the peak of the hyperbola. 
- Calculate the rebar radius using Equation (4) 
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(a) Wave travel path            (b) Hyperbolic reflection 

Fig. 1 - Reflected wave from a rebar. 

 

Determination of the coordinates at the peak of the hyperbola 

The locus of the positive peak reflections from the rebars extracted from a radargram are not 
smooth curves, and their peak coordinates (tp and xp) are not provided. A biquadratic equation 
can approximate the curves to determine the coordinates as follows: 

�# ≈ 34� + 546 + 74� + 84 + 9    (5) 
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The reason for choosing biquadratic Equation (5) is its close fit to theoretical hyperbola 
(Equation 4) with extremely high precision, as demonstrated in Figure 2. The xp coordinate 
represents the horizontal position of the rebar, whereas tp corresponds to its depth. The peak 
coordinates (tp and xp) can be identified by solving the first derivative of Equation (5). 

:;<:= = 0      (6) 

 
Fig. 2 - Biquadratic approximation. 

The authors developed a computer program with a fully graphical interface using Delphi to 
address the limitations of the post-processing software in current commercial Ground 
Penetrating Radar (GPR) devices. Utilizing the principles and equations mentioned above, the 
program can automatically detect and determine the depth and size of rebar, as well as the 
electromagnetic wave velocity in concrete slabs. It identifies and fits all hyperbolic reflections 
represented by positive radargram peaks using biquadratic equations. An iterative method was 
employed to solve Equation (4) and accurately determine the unknown values necessary to fit 
the biquadratic Equation effectively. 

 

EXPERIMENTAL PROGRAM 

A reinforced concrete (RC) slab was developed and tested to assess the effectiveness of the in-
house software. The specimen, referred to as S1, measures 914 mm in length, 610 mm in width, 
and 89 mm in thickness, as illustrated in Figure 3. This slab incorporates three different rebar 
diameters (#3, #5, and #7), all positioned at the same depth with a consistent spacing of 203 
mm. The RC slab specimens were cast using ready-mix concrete sourced from in-transit mixers, 
followed by curing and testing under controlled laboratory conditions. 

GPR testing was performed on a dynamic and functional bridge beam, with the cross-section 
depicted in Figure 4. The beam was scanned in both longitudinal and transverse directions. 
However, the transverse scan data, which may have been influenced by the presence of voids 
within the beam, were excluded from this study. The longitudinal scans specifically aimed to 
identify the internal stirrups. 
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Fig. 3 - Details of the RC slab specimen (units in millimeters). 

 

 

Fig. 4 - Cross section of the bridge beam (units in millimeters). 

 

RESULTS AND CONCLUSIONS 

The radargram shown in Figure 5 depicts the GPR scan conducted on slab S1, which reveals 
the presence of three rebars identified by their hyperbolic reflections. Figure 6 displays the 
positive peaks of these rebar reflections alongside theoretical hyperbolic curves for different 
types of rebar. The diameter of the rebar was determined by finding the diameter corresponding 
to the maximum R-squared value, as illustrated in Figure 7. This analysis provides crucial 
insights into the composition and characteristics of the slabs. Additionally, Table 1 compares 
rebar depth and diameter, indicating that the maximum variation in rebar diameter stays within 
10 percent. 
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Fig. 5 - Radargram of slab specimens S1. 

 
Fig. 6 - Hyperbolas and best fit curves for rebars. 

 
Fig. 7 - R2 for slab specimens S1. 

Table 1 - Rebar diameters and depths for S1 slab. 

Rebar 
No./Diameter 

(mm) 

Designed depth 

(mm) 

Calculated 
diameter/depth 

(mm) 

Diameter/ Depth 
differences (%) 

#3/9.525 50.8 10.4/49 9.2/3.5 

#5/15.875 50.8 16/48 0.8/5.5 

#7/22.225 50.8 22.2/49 0.1/3.5 
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Figure 8 presents a radargram obtained from a longitudinal scan of the bridge beam. While 
some stirrup signals appear blurred due to the influence of internal voids, several stirrups were 
accurately detected. As shown in Figure 9, the estimated diameters of the detected stirrups range 
from 10 mm to 13.2 mm, closely matching the actual diameter of 12.7 mm. 

 
Fig. 8 - Radargram of the real bridge beam. 

 
Fig. 9 - R2 for the real bridge beam. 
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ABSTRACT 

Post-tensioned Tainter gate anchorages that utilize trunnion anchor rods have been widely used 
in many dams across the United States, particularly in the Mississippi Valley, Great Lakes 
region, and the Southwestern and Northwestern Divisions. This study aims to evaluate the 
impact of a failed rod or multiple failed rods on the remaining rods' stress distribution and on 
the rod groups' overall capacity within the same anchorage box. A comprehensive experimental 
investigation was conducted on post-tensioned anchorages with various rod configurations. The 
experiments involved a scaled anchorage system featuring a post-tensioned concrete trunnion 
girder with nine high-strength post-tensioning rods. Finite element analyses simulating different 
failure scenarios of the trunnion rods were validated using data from the detailed experimental 
study. The numerical results effectively predicted changes in rod loads under various loading 
and de-tensioning conditions. 

Keywords: Navigation structures, dam spillways, asset management, trunnion rods, post-
tensioned anchorage. 

 

INTRODUCTION 

The United States Army Corps of Engineers (USACE) manages a large inventory of dams that 
utilize Tainter gates to regulate water flow. Tainter gates are considered one of the most 
effective solutions for controlling dam spillways. Across the United States, a diverse array of 
dams featuring post-tensioned Tainter gate anchorages. The highest concentration of these 
dams is found in the Mississippi Valley Division (MVD), Great Lakes and Rivers Division 
(LRD), Southwestern Division (SWD), and Northwestern Division (NWD) [1]. 

O’Donnell [2] discussed essential considerations for designing prestressed concrete anchorages 
for large Tainter gates. For the piers and girders, concrete with a strength of 5000 psi is required; 
however, higher-strength concrete may be necessary for large gates. The amount of prestressing 
was calculated based on various load conditions, and the actual final load on the prestressing 
steel should not exceed 60 percent of the steel’s minimum ultimate strength. Due to stress losses 
in the steel caused by factors such as elastic shortening of the concrete, creep, and plastic flow, 
the initial tension on the steel—immediately after the anchorages are seated—should not exceed 
70 percent of the ultimate strength of the steel. 

Between 2010 and 2017, testing of ten dams across the United States revealed significant 
maintenance challenges and opportunities for performance enhancement. Eight of these dams 
exhibited failures in their post-tensioned trunnion rods. A thorough evaluation of 5,371 greased 
trunnion post-tensioned rods uncovered 22 instances of breakage and six cases of slipping 
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gripping hardware. Additionally, the Markland Dam and the Greenup Dam faced critical issues, 
with 202 rods on the Markland Dam and 76 rods on the Greenup Dam showing substantial 
cantilever bending or corrosion. Addressing these issues is crucial to preventing further failures 
in the post-tensioned trunnion systems. 

Abela and Abela [3] conducted a case study that analysed an existing trunnion girder and its 
greased post-tensioned anchors before load testing. Their analysis assessed the capacity of the 
structural members using a finite-element (FE) model and investigated the likelihood of a 
critical anchor failure. This was based on test data obtained from non-destructive dispersive 
wave propagation testing and load testing of similar anchors at other dams. The analysis results 
revealed a higher-than-expected probability of a critical anchor failing. It indicated that a 
significant flood event could jeopardize the post-tensioned anchorage system. In response, two 
contingency plans were proposed: one involving the replacement of the anchors and another 
suggesting the addition of a steel exoskeleton wrapped around the trunnion girder, complete 
with new anchors. 

Abela [4] assessed the adequacy of a passive anchorage system under increased hydrostatic 
loading through FE analysis and existing structural and mechanical design manuals. This study 
highlighted several key elements for evaluating an existing passive anchorage system, including 
analyzing the behavior of the anchorage system using FE models, considering Von Mises stress 
and the elongation of the system, understanding both historical and current codified guidance, 
applying the correct classification, and accounting for corrosion of embedded anchors. Malik 
and Zatar [5, 6] focused on structural health monitoring approaches to support waterway 
infrastructure. Nguyen et al. [7] and Zatar et al. [8, 9] reported successful methods for analytical 
and non-destructive testing of concrete structures. 

The research team performed non-destructive laboratory testing and FE analyses on a scaled 
model of a Tainter gate used in navigation dams. The objective was to assess force distribution 
and evaluate the increased forces experienced by the remaining post-tensioned trunnion rods 
resulting from the failure of one to three of these rods. 

 

SCALED MODEL OF TAINTER GATE STRUCTURE 

The scaled model of the Tainter gate structure includes several key components: a concrete 
beam, pedestals, a steel girder, steel columns, and high-strength threaded rods, as illustrated in 
Figure 1. The concrete beam has dimensions of 120 × 24 × 30 inches (length × width × height) 
and is supported by three steel pedestals that are spaced 3 feet apart. A steel girder (shown in 
Figure 2) is responsible for transferring forces from two hydraulic actuators to the trunnion 
rods, conveying these loads to the concrete beam. The horizontal distance from each hydraulic 
actuator to the center of the concrete beam is 3 feet. Supporting the hydraulic actuators are two 
steel columns with wide-flange cross sections (W5×19). All structural components were 
fabricated at a dedicated facility, including the concrete beam, steel girder, columns, and 
pedestals. Additionally, nine high-strength threaded rods are arranged in a 3×3 grid with 8-inch 
spacing to simulate the trunnion rods in Tainter gate structures. The mechanical properties of 
these rods are detailed in Table 1. 

The lateral loads, representing the combined effects of water pressure and wind load transferred 
from the Tainter gate to the girder, are simulated using two hydraulic actuators. Each actuator 
has a maximum capacity of 196 kips and a corresponding pressure limit of 5,000 psi. The test 
setup includes nine load cells mounted at the rods' ends on the concrete beam's rear side (Figure 
1), along with two additional load cells attached to the hydraulic actuators to monitor applied 
forces. All load cells have a 50-ton capacity and a 2.0 mV/V sensitivity. 
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(a) Side view 

 
(b) Plan view 

Fig. 1 - Schematic of the scale model test. 

 

 

Fig. 2 - Cross sections of the concrete beam (left) and steel beam (right). 
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Fig. 3 - Three-dimensional view of testing system. 

 

Table 1 - Threaded rods’ properties. 

Properties Value 

Diameter (in.) 1.0 

Cross section area (in.2) 0.85 

Minimum ultimate strength (kips) 128 

Total length (in) 168 

 

TEST PROCEDURE 

The experimental program simulated various damage scenarios by accounting for the failure of 
one to three trunnion rods. In the laboratory, the rods were de-tensioned accordingly to represent 
these failure cases. A scenario involving the failure of three rods represents a critical condition 
that could reduce the system's capacity by up to one-third. With a maximum of three failed rods, 
over 30 possible configurations were identified. Tests were conducted at four levels of pre-
tension, expressed as percentages of the minimum ultimate strength of the rods. Each test 
followed a three-step process: 

1. Pre-tensioning all rods, ensuring that the force in each rod was adjusted so that the 
difference between the maximum and minimum pre-tension forces did not exceed 1.0 
kip. 

2. De-tensioning the selected rods to reflect the failure scenarios. 

3. Applying external loading through hydraulic actuators. 

It is important to note that pre-tensioning one rod affects the force levels in the other rods. As 
a result, the pre-tensioning process was repeated iteratively until the force variation among all 
rods fell within the 1-kip tolerance. Loading was applied incrementally through two hydraulic 
actuators and held briefly at four pressure levels: 1200 psi, 1700 psi, 2200 psi, and 2700 psi. 
These pressures corresponded to total applied forces of 92 kips, 130 kips, 169 kips, and 207 
kips, respectively. After completing the loading cycle, the actuators were fully unloaded to 
return the system to zero pressure. 
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FINITE ELEMENT ANALYSIS 

A finite element (FE) model was developed to simulate the scaled model testing, as shown in 
Figure 4. This model consists of 1,440 solid elements representing the concrete beam, 752 shell 
elements for the steel girder, 9 bar elements for the trunnion rods, and 58 interface elements to 
represent the contact between the concrete beam and the steel girder. The interface elements 
are designed to transmit only compressive stresses. The de-tensioning of the rods is simulated 
by deactivating the corresponding bar elements, which are assigned zero stiffness; as a result, 
they do not contribute to the structural behavior of the model. The material properties used in 
the simulation, including Young’s modulus, Poisson’s ratio, compressive strength, and yield 
strength, are detailed in Table 2. 

 

Table 2 - Material properties. 

Material Young’s modulus (ksi) Poisson’s ratio Strength (ksi) 

Concrete 4095 0.2 4 

A36 steel 29000 0.3 60 

150 ksi steel 30500 0.3 120 

 

 

 

 

Fig. 4 - Three-dimensional view of FE model. 

Figure 5 depicts the rods numbered from 1 to 9. Six specific configurations, referred to as C1 
through C6, were utilized to compare the finite element analysis (FEA) results with those 
obtained from scaled model tests. In configurations C2 through C6, the rods that are not present 
are designated as de-tensioned rods. 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track E - Civil Engineering Applications 

-272- 

 
Fig. 5 - Configurations in FEA. 

 

RESULTS AND CONCLUSIONS 

In the first configuration (C1), where no rods are de-tensioned, the average initial pre-tension 
force obtained from the scaled model tests is recorded at 77.3 kips. In comparison, the finite 
element analysis (FEA) produces a slightly lower value of 77 kips. This close alignment 
between experimental and analytical results underscores the reliability of both methods in 
assessing pre-tension forces.  

To further illustrate this point, Figure 6 (a-f) provides a comprehensive overview of the forces 
acting in each rod for configurations C1 through C6. These configurations were tested under a 
consistent pre-tension level of 60 percent and a pressure set at 2700 psi. The data presented in 
the figure includes results from both the scaled model tests and the FEA, allowing for a direct 
comparison between empirical evidence and numerical simulations. 

The findings exhibit a fair to good agreement between the results from the FEA and those 
obtained through experimental tests across all configurations examined. This level of 
consistency is noteworthy, as it confirms the validity of the FEA model as a predictive tool in 
this context. The results indicate a strong correlation between the pre-tension forces determined 
from the FEA and the scaled model tests. The discrepancies observed between the two methods 
range from 0 percent to 4.6 percent, which suggests a high degree of accuracy in the analytical 
predictions. Such results are crucial for understanding the system's performance under different 
loading conditions and can be instrumental in guiding future design optimizations. 

 
(a) C1      (b) C2 

Fig. 6 - Comparison of forces in the rods (a-b). 
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(c) C3      (d) C4 
 

  
(e) C5      (f) C6 

 

Fig. 6 - Comparison of forces in the rods (c-f). 
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ABSTRACT 

This paper presents a routine for damage detection based on Artificial Neural Networks 
(ANNs). The first step was to define the structure’s regions most susceptible to damage based 
on stresses and deformed shape of the updated numerical model. The second step was to train 
an ANN using the natural frequencies of the intact and damaged models as input data, and 
vectors that indicate the position and magnitude of damage as expected output. A feed-forward 
backpropagation ANN was used. The procedure was used to assess the structural condition of 
a cable-stayed footbridge. A new dynamic test was performed and a vector composed of the 
newly identified natural frequencies was input into the ANN, which indicated the presence of 
damage. The damage scenario was applied to the numerical model. The difference between the 
frequencies of the updated and damaged model, and experimental values was less than 2%.  

Keywords: Damage detection, neural networks, numerical model, natural frequencies.  

 

INTRODUCTION 

Different methods, conventional and dynamic, have been applied to identify structural damage. 
The most common approach for damage detection based on dynamic data, also used in this 
study, comprises the stages of modal identification and update of the numerical model (Azam 
et al., 2019; Cong et al., 2021). The analysis involves the design and calibration of the structure 
model, serving as a reference to evaluate the current and long-term condition of the structure 
(Chisari et al., 2015). One challenge of diagnosis is the characterization of the unknown 
relationship between field measurements and damage patterns through the development of 
robust algorithms with the ability to detect, locate, and quantify damage (Abdeljaber and Avci, 
2016; Gulgec et al., 2019). In this regard, this study sought a damage detection procedure to 
characterize this relationship through Artificial Neural Networks (ANNs). 

 

RESULTS AND CONCLUSIONS 

From the stress analysis and deformed shape of the structure, some regions were initially 
selected as critical. This information, together with the data provided by the structural design 
(steel reinforcement), showed the sections with the greatest evidence of suffering damage 
between the initially selected. Figure 1 shows, respectively, the bending moments and deformed 
shape due to the permanent loads (self-weight + experimental stay forces), with emphasis (!) 
on some regions, and the regions judged as critical in yellow (D1, D2, D3 and D4). The ANN 
provided an output vector with positive and non-zero values in two components, which 
represent damages at D2 and D4. The reduction of geometric properties of the elements, the 
approach used in this study to simulate damage, were approximately 26% and 3%. 
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(a) 
(b) 

(c) 
(d) 

Fig. 1 - (a) (b) Bending moments and (c) Deformed shape due to permanent load, and (d) “Critical” regions. 

In order to evaluate the result provided by the ANN, the damages and new stay forces were 
inserted into the numerical model, simulating the current condition of the footbridge as well as 
the natural frequencies of the first four flexural mode shapes (fdamaged model). Table 1 shows a 
comparison between the numerical and experimental frequencies from second test (ftest 2). 

Table 1 - Comparison between the numerical (damaged model) and experimental frequencies from test 2. 

Experimental flexural mode shape ftest 2 (Hz) fdamaged model (Hz) Difference (%) 

1st 1.616 1.612 0.25 ↓ 

2nd 3.284 3.225 1.80 ↓ 

3rd 5.405 5.453 0.89 ↑ 

4th 8.408 8.367 0.49 ↓ 

This comparison demonstrates the coherence of the results provided by the ANN since, with 
the insertion of the provided damage vector and the new prestressing forces of the stays, the 
frequencies of the numerical and experimental models showed a maximum difference of 1.80%, 
in the second natural frequency, demonstrating the ability of ANN to detect multiple damage. 

 
REFERENCES 

[1] Azam SE, Rageh A, Linzell D. Damage detection in structural systems utilizing artificial 
neural networks and proper orthogonal decomposition. Structural Control and Health 
Monitoring, 2019, 26(2), pp.1-24. 

[2] Cong Y, Sin-Chi K, Liam JB, Campbell RM. Implementing bridge model updating for 
operation and maintenance purposes: examination based on UK practitioners’ views. Structure 
and Infrastructure Engineering, 2021, 18(12), pp.1638-1657. 

[3] Chisari C, Bedon C, Amadio C. Dynamic and static identification of base-isolated bridges 
using genetic algorithms. Engineering Structures, 2015, 102(1), pp.80-92. 
[4] Abdeljaber O, Avci O. Nonparametric structural damage detection algorithm for ambient 
vibration response: utilizing artificial neural networks and self-organizing maps. Journal of 
Architectural Engineering, 2016, 22(2), pp.1-14. 
[5] Gulgec NS, Takáč M, Pakzad SN. Convolutional neural network approach for robust 
structural damage detection and localization. Journal of Computing in Civil Engineering, 2019, 
33(3), pp.1-11.



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-277- 

PAPER REF: 22290 
 

 

DAMAGE DETECTION IN BRIDGES USING COMBINED MODAL 
STRAIN ENERGY AND SPECTRAL FINITE ELEMENT METHODS 

 
 
 
 
 

 

Mohammad Vahidi1(*), Gholamreza Ghodrati Amiri2 
1Dep. Civil Engineering, Faculty of Engineering, South Tehran Branch, Islamic Azad University, Tehran, Iran  

2Natural Disasters Prevention Research Center, School of Civil Engineering, Iran ust, Tehran, Iran  

(*)Email: mohammadvahidi1001@gmail.com  
 
 
ABSTRACT 

Bridges are one of the most important infrastructures in the transportation industry, and 
monitoring the health of bridges on their condition and behavior is of great importance. A new 
and efficient two-step method for damage detection in elastic supports of a steel girder is 
presented. First, the spectral finite element (SFE) method is used to model the element's damage 
along the length of the girder with the definition of micro-damage. In the second step, two 
methods of modal strain energy (MSE) and modal flexibility (MF) are used to detect the 
location of damage. To simulate damage in elastic supports, the idea of reducing stiffness has 
been used. The modal strain energy method has been successful in determining the location of 
damage compared to the modal flexibility method. 

Keywords: Spectral finite element, modal strain energy, modal flexibility method, damage 
detection, elastic supports. 

 

INTRODUCTION 

Bridges and their accessories are exposed to various micro-damage during their lifetime. One 
of the components of bridges is neoprene and its elastic supports, which makes it difficult to 
detect damage and is often associated with error. To reduce the error in damage detection of 
elastic supports, the SFE method can be used. SFE is a powerful method that has the flexibility 
of finite element modeling and also brings the accuracy of pseudo-spectral methods and reduces 
the computational cost (Kudela 2007, Vahidi 2023). MSE and MF are damage detection 
methods based on vibration characteristics. In comparison, MSE is more sensitive than other 
vibration-based methods in damage detection (Pandey 1994, Vahidi 2023). 

 

RESULTS AND CONCLUSIONS 

To use the advantages of the spectral finite element method and its governing equations, an 
eight-node beam element was defined in the OpenSees software (Vahidi 2023). 

Element beamvahidi  $eleTag  $Node1 ... $Node8  $A  $E  $G  $Iz  $g   $?  $matTag  $transfTag; 

An experimental testing model has been used to verify the performance of the proposed method 
(Tan 2017). First, the steel girder is modeled with the Element beamvahidi taking into account 
the definition of micro-damage and elastic support conditions. The geometric characteristics of 
the girder and the length of the damaged elements are shown in Figure 1. Table 1 shows the 
material properties. Simulation of damage in elastic supports has been done with 10, 15, 20, 
and 25% stiffness reduction. By modal analysis of the structure and obtaining the mode 
responses, MSE and MF damage indices are calculated with Equations. 1 and 2, respectively 
(Pandey 1994, Vahidi 2023). The peaks in Figures 1 and 2 indicate damage locations. 
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Table 1 - Material properties of specimens. 

Egider (Pa) 1.75 E+11 

ρ (kg/m3) 7850 

Ldamage micro (m) 0.003 

A (m2) 0.0018 

I (m4) 6.77E-6 

Espring (Pa) 6.67E+8 

 

Fig. 1 - Location of micro-damaged elements along girder span. 
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           Fig. 2 - Plot of β vs element number.                                      Fig. 3 - Plot of MFM vs element number. 
 

Figures 2 and 3 present the obtained damage indices. The MSE method detected the damage at 
0.297 m in the first element damage, near the support. The MF method correctly identified the 
damage location only in the first bending mode. While higher modes resulted in errors in 
damage localization. The combined method of SFE and MSE damage index has worked 
correctly and is capable of damage detection in elastic supports. 
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ABSTRACT 

Reliable and rapid damage detection in RC bridges under the combined effects of scouring and 
earthquakes is vital for the resilience assessment of transportation infrastructure. However, 
there is a lack of literature assessing and predicting the simultaneous effects of random pier 
scouring and seismic events on RC bridges. Therefore, this study employs non-linear time 
history analyses on the finite element models to evaluate the behavior of RC bridges and 
generate a dataset for the development of an ANN model. This study aims to provide an ML-
based Graphical User Interface (GUI) for predicting the damage state of multi-span RC bridges. 

Keywords: RC-bridges, multi-hazard, FEA, machine learning, damage detection. 

 

INTRODUCTION 

RC bridges are vital to transportation networks. Hence, assessing their seismic vulnerability is 
key to risk management of transportation systems (Ren et al., 2021). The combined effect of 
scouring and earthquake has proven to be a major factor in bridge failures, particularly in flood-
prone rivers. Scouring occurring near bridge foundations significantly impacts the seismic 
response of bridge components, such as the overall base shear of the structure and the pounding 
forces between the elements of the superstructure (Hosseini et al., 2023).  The vulnerability of 
bridges can be assessed using in-situ techniques or numerical analyses (i.e., finite element 
analysis). These methods have been widely used and have provided valuable data. However, 
they have complex and time-consuming processes (Kazemi et al., 2023). Therefore, the demand 
for a precise and rapid estimation of damage state bridges facing multi-hazard scenarios still 
remains. Accordingly, in this study, a multi-layer artificial neural network was developed to 
conduct multiclass damage state (DS) detection, followed by identifying performance metrics, 
a confusion matrix, and optimal hyperparameters to ensure the integrity of the proposed ANN 
model. Finally, the results were used to introduce an estimation tool (i.e., a GUI) for identifying 
the DS of RC bridges. 

 

RESULTS AND CONCLUSIONS 

Nonlinear dynamic analyses were conducted on the bridge models using the OpenSees 
software. The results of the nonlinear analyses were collected in a dataset with 1200 data points, 
including earthquake, soil, scour depth, and structure-related features. In order to train the ANN 
model, the dataset was randomly grouped into a training set and a test set with 80% and 20%, 
respectively. Moreover, the target was the DS of the bridge piles based on Kowalsky Limit 
State Definitions. After training and testing the ANN model, five-fold cross-validation and 
random search were employed to obtain the optimal hyperparameters. Accordingly, the 
confusion matrix and performance metrics derived from the ANN model are shown in Figure 
1Error! Reference source not found.(a). 
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Fig. 1 - (a) Confusion matrix and performance metrics; (b) GUI of the predictor. 

 
Due to the dataset's identity and the imbalanced distribution of the DS classes obtained from 
FE analyses, the ANN model performed differently in the majority and minority classes. The 
ANN model performed suitably in predicting DS0 and DS3, which are the majority classes, 
with a proportion of 92% of the test samples. Additionally, the accuracy of the ANN model for 
the training and test set was 98.8% and 93.0%, respectively. The results prove that the ANN 
exhibits excellent performance in accurately predicting the DS of the studied RC bridges. 

In the end, a user-friendly tool powered by the trained ANN model was developed. As 
demonstrated in Figure 1(b), the GUI operates by first receiving the main features and then 
predicting the DS of the introduced RC bridge. It is important to note that the predictor achieves 
optimal accuracy when the input values are within the minimum and maximum range of the 
training dataset. 

 

REFERENCES 

[1] Hosseini A, Razzaghi M, Shamskia N. A Numerical Study on the Seismic Performance of 
a RC-Bridge with Random Pier Scouring. Journal of Structural Engineering and Geotechnics, 
2023, 12, pp.75-89. 

[2] Kazemi F, Asgarkhani N, Jankowski R. Machine learning-based seismic response and 
performance assessment of reinforced concrete buildings. Archives of Civil and Mechanical 
Engineering, 2023, 23, pp.1-21. 

[3] Ren J, Song J, Ellingwood B. Reliability assessment framework of deteriorating reinforced 
concrete bridges subjected to earthquake and pier scour. Engineering Structures, 2021, 239, 
pp.11-23.

 
(a) 

 
(b) 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-281- 

PAPER REF: 22388 
 
 

PUR SANDWICH PANELS SUBJECTED TO BLASTS AT SHORT 
STANDOFF DISTANCES  
 
Florea Dinu 1, 2, Calin Neagu1,2(*), Andreea Onea1, Paul Zdrenghea1, Mihai Senila3, 
Robert Laszlo4, Emilian Ghicioi4 
1Politehnica University Timisoara, Timisoara, 300006, Romania 
2Romanian Academy, Timisoara Branch, Timisoara, 300223, Romania 
3Technical University of Cluj-Napoca, Cluj-Napoca, Romania 
4Nat. Inst. Research and Develop. in Mine Safety and Protection to Explosion INSEMEX, Petrosani, Romania 
(*)Email: calin.neagu@upt.ro 
 
 
ABSTRACT 

Light weight polyurethane foam panels are largely used for envelopes in different kind of 
buildings. One of their benefits is a good strength to weight ratio under transverse loads. 
However, under extreme loading conditions, e.g., external explosions, PUR panels can be 
severely damaged or even destroyed. The study presented in the paper describes the results 
obtained on PUR wall sandwich panels tested for blasts at short standoff distances. The panels 
are arranged as single span systems supported on side rails and tested for increasing charge 
weights until failure. Increasing standoff is a cost-effective way to reduce vulnerability and 
mitigate wall failure. The ultimate capacity also depends on the number of self-tapping screws 
that are used to attach the panels to the supporting members. 

Keywords: Light steel-based façade, wall sandwich panel, external blast, robustness. 

 

INTRODUCTION 

Sandwich panels, which are also known as composite panels, are widely used in construction 
systems for the external walls and roofs of industrial, commercial, or other types of building. 
One common solution is the two steel-sheet facings (one internal and one external) and low-
density polyurethane foam core sandwich panel PUR [1]. For wall applications, the two faces 
are generally flat or lightly profiled [2]. Wall sandwich panels are typically designed from the 
weather/climate related conditions of the site (wind and thermal actions, thermal comfort). The 
design provisions for sandwich panels are based to a large degree on test results [3]. In case of 
extreme pressures generated by an explosion, the flexural resistance of the wall elements can 
be exceeded, resulting in damage or failure, and possibly in further structural damage at the 
interior [4]. For such extreme cases, the flexural demands can be very high, so it can be 
extremely difficult to provide economical solutions. In such cases, the panels may be designed 
to allow the development of catenary forces by using appropriate design and detailing. Because 
the blast pressure decreases rapidly with distance, the increase in the standoff between a 
potential threat and the structure is a cost-effective way to reduce vulnerability and mitigate 
wall failure of protection.  

This study investigated the capacity of light steel-based PUR sandwich panels to resist the 
effects of external blasts produced at short distance from the façade. The walls were tested 
incrementally until failure by keeping the standoff distance constant and increasing the charge 
weight. 
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RESULTS AND CONCLUSIONS 

The wall sandwich panels considered for the experimental program are 100 mm thick and 1000 
mm wide (Figure 1Fig. a). The two steel faces are lightly profiled, with a rib height of 1.5 mm, 
and the insulating core is made from rigid polyurethane foam PUR with a characteristic weight 
of 40 kg/m3. The external and internal steel faces are 0.4 mm thick and are made from S250GD 
nominal steel. The panels are fixed to the side rails using 6 self-drilling screws 5.5x135 mm at 
each end. The span between the side rails is 1.9 m. The blast tests were performed using charges 
made from cylindrical cartridges with height-to-diameter ratio of 6.5. The equivalent mass of 
TNT of the explosive (or eTNT) was equal to unity. The charges were positioned 3.0 meters 
away from the wall's midspan and 1.5 meters above the ground. Charge weights started from 8 
cartridges (T1 = 1.144 kg) and were gradually increased by two cartridges to T4 = 2.09 kg, until 
the failure of the panels. This study refers to a testing series for left span systems. Figure 1b 
shows a snapshot with large deformations of the panels during last test T4. The recording was 
fast enough to visualize the shock wave of the explosion. For clarity, the shock wave was 
transformed using background-oriented schlieren (BOS), based on image subtraction technique, 
see Figure 1c. Blast charges detonated at close distance produce high intensity pressure waves, 
much beyond those considered in classic design of enclosures; the pressure distribution is 
highly nonuniform and varies significantly in magnitude over the wall elements. 

  
(a) 

  

(b) (c) 
Fig. 1 - Views with the blast model (a), detonation of a charge (b), and the visualization of the shock wave 

propagation and reflection using background-oriented schlieren (BOS) (c). 
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ABSTRACT 

The Azores, a nine island Portuguese archipelago located in the North Atlantic Ocean, between 
North America and Europe, in the Azores micro-plate, is an area of severe seismic activity, due 
to its geotechnical framing and volcanic activity. Earthquakes are inevitable but their 
consequences are not. Since hazard cannot be reduced, we must reduce exposition and building 
stock vulnerability, to mitigate seismic hazard. The purpose of this study is to assess the seismic 
vulnerability and the average estimated damage grade, for moderate to high seismic intensities, 
of the residential building stock in São Miguel Island, Azores, based on a representative sample 
of buildings. The obtained results were compared with a previous study performed in Faial. 
This methodology can be used on other islands and repeatedly with updated data as a powerful 
tool for local and regional authorities. 

Keywords: Building stock, seismic vulnerability, vulnerability index, damage grade. 

 

INTRODUCTION 

The purpose of this paper is to assess the seismic vulnerability and the average estimated 
damage grade, for moderate to high seismic intensities, of the residential building stock in São 
Miguel Island, Azores, based on a representative sample of buildings, following three stages. 
Since buildings are not all the same, we can expect different consequences/damages on 
buildings facing the same earthquake. So, first, to have a detailed characterization of the 
building stock, regarding the building typology, materials, construction technologies and 
conservation state, a Residential Building Stock Survey was used. Secondly, since the 
construction scheme found in São Miguel can be translated directly to the other islands, four 
different classes of vulnerability were defined based on the survey and on historical data related 
to destruction occurred during seismic crisis faced on the Azorean islands, namely the latest 
main event which affected the islands of Faial and Pico in 1998. Eight relevant parameters were 
selected, and a vulnerability index was calculated from this series of parameters, each parameter 
being assigned a weight according to its importance. For each one of the parameters, the four 
vulnerability classes were considered. Afterwards, the vulnerability index and the mean damage 
grade were evaluated for each building in the sample. Finally, the seismic vulnerability 
evaluation of the building stock of São Miguel Island through the average of global 
vulnerability index and the average estimated damage grade is done, for moderate to high 
seismic intensities.  

 

RESIDENTIAL BUILDING STOCK CHARACTERIZATION 

The Residential Building Stock Survey (RBSS) was developed by the University of the Azores, 
in the framework of the Green Islands Project, a project which associated the Massachusetts 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track E - Civil Engineering Applications 

-284- 

Institute of Technology and several Universities in Portugal (Fortuna et al., 2010). With RBSS 
it was possible to characterize in a detailed manner the building stock of the Azores regarding 
the building envelope and surroundings. This survey was applied to a representative sample of 
500 households in São Miguel, distributed by municipalities according to population 
concentration. 

The methodology involved preliminary data collection followed by field work, consisting of 
building external and internal visual surveys upon arrival at the location of the building, and 
inhabitant interviews. 

The external visual survey included the external pathologies of the building facade and, as much 
as possible, building dimensions and physical (envelope) characteristics. The objective of the 
internal visual survey was to gather information about the characteristics of the interior of the 
household unit (floor covering and ceiling covering, ceiling height, amongst others) and its 
interior pathologies (type and location). The data that could not be obtained by visual survey 
was retrieved from the interviewed residents. 

From the survey results it is possible to define the most common residential household unit 
typology in São Miguel Island: single family buildings are the dominant type of housing. These 
residential buildings are mostly connected to other buildings on one side or two sides (row 
house) and there are also detached houses. Apartment buildings exist but in smaller numbers. 

The most common number of floors in residential buildings is 3 (including ground floor), 
57.6%, followed by 2 floors, 29.0%, and 11.2% of the buildings have 4 floors. 

Of the 500 inquiries that were made, 33.2% did not know the approximate year of construction 
of the building. Of the remaining, the majority mentioned that the building was originally 
constructed before 1940. A high concentration of frequencies occurs between 1980 and 1999 
with a continued concentration from 2000 to 2005 (Table 1). This is consistent with a 
construction boom that occurred after the 1980’s and lasted until 2007. 
 

Table 1 - Percent of buildings per year range of construction of the building [1]. 

Before 
1940 

1940-
1949 

1950-
1959 

1960-
1979 

1980-
1989 

1990-
1999 

2000-
2005 

2006-
2008 

2009-
2010 

14.6 2.0 5.2 11.8 11.8 10.2 8.6 2.2 0.4 

 

The residential building stock in São Miguel Island, like in the other Azorean islands, is still 
mostly constituted of a traditional construction system, basically stone masonry load-bearing 
walls and timber floor slabs and roof trusses. In some cases, this traditional construction has 
been subject to modifications, namely the replacement of the timber floor structure (planks and 
beams) with a reinforced concrete slab, again being supported by load-bearing stone masonry 
walls. This modification can affect only the service areas (kitchens and bathrooms) or a more 
extended area. 

The most common types of external walls are stone walls, with or without masonry mortar 
(45.8%), and aggregate concrete masonry units’ walls (35.4%). There are only a few cases of 
double aggregate concrete masonry unit walls (0.8%). 

As to the external rendering of the external walls, the most used material is cement mortar 
(63.2%). Lime mortar is also referred to in the case of external stone walls. Ceramic wall tiles, 
wood or natural stone are not very common. 
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In most cases the walls are 25 cm thick or 35 cm thick. For about four decades, 25 cm walls 
have dominated. Before 1950, walls are typically thick. After a progressive transition period, 
thinner walls (35 cm and 25 cm) become more common. However, it is expected that 35 cm 
thick walls (including rendering) will become dominant in the future, as opposed to thinner 
walls, due to thermal legislation. It is worth noting that in 22.4% of the cases the walls are 55 
cm thick or more, most of them pertaining to buildings built before 1960, probably stone walls. 

According to the RBSS results, the most common resistant structure of the buildings is 
reinforced concrete (54.6%), followed by stone masonry resistant structure (33.0%). Other 
types (steel, wood) are very uncommon. 

Most dwellings are covered with a roof (94.8%), namely a gable roof (73.0%). One part roof 
refers to 4.2% of the cases and the remaining (17.6%) refers to more than two-part roofs. Flat 
(2.4%) or leaning slabs (0.4%) are only used in a small part of the sample. 

Most roofs are supported by a discontinuous support structure of wood (39.2%) or by a slab 
(30.2%). However, in a noticeable number of cases the type of support of the roof could not be 
determined (30.6%). 

In most cases, the type of floor structure is a slab, usually solid (44.4%) or slight (18.4%). It is 
also common to find wood floor structures (10.2%). Mixed cases are also represented (5.6%) 
but not so much metallic structure, which are found only in 0.2% of the cases. 

In the study sample, many buildings are placed between two buildings of equal size (43.8%) or 
between two unequal-sized buildings (23.6%). A smaller portion are isolated buildings (10.2%) 
and an even smaller number of buildings are placed between two larger buildings (4.8%). Cases 
of buildings connected to a smaller (4.8%) or larger (5.0%) building are not very significant. 

To complete the characterization of the existing residential building stock, the degradation state 
was evaluated using an empirical method based on field work, through which the existing 
(detectable) defects were gathered. The methodology was applied to each of the surveyed 
household units, resulting in an External Degradation Level (EDL) for each of them (Machado 
Pires and Barros, 2011). 

The index EDL has six possible discrete values: 0, no visually detectable degradation, good, 
light, medium, broad and extensive degradation, 5. 
 

 

Fig. 1 - EDL results (Machado Pires and Barros, 2011). 

 

The first task was to identify the main external pathologies that can affect the residential 
buildings (only the facades) and the affected location on the building facade. The approach was 
based on a ranking of importance concerning the affected area (extension) and depth of the 
problem. The results are shown in Figure 1.  
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From these results, 40% of the surveyed residential building stock shows no visually detectable 
degradation. However, 25% of the surveyed residential buildings need medium to large repair 
works (EDL=2, 3, 4 or 5). 

 

VULNERABILITY ASSESSMENT METHODOLOGY 

The assessment of the building stock vulnerability proposed is based in a vulnerability index 
calculated from a series of parameters, each parameter being assigned a weight according to its 
importance, as described in Table 2 (Neves et al., 2012). 

 

Table 2 - Parameters description and their assigned weight. 

Parameter Description Weight 

P1 Type of resisting system 1.50 

P2 Quality of the resisting system 2.50 

P3 Maximum distance between floors 0.75 

P4 Number of floors 1.50 

P5 Household position 1.50 

P6 Horizontal diaphragms 1.00 

P7 Roofing system 1.00 

P8 Conservation State 1.00 

 

The parameters were defined from the survey variables and their combinations. For each one 
of the eight parameters, four vulnerability classes are considered, based on the RBSS results 
and on recent historical data related to destruction occurred during seismic crisis faced on other 
Azorean islands, namely the latest main event which affected the islands of Faial and Pico in 
1998. The relationship between the survey variables and the parameters is explained below 
(Tables 3 to 10). 

The type of resisting system was obtained from the knowledge of the main resisting structure 
of the building and the type of external walls. 

Table 3 - P1 Type of resisting system. 

Type of resisting system Vulnerability class 

Reinforced concrete/Steel A 

Timber B 

Stone masonry and mortar C 

Stone masonry; 

Unknown 

D 
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The quality of resisting system was obtained from the knowledge of the main resisting structure 
of the building, year of construction and last rehabilitation/strengthening. 

Table 4 - P2 Quality of the resisting system. 

Type of resisting 
system 

Year of construction of the buildings / 
Nature of last Rehabilitation or 
Strengthening 

Vulnerability 
class 

Reinforced concrete / 
Metallic 

Before 1959 C 

From 1960 to 1979 B 

From 1980 A 

Stone masonry with 
or without mortar; 
Unknown 

Before 1959 D 

From 1960 to 1979 D 

From 1980 D 

Stone masonry with 
or without mortar; 
Unknown 

Reinforcement of structure with braces 

Reinforcement of structure with walls´ 
reinforcement 

A 

 

The maximum slenderness of resisting walls was obtained from the knowledge of the average 
ceiling height (h) and external walls thickness (s). 

Table 5 - P3 Maximum slenderness of resisting walls. 

Slenderness Vulnerability class 

@ B ≤ D 
A 

D < @ B ≤ FG 
B 

FG < @ B ≤ HI 
C 

@ B > HI 
D 

 

In Tables 6, 7 and 8, the parameters were obtained directly from the survey. 

Table 6. P4 - Number of building floors including ground floor. 

Number of building floors Vulnerability class 

1 floor A 

2 or 3 floors  B 

4 or 5 floors C 

6 or more floors D 

 

The Roofing system was obtained from the knowledge of the type of coverage of the housing 
unit, type of support structure of inclined roof coverage and predominant type of resistant 
structure of the building. 
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Table 7 - P5 – Household position. 

Typology Household position Vulnerability class 

Single-family row house 

Between two buildings of 
equal size 

A 

Between two larger 
buildings 

B 

Between two smaller 
buildings 

D 

Between two unequal-
sized buildings 

C 

1 smaller building C 

1 larger building B 

Single-family isolated dwelling house 

Single-family connected house 
 A 

 

Table 8 - P6 Horizontal diaphragms. 

Horizontal diaphragms 
Vulnerability 

class 

Solid slab 
Slight slab 
Flat slab 
Metallic 
Mixed 
Slab 

A 

Wood floor structure  
Unknown 

C 

 

Table 9 - P7 Roofing system. 

Roofing system Vulnerability class 

Slab + Flat paving stone A 

Slab + Leaning paving stone B 

Slab + One part roof B 

Flexible roofing system + One part 
roof B 

Slab + Roof with more than two parts C 

A, B, C + Predominant type of 
resistant structure (Stone masonry, 
metallic) 

D 

Flexible roofing system + Roof with 
more than two parts 

C 

The conservation state was obtained from the knowledge of the complementary EDL. 
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Table 10 - P8 Conservation state. 

Conservation state Vulnerability class 

0 or 1 A 

2 B 

3 C 

4 or 5 D 

Finally, the vulnerability index was determined. 

Table 11 - Vulnerability index. 

Parameters 

Class Cvi Weight Vulnerability index 

A B C D pi KL∗ = N 7L# × P#
Q

#R�
 

1. Structural building system      

0 < KL∗ ≤537.5 

 

Normalized index  0 ≤ KL ≤ 100 

P1 Type of resisting system 0 5 20 50 1.50 

P2 Quality of the resisting 
system 

0 5 20 50 2.50 

P3 Maximum slenderness of 
resisting walls 

0 5 20 50 0.75 

P4 Number of floors 0 5 20 50 1.50 

2. Interaction      

P5 Household position 0 5 20 50 1.50 

3. Floor slabs and roofs      

P6 Horizontal diaphragms 0 5 20 50 1.00 

P7 Roofing system 0 5 20 50 1.00 

4. Conservation status and 
other elements 

     

P8 Conservation State 0 5 20 50 1.00 

A vulnerability level is also proposed, by aggregating values into levels or classes, as shown in 
Table 12.  

Table 12 - Vulnerability levels. 

Vulnerability index Iv 

Very low  0-20 

Low   20-40 

High  40-60 

Very high  >60 
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The mean damage grade (MDG, µD) of a building subjected to a certain seismic intensity, I, 
according to the macroseismic scale, can be calculated as below (Ferreira et al., 2008): 

TU = 2.5�1 + �YZℎ�K + 6.25]# − 13.1�/2.3�    (1) 

with Vi given by [3]  

] = 0.592 + 0.0057 × KL      (2) 

and the vulnerability index Iv taken from Table 11. 

 

RESULTS AND CONCLUSIONS 

With the methodology adopted for the seismic vulnerability evaluation, a normalized 
vulnerability index is obtained for each building, and it is possible to estimate the MDG. 

It should be pointed out that in this study ruins and buildings not inhabited were not considered.  

Figure 2 shows the results of the vulnerability index assessment method applied to the 500 
buildings sample. As can be seen, around 54% of the building stock has a vulnerability index 
under 30. Still, about 8% have a vulnerability index over 55. 

 
Fig. 2 - Vulnerability index results distribution per number of buildings. 

The results also show that the mean value of the vulnerability index for the studied buildings is 
28. This is not unexpected, since more than 50% of the building stock in the sample is reinforced 
concrete. 

The results of this study are as expected when compared with a previous study performed in 
Faial (Neves et al., 2012), since the construction scheme found in São Miguel can be translated 
directly to the other islands.  

According to the study performed in Faial, the vulnerability index obtained was 41.62. These 
two cases when compared indicate a lower seismic risk exists in São Miguel Island, when 
considering a hypothetical scenario of equal seismic hazard and exposure. 

As can be seen in Figure 3, most buildings pertain to very low or low vulnerability levels and 
only a few to very high level. 
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Fig. 3 - Vulnerability levels results distribution per percentage of buildings. 

Concerning the MDG, a mean value of µD=1 and µD=2 for moderate to high intensities (I=VII 
and I=VIII), respectively, was obtained.  

Since 30% of buildings pertain to high to very high vulnerability levels, for seismic intensity 
I=X we can expect a MDG µD=4. 

Since this is not a complex methodology, homeowners can apply it as a first step to evaluate 
buildings vulnerability and identify retrofit needs. Applying this methodology can also aid as a 
guidance to potential home buyers providing information on their prospective home 
vulnerability.  

It could be used on any Azorean island to map risk areas of high and very high vulnerability 
index buildings, to help local emergency teams identify specific measures and actions needed 
in case of an earthquake. 

Local and regional authorities can also use this methodology to outline incentives and subsidies 
to achieve a resilient building stock. 

With a growth in tourism due to government policies there has been an increase in building 
rehabilitation mostly in urban areas, so it would be interesting for future work to apply this 
innovative methodology now presented to an updated building stock.  
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ABSTRACT 

This study examines the influence of a sustainable graphene derivative, namely date syrup-
based graphene-coated sand hybrid (D-GSH), on 3D-printed cement mortar (3DPC). The 
incorporation of D-GSH improved compressive strength and ductility of 3DPC over silica fume 
(SF). The experimental results showed that adding 0.5% D-GSH enhanced the compressive 
stress and strain capacity by 68% and 25%, compared with a mix involving SF. These 
improvements are due to the reinforcing action of D-GSH that increase load-bearing capacity 
and ductility, leading to steady reduction in post-peak stress, thereby mitigating the possibility 
of sudden failure of the 3D-printed structure. 

Keywords: Additive manufacturing, D-GSH, Nanomaterials, Compressive strength. 

 

INTRODUCTION 

3D printing is a method that involves the layer-by-layer connection of materials to produce 
objects using 3D model data. Compared to conventional construction, 3DPC is more efficient, 
necessitates less labor, consumes less time to construct, and has the potential to provide more 
flexibility in developing building designs. The major challenge in 3DPC is to obtain the optimal 
printable mix proportion, which will have a direct influence on the fresh and hardened 
properties of 3DPC. In this study, the Delta WASP 3D-printer was employed along with an 
extruder [1]. This study investigates the compressive stress-strain relation of 3DPC by 
incorporating a sustainable graphene derivative named date syrup-based graphene-coated sand 
hybrid (D-GSH), and results were compared with a mix containing silica fume (SF). The D-
GSH is produced from date syrup, a sustainable carbon source abundantly available in the UAE 
and surrounding areas. This is achieved through pyrolysis, a technique in which graphene nano-
sheets are integrated into the vast desert sand found in this region [2]. The detailed procedure 
of the production of D-GSH is shown in Figure 1(a). 

 

RESULTS AND CONCLUSIONS 

The printable mix proportions of 3DPC involving 5% SF (55) and D-GSH at concentrations of 
0.3% (D03) and 0.5% (D05) are shown in Table 1 [3]. All ingredients were expressed in terms 
of percentage by mass. The D-GSH was sonicated using an ultrasonic wave mixer to disperse 
it in the cement matrix. To perform a compression test, 3D-printed cubes of dimensions 50 mm 
× 50 mm × 50 mm were printed for mixes S5, D03, and D05 as shown in Fig. 1(b). The 
compressive stress-strain curve was plotted for each mix after 28 days of curing as shown in 
Fig. 1(c). The compressive stress-strain curves reveal that D-GSH in 3DPC improves both 
strength and ductility, i.e., it can withstand more strain before reaching the failure point when 
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compared with SF. The mix with 0.5% D-GSH achieved 68% higher compressive strength and 
25% greater strain capacity compared to a mix containing 5% SF. On the other hand, 0.3% D-
GSH showed a 55% increase in strength and a 19% enhancement in strain capacity. The 
improved performance of D-GSH mixtures is due to increased load-bearing capacity and 
superior energy absorption, as demonstrated by a slow drop in post-peak stress.  

Table 1 - Printable mix proportions.  

Mixes 
Cement 

(%) 
Sand 
(%) 

Water 
(%) 

Silica 
fume 
(%) 

D-GSH 
(% by sand weight) 

Super- 
Plasticizer 

(%) 

Water-to-
cement 
(w/c) 

S5 55.00 18.00 22.00 5.00 - - 0.40 
D03 59.90 16.30 23.40 - 0.30 0.10 0.39 
D05 59.90 16.10 23.40 - 0.50 0.10 0.39 

 

 
Fig. 1 - (a) Process of D-GSH production [2]; (b) 3D-printed cubes; and (c) Compressive stress vs. strain. 

In conclusion, adding D-GSH remarkably improves the compressive strength and ductility of 
3DPC compared with a mix containing SF. For instance, the addition of 0.5% D-GSH showed 
significant enhancements, highlighting its potential for superior load-bearing capacity and 
energy absorption, reducing sudden failure risks of 3D-printed structures. 
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ABSTRACT 

Currently, in the construction sector, there is an increase in the use of laminated wood structural 
elements. The safety design of these structures is essential, with special attention to mechanical 
connections. In a fire event, structures must withstand the demands imposed for a sufficiently 
long time, thus ensuring the safe evacuation of occupants. Despite being a combustible material, 
wood is highly resistant to fire due to the char formation that allows the core to be insulated. 
This resistance can be further improved, increasing the response time to fire, with the use of 
insulating and non-combustible materials, such as gypsum plasterboard, an efficient and widely 
used solution. 

Keywords: Wood connection, fire resistance, thermal model, mechanical model. 

 

INTRODUCTION 

To carry out a robust bibliographic review that is aligned with the state of the art, recent and 
relevant articles on the topic in the study were analyzed. For this purpose, VOSviewer was used, 
a tool for building and analyzing bibliometric networks. As a starting point, a search was carried 
out in the Web of Science database, due to its scope and quality in the repository of scientific 
articles. The keywords “Fire” and “Timber” or “Thermomechanical” and “Timber” were used, 
with a time filter for publications from 2021 onwards. This approach allows us to obtain the 
500 most relevant records, which were exported to a detailed analysis with VOSviewer. 
Bibliometric analysis will enable us to identify the most cited authors in recent articles that 
address the main keywords. Figure 1 a) shows the citation map resulting from the analysis 
carried out with VOSviewer. This map highlights the relevance of some authors cited in this 
literature review, including different authors (A. Bartlett, 2018; A. Buchanan, 2022; A. 
Frangi,2010; E. Fonseca, 2022; F. Wiesner, 2019; M. Audebert, 2019), [1-6]. The graphic 
representation highlights the connections and influence of these authors in the development of 
the subject, reinforcing its importance in the state of the art. The bibliometric analysis of the 
occurrence of keywords, shown in Figure 1 b), allowed us to identify the terms most frequently 
used in the articles resulting from the search. The resulting map highlights the predominance 
of terms such as “fire”, “timber”, “wood”, “fire resistance” and “mass timber”, reflecting the 
main areas of research on the topic addressed. However, the absence of relevant connections 
with the keyword “thermomechanical” stands out, which, despite being used in the search, did 
not play a central role nor did it have significant connections with other important keywords. 
This result reinforces the perception that the thermo-mechanical approach is still little explored 
or recognized in current investigations, indicating a possible opportunity for future studies, 
which is the main objective of the present work.  
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(a)                 (b) 

Fig. 1 - VOSviewer results: (a) Citation map; (b) Keyword map. 

In this work, a validation model will be presented to calibrate the developed computational 
model. The validation will be obtained with experimental results from a tested connection 
without protection in tensile and submitted to fire conditions. With the calibrated computational 
model, a protected connection will be presented to ensure the thermal resistance of this type of 
connection.  
 

DEVELOPED MODEL AND VALIDATION OF UNPROTECTED CONNECTION 

The computational model developed in this work was previously tested with experimental and 
numerical results given by Audebert et al. [7]. A thermal and mechanical comparison was 
realized in different steps. The connection geometry and all material properties are according 
to the ‘’Connection B_2003’’ from [7], [8], [9]. The connection was submitted externally to 
fire conditions [10]. In the developed numerical model, the blue zone represents the wood 
material and violet represents the dowels in steel material.  

In the first step, thermal and transient analysis with non-linear material was realised in the 
developed computational model with ANSYS®, compared with the experimental (TCi_Exp) 
tests and numerical (TCi_Num) results from Msc-Marc software [7]. The temperatures in the 
experimental tests were obtained with four thermocouples placed inside the wood connection, 
at the central (TC1_Exp, TC2_Exp) and the lateral (TC3_Exp, TC4_Exp) mid-height members 
[7]. Figure 2 represents the comparison of the temperature evolution in the four measured nodes 
and the comparison with the developed computational model (TCi). Also, it shows the timber 
connection with steel dowels, representing one-quarter of the entire model due to the 
symmetries of the vertical and horizontal plans. Until the time of fire exposure in the 1800s, the 
temperature was between 20 and 942 ºC, close to the presented solution by the authors [7] of 
20-911ºC. The numerical values are close to the referenced and are satisfactory. 

In the second step, a structural and incremental non-linear material analysis was realised in the 
developed computational model with ANSYS®, compared with the numerical results from [7]. 
Symmetric boundary conditions were considered. Also, interactions between wood connection 
and fasteners were allowed using contact elements and a friction coefficient. The load is applied 
by an imposed incremental pressure load. The results obtained in the developed connection are 
shown in Figure 3. The maximum mechanical resistance of the connection at ambient 
temperature was 259.1 kN. According to the tested connection [7] the load-carrying capacity 
of this connection at ambient temperature is 269.4 kN, which represents a relative difference 
with the calculated value of 3.98%.  

Lastly, in the same Figure 3 the thermomechanical analysis is presented, where the maximum 
resistant load was equal to 4.1 kN, under fire exposure in the 1800s. This value represents a 
load ratio under fire exposure of 1.6% concerning 259.1 kN. 
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Mesh, element length 6 mm in maximum. 
(Blue - wood; Violet - steel) 
3D unprotected model (¼ mesh) 

Temperatures in cross-section, 
 
                   1800s                               3600s 

 

    
 

Temperatures in the connection, 3600s 

20 - 943ºC 

  
Temperatures in wood material, 1800s Temperatures in wood material, 3600s 

 20 - 300ºC 
  

Temperatures in steel dowels, 1800s Temperatures in steel dowels, 3600s 

  
130 - 680ºC 

Fig. 2 - Thermal model in unprotected connection, results and temperature calculation. 
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Mechanical model.  
Equivalent stresses in wood connection 

Mechanical model.  
Equivalent stresses in steel dowels 

 
0.2 - 25.7 MPa 

 
14.5 - 112.5 MPa 

Thermomechanical model.  
Equivalent stresses in wood connection 

Thermomechanical model.  
Equivalent stresses in steel dowels 

 
0 - 13.5 MPa 

 
0.7 - 161.7 MPa 

Mechanical model.  
Shear stress in the wood interface 

Thermomechanical model.  
Shear stress in the wood interface 

           MPa            MPa 

Fig. 3 - Mechanical and thermomechanical model in unprotected connection. Results for the maximum load of 
259.1 kN at ambient temperature and the maximum load of 4.1 kN with fire exposure at 1800s. 

With fire exposure, the char layer in wood material (in grey colour) increases but remains intact 
in the core element. The steel material transports the effect of heat inside the connection and 
the temperature reaches higher values near the dowels. The time-temperature history in Figure 
2 agrees well with the time exposure in all four nodal positions with experimental and numerical 
results from [7]. The comparison between mechanical and thermomechanical results (Figure 3) 
shows the level of reached stresses for the incremental mechanical load at ambient temperature 
and with the imposed thermal load in the 1800s. The mechanical properties were included in 
the thermomechanical model with the stress-strain behaviour dependent of the temperature. 
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DEVELOPED MODEL OF PROTECTED CONNECTION 

For connections with insulating material, EC5, 1-2 [11] proposes two options for the protection 
material: gypsum (type A, F or H) or wood-based panels, using different simplified equations.  

Mesh, element length 8 mm in maximum.  
(Red – gypsum, Blue – wood, Violet – steel) 

Temperatures in cross-section, 
1800s                  3600s 

 
 

3D protected model (¼ mesh) 
 
 

 

    
 

Temperatures in the connection, 3600s 

 
20 - 943ºC 

Temperatures in wood material, 1800s Temperatures in wood material, 3600s 

 
 

20 - 300ºC 
Temperatures in steel dowels, 1800s Temperatures in steel dowels, 3600s 

  
41.6 - 183.8ºC 

Fig. 4 - Thermal model in protected connection, results and temperature calculation. 
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In this work, the studied protected connection requires a protection layer thickness of the panel 
equal to 18 mm for gypsum plasterboard type F, assuming a standard fire resistance period of 
60 min or if gypsum type A or H the fire protective panel thickness is 23 mm. For gypsum, the 
material properties are according to the literature, [12], [13]. For the protected connection, a 
regular mesh was increased in depth to 23 mm, with the thickness of the fire protective panel. 
Figure 4 represents the temperature results in the protected connection for different time 
instants. Figure 5 compares different nodal positions in the protected and unprotected 
connection. 

Time-temperature history, 3600s 

 

Temperatures in protected connection, 1203.74s 

 
20 - 300ºC 

  

Fig. 5 - Thermal model in protected and unprotected connection, results and temperature calculation. 

 

The protection using gypsum panels prepared to 60 min of fire exposure, protects the 
connection during 1203.74s. This is because the contact between the temperature in gypsum 
affects the starting charring in the wood material at 300 ºC. There is a temperature decrease 
with the use of protection compared with unprotected connections. After 3600s of fire exposure, 
the difference is greater, around 300 ºC and the gypsum temperature is still below the 
degradation temperature of 700 ºC in the material [14]. Inside the connection, the temperature 
is less than 100 ºC in the protected connection compared to the unprotected connection, which 
is more than 200 ºC. Furthermore, the front dowel is protected with the gypsum panel and the 
temperature remains lower than with wooden material.  

 

CONCLUSIONS 

There is a significant increase in the use of wood in construction solutions, mainly in the context 
of sustainability and mitigation of carbon emissions. This trend confirms the need to study the 
behaviour of wood connections, particularly under fire conditions. Despite being a renewable 
material with favourable properties, such as forming a char layer that contributes to fire 
resistance, the variability of fire conditions and different geometric configurations present 
challenges in standardising its performance. In this context, gypsum plasterboard has proven to 
be an efficient and widely applied solution as passive protection, standing out for its role in 
improving the fire resistance of connections. On the other hand, numerical analysis is essential 
for evaluating different construction solutions, with or without protective materials. Despite 
their complexity, due to the interaction of materials with non-linear behaviour and transient 

Gypsum 

 

Top wood 
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thermal action, numerical models offer a promising method to predict the degradation of 
wooden elements and correlate them with fire resistance criteria. The development of this work 
aimed to carry out a thermal and mechanical study on wooden connections with steel dowels, 
with and without fire protection.  
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ABSTRACT 

On June 24, 2021, Champlain Towers South, a 12-story condominium in the Miami suburb of 
Surfside, Florida, United States, partially collapsed, killing 98 people. Analyses and available 
evidence indicate that progressive collapse of the Surfside condominium pool deck began with 
punching shear failure at a slab-column connection followed by punching shear failures of 
neighboring slab-column connections. This paper presents a likely scenario of the initial failure 
and the subsequent progressive collapse of the pool deck that preceded the towers’ partial 
collapse. 

Keywords: Champlain Towers South, progressive collapse, punching shear failure. 

 

INTRODUCTION 

Analyses and available evidence indicate that the progressive collapse of the Champlain Towers 
South condominium pool deck (Surfside, Florida, USA) likely began with punching shear 
failure at the K-13.1’ slab-column connection (see Figure 1) followed by punching shear failures 
of neighboring slab-column connections. Analyses of the pool deck and lobby-level parking 
garage response, the vertical separation at the corner of the planter box above column K-13.1’ 
observed a few weeks prior to the collapse (Miami Herald, 2022), and eyewitness accounts 
indicating that the pool deck failure took place minutes before the tower collapse (Miami 
Herald, 2021), all point to punching shear failure at the K-13.1’ slab-column connection as the 
initiating event that led to the collapse. As a result of this punching shear failure, the majority 
of the gravity load that had been carried by column K-13.1’ needed to be transferred to 
neighboring columns, thereby increasing the punching shear demand on their slab-column 
connections. This, in turn, initiated a chain reaction of punching shear failures of the 
neighboring slab-column connections and the progressive collapse of the pool deck. The pool 
deck collapse area was bounded on its south and north sides by a foundation wall and the 
southern edge of the tower, respectively. On its east and west sides, the pool deck collapse area 
was bounded by a construction joint (and the Jacuzzi) and the columns on axis G.1 (and adjacent 
to the line of the long north-south shear wall), respectively.  

 

RESULTS AND CONCLUSIONS 

Based on the results of the collapse analysis, for the two most critical columns, K-13.1’ and J.1-
15 (see Figure 1), Table 1 shows the punching shear demand-capacity ratios under the estimated 
loading at the time of the deck collapse. Note that no load factors, no strength reduction factors, 
and no live loads (except those of the parked cars) are included. The results from a nonlinear 
analytical model of the pool deck show that the failure at K-13.1’ would propagate to the 
neighboring slab-column connection. Such a collapse propagation would continue further until 
a majority of the pool deck slab-column connections failed through punching shear. 
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Fig. 1 - Champlain Towers South and pool deck. 

Given the condition of and significant demand at the slab-wall connection on the south side, 
the slab would break away from the wall during the progressive collapse described above.  

Table 1 - Punching shear demand (Vd) divided by punching shear capacity (Vc) for the two 
most critical columns under pool deck dead loads and parked car live loads with nominal 

capacities estimated based on ACI 318 (2019) and Eurocode 2 (2004). 

 
Column K-13.1’ 

(12x16 in; 305x407 mm) 

Column J.1-15 

(12x16 in; 305x407 mm) 

Vd / Vc (ACI 318) 0.77 0.74 

Vd / Vc (Eurocode 2) 0.84 0.81 
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ABSTRACT 

Concrete degradation phenomena involve two types of failure mechanisms: cohesive failure 
and adhesive failure, both of which significantly affect the durability of concrete. 
Understanding the locations where these degradation phenomena occur and their progression 
processes is crucial for accurate performance evaluation of concrete. X-ray imaging is an 
effective non-destructive method for observing the internal structure of specimens. Therefore, 
in this study, X-ray CT image analysis was conducted on mortar specimens to visualize and 
quantify the degradation phenomena. Specifically, three-dimensional restructured data were 
constructed using X-ray CT, and image analysis was performed to evaluate the porosity and the 
contact area between material boundaries within the specimens. This research contributes to the 
understanding of concrete degradation mechanisms. 

Keywords: X-ray CT, Image Analysis, Segmentation. 

 

INTRODUCTION 

Concrete is a composite material composed of coarse aggregates, fine aggregates, cement, and 
other components. However, in current design methods, concrete is often treated as a 
homogeneous and unified layer. Due in part to such methods, little is known about the 
properties of individual components and the interactions at their boundaries, and behavior 
within the mixture, such as pore connectivity, has not been well understood. Consequently, 
there remains an issue where the understanding of deterioration phenomena in concrete, such 
as cracking and delamination, from a microscopic perspective has not yet been fully achieved. 

Literature has seen advancement in microscopic studies using X-ray CT equipment for 
infrastructure materials such as concrete. For instance, a study used the large synchrotron 
radiation facility SPring-8 to quantify porosity and pore connectivity through image analysis 
(Michael et al.,2008). Another study employed X-ray μ-tomography to observe the 
microstructure and durability issues of concrete, calculating the pore pathways from the 
concrete surface to the interior of the specimen (Landis et al.,2000). Thus, image analysis 
techniques using X-ray CT equipment are effective for elucidating phenomena within concrete. 

Within concrete, the deterioration mechanisms vary depending on the type of material in contact 
with the pores. For example, cohesive failure may occur at the boundaries between the pores 
and asphalt, while delamination may occur at the boundaries between the pores and aggregates. 
Therefore, in this study, non-destructive testing using X-ray CT equipment is conducted with 
the aim of calculating statistical quantities related to the factors influencing material properties 
and deterioration. Specifically, the study calculates porosity, aggregate filling ratio, and the 
adhesive surface area between materials and pores, to identify the deterioration phenomena and 
internal structures. 
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RESULTS AND CONCLUSIONS 

The left image in Figure 1 shows a cross-sectional image obtained after observing the specimen 
using an X-ray CT scanner, with pores extracted through image processing. In this analysis, 
segmentation was performed by applying binarization using a thresholding process. The black 
areas represent the pores, while the white areas correspond to other materials such as aggregates 
and cement. By performing this binarization with varying threshold values, as shown in the 
right image of Figure 1, it becomes possible to visualize the positional information and 
distribution of the materials in three-dimensional data. The yellow regions represent the 
aggregates, the green regions represent the cement, and the blue regions represent the pores. 

Through this binarized image analysis, it is possible to calculate the pore filling ratio and the 
aggregate filling ratio. Furthermore, by extracting the contours of the regions, the contact 
surface area between the pores and the materials can be calculated. 

 In this study, image analysis focusing on the pores within concrete specimens was conducted 
using non-destructive measurement with an X-ray CT scanner. By evaluating the porosity and 
the contact surface area between the materials and pores through three-dimensional image 
analysis, this research contributes to the understanding of deterioration mechanisms such as 
cohesive failure and adhesive failure. 

 
 

Fig. 1 - Binarized X-ray CT Image (left) and Internal Composition Distribution (right). 
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ABSTRACT 

The Full Waveform Inversion (FWI) technique, still relatively unexplored as a nondestructive 
evaluation method, was numerically assessed for its capability to detect events associated with 
internal heterogeneities within rock blocks. The simulations carried out using FWI aimed to 
analyze the resolution of this technique in identifying internal fractures within a square domain 
of metric dimensions, representing a quarry block under conditions similar to those found in 
situ. The potential of FWI was particularly highlighted in distinguishing different structural 
configurations by employing a reduced number of source-receiver pairs. Additionally, forward 
modeling tests were performed, providing a detailed analysis of events recorded in the resulting 
seismograms.For implementing the FWI technique, developed through the Devito Project 
software, the study began with a homogeneous model as a basic reference, followed by an 
intermediate model featuring a single well-defined internal fracture. Finally, a more complex 
model was evaluated, characterized by the simultaneous presence of multiple internal fractures 
of varying dimensions and positions. The results proved promising, confirming FWI’s potential 
to efficiently identify and characterize complex internal structures in rock blocks using a 
relatively simple source-receiver configuration. 

Keywords: FWI, rocks, Imaging, Quarries. 

 

INTRODUCTION 

Full Waveform Inversion (FWI) is a high-resolution seismic imaging technique involving the 
minimization of the difference between measured and numerically simulated state-variable 
values at receivers,achieved through optimization algorithms. 

FWI was proposed by [20], reformulating the migration imaging originally introduced by [3, 
4] as a local optimization problem, aiming to minimize the squared difference between recorded 
and modelled data. Comprehensive reviews of this method are provided by [21] and [6]. 
Initially, FWI applications were prominent in the oil, gas, and seismology fields. However, it 
is also widely employed as a Non-Destructive Testing (NDT) technique, particularly in 
ultrasonic testing aimed at detecting the position,size, and orientation of flaws. [17] highlights 
this approach as a nonlinear optimization problem for flaw mapping in an aluminum plate. 
Besides demonstrating the potential of FWI for flaw detection, this study proposes using a 
limited number of ultrasonic sensors as a novel NDT approach. The work takes ultrasonic 
imaging via FWI as a starting point for NDT applications, similar to the goal of the present 
research. However, its approach was purely numerical without experimental validation, and 
another aspect to consider is the investigation scale, which corresponds to the millimeter range. 
Following this line of research, [7] utilized an ultrasonic imaging technique based on Elastic 
Least-Squares ReverseTime Migration (ELSRTM), considering variable density as well as 
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variations in longitudinal and shear wave (S-wave) velocities, to address imaging challenges in 
heterogeneous structures. Furthermore, numerical results were experimentally verified at a 
millimeter scale. FWI has demonstrated promising support in non-destructive testing 
investigations. It is well-documented that purely experimental NDT systems can detect 
structural damage but generally do not provide detailed information regarding flaw parameters, 
such as exact location and size. Experimental approaches are typically compared with a 
reference model without flaw presence and analyzed by qualified professionals [10]. Such 
models can detect flaws but lack precision regarding flaw location and dimensions [2]. 
Consequently, there has been an increasing number of studies combining computational 
methods with experimental NDT, yielding improved results in material investigations.This 
combined approach became feasible with advances in complete signal storage, enabling the 
integration of experimental data with numerical simulation models and achieving more accurate 
outcomes.Several studies address this topic [18, 2, 1]. 

Given the gaps identified above regarding the application of FWI in rocks at a metric scale, the 
present study aims to obtain a velocity model (block imaging) compatible with flaw 
identification through events recorded at receivers. Thus, it enables the imaging of the rock 
block using a database that is easier to acquire compared to the comprehensive data coverage 
required by linear tomography imaging methods. 

 

THEORETICAL FORMULATION 

Acoustic Wave Equation 

In this work, the state variable is defined as the solution of the acoustic wave equation given 
by Equation (1) [20]. 17�  bc���, 4�b�� −  ∇�f ��, 4� = g hZ Ω  

f �. ,0� = 0      (1) bc��, 4�b�  |;)� = 0 

f �4, ��|kl = 0 

Optimization Problem 

The full waveform inversion (FWI) is a nonlinear optimization problem that involves 
minimizing the quadratic difference between the observed (or real) seismograms represented 
by the variable fmno and the synthetic seismograms   f�(p:, both measured at receiver locations. 

min r =  s s �f�(p:�t, �, 4� − fmno��, 4���u�4 − 4(�b4b�l
v

�
 

17�  b�f�(p:��, 4�b�� −  ∇�f�(p:��, 4� = g hZ Ω  
f�(p:�. ,0� = 0        (2) 

bf�(p:��, 4�b�  |;)� = 0 

f�(p:�4, ��|kl = 0 

7w#x  ≤ t ≤  7wy=  (Equation 2) 
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The variable xr represents the position of the receivers. Thus, the wave equation presented 
(Equation (1)) is used to solve the optimization problem using gradient-based algorithms. For 
this purpose, sensitivities are determined, and the problem is converted into an unconstrained 
problem using the Lagrangian: 

� &f�(p:�t; �, 4�, t, {�,, {�,{6,{�,' =  
 s s �f�(p:�t; �, 4� − fmno��, 4���u�4 − 4(�b4b� +l

v

�
 

− s s {� | 17�  b�f�(p:��, 4�b�� −  ∇�f�(p:��, 4�  +  } bf�(p:��, 4�b� − g~  b4b� +l
v

�
 

− � � {�f�(p:�0, 4�b4b� − � � {6lv� :c�����;,=�
:;  |;)�l  b4b� −  � � f�(p:��, 4�b4b�  lv�v� =  

r −  {v�           (3) 

The adjoint equation (Equation (4a)) and sensitivity equation (Equation (4b)) are obtained by 
applying optimality conditions, that is, by imposing the Gateaux derivatives with respect to the 
variablesf�(p:  and design variable c to be equal to zero. 

� c �(p:&f�(p:�t; �, 4�, t, {�,, {�,{6,{�,' =  �$�c���� =  ���c���� − {v ���c���� = 0            (4 a) 

� &f�(p:�t; �, 4�, t, {�,, {�,{6,{�,' =  �$�� =  ���� − {v ���� = 0    (4b) 

The adjoint problem is obtained by multiplying Equation (4a) by a test function, integrating 
over time and space, and applying the divergence theorem (Equation (5)): 

17�  b�{���, 4�b�� −  ∇�{���, 4� =  f�(p: − fmno   
{���, 4� = 0 b{���, 4�b�  

{� ��, 4� |kl = 0            (5) 

 

NUMERICAL IMPLEMENTATION 

The FWI approach requires a wavefield simulator to solve the forward problem by numerically 
solving the wave equation. The same program module is utilized to compute the gradient of the 
Lagrangian, which provides the direction for the optimization algorithm [23, 11]. The Devito 
program [http://www.opesci.org/devito] has been employed in geophysical studies (Louboutin, 
et al., 2017) and enables the same calculations to be performed with finite differences 
representing rock blocks.Programming with Devito uses the SymPy symbolic algebra package, 
facilitating code implementation in Python notebooks, generating efficient and precise code for 
wavefield modeling and gradient determination in minimization routines that effectively 
implement the inverse imaging problem. 
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Initially, parameters are defined, and subsequently, the wave equation is solved for a domain 
representing a real field. The wave equation is solved in domain Ω with an initial estimate c = 
0. From this solution, two computed fields are obtained corresponding to the fields at the 
receiver positions. These values represent the state variable (u), allowing calculation of the 
residual used in the objective function and the solution of the adjoint problem. Sensitivities 
calculated from the adjoint problem solution are provided alongside the objective function to 
the minimize function from the SCIPY library, employing the L-BFGSB optimization 
algorithm. 

To ensure successful implementation and adequate results, some adjustments were necessary. 
Initially, dobs represents the pressure values at the receivers in the true model, and b�(p: 
represents the receiver values for the initial model. In this work, the values of dobs bmno and   b�(p: were very close to zero. 

Consequently, the objective function � bmno − b�(p:��reached values extremely close to zero, 
which is the lowest value attainable by the objective function. This caused the optimizer to 
reach the minimum of the function without finding a distribution that could further reduce it, 
resulting in early termination in the first iteration without achieving a satisfactory inversion. 
The solution was normalized between 0 and 1, preventing the objective function from 
approaching zero and allowing proper optimization. 

 

METHODOLOGY 

The developed methodology numerically investigates the waveform recorded by the sensors, 
comparing it to the expected response for a homogeneous block and highlighting identifiable 
events related to reflections at internal interfaces. To achieve realistic simulations, a two-
dimensional (2D) numerical model of a 1 m x 1 m rock block was simulated using five sensors 
and one source, initially assuming constant velocity. The acquisition method utilized was the 
oblique incidence test, termed “reflective mode,” consisting of transmitter-receiver pairs 
positioned on the same edge of the block. 

The ultrasonic pulses used in the simulation have a central frequency of 30 kHz. According to 
the discretization shown in Figure 1, a spatial spacing of 0.01 cm was adopted, resulting in a 
numerical grid with 101 points in both X and Y directions. The Figure presents the velocity 
models adopted for simulations with heterogeneities within the 1-meter block. 

To evaluate the method’s sensitivity under different geological contexts, simulations were 
conducted considering two primary scenarios: a homogeneous sample and a heterogeneous 
sample. The heterogeneous model was designed to represent internal inclusions characterized 
by lower velocities, simulating various internal fractures. The homogeneous model has the 
same dimensions but contains no inclusions. 

In summary, the simulations represent homogeneous and heterogeneous media with dimensions 
and velocity contrasts close to the parameters presented in Table 1, whose values were adopted 
as baseline parameters in all analyses. Additionally, simulations with variations in the time 
window (Tn) and different levels of velocity contrast (low and high contrast) were conducted 
to complement the evaluation of results. 

The employed velocities aim to realistically represent typical rock media, using compressional 
wave velocities (]�) widely reported in specialized literature: ]� = 5.5 ��\s for 
igneous/metamorphic rocks, such as granite, and ]� = 3.3 ��s for fluids present in pores (air). 
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Table 1 - Initial parameters used in the Waveform Analysis simulation with the Devito Project. 

Initial parameters 

Number of receivers and sources. 
��mx;p = 1 �(p�p�;m(R� 

Domain dimension. 
�ℎYP� = �101, 101� 

Spacing= (0.01, 0.01) cm 
Origin= (0., 0.) 

Time 
�� = 0 �� = 0.9 (milissegundos) 

 

Frequência Ricker �� = 30 �� 

Domain velocity (high velocity contrast). 
](m��y = 5.5 ��)� ]�(y;c(y = 0.3 ��)� 

Domain Types and Fracture 
Circular inclusion, Fracture Vertical and Fracture 

horizontal 

 

Table 2 - Simulated models and dimensions of their internal structures. 

Model and Dimensions ]�mw��� �)�� ]�p;��� �)�� 

Model 1 (Horizontal Fracture) X = 1 cm ; Y= 20 cm 5.5 and 0.3 

Model 2 (Vertical Fracture) X= 20 cm ; Y= 1 cm 5.5 and 0.3 

In Figure 1, seismograms are presented (1-d, 1-e, and 1-f). The main seismic (ultrasonic) events 
expected in reflective mode are: direct wave (event-1), reflection from the opposite side of the 
block(event-2), and reflection from internal heterogeneities within the block (event-3). Thus, 
event-1 corresponds to the direct wave observed as the first amplitude peak present in the 
simulated model’s seismic traces, event-2 corresponds to reflection from the opposite side, and 
event-3 corresponds to a heterogeneity within the medium. This concept of events is discussed 
by [5]. The presence or absence of an ”event-3” can characterize a rock block as homogeneous 
or heterogeneous. In numerical modeling, considering the reflective mode (oblique incidence 
test), these events were observed in models with various heterogeneities (circular, planar, etc.) 
as shown in Figure 1, having minimum dimensions on the order of 1 to 2 cm inside a 1 m edge 
block (simulations at 30 kHz). 

Considering the heterogeneity model Figure 1 and oblique incidence test in a heterogeneous 
medium, three types of heterogeneities were considered: spherical inclusion Figure 1, 
horizontal fracture Figure 1, and vertical fracture Figure 1. The presence of a third event Figure 
1 is considered as reflection from internal heterogeneities within the block (event-3). From the 
identification of these events, the velocity of the medium can be estimated from the direct wave. 
Knowing the thickness of the block, this velocity can also be estimated from event-2. A 
homogeneous block should yield very close velocity estimates from events 1 and 2 and should 
not exhibit events of type 3. The presence of the third event was observed in the seismograms 
for each type of heterogeneity. 

Complementing the event analyses is the state variable field. The state variable field (wave 
propagation) for the heterogeneous medium with a vertical fracture simulated in the oblique 
incidence test (Figure 2) confirms the events observed in the seismic traces Figure 1. It can be 
observed that the first recorded events correspond to the direct wave (event-1), the second event 
is the reflection from the opposite side of the block (event-2), and the third event corresponds 
to reflection from internal heterogeneities within the block (event-3). 
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(a) Circular inclusion 

 
(b) Fracture horizontal 

 
(c) Fracture vertical 

 

 
(d) Seismogram-Circular 

inclusion 

 
(e) Horizontal Seismogram-

Fracture 
 

 
(f) Seismogram-Vertical 

Fracture 

              
                                  (g) Model homogeneous                         (h) Seismogram homogeneous 
 

Fig. 1 - Heterogeneities e Homogeneous and respective seismograms: circular inclusion, 
horizontal fracture and vertical. 

 
Another observed aspect is that the wave passes through the heterogeneity and quickly 
recomposes with a very small time difference, influencing the measured transit time. This 
phenomenon is known as wavefront healing. This phenomenon was first observed by [22] with 
observations focused on the effects of diffractions on transit time delays. In ray theory, waves 
preserve the accumulated time changes incurred by passing through an anomaly somewhere 
along their path between source and receiver. Due to intrinsic diffraction (’wavefront healing’), 
finite-frequency wavefronts do not behave in this way. Diffraction acts to fill irregularities in 
the wavefront. Moreover, diffracted waves with significant amplitude can interfere with the 
direct wave and introduce bias in transit time measurements [13]. This phenomenon has been 
reported extensively, highlighting the necessity of accounting for wavefront healing effects, as 
it represents one of the main deficiencies of Ray. 

Theory [15, 14, 9, 16, 19, 8, 12]. In studies of rock blocks on a metric scale, this phenomenon 
has not yet been observed in the literature, despite its well-known occurrence in seismological 
contexts. Such a phenomenon would invalidate the application of Linear Transit Time 
Tomography under Straight Ray Theory assumptions. This approach will also be 
complemented by cross-correlation methods. The state variable field was also obtained for 
heterogeneous media with horizontal fractures and spherical inclusions; however, due to their 
similarity, only one representative case was chosen for presentation. 
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(a) Time = 0.0001 ms. 
 

(b) Time = 0.0002 ms. 
 

(c) Time = 0.0002 ms. 

Fig. 2 - State variable field in time between 0.0001 ms and 0.0002 ms for heterogeneous 
médium with vertical fracture. 

For the development of FWI, three synthetic models were generated: Model 1 - Horizontal 
Fracture, Model 2 - Vertical Fracture, and Model 3 - Scattering with multiple internal fractures. 
The number of sources (three) and receivers (ten) were arranged to simplify imaging. 

 

DISCUSSIONS 

Considering the three simulated models for the rock block within a square domain measuring 
1m x 1m, each containing internal structures. Model 1 represents a rock block typically 
extracted from quarries, usually having more than one free face available for assessment tests 
and featuring flat surfaces. Three ultrasonic pulse sources are applied simultaneously and 
punctually at the upper edge of the block. This source is modelled using a Ricker wavelet pulse 
with a frequency of f = 30 kHz (the same used for subsequent presented models). We observe 
that through FWI, Model 1 was precisely inverted. 

 
(a) True Model and Tx-TR 

 
(b) Initial model (c) Inversion results 

Fig. 3 - Model 1: Horizontal Fracture. (a) True model indicating the locations of sources and 
receivers, (b) initial model used, and (c) result of FWI inversion. 

In Model 2, the square domain represents a rock block containing a centralized internal vertical 
fracture, allowing analysis of the effect of fracture position on wave propagation. It is observed 
that the inversion was satisfactory for this model, providing good resolution for vertically 
positioned fractures (Figure 4). Starting from an initial model containing a fracture represented 
by only 4 pixels, the inversion closely approached the true model, despite displaying some 
spurious velocities in its vicinity. 

Model 3, termed scattering, assumes fractures distributed in various positions along the x and 
y directions of the block, with dimensional variations in length and width. The complexity of 
this model allows evaluation of the implementation’s quality. For Model 3 (Figure 5), starting 
from the same initial model, some spurious velocities are more evidently found in the obtained 
inversion, particularly near the central fracture. However, other fractures were recognized 
similarly to the true model. Different fractures were detected with varying resolutions, even 
with a limited number of source-receiver pairs, further confirming the efficiency of the FWI 
technique in identifying internal heterogeneities in rock blocks. 
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(a) True Model and Tx-TR 

 
(b) Initial model (c) Inversion results 

Fig. 4 - Model 2: Vertical Fracture. (a) True model with sources and receivers, (b) initial 
model, and (c) result of FWI inversion. 

(a) Inicial Model (b) True model for FWI (c) FWI Result 

Fig. 5 - FWI imaging results using an initial model of a plate with uniform velocity (1.b). Image (1.a) shows the 
location of the defect, and FWI accurately locates the heterogeneity at the position (1.c). 

 

CONCLUSION 

The identification of events in the seismograms obtained through oblique incidence tests 
demonstrates potential in characterizing the medium in terms of homogeneity and possible 
internal features, evidenced by the distinct presence of events 1, 2, and 3. The application of 
the Full Waveform Inversion (FWI) technique, still relatively unexplored as a non-destructive 
evaluation method, proved capable of imaging for detecting internal structures in rock blocks. 
The numerical simulations conducted also allowed evaluating the proposed technique’s 
capability in identifying internal structures within a metric-scale square domain, resembling 
conditions typically found in situ in quarry blocks. FWI showed significant potential in 
identifying these structures using a reduced number of source-receiver pairs, representing its 
main advantage compared to conventional tomography, a technique requiring a larger number 
of source-receiver pairs. This advantage relates to the phenomenon of Wavefront Healing, 
which significantly compromises the resolution of traditional tomographic methods but has a 
reduced impact on the FWI technique. 
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ABSTRACT 

Transmission towers that support overhead power lines are constructed to facilitate the 
transmission and reception power between power plants and substations. In Japan, the 
foundations of transmission towers have been identified as being affected by aging and non-
compliance with standards. Additionally, due to the intensification of extreme weather and 
natural disasters caused by recent global warming, especially the uplift forces caused by rising 
wind loads, it is strongly needed to reinforce the foundations against them. Focusing on the 
bending and shear failure modes, which are brittle failure modes of unreinforced foundations, 
a strength evaluation formula is developed for unreinforced foundation structures in this study. 
To validate the developed strength capacity formulas, the reinforcement effectiveness was 
verified for each failure mode through 1/6-scale model tests. We considered (1) bending 
cracking and (2) bending yielding for bending failure, and (3) shear cracking and (4) shear 
yielding for shear failure. For (1) bending cracking and (3) shear cracking, the evaluation 
formulas accurately reproduced the actual behavior. However, the results for (2) bending 
yielding and (4) shear yielding were less satisfactory. 

Keywords: Transmission tower foundation, unreinforced concrete, repair and reinforcement, 
strength calculation 

 

INTRODUCTION 

Aging has become a serious issue in managing various infrastructures in Japan, and 
transmission towers face similar difficulties. Many of the foundations of transmission towers 
are unreinforced or have insufficient reinforcement, and it has been pointed out that they may 
be non-compliant with standards. Unlike ordinary foundations, transmission tower foundations 
are subjected to extraordinary conditions in which they are greatly affected by wind loads acting 
on the tower in addition to the weight of the tower and the earth pressure. Wind loads exert 
compressive forces at some points on the foundation and pull-up forces at others. Of these two 
forces, the uplift force caused by wind load is the dominant external force acting on the 
transmission tower foundation and is an essential issue in their design and reinforcement. This 
is because large uplift forces due to wind loading can cause brittle failures, such as pull-out 
shear failure and bending failure, in the foundation of transmission towers. 

Under such circumstances, the intensification and frequency of disasters have become a 
significant problem in recent years. Azegami et al. point out that wind speed tends to increase 
as temperature rises due to global warming. Specifically, a 2℃ rise in temperature increases 
wind speed by an average of 8.6 m/s, and a 4℃ rise by an average of 10.2 m/s. As a result, the 
wind load on buildings may also increase [1]. In fact, the maximum wind speed of 48.2 m/s 
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was observed in Typhoon No. 21 in 2008 [2]. On the other hand, it is expected to be difficult 
to secure financial resources in the future due to the effects of the declining birthrate, aging 
population, and population decrease. Tax revenues are projected to decrease to 89, and social 
security expenditures will increase to 186 in 2040, taking the actual results as of 2018 as 100[3].  
However, despite the declining population, the demand for electric power is increasing due to 
the recent utilization of ICT devices and AI, and it is strongly required to maintain it as one of 
the most essential social infrastructures from the viewpoint of a stable power supply in the 
future. 

 

PREVIOUS STUDIES 

Studies on the maintenance of transmission tower foundations have been conducted in the past. 
Reinforced concrete structures such as transmission tower foundations are often damaged by 
alkali-silica reaction which is one of the deteriorating properties of concrete. Okazaki et al. 
focused on the fact that a method for comprehensively evaluating the stress state of steel bars 
in members of deteriorated reinforced concrete structures has not been developed, and they 
constructed the methods for estimating the stress state in them and evaluating the structural 
integrity [4]. However, they did not evaluate the durability of the structures based on the effect 
of rational and economical reinforcement. 

Yamamoto et al. conducted pull-up tests on a 1/6-scale model specimen to examine a repair 
method for unreinforced concrete foundations. As a result, it was confirmed that inserting 
reinforcement bars from the column section of the foundation had some reinforcing effect, but 
this test was limited to reinforcing the column section only. 

 

PURPOSES 

This study aims to develop a formula to predict the strength of bending and shear by focusing 
on the representative brittle failure modes of an unreinforced foundation, i.e., bending failure 
mode and shear failure mode. Specifically, the formula to predict the strength of bending 
cracking, shear cracking, bending yielding, and shear yielding were proposed, and their validity 
was examined through the tests using a reduced-scale specimen of an actual structure. 

 

MODEL OF TEST SPECIMEN 

SPSM1 Specimen 

The SPSM1 specimen is 
an unreinforced bending 
failure specimen. The 
plan and side views of 
the SPSM1 specimen 
are shown in Figures.1 
and 2, respectively. 
These figures show that 
sixteen M10 bolts 
(10mm diameter, fully 
threaded) were used for 
support, four at each 

 
 

Fig. 1 - Plan view of SPSM1. Fig. 2 - Side view of SPSM1. 
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corner, and four D6@20 spiral bars (6mm diameter, 20mm pitch) were used. These support and 
anchorage bars were used to reproduce the conditions on the underside of the specimen as pin 
rollers during loading and to anchor the specimen to the girders. The ends of the support and 
anchorage bars on the specimen side were hooked to ensure that they were secured to the 
specimen. On the trestle side of the rebar for support and anchorage, a length of 200mm was 
exposed, and a nut (nominal diameter 10mm × 2-face width 17mm × height 8mm) and washer 
(thickness 2mm × inner diameter 10.5mm × outer diameter 21mm) were used to secure the 
trestle to the M10. 

 

SPSM2 Specimen 

The SPSM2 speci-
men was a bending 
failure test specimen, 
and eight D6 bending 
reinforcement bars 
were placed to evalu-
ate the effect of the 
bending reinforce-
ment bars. For the 
SPSM2 specimen, 
concrete was placed 
up to 120mm from 
the bottom of the slab 
and allowed to cure 
in air for one week. After placing reinforcement bars on the top of a slab, concrete with a layer 
thickness of 30mm was placed. To ensure anchorage between the existing floor plate and the 
newly placed concrete, anchorage bars D6 (6mm in diameter and 40mm in length) were also 
placed. The plan and cross-sectional views of the SPSM2 specimen are shown in Figures 3 and 
4, respectively. 

 

SPSN1 Specimen 

Since the SPSN1 speci-
men is an unreinforced 
shear failure specimen, 
16 bending reinforce-
ment bars, D6, were 
placed to prevent 
bending failure. Unlike 
the SPSM2 specimen, 
during the curing 
process, the concrete is 
placed at one time, 
rather than adding 
bending reinforcement 
bars and placing additional concrete. In order to ensure the anchorage of the bending 
reinforcement bars, they were bent in a U-shape. The plan and cross-sectional views of the 
SPSN1 specimen are shown in Figures.5 and 6, respectively. 

 
 

Fig. 3 - Plan view of SPSM2. Fig. 4 - Side view of SPSM2. 

  

Fig. 5 - Plan view of SPSN1. Fig. 6 - Side view of SPSN1. 
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SPSN2 Specimen 

The SPSN2 speci-
men is almost identi-
cal to the SPSN1 
specimen, differing 
only in placing three 
additional shear 
reinforcement bars 
with their tips bent 
into a hook shape. 
The SPSN2 speci-
men is also a shear 
failure test speci-
men. To evaluate the 
shear reinforcement, 
three D6 shear reinforcement bars were placed in addition to sixteen D6 bending reinforcement 
bars. As with the SPSN1 specimen, concrete was placed in a single step. The bending 
reinforcement bars were bent in a U-shape to ensure the anchorage of the reinforcement bars. 
Strain gauges were attached to four of the 16 bending reinforcement bars, two each in the 
longitudinal and shortitudinal directions of the anchors. Moreover, strain gauges were attached 
to the upper part of all three shear reinforcement bars, and to the lower part of one of them.  
Figures 7 and 8 show the plan and side views of the SPSN2 specimen, respectively. 

 

Anchor material 

Details of the steel portion of the test specimen 
are shown in Figure 9. The steel portion consists 
of the main legs, mounting plate, and anchor 
material. Though the test specimen is 1/6 scale 
of an actual foundation slab, it is necessary to 
verify the sizes and strength of the anchor 
specifically. The strength of the anchor was 
designed using not only the general structural 
analysis equation but also Chan's solution to 
ensure that the anchor can bear higher assumed 
forces.  

First, the maximum stress in the cross-section is given by  

���� = ����� �1� 

where M is the bending moment. 

���� = �ℎ�
6 �2� 

where b and h are the cross-sectional width and height, respectively. The bending moment is 
evaluated by the following equation: 

 
 

Fig, 7 - Plan view of SPSN2. Fig. 8 - Side view of SPSN2. 

 
Fig. 9 - Anchor material. 
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� = ��3 × ��
2 �3� 

where k is the safety factor (usually 1.5), A and � are the bearing area and length of anchor, 
respectively.  

 ���＝− �
４9K¡6 �)¢��sin¡� + cos¡�� �4� 

The bending moment is obtained by differentiating Chan's solution twice. Comparing this value 
with one obtained from the general structural analysis equation, the bending moment obtained 
from Chan's solution was larger. Therefore, the sizes of the anchor material (SS400) were 
determined to be 40mm × 40mm × 5mm (thickness) so that the force acting on the anchor 
material, calculated based on the bending moment obtained from Chang's solution, would be 
less than the anchor's strength of 245N/mm2. In Equation (4), EI is the bending stiffness, z is an 
axial coordinate, and y is a lateral displacement. β is defined by 

 

¡ = �¤¥n�¦§¨ �5� 

where b is the height of the anchor (40mm), and �© is the reaction force coefficient of 
concrete, expressed as 

�©＝9*3*�* �6� 

where 9*, 3* and �* are the elastic modulus, cross-sectional area and length of concrete, 
respectively. Assuming that two directions, y and z directions, are semi-infinite, and that the 
remaining one direction has the unit width, the following equation is obtained. �© ≒ 9* �7� 

 

CALCULATION OF SPECIMEN’S STRENGTH 

When reinforcing a structure, it is necessary to qualitatively and quantitatively evaluate the 
effectiveness of the reinforcement method. For this evaluation, formulae based on mechanics 
that can reproduce phenomena are considered to be valid. In this study, we developed such 
formulae and compared experimental and numerical values to evaluate the reliability and 
usefulness of the formulae. As for the calculations, the strength of bending cracking, shear 
cracking, bending yielding, and shear yielding were calculated using parameters such as the 
number of reinforcement bars and concrete thickness in advance of the experiment. The 
calculation method for these capacities is shown below. 

Strength of Bending 
Crack 

Yield Line Theory is 
employed to calculate the 
strength of bending 
cracking. In Yield Line 
Theory, two fracture lines 
which are bold lines 
shown in Figure 10 are 
assumed. The parameters, 
B and h, are defined as 
displayed in Figure 11. 

  
Fig. 10 - Concept figure for Yield 

Line Theory. 
Fig. 11 - Parameters, B and h, of Yield 

Line Theory. 
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The fracture lines are modeled as simple beams as shown in 
Figure 12, The strength is calculated using the equation 
derived from conservation energy law, which states that the 
work done by the load acting on the simple beams is equal to 
the internal energy stored in the simple beams. and this is used 
to construct the calculation equation. Assume that an external 
load acts on the object and that the deformation changes from 
0 to δ as it goes from 0 to P. External work W is then defined 
as follows. 

« = s ��4�b4k
� ＝

12 �u �8� 

Suppose that the circle has radius 
­� and angle ®, its arc is defined as 

� = �2 ® �9� 

Arc r is strictly a curve, whereas the angle ® is small, arc r can be approximated as a straight 
lin. Therefore, the arc length u is expressed as (see Figure 13) 

u = �2 ® �10� 

Substituting Eq. (10) into Eq. (8), we obtain 

« = 12 � �2 ®＝ 14 ��® �11� 

Assume that the rotation angle changes from 0 to ® as the bending moment goes from 0 to M. 
The internal energy U0 stored in the beam is equivalent to the external work. The following 
integral can express the external work. 

¯�＝s ��®�b®°
� �12� 

where the bending moment ��®� is a function of the rotation angle ®. In spring and bar 
deformation, there is a proportional relationship between moment and angle of rotation. Thus, 
we obtain the following relation: ��®�＝�® �13� 

The internal energy U0 shown in Equation (12) is the energy in the half of the beam shown in 
Figure 12, which is doubled for the entire beam. If there are two beams, as shown in Figure 10, 
it is doubled further. Note the above statement, the following equation is obtained from 
Equation (13): ¯ = 4 × ¯�=2��®�® �14� 

In general, external work is energy added to the system from the outside, 
and some or all of which is stored in the system as internal energy. In 
particular, all of the external work W is converted to internal energy U 
because there is no energy loss in the elastic deformation range. From 
Equations. (11) and (14), the following equation is derived: 

14 ��®＝２�® �15� 

 

Fig. 12 - Simple beams for Yield 
Line Theory. 

 
Fig. 13 - Strings 

and angles. 
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From Equation (15), we obtain 

� = 8�� �16� 

On the other hand, as shown in Figure 11, when a bending moment M acts on the cross 
section which has b of width and h of height, the vertical stress σ(y) in the cross section is 

�� � = �K   �17� 

where I is the second-order moment of the cross-section of the beam. This equation shows that 
the vertical stress σ(y) increases as the distance from the neutral axis, i.e., the horizontal line at 
which the vertical stress σ(y) is zero, increases, and that the vertical stress σ(y) attains maximum 
value at the point where y is maximum. 

����＝Ｍ

Ｉ

�� �18�
When the maximum stress ���� reaches the tensile strength �± of concrete, the bending cracking 
occurs in the concrete, and the bending moment Mt at this time can be obtained as follows. 

�±＝ §²� �±＝
³²´
%�²�

�±＝ �µ �ℎ��± �19�
Therefore, the strength Pt at which the bending cracking occurs in the concrete can be obtained 
by substituting Equation (19) into Equation (16) as follows: 

�±＝
΅
ｂ��

­ �± �20�
b in Equation (19) corresponds to the length B of the fracture line in the reduced model of the 
foundation minus the length le of the rigid mounting plate, and thus 

�±＝ �6 �¶)­����
­ �± �21�

can be obtained. The following relationship is established between the tensile strength of 
concrete and its compressive strength; �± and �*. 

�±＝0.23�*
�6 �22� 

 

Strength of Bending Yielding  

The strength of bending yielding is calculated from the moment at which the reinforcing bar in 
a reinforced concrete structure exceeds its elastic range and begins to yield. The moment of 
bending yielding on the cross-section of a reinforced concrete, �·, is obtained by substituting 
the yield strength of the bar, �,, the cross-section area per a bar in tension, as, the number of 
bars, n, and the resistance distance, z, into the following equation. �·＝�,Y,Z� �23� 

This distance z is defined as the vertical distance between the following two lines of action; 

-The line of action of the combined force of the compressive stresses in the concrete 
-The line of action of the combined force of the tensile stresses in the bars 

Therefore, z is defined by the following equation 

�＝ℎ�± − Y2 �24� 
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where ℎ�± is the effective height and Y is a value determined by approximating the concrete 
arbitrary compressive stress distribution with a rectangular stress block. The compressive stress 
distribution in the cross-section of concrete is nonlinear. The maximum compressive stress in 
the cross-section of a concrete occurs at the top of the cross section when a load is applied from 
above to a simple beam. This compressive stress distribution is approximated by a rectangular 
stress block using the following scheme. 

-The magnitude of the stress is 0.85fc 

-The height of the rectangular stress block, Y, is equivalent to ¡�･t 

where ¡� is a coefficient based on the material property of the concrete and is usually set to 
0.85. 

Substituting A=0.85c into Eq. (24) yields 

� = ℎ�± − �.Q��� �25�
where c is generally defined by the following approximate formula. 

ｃ ≈ ℎ�±7 �26� 

Substituting Equation (26) into Equation (25), we obtain 

� = ℎ�± − y�＝ℎ�± − �� ･ �.Q��¸¹º = �1 − �.���º � ℎ�± ≈ ºQ ℎ�± �27�
Equation (28) is obtained by substituting Equation (27) into Equation (23) as follows: 

�·＝ 78 �,Y,Zℎ�± �28� 

Furthermore, substituting Equatiom (28) into Equation (16), the strength of bending yielding 
My is given by 

�·＝ 7�,Y,Zℎ�±� �29� 

 

Strength of Shear cracking 

To begin with, the strength of shear cracking of the 
specimen is considered equivalent to the shear 
strength of concrete. In this study, the shear failure 
plane was set up in advance because it is necessary 
to evaluate the shear strength of concrete at the 
plane where shear failure occurs. The shear failure 
plane is assumed to occur at an angle of 45 degrees 
from the point where the anchor and the mounting 
plate join, as shown in Figure 14. The vertical 
component of the shear forces acting on the 
assumed shear failure plane of the concrete is 
balanced by the uplift forces on the main legs, when 
the shear failure of concrete occurs on the plane. The equation for the balance of these forces is 
Equation (30) �*＝¯»b�±¼½ �30� 

 
Fig. 14 - Assumed shear failure surface. 
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The effective shear height b�± is the length from the center of the bending reinforcement bars 
in two directions to the bottom of the anchor. As an exception, when bending reinforcement 
bars are not placed, the height b�± is from the top of the floor plate of a foundation to the bottom 
of an anchor. Up is the circumference of the area lined in red shown in Figure 14 and can be 
defined by the following equation. 

¯p＝¯ + ¿b�± �31� 

In general, the shear strength of concrete, ¼½, depends on the material and structural properties. 
For the former, it is known that the shear strength of concrete, ¼½, is related to one of the material 

properties, Àc, and is proportional to ÁÀc. As for the latter, it is known that the shear strength of 
concrete is affected by structural properties such as cross-sectional force, cross-sectional 
dimension, and cracking. Thus, the shear strength of concrete, ¼½, is defined by the following 
equation. 

¼p = 0.2¡p¡d¡rÁÀc �32� 

where the coefficient of 0.2 is determined by a number of experimental results and is set so that 
the shear strength of concrete, ¼½, in Equation (32), agrees with the mean value obtained from 
experimental results as closely as possible. In addition, the coefficients: 

βP: Coefficient related to the reinforcement ratio of the bending reinforcement bars 

βd: Coefficient related to the shear effective height 

βr: Coefficient related to the shear span ratio 

are defined as follows, respectively: 

¡p=Á100�nu´ �33� 

¡d = Å1000bat
¨ �34� 

¡(＝1 + 1
1 + 0.25¯P5bat

�35�
 

The reinforcement ratio of the bending reinforcement bars in the floor is given by the following 
equation. 

�nu = YsZ5bat �36� 
The shear strength of the transmission tower foundation is the sum of the shear strength of 
concrete, Pc, which is mentioned above, and that of the shear reinforcement bars, Ps. 

�B = Z3,�·
 �37� 

where n and 3, are the number and cross-section of shear reinforcement bars within the shear 
failure area, respectively. Furthermore, �· and α are the yield stress and its factor of shear 
reinforcement bars, respectively. 
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TESTS AND RESULTS 

In the tests, tensile strength, specimen displacement, the strain of the bar in the specimen, and 
concrete cracking were measured. Only in the case of SPSM1, the strain of the reinforcement 
bar in the test specimens was not measured because the reinforcement bar was not placed. In 
this chapter, the strengths of bending cracking, shear cracking, bending yielding, and shear 
yielding are calculated using the above formulae, and then the test results are compared with 
their strengths. Furthermore, the adaptability of the formulae is examined through the 
comparison of measured values and values calculated by formulae. 

 

SPSM1 Specimen 

The SPSM1 specimen expres-
sed the expected failure 
behavior. The specimen in 
which bending cracking 
occurred at 58kN subsequently 
failed due to bending cracking 
mode. A plan view of a sketch 
of the cracked concrete is 
shown in Figure 15. The 
calculated and experimental 
strengths of bending cracking 
are 54.3kN and 58.0kN, respectively as displayed in Figure 16. Therefore, the formula can 
adequately estimate not only the strength of bending cracking but also the curve of displacement 
and loading relations. 
 
SPSM2 Specimen 

The SPSM2 specimen behaved differently from what was 
expected. The specimen in which bending cracking occurred at 
46kN subsequently failed in a different mode without 
transitioning to bending yielding failure. 

First, the bending cracking occurring at 46kN of the uplift force 
is discussed according to the values of the strain gauge (see 
Figure 17) attached to the bending reinforcement bars. Initially, 
the values of all four strain gauges exhibited similar behaviors. 
However, at around 46kN of the uplift force, the values of each 
of the four strain gauges began to differ, and the values of two gauges, CH0103 and CH0406, 
increased rapidly. This suggests that bending cracking occurred at approximately 46kN. 

Next, Figures.18 and 19 show the plan and side views of a sketch of the cracked concrete, 
respectively. According to these figures, the causes that led to the unexpected failure of the 
SPSM2 specimen are discussed. As shown in Figures 18 and 19, bending cracks appeared on 
the top of the specimen parallel to the direction of the longer anchor. Then, on the side surface 
of the specimen, the bending cracks formed downward from the top. After that, horizontal 
cracks formed around the specimen when the bending cracks reached a point about 30 mm from 
the top where the joint surface of the reinforced concrete existed. The unexpected failure of the 
SPSM2 specimen is considered to be due to insufficient bonding between the concrete placed 
before and later. 

 
 

Fig. 15 - Sketch of the cracked 
concrete (plane view, SPSM1). 

Fig. 16 - Displacement - load 
relations (SPSM1). 

Fig. 17 - Strain values for bending 
reinforcement bars (SPSM2). 
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Fig. 18 - Sketch of the cracked 
concrete (plan view, SPSM2). 

Fig. 19 - Sketch of the cracked 
concrete (side view, SPSM2). 

Fig. 20 - Displacement - load 
relations (SPSM2). 

The calculated and experimental strengths of bending cracking are 54.3kN and 46.0kN, 
respectively, as displayed in Figure 20. Therefore, not only the strength of bending cracking 
but also the curve of displacement and loading relations can be adequately estimated by the 
formula. On the other hand, the shear cracking strength and bending yielding strength could not 
be compared with the experimental values because the specimens exhibited unexpected failure 
modes. 

 

SPSN1 Specimen 

The SPSN1 specimen expressed the expected failure behavior. The specimen in which bending 
and shear cracking occurred at 47.0kN and 57.0kN, respectively, subsequently failed due to 
shear cracking mode. Figure 21 shows a plan view of a sketch of the cracked concrete. 

As shown in Figure 22, all four strain gages attached bending reinforcement bars exhibit similar 
behavior and were not yielded, which indicates that bending yielding did not occur in the 
SPSN1 specimen. The calculated and experimental strengths of bending cracking are 47.0kN 
and 54.3kN, and those of shear cracking are 57.0kN and 58.1kN, respectively, as displayed in 
Figure 23. As indicated in Figure 23, not only the strength of bending and shear cracking but 
also the curve of displacement and loading relations can be adequately estimated by the 
formulae. 

 

 

  

Fig. 21 - Sketch of the cracked 
concrete (plan view, SPSN1). 

Fig. 22 - Strain values for bending 
reinforcement bars (SPSN1). 

Fig. 23 - Displacement - load 
relations (SPSN1). 
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SPSN2 Specimen 

The SPSN2 specimen behaved differently from what was expected. The specimen in which 
bending cracking occurred at 50kN and shear cracking occurred at 57.5kN subsequently failed 
in a different mode without transitioning to shear yielding failure. 

First, the fact that the bending cracking occurring at 50kN of 
the uplift force is discussed according to the values of strain 
gauges attached to the bending reinforcement bars (see 
Figure 24). At the beginning, the values exhibited similar 
behaviors till 50.0kN at which the inclination of load-strain 
relations changed. This suggests that the bending cracking 
occurred at approximately 50.0kN. 

Next, the fact that the shear cracking occurred at 57.5kN of 
the uplift force is discussed according to the values of strain 
gauges attached to the shear reinforcement bars (see Figure 
25). The values of three strain gauges attached above the 
anchors exhibited similar behaviors until 57.5kN at which the 
inclination of load-strain relations changed. This suggests 
that the shear cracking occurred at approximately 57.5kN. 

Furthermore, the plan and side views of a sketch of the 
cracked concrete are shown in Figures 26 and 27, 
respectively. As shown in these figures, the specimen in 
which cross the bending cracking occurred at 50.0kN of the 
uplift force, followed by the shear cracking in almost 
concentric circles as shown in the dashes. 

We now consider why the unexpected failure mode occurred. Around the center of the lower 
part of the anchor, the uplift force usually induces a compressive field in the horizontal direction 
and a tensile field in the vertical direction. However, in this specimen, the fixing between the 
shear reinforcement bars and the concrete becomes stronger due to the hook installed at the end 
of the shear reinforcement bars, which resulted in greater tensile force than that without the 
hook. The concentrated compressive force in the horizontal direction and the tensile force in 
the vertical direction as described above also resulted in a larger shear force, which is 
considered to be the reason for the large strain value measured by strain gage CH1213. On the 
other hand, Figures 28 and 29 show that the shorter anchor is located at 74.4mm from the side 
and 80.0mm from the top. Around the left end of the shorter anchor, as the anchor is pulled up, 
shear forces are concentrated by the similar mechanism as described above in parallel to the 
anchor-concrete interface. The displacement jump across the interface between the anchor and 
the concrete caused the shear-opening cracks that reached the sides of the specimen, which 
brought about the specimen to fail. 

The calculated and experimental strengths of bending cracking are 54.3kN and 46.0kN, and 
those of shear cracking are 58.1kN and 57.5kN, respectively as displayed in Figure 28. 
Therefore, not only the strength of bending and shear cracking but also the curve of 
displacement and loading relations can be estimated enough by the formulae. On the other hand, 
the shear yielding strength could not be compared with the experimental values because the 
specimens exhibited unexpected failure modes. 

 
Fig. 24 - Strain values for bending 

reinforcement bars (SPSN2). 

 
Fig. 25 - Strain values for shear 

reinforcement bars (SPSN2). 
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Fig. 26 - Sketch of the cracked concrete 
(plan view, SPSN2). 

Fig. 27 - Sketch of the cracked 
concrete (side view, SPSN2). 

Fig. 28 - Displacement - load relations 
(SPSN2). 

 

 

CONCLUSIONS 

This study focuses on the unreinforced foundation of transmission towers with safety issues 
such as insufficient strength and severe disasters. Since it is difficult to replace these 
foundations from the viewpoint of financial resources, there is a need for more rational and 
economical repair and reinforcement. This study aims to examine the appropriate arrangement 
of structural members and the number of reinforcement bars so that the foundation can be 
reinforced reasonably and economically and to verify the validity of the proposed calculation 
formula through pull-up tests on a 1/6-scale model of a real structure. 

As a result, there were good agreements between the values obtained using the formulae and 
the experimental values for the bending and shear cracking strength, confirming the validity of 
the formulae and convincing that they are sufficiently useful for evaluating the strength of actual 
transmission tower foundation. 

Though we tried to verify the bending and shear yielding strength, the specimens did not exhibit 
the bending and shear yielding failure, making a comparison of the calculated and experimental 
values impossible. The reason why the experimental values in terms of bending yielding were 
not obtained seems to be the insufficient bonding between the concrete placed before and later. 
As for this, it is considered that the problem can be solved by making the joint surface rougher 
and increasing the number of anchorage reinforcement bars. The reason why the experimental 
values in terms of shear yielding were not obtained seems to be that the cracks emanating from 
the edge of the anchor reached the side of the concrete and progressed to macroscopic failure. 
As for this, it is considered that the problem can be solved by keeping a sufficient concrete 
cover and a separation distance between the anchor and the side of a concrete. 

Future tasks should address the issues mentioned above, such as the number of anchorage 
reinforcement bars and the location of the anchor. 
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ABSTRACT 

The extended steel end-plate beam-to-column connection is a key-parameter in the behaviour 
of moment-resisting frames. The usual configuration is by considering two bolts-per-row. 
However, a four-bolts-per-row configuration could offer a more reliable solution for achieving 
improved robustness performances for both the connection and the buildings in which higher 
levels of robustness are required. In this context, based on a FE parametric study, an indicator 
showing the closeness of the failure mode 2 of steel bolted end-plate connections to mode 1 or 
mode 3 is proposed and discussed with comparison to similar two bolts-per-row configuration. 

Keywords: Steel end-plate steel connections, failure modes, 4 bolt-row, strength, ductility. 

 

INTRODUCTION 

The connections of steel structures in unbraced frames play a key role in the overall 
performance of a building, particularly under extreme loading conditions that exceed the 
nominal values considered during the design phase. A determining factor in the behaviour of 
the connections is their configuration, which significantly influences the response 
characteristics of the connections in terms of strength, stiffness, and ductility. The classical 
configuration of bolted beam-to-column connections with extended end plates features a two-
row vertical arrangement, which involves brittle failure following the yielding and failure of 
the first tensioned bolts [1]. The plastic behaviour of such connections is not integrated into the 
current design codes, which limits performance-based structural analyses under extreme 
actions, such as robustness analyses. In this context, connection configurations with four bolts 
in a single row can offer advantages in scenarios where the classical configuration cannot 
provide a satisfactory level of structural robustness. However, post-elastic behaviour may lead 
to superior plastic resistance capacity and adequate ductility. Recent studies on this type of 
connection have focused on analyzing equivalent T-elements (similar to T-stubs - Figure 1), 
based on existing analytical characterization offered by the codes, which applies to the classical 
configuration with two bolts-per-row. 

 

Fig. 1 - IPE360 yield zones before bolt rupture for 4B_I360_t20_M20_P3. 
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However, this characterization is limited to the elastic response domain of the connection and 
does not analyze the interaction between bolts disposed on different rows [2]. The paper aims 
to present a parametric numerical study using FEM on 2 and 4 row T-elements, based on 
previous results obtained on experimental tests. 

 

RESULTS AND CONCLUSIONS 

Considering the spectral nature of the failure modes (FM) - where FM 2 can be closer to FM 1 
or FM 3), the indicator δ2-3 is calculated, ilustrating the closenest to FM 3 or FM 1: 

 

u�)6 = |�Ç.�.È�)�Ç.%.È�||�Ç.�.È�)�Ç.´.È�| |�Ç.�.È�)�Ç.%.È�|    (01) 

 

In the given context a value near 0% indicates a tendency towards FM 1, while a value close to 
100% suggests a tendency towards FM 3. According to the obtained results (Figure 2), the 
evolution of the yield and maximum forces is correlated with the closeness to either FM 1 or 3. 
For specimens which retain characteristics with tendency towards FM 1, the gains between 2B 
and 4B are small, or even negative. In the other side of the spectrum both strength values present 
a clear increase in the cases in which the failure characteristics tend towards FM 3. 

 

Fig. 2 - Average 2B-4B yield and maximum strength gains in relation to mode tendency. 

The evolution of the results in relation to the indicative δ2-3 is significant. Configurations 
showing a δ2-3 value of 89.1% to 96.2%, indicating a FM 2 leaning towards FM 3 exhibited 
better outcomes in terms of both strength and ductility. Thus, the δ2-3 ratio serves as an 
important indicator for achieving a desirable balance between strength and ductility across 
different configurations. 
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ABSTRACT 

Climate change as resulting in catastrophic urban scenarios such as uncontrolled fires, 
disruptive floods, bad air quality, among other. In terms of fires, unfortunately, there are several 
recent ones that resulted in deaths and loss of properties. Portugal, is also included in this set. 
This paper intends to give a contribution on the fire impact mitigation on traditional Portuguese 
construction. Thus, the type of local solid timber, the contribution of the skin of the tree in the 
fire resistance and a pre-burnout treatment is considered in this research. The first experimental 
results are shown and discussed in this document. 

Keywords: Fire resistance, solid timber, traditional construction, mitigating failure. 

 

INTRODUCTION 

Fire impact on urban areas has been increasing sharply [1]. Los Angeles wildfires is one 
example. In Portugal, this situation is also occurring, Figure 1.  

 

 
Fig. 1 - Fire in Vila Pouca de Aguiar, Portugal, september 2024. 

In traditional Portuguese construction, it is very likely to have timber structural elements such 
as pavements, roofs, stairs, among other. In case of fire, these elements tend to burn which 
causes a decreasing of the cross section and, consequently, a structural degradation 
consequence. There are some technical building possibilities that can contribute in terms of 
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mitigating this structural impact. In this document, the type of timber, the contribution of the 
skin of the tree in the fire resistance and a pre-burnout treatment are the fire resistance technics 
that considered. Several samples of solid timber were prepared and tested in laboratory in order 
to evaluate its fire resistance contribution, Figure 2. The main results are presented. This team 
have done some works in this topic [2]. 

 

 
Fig. 3 - Laboratory tests. 
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ABSTRACT 

The presence of obstacles around a building can interfere with the wind flow, modifying the 
pressure on the facades and, consequently, the resulting forces and moments. These 
interferences can generate protection effects or increase the pressure coefficients. Therefore, it 
is important to study the behavior of wind on buildings in the presence of surroundings to better 
understand these effects and ensure the safety of the structures. Most physical characteristics 
cannot be predicted with complete certainty and generate random results, with some of these 
results being more frequent than others. Reliability analyses are commonly used to examine the 
behavior of structures subjected to such effects, and one of these analyses is to consider the beta 
reliability index, which has several representations and, in this case, the determination of beta 
is proposed, not being considered a failure criterion, but rather as a change in the state of the 
aerodynamic force. In this sense, this work presents the determination, through reliability, of 
the aerodynamic force disturbance index, that is, how much the drag force and the force 
transversal to the wind direction are being modified due to the presence of neighbors, in order 
to evaluate the behavior of the wind effects from the CAARC (Commonwealth Advisory 
Aeronautical Research Council) standard tall building model, using experimental data 
generated in a wind tunnel. The standard tall building model was evaluated in different 
positions, subjected to variable aerodynamic force actions, in isolation and with the existence 
of different neighbours. Probabilistic concepts are presented, discussed, and in the results were 
analysed response surface graphs of the aerodynamic disturbance force generated for the 
configurations adopted by the neighbors in relation to the CAARC isolated for beta variation 
indexes. With the results found, it was observed that the existence of neighbors affects the 
average values of the data, as well as the aforementioned index, both for increase and reduction 
in relation to isolated building, depending on the situation, and this is evidenced by the surface 
graphs comparing them to other researches. Therefore, this study presents interpretations that 
can help in predicting the behavior of tall buildings subjected to wind loads in the presence of 
neighbors. 

Keywords: Neighborhood effect, Wind tunnel, Reliability index, reliability. 

 

INTRODUCTION 

Natural systems can be described deterministically, but in a limited way. In many everyday 
situations, classical descriptions work well, but as systems become more complex, these 
approaches are inadequate (Kroetz, 2015). According to Blessmann (1985), the existence of 
obstacles can interfere with the wind flow of a building, which leads to changes in the pressures 
on the facades, and consequently, in the resulting forces and moments, due to the interaction 
between this and other structures that are around it, that is, in neighboring regions. These 
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interferences can occur in several ways, such as generating protection effects, reducing or 
increasing pressure coefficients. The objective of this work is to analyze the behavior of the 
wind flow in buildings with the presence of neighbors based on experimental data generated in 
a wind tunnel conducted by Lavôr (2023), taking as a calculation basis structural reliability 
criterion of a tall building subjected to the action of the wind, isolated and with different 
neighbors. 
 
RESULTS AND CONCLUSIONS 

The isolated CAARC and CAARC + neighbor were studied, as shown in Figure 1. The 
situations with the presence of the neighbor in the locations are called “A1”, “A3”, “A6”, “B1”, 
“B7”, “B9”, “C1”, “C3” and “C5”. “V0” indicates that the largest facade of the neighbor is 
perpendicular to the wind direction (neighbor at 0°), while “V90” indicates that the smallest 
facade of the neighbor is perpendicular to the wind (neighbor at 90°). All neighbors have the 
same dimensions as the CAARC. 

 
Fig. 1 - Neighbors under study. Source: Adapted from Lavôr, 2023. 

The aerodynamic force disturbance index (Δβ) was obtained by calculating the difference 
between the Monte Carlo simulations performed on the isolated CAARC and the CAARC + 
neighboring, followed by the calculation of Beta according to equation (1). This index 
represents how the wind flow varies according to the change and positioning of these neighbors. 

                                                                � = 	)��1 − ���                                                      (1) 

Where 	)� is the inverse of the standard normal cumulative probability density function and �� is the probability of failure. By comparing the concepts of structural reliability and the 
aerodynamic force disturbance index (Δβ) obtained, it is clear that there is a difference between 
the commonly used reliability and that proposed in this study, where the disturbance index 
obtained through reliability will have another interpretation, opposite to the usual one, so that 
the higher the value of β, the greater the disturbance and the more one distribution equals 
another, the beta value tends to be closer to zero, and it is even possible to obtain negative β 
values, which can be attributed to changes in wind flow. 
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ABSTRACT 

The next generation of the Eurocode EN 1995-1-2 modifies the Effective Cross-Section Method 
(ECSM), where an adequate char depth reduces the initial timber cross-section. This char depth 
is based on the notional char layer (European Charring Model-ECM) and a zero-strength layer 
to compensate for the loss of strength and stiffness of heated but uncharred wood. The 
remaining effective cross-section has wood's strength and stiffness properties at room 
temperature and may be used to determine the load-bearing capacity. This investigation deals 
with gypsum-protected Glue Laminated Timber (GLT) columns under fire. The finite element 
method is also used to determine the fire resistance time based on a geometrical and material 
nonlinear analysis (GMNIA). Doubling the number of protection layers, from 12.5 mm thick 
to 25 mm thick, the fire resistance increases by an amount of 72% to 100% when the load level 
changes from 6% to 36%, with respect to load bearing at room temperature. 

Keywords: Fire, Glue Laminated Timber, Gypsum protection, columns, load level. 

 

INTRODUCTION 

This research explores the principles and efficacy of gypsum-based fire protection for GLT 
columns. The thermal insulation is provided by gypsum and naturally by the char layer. As a 
sustainable and renewable building material, timber has seen a resurgence in modern 
architecture due to its aesthetic appeal, low environmental footprint, and structural versatility. 
The Glued-laminated timber (GLT) is prevalent for its strength and ability to span significant 
distances, making it suitable for columns and beams in mid- to high-rise buildings. However, 
timber's combustibility raises concerns about fire safety, especially for load-bearing structural 
elements.  

 

ANALYSES, MATERIALS AND METHODS 

This investigation used a simply supported timber column, with 1.2 m between supports and a 
cross-section of 100x80 mm2. The material grade is spruce GL24h with a density of 365 kg/m3 
(wet). The EN14080 [1] specifies the characteristic strength under compression and bending. 
The material is considered orthotropic, assuming the modulus of elasticity parallel to the grain 
of 11.5 GPa. The design of compressive strength along the grain is 24 MPa. Based on these 
basic values, the orthogonal direction effect of the material [2], and the temperature reduction 
effect on strength and stiffness [3], one can define the orthotropic mechanical behaviour of this 
wood species, neglecting the effect of bond integrity between lamellas. The mechanical effect 
of the gypsum layer was neglected, considering only its thermal effect. The thermal properties 
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of the protection material are based on gypsum plasterboard with a density of 832 [kg/m³] and 
multiple layers of12.5 [mm] thickness according to prEN1995-1-2 [3]. The simulations, Figure 
1, included an elastic buckling analysis to determine the first mode of instability and the bucking 
load, a second analysis using GMNIA to determine the buckling resistance at room temperature, 
a third analysis using the incremental non-linear thermal solution to determine the temperature 
in materials over time, and finally an incremental GMNIA analysis to determine the fire 
resistance time. 

      
a) Finite element 

mesh (column 
with a single 

protection layer). 

b) First buckling 
mode for the timber 

column. 

c) Load-bearing 
capacity at room 

temperature 
(172380 N) (von 

Mises stress). 

d) Temperature on 
the residual cross-
section (t=2700s) 

with a single 
protection layer 

e) Deformed 
column with a 

single protection 
layer (t=2700s) 

with 

f) Experimental 
specimen and dummy 
with double protection 

layer. 

Fig. 1 - Validated finite element model. 

 
RESULTS AND CONCLUSIONS 

The fire resistance is determined by the last time step of the incremental solution where it is 
possible to maintain the equilibrium. The fire resistance of the timber column when using a 
single gypsum layer was found to be 21, 27, 31 and 37 min. These limits were modified to 43, 
52, 58 and 65 min when using a double gypsum layer. These results were determined with 6%, 
12%, 21% and 36 % of the load-bearing capacity at room temperature. The fire resistance 
increases with the number of protection layers and decreases with the load level, see the 
contraction axial displacement “C” over time in Figure 2. 

  
Fig. 2 - Influence of load and protection levels on the compression behaviour of GLT under fire. 
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ABSTRACT 

Reinforced concrete (RC) corbels are structural elements, often used in the construction of 
bridges, buildings, and manufactories. The load-bearing capacity of these structures could be 
reduced due to execution and design errors, corrosion, aggressive environments, changing of 
design codes or the function of constructions, etc. The use of composite materials for 
strengthening and rehabilitation of reinforced concrete structures has been one of the most 
promising technologies in the field of structural materials engineering in recent decades. The 
deterioration of the structures due to the fall of the mechanical properties of the materials 
requires the development of new techniques of rehabilitation and reasonable control of the 
behavior of constitutive materials. Thus, knowledge of the mechanical behavior of the 
constituent materials and their loading history (at any point in the structure) is necessary to 
evaluate the strength of a structure and its durability. The experimental investigation is a highly 
resource-demanding process. Finite element (FE) simulation reduces the cost of scientific 
research, but the choice of the right modeling strategy is crucial for proper results especially 
when the confined zone of a strengthened concrete section has to be simulated.  

Keywords: Reinforced concrete, Column, Corbel, Strengthening, CFRP, Finite element 
analysis, CDP model. 

 

INTRODUCTION 

The RC corbel is imposed on compression, tension, shear loads, and bending. The importance 
and the complexity of the mechanical behavior of these structures lead the researcher to 
investigate different strategies for strengthening and repairing [1], [2], [3]. The solution of 
strengthening the structures with carbon fiber-reinforced polymers (CFRP) is promising, but 
there is a lack of knowledge on how to improve the load-bearing capacity. The use of 
experimental research which results serves for validating the FE simulation provides a robust 
framework extending the tools for detailed investigation of the mechanical behavior of 
constitutive materials.  

An experimental champagne was developed to characterize the constitutive materials. The 
obtained data is needed to be introduced in FE simulation. Special attention was paid to 
characterizing the CFRP mechanical behavior because the obtained data is crucial for cohesive 
zone modeling.  

The considered model of RC corbel was developed by [4] and later extended by [5]. This paper 
aims to simulate the mechanical behavior of RC corbel strengthened by wrapping with three 
layers of CFRP because in this model, the confined zone of concrete could be highlighted. The 
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first validation of the FE model was done by a nonstrengthened RC corbel and then, 
parametrical research was performed with RC corbel strengthened by wrapping with three 
layers of CFRP. Four models were developed using different strategies of strengthening as 
below: 

- Model with “Tie” contact 

- Model with “Cohesive” type contact 

- Model with additional cohesive FE elements 

- 3D deformable elements for the composite layers and for the epoxy resin separately 

 

EXPERIMENTAL WORK  

The experimental work done by [1] was used, to validate the FE model. Nevertheless, an 
experimental campaign was conducted, for characterising the mechanical properties of 
constitutive materials. The constitutive materials are concrete, steel bars reinforcements, epoxy 
resin adhesive, and carbon fabrics, Table 1. The concrete compressive strength was 
characterized by cylindrical specimens whose dimensions are 320mm in height and 160mm in 
diameter. The specimens were tested through a special tool named compressometer. This tool 
provides four gauge measuring deformation. Three of them are placed vertically, measuring the 
longitudinal deformation and the resting one measure the transversal deformation. With this 
tool, the concrete compressive strength, Young's Modulus, and Poisson's ratio were obtained. 
The other materials where tested by simple tension. 

Table 1 - Properties of constitutive materials. 

Materials Young's Modulus (GPa) Ultimate Strength (MPa)  Poisson's ratio 

Concrete 30±2 33.2±2 0.25 

Steel bars 200±1 610±10 0.3 

Adhesive 4.1±1 36±1 0.41 

Fabrics 86±1 775±65 0.45 

 

The column of the RC corbel has a 1,00m height and the section of the column is 150/300mm. 
The corbel is trapezoidal with a cantilever encastred symmetrically on both sides of the column. 
The length of the cantilever projection of RC corbels is 250mm, with 150mm width. The 
dimensions of the structure are presented in Figure 1. The reinforcement of the column consists 
four longitudinal bars with a 14mm diameter and a stirrup paced every 90mm. The main 
reinforcement of the RC corbel is a 10mm diameter placed at 25 mm from the top edge of the 
horizontal concrete surface. Two crossbars with the same diameter were welded to ensure the 
anchorage of the main reinforcements, at its ends. Strain gauges were glued to the steel 
reinforcement to measure the strain during the experimental tests. The strain gauges were 
protected from humidity and physical damage.  To reduce interference induced during testing 
by other machines three-wire cable was soldered to the strain gauge. Wood plates were placed 
at the support, to avoid the local crushing of the concrete. The structure where tested in a revers 
position compared to the reality. The load on the corbel is applied as a reaction produced by a 
hydraulic jack acting on the base of the column. 
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FE SIMULATION 

One very important step in preparing the model for FE simulation is the proper choice of 
mechanical behavior of constitutive materials. For the concrete “Concrete Damaged Plasticity” 
(CDP) model were applied, because the failure mechanism assumed is tensile cracking and 
compressive crushing, and also it could  reproduce the irreversible deformations. 

 

Fig. 1 - Dimentions of RC corbel [1]. 

The CDP model for the concrete section was incorporated by [2] and later was extended by [3] 
for cyclic loading. In this model, five parameters describe the failure mechanism of concrete:  

- dilation (dilatancy angle) angle ψ measured in the p–q plane at high confining pressure – 
applied value - 36; 

- flow potential eccentricity - ϵ, defining the rate at which the hyperbolic flow potential 
approaches its asymptote - applied value 0.1; 

- ratio between the biaxial compressive yield strength fb0and the uniaxial compressive yield 
strength fc0 - applied value -1.16; 

- ratio of the second invariant of the stress on the tensile meridian, defining the form of the 
yield surface. The following conditions have to be met 0.5< Kc<1, applied value – 0.66; 

- viscosity parameter µ - not applied for explicit analysis. 

In the nonlinear analysis need to be introduced the stress-strain curve in compression and in 
tension. But if we want to simulate the crack pattern, the damage parameter has to be 
introduced. The damage parameter – D describes the change of Young's Modulus during the 
loading. This parameter varies from 0 to 1. When D = 1, the structure is completely collapsed, 
but when D=0, the Hook’s low is valid. Based on the experience of [4] the model proposed by 
[5] was applied. This model is developed based on the research of [6] and [7]. In the model, the 
compressive behavior curve is divided into three parts Figure 2. The first part is linear, and it is 
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based on Eurocode EN 1992-1-1. The second and third parts describe the nonlinear behavior 
under cyclic load. The slope given by the cyclic load represents the damage parameter D. 

 

Fig. 2 - Compressive behavior of concrete [2]. 
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Fig. 3 - Strain-stress curve in tension of concrete [2]. 

 

 

    (7) 

 

 

 

 

Fig. 4 - Behavior of concrete under cyclic load for CDP model [2]. 
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      (9) 

 
Fig. 5 - Comparing the experimental result with CDP model. 

Figure 5 shows a comparison of the experimental result with the CDP model. The experimental 
data is presented with a red dashed line. The first linear part of the curve is given with a blue 
line, the second ascending part is given with a green line and the last descending part is given 
with black line. It could be noted, that the experimental data fits very well with the analytical 
model.  

 
Fig. 6 - Damage parameter in tension and in compression. 

Figure 6 shows the calculated damage parameters for the behavior on tension (in green) and in 
compression (in red), calculated based on the previously described equation for the CDP model. 
For the steel reinforcement Elastic-perfectly plastic models are applied. The behavior model is 
presented in Figure 7. 

The data obtained from the experimental campaign for the adhesive is insufficient for nonlinear 
analysis. An additional finite element where used, for the adhesive, named cohesive element. 
This element helps the simulation for correct transmitting of the displacements of the no-
coincided nodes between the concrete surface and CFRP.   The cohesive elements have only a 

b� = 1 − �� yÕ Ö2�1 + Y�� �4P�−��Ë���� − Y� �4P�−2��Ë����×    (8) 
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translation degree of freedom. The Traction-Separation Law was used to define the behavior of 
adhesive. This model consists three components of separation – two parallel to the interface 
and one perpendicular. The base model of the Traction-separation Law is depicted in Figure 8. 

 

Fig. 7 - Elastic-perfectly plastic models for steel 
reinforcement. 

 

Fig. 8 - Traction-separation Law. 

The strain-stress curve of the behavior starts with a linear increasing of stress until the initial 
point of damage. After that, a loss of rigidity of the structure appears and a reduction of the 
stress. The obtained closed surface by the curve gives the fracture energy of the structure. The 
chosen criterion for initial damage is the quadratic nominal strain criterion, where the damages 
start when  a quadratic interaction function involving the nominal strain ratios reaches a value 
of one and it is presented by the fooling equation [3], [4]: 

 Ø〈ÚÛ〉ÚÛÝ Þ� + ØÚ"Ú"ÝÞ� + ßÚàÚàÝá� = 1  
(10) 

According to [3] an effective displacement have to be introduced as follow: 

 uw =  Á〈ux〉� + uo� + u;�   (11) 

Figure 9 describe the traction-separation behavior for mixed mode of damage. The stress acting 
at the interface of material is traction, which is presented on the vertical axis. The other two 
axes present the magnitude of normal and shear separation. The unshaded triangles on vertical 
planes describe the pure mode of normal and shear stresses. The mixed mode damage is 
represented by the intermediates planes combined with the vertical axis, because of the traction 
applied.   

The fracture energy depends on the mixed mode and it can be defined by power law fracture 
criterion.  This criterion states that failure under mixed-mode conditions is governed by a power 
law interaction of the energies required to cause failure in the individual modes and it’s given 
by the following expression: 
 ØâÛâÛãÞ- + Øâ"â"ãÞ- + ßâàâàãá- = 1  

(12) 

When G,å = G±å the critical fracture energies during deformation purely along the first and the 
second shear, directions are equal, it is recommended to use the Benzeggagh-Kenane fracture 
criterion (BK) [4]. This criterion is given by: 

 Éxæ + �Éoæ − Éx�� Øâ/âÇÞç = Éæ  (13) 

With É� = Éo + É; , Év = Éx + É� and η are material parameters. 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track E - Civil Engineering Applications 

-346- 

 

 
Fig. 9 - Mixed-mode response in cohesive elements [2]. 

The CFRP sheet was modeled using the HASHIN DAMAGE [5]model. This model is suitable 
for elastic-brittle materials because it can predict anisotropic damage. The failure modes are 
tension and compression separately for the matrix and for the fibers. The Young’s Modulus of 
fibers E1 is calculated using the Rule of Mixture, where it is assumed, that the strain on fiber is 
equal to the strain on the matrix. E2 of the composite material was determined by the equation 
given by [6], [7]. 

 ¦�¦è = � éç!ê�)ç!ê    

} =  
9�9w − 1
9�9w + ë 

(14) 
 
 
 
 

(15) 

Where ζ – is a reinforcement geometrical parameter 

Ef – Young’s Modulus of fibres  

Vf – fiber volume fraction 

Em – Young’s Modulus  of the matrix  

Vm = 1-Vf. 
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Based on the research of [5] three layers of CFRP were considered in the model with a thickness 
of 0,566 mm. The aim of the article is to investigate different strategies for modeling the contact 
of CFRP sheets. Four models were developed with the following strategy: 

- using constrain type Tie to connect the CFRP plies to, assuming perfect contact 

- using cohesive behavior of contact for connection between CFRP and concrete surface 

- using orphan mesh and defining additional finite cohesive elements, who are between the 
concrete surface and CFRP 

- using a 3D deformable element for every plies of CFRP and for adhesive between plies 
depicted in Figure 10. 

 

 
Fig. 10 - zoom on the corner of model of RC corbel strengthened with CFRP using 3D 

deformable elements for each plies. 
  

The performed analysis is Dynamic Explicit. The finite elements used in the simulation are as 
follows: 

- for the concrete section - an 8-node linear brick with reduced integration and hourglass control 
named C3D8R; 

- for the CFRP sheet - a 4-node doubly curved thin or thick shell with reduced integration and 
hourglass control, finite membrane strains named S4R for all models except the model with 3D 
deformable elements for each ply; 

- for the CFRP sheet with 3D deformable elements for each ply - an 8-node quadrilateral in-
plane general-purpose continuum shell with reduced integration with hourglass control and 
finite membrane strains named SC8R; 

- for steel reinforcement - a 2-node linear 3-D truss named T3D2; 

- for adhesive - an 8-node three-dimensional cohesive element COH3D8. 

The analysis is controlled by displacement. The steel reinforcement is dispersed in the concrete 
volume through using “Embedded region” technique. Smoot step is defined smoothly applying 
the load. 
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RESULTS AND CONCLUSIONS 

On the main tensioned bars, a strain gauge was glued – G1 in the encastered zone. The data 
obtained from this strain gauge is compared with that obtained by the FE simulation. The FE 
model was successfully validated with the experimental data and comparative analysis was 
done with different modeling strategies. 

Figure 11 presents the results from all models compared with the experimental data. The models 
with cohesive type contact and Tie contact gave the same results. The best result is obtained by 
the model with cohesive elements generated by orphan mesh. The stable time of the model with 
3D deformable elements for each plies is 3.59153e-08. 

 
Fig. 11 - Comparing result from FE models with experimental data. 

Compared with the others - 1.46552e-06 it is much less. That means that the model with 3D 
deformable elements for each ply could be optimized because it represents in a good way the 
delamination of the CFRP. Zooming on the Force-Strain curve it could be noticed - Figure 12, 
that the model with cohesive elements (brown line) and with 3D deformable elements are very 
close to the experimental data and represent the confined zone of concrete with acceptable 
accuracy.  

 
Fig. 12 - Zoom on the result comparing FE models with experimental data. 
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Observing the curve of the model with 3D deformable elements (blue line) in Figure 11, it could 
be concluded that this model loses stability. The possible reason for this phenomenon could be 
micro-crack propagation or plastic deformation because the strain at which the difference 
appears is almost the same - 7.37E-4. The most interesting FE model is this one with 
incorporated 3D deformable elements for the composite layers and the epoxy resin separately, 
but this model demands high resource consumption 

 

CONCLUSION  

The FE models were successfully validated with the experimental data. In this research, the best 
model, who clearly represent the crack pattern, load-bearing capacity, and the behavior of the 
main tensioned bars has a cohesive element. The model with incorporated 3D deformable 
elements is promising, but an optimization is needed. 
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ABSTRACT 

Rail temperature prediction plays a crucial role in ensuring railway safety, as extreme 
temperatures can cause local buckling and track instability. This study conducts a reliability-
based sensitivity analysis of a previously developed prediction model using MATLAB and 
UQLab. Two analyses were performed: a global sensitivity analysis considering all parameters 
as random variables and a Data-Driven Sensitivity Analysis incorporating measured data for 
key variables to refine the model and enhance its practical applicability. Results indicate that 
uncertainties in convection and solar absorption are the most influential parameters affecting 
the response statistics of the rail temperature predictions. Future work will focus on refining 
parameter distributions and conducting Monte Carlo simulations to improve model accuracy 
and assess its reliability in unmeasured conditions. 

Keywords: Railway, prediction model, temperature, sensitivity analysis. 

 

INTRODUCTION 

Rail temperatures play an important role in a railway track mechanical behaviour. High 
temperatures can lead to track buckling, whereas low temperatures can cause fragile rupture. 
Railways are structures exposed to open weather conditions with a high amplitude of 
temperature changes during the day and over the seasons. Thus, prediction models have been 
developed to predict these temperatures and predict instabilities before they happen (Wu et al., 
2010). This study conducts a reliability-based sensitivity analysis of a previously developed 
prediction model to identify the evaluate the influence of parameter uncertainties on rail 
temperature predictions. The prediction model was implemented in MATLAB, and the UQLab 
toolbox was utilized to perform the analysis (Marelli et al., 2022). 

 

METHODS 

The model is described in Equation (1) and uses an energy balance to model the temperature of 
the rail (�() and takes into consideration other parameters such as solar radiation (�ì), 
convection coefficient (ℎ�mxL) and other geometric considerations (Piloto et al., 2022; Zhang et 
al., 2008). Two main sensitivity analyses are presented. First considering all parameters of the 
model as random variables and second excluding parameters when measured data is available. 
In both cases, parameters are modelled with uniform distributions within a given range. In this 
paper, we are using mainly Sobol Indices (SI) to measure the sensitivity of the prediction model. 

�ì ⋅ 
o3o − îℎ�mxL3���( − �y#(� + ï(po�3(&�(� − �o¤ð� 'ñ = ò7] :v�:;              (1) 

For the second analysis, field measured data (Piloto et al., 2022) of solar radiation, ambient 
temperature (�ywn) and convection coefficient by using Equation (2) are used, thus not 
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modelling them with a probability distribution. Additionally, in the first analysis, single step 
solutions of the model are used by UQLab to calculate the Sobol indexes, whereas on the second 
analysis, the solutions account for an entire day of measurements. 

ℎ�mxL = ß 5.6 + 4 ⋅ Ño; Ño ≤ 5�/�7.2 ⋅ �Ño��.ºQ; Ño >  5�/�                                          (2) 

 
RESULTS AND CONCLUSIONS 

The results of the first analysis (Figure 1a) show a strong dependency on the ambient 
temperature (�ywn), followed by the convection coefficient (ℎ�mxL) and the profile area subject 
to convection (3�), indicating that that the predominant energy exchange type is via convection, 
since all these parameters form the convection part of the model. Since these parameters can 
easily be determined by measuring them, it is possible to remove most of the input random 
parameters from the analysis to further investigate the other predominant terms of the model, 
which is discussed in the second analysis. The second analysis (Figure 1b) indicates that the 
parameters with higher influence are: the area subject to the incoming solar radiation (3o), 
followed by the area subject to convection (3�). These results demonstrate that the most 
influential energy exchange methods might be convection and solar energy absorption. In 
addition, the latter might also support the efforts to better model the 3o parameter, not only as 
a probability distribution but with a deterministic approach as discussed in other studies (Hong 
et al., 2019; Piloto et al., 2022). 

The next steps include refining statistical distributions for key parameters and conducting 
Monte Carlo simulations with them and comparing with measured data, to estimate how well 
the model behaves when extrapolating or modelling not-measured environment data.  

  
Fig. 1 - Total Sobol indices for different analysis. 
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ABSTRACT 

With ongoing research, we seek to develop guidelines for intervention in Solar da Baronesa 
with a view to its structural rehabilitation. It is a 19th century building, inventoried and located 
in the Historic Center of the Municipality of São João Del Rei, MG. Once such a study has been 
launched, the need to expand the initial purpose with a prior design of the intervention that is 
identified as necessary is also moving forward.   

Keywords: Structural rehabilitation, intervention guidelines, pathologies. 

 

INTRODUCTION 

The general theme of the research presented here – Structural Rehabilitation of Old Buildings 
– has as its preliminary focus a set of buildings already inventoried in the Historic Center of the 
Municipality of São João Del-Rei – MG. The choice of buildings from the selected set was 
based on the elements they have in common: (a) the time frame of the constructions, the 19th 
century (Figure 1); (b) the nature of damages and pathologies identified and recorded in the 
surveys. Among them, the object of study was the Solar da Baronesa, located at Rua Sebastião 
Sete, n°17 and n°21, heritage of the Federal University of São João Del Rei (UFSJ). Initially, 
the intention was to develop intervention guidelines with a view to its structural rehabilitation.  

 

Fig. 1 - Delimitation of the municipality's preservation perimeters, highlighting, through stains, the time frame of 
the buildings and the study area. Source: IPHAN, edited by the authors. 2024. 

Depending on the question to be answered “what type of guideline can be defined for an 
intervention based on a preliminary analysis of the stability and resistance conditions of the 
building?” some basic questions were asked: (a) Are there pathologies that compromise the 
stability of the building? (b) Is there any insecurity regarding the resistance of the building or 
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any of its elements? (c) How do the materials behave and how the structure works? It was 
hypothesized that the answers to such questions fall within the field of emergency and/or 
preventive needs, capable of avoiding greater and reckless damage; the team responsible for 
developing the restoration project is made up of four teachers (three architects and a civil 
engineer) and a graduate student in the scientific initiation phase, all from the Architecture and 
Urban Planning Course at UFSJ.  

In an inspection and technical assessment carried out on 07/11/2024, by the office of the 
National Artistic Heritage Institute (IPHAN) of the municipality, pathologies and signs of 
degradation were identified in some rooms, frames and coverage, in addition to the need for 
repairs in specific locations. 
 
RESULTS AND CONCLUSIONS 

The conservation and restoration project of the Solar da Baronesa Cultural Center at UFSJ 
(Figure 2) will follow the standards determined by IPHAN, contained in the Manual for 
preparing cultural heritage preservation projects (Technical Notebooks 1).1  

 
Fig. 2 - Panoramic view of Solar da Baronesa. Source: internet. 

In this first stage (coverage recovery): updating the cadastral survey of the wooden frame and 
roof; analysis and evaluation of the state of conservation of the wooden framework of the roof 
structure, such as scissors, rafters and slats, checking for the existence of wood-eating insects, 
broken parts, missing parts or any problem that could compromise the safety of the roof of the 
old mansion; analysis of the degree of degradation of the tiles, porosity, broken tiles, lack of 
binding; analysis and selection of tiles that can be reused as “spout”; analysis of the eaves to 
identify points with infiltration of rainwater, the presence of vegetation trapped in the tiles and 
possible damage caused by these; whatever the solution adopted to restore the roof, it must 
receive a thermal blanket below the layer of tiles for better protection against rainwater 
infiltration. 
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ABSTRACT 

Reinforced concrete (RC) beams are widely used structural elements in constructing buildings, 
manufactories, and bridges. However, these structures are exposed to different conditions, that 
reduce their load-bearing capacity such as excessive load, aggressive environment, and fatigue 
from dynamic loads. One traditional solution is to strengthen the structures using steel plates or 
fiber-reinforced polymers, but these solutions consider complex installation procedures, high 
costs, and environmental pollution. This study aims to explore the potential of natural fibers as 
an alternative for strengthening RC structures, finding sustainable and cost-effective 
strengthening techniques, and trying to reduce carbon emissions. 

Keywords: Natural fabrics, reinforced concrete beam, strengthening, finite elements. 

 

INTRODUCTION 

The RC beams are a crucial structural element of buildings, bridges, etc. The need to extend 
their service life faces the structural engineer of choosing the right strengthening technic. Many 
researchers work on strengthening of RC structure[1], [2], [3]. However there is still a lack of 
knowledge in this field that prevents the industry to go further applying natural fibers. 
Combining numerical and experimental approaches, this study provides a robust framework for 
investigating the mechanical behavior of reinforced concrete beams strengthened by natural 
fibers. 

The experimental investigation starts with characterization of vegetable fabrics and it was 
donne by [4]. Then, RC beam with and without strengthening was produced and subjected to 
four-point bending tests. The considered parameters are load-bearing capacity, mechanical 
behavior of tensile reinforcements, and crack propagation.  

Using finite element (FE) analysis, a detailed model was developed. The model is calibrated 
and validated using the experimental data. Based on reliable FE model, parametric  studies were 
conducted exploring the behaviour of RC beam strengthened by different configuration of 
natural fibers. 

The results is promising and give the opportunities to extend the research and the use of these 
innovative materials in structural applications. 

 

EXPERIMENTAL WORK  

The experimental investigation starts with characterizing the constitutive materials. In this 
research, the natural fiber of hemp was considered. The constitutive materials are concrete, steel 
reinforcement, natural fabrics of hemp and adhesive. Every material was separately 
characterized.  
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Cylindrical specimens were produced to characterize the concrete, and tests were performed on 
compression. Normal concrete was used with a maximum aggregate of 16 mm. The cylinder 
dimensions are 160mm in diameter and 320mm in height. The cylinders were tested on 
compression and the compressive strength was obtained. The tension strength was obtained by 
a four-point bending test. Strain gauges were glued to capture the deformation with an 
acquisition system. 

The steel reinforcements were characterized by a simple tensile test, but a strain gauge-type 
rosette was glued to measure the local deformation.  

The hemp and the adhesive were also tested by a simple tensile test with a strain gauge-type 
rosette glued. The obtained data is given on Table 1. 

Table 1 - Properties of constitutive materials. 

Materials 
Young's Modulus 

(GPa) 
Ultimate Strength 

(MPa) 
Poisson's ratio 

Concrete 30±2 33.2±2 0.25 

Steel bars 200±1 610±10 0.3 

Adhesive 4.1±1 36±1 0.41 

Hemp fabrics 63±5 24±3  

 

The considered experimental model is a simple beam subjected to four point bending. The 
beam has 2700 mm length, 130 mm width and 300 mm height, Figure 1.  

 
Fig. 1 - Dimensions of the beam 

Strain gauges were glued on the tensioned steel reinforcements, who capture the deformation. 
The data were collected through acquisition system. Four-point bending were chosen to avoid 
shear stress.  

 

NUMERICAL INVESTIGATION 

Modelling the mechanical behaviour of concrete structure is significant challenge to the 
engineer because this material is anisotropic have completely different behaviour on traction 
and compression. The Concrete Damaged Plasticity model was chosen for the concrete 
material, because it can simulate the concrete behaviour with good accuracy and it is available 
on explicit analysis. The failure mechanism is described by 5 parameters as fallow: 
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- dilation (dilatancy angle) angle ψ measured in the p–q plane at high confining pressure – 
applied value - 36; 

- flow potential eccentricity - ϵ, defining the rate at which the hyperbolic flow potential 
approaches its asymptote – applied value 0.1; 

- ratio between the biaxial compressive yield strength fb0and the uniaxial compressive 
yield strength fc0  - applied value -1.16; 

-  ratio of the second invariant of the stress on the tensile meridian, defining the form of the 
yield surface. The following conditions have to be met 0.5< Kc<1, applied value - 0.66; 

- viscosity parameter µ - not applied for explicit analysis.  

 

RESULTS AND CONCLUSIONS 

Numerical simulation was developed, based on the experimental investigation. A simple 
experimental test was conducted for the characterization of constitutive materials. The data 
from this experimental campaign was introduced to the FE model. 

 

 

Fig. 2 - Crack pattern on Experimental and FE model. 

Figure 2 presents the crack pattern on four point bending test on structure, compared with FE 
simulation. The load-bearing capacity, crack pattern, and mechanical behavior of the structure 
without strengthening were successfully reproduced. This validate the model and allow 
parametric studies. Different straightening configuration was tested as parametric analysis and 
the result was described. The analytical model used on the FE model was described by choosing 
the best model strategy. The result is promising and opens questions about future research. 
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ABSTRACT 

The use of plant fibers as modifiers in bituminous mixtures has gained significant attention due 
to their potential to enhance mechanical properties and promote sustainability. This study 
explores the influence of date palm fibers (DPF) on the creep and rutting behavior of bituminous 
mixtures. An experimental campaign was conducted, preparing nine (09) mixtures with varying 
fiber lengths (1 cm, 3 cm, and 5 cm) and concentrations (0.1%, 0.3%, and 0.5%) using the dry 
process, alongside a control mixture. The mechanical performance was evaluated through a 
uniaxial static creep test, based on an oedometric apparatus, and a rutting test. The results reveal 
that both fiber content and length significantly influence the mixture's resistance to creep and 
rutting. Mixtures incorporating 3 cm fibers exhibited superior rutting resistance, while those 
with low fiber content (0.1%) demonstrated improved creep resistance. The study concludes 
that the mechanical behavior of fiber-modified mixtures is highly dependent on the deformation 
domain, with no direct correlation observed between creep and rutting performance. 
Furthermore, this research highlights the dual benefit of using date palm fibers: enhancing the 
mechanical properties of bituminous mixtures and valorizing an abundant agricultural waste 
material in our country. These findings contribute to the development of sustainable and high-
performance asphalt mixtures, offering practical solutions for infrastructure improvement and 
waste management. 

Keywords: Date palm fibers, creep behavior, rutting resistance, oedometric apparatus, 
sustainable development. 

 

INTRODUCTION 

Bituminous mixtures are the cornerstone of flexible pavement construction, prized for their 
durability, flexibility, and economic feasibility [1]. However, as traffic loads and environmental 
stresses on pavements increase, there is a growing demand for improved mechanical properties 
such as enhanced resistance to creep and rutting [2]. These deformations, which are caused by 
long-term exposure to traffic and temperature variations, undermine the service life of 
pavements, making it imperative to develop more robust asphalt mixtures [3], [4]. In this 
context, numerous studies have explored the potential of using various modifiers to improve 
the performance of bituminous mixtures, particularly through the incorporation of sustainable 
materials such as plant fibers. These fibers are renewable, environmentally friendly, and can 
significantly influence the rheological properties of asphalt [5]. Among the various fibers 
investigated, natural fibers such as cellulose, polypropylene, and rice husk have shown promise 
in enhancing the mechanical properties of asphalt mixtures [6], [7]. Date palm fibers, being 
abundant in arid regions and a byproduct of agriculture, have also attracted attention as a 
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potential modifier for bituminous mixtures [8]. Their low cost and availability make them an 
attractive alternative to synthetic modifiers [9]. 

The valorization of agricultural waste, such as date palm fibers, is a critical step toward 
sustainable development. In many regions, particularly in arid and semi-arid areas, date palm 
cultivation generates significant amounts of agricultural waste, including leaves, stems, and 
fibers [10]. These waste materials are often burned or discarded, contributing to environmental 
pollution and resource inefficiency [11]. By incorporating date palm fibers into bituminous 
mixtures, this study not only addresses the challenge of improving pavement performance but 
also contributes to the sustainable management of agricultural waste. Previous research has 
demonstrated that the use of agricultural waste fibers in construction materials can reduce 
environmental impact while enhancing material properties [12], [13]. Previous studies have 
demonstrated that the incorporation of fibers into bituminous mixtures can improve their 
resistance to fatigue, moisture damage, and thermal cracking [14]. Fiber reinforcement has been 
shown to reduce the potential for cracking and rutting by enhancing the mixture's resistance to 
permanent deformation under stress [15]. For instance, fibers like polypropylene have been 
studied for their ability to reduce the rate of creep under static load conditions [16], while 
cellulose fibers have been reported to improve the stiffness and fatigue properties of asphalt 
mixtures [6]. 

The mechanical performance of fiber-modified bituminous mixtures is influenced by multiple 
factors, including the type, length, and concentration of the fibers [5], [17]. Studies on the 
impact of fiber length have found that longer fibers generally improve rutting resistance but 
may reduce the resistance to creep [2]. Additionally, the interaction between fiber concentration 
and binder properties is critical, as excessive fiber content may disrupt the mixture's cohesion 
and reduce its workability [1]. Recent research has further highlighted the potential of natural 
fibers in improving the sustainability and performance of asphalt mixtures. For example, studies 
have shown that sisal and coir fibers can enhance the tensile strength and fatigue life of asphalt 
mixtures [18], [19]. Similarly, the use of jute fibers has been reported to improve the rutting 
resistance and aging resistance of asphalt binders [20]. Furthermore, the incorporation of waste 
materials such as recycled tire rubber and plastic fibers has been explored as a means of 
enhancing the mechanical properties of asphalt mixtures while addressing environmental 
concerns [21], [22]. Given the complexity of these interactions, further investigation into the 
specific effects of date palm fibers (DPF) on both creep and rutting behavior is warranted. By 
examining mixtures with varying fiber lengths (1 cm, 3 cm, and 5 cm) and concentrations 
(0.1%, 0.3%, and 0.5%), this study aims to provide valuable insights into how these variables 
affect the overall performance of bituminous mixtures under different deformation conditions. 
In particular, understanding the relationship between creep and rutting behavior in fiber-
modified mixtures can help optimize their design for practical use in pavement construction [4], 
[23]. 

This study aims to evaluate the influence of date palm fibers on the creep and rutting behavior 
of bituminous mixtures, considering fiber length and concentration as key variables. By 
addressing the dual challenge of improving pavement performance and valorizing agricultural 
waste, this research contributes to the development of sustainable and high-performance asphalt 
mixtures for modern infrastructure needs. 
 
MATERIALS AND METHODS 

Asphalt 

The physical properties of the binder used for this study are shown in Table 1. It is 35/50 
penetration grade pure bitumen purchased from the Naftal Company, the most used product in 
road construction in Algeria. 
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Table 1 - Physical properties of asphalt. 

Test type Standard Result 
Algerian 

specifications  

Penetration at 25°C (1/10mm) EN 1426 42.3 40-50 

Softening Point Ring and Ball 
“SPRB” (°C) 

EN 1427 54.50 47-61 

Ductility at 25°C (cm) 
EN 

13589 
100 ≥ 60 

 

Aggregates 

The aggregates used in this study are the fractions commonly used in Algeria for the production 
of bituminous mixes intended for wearing courses, taken from Ain Touta (Batna) quarry in the 
northern region of Algeria. Their characteristics are set in Table 2. They fully comply with 
Algerian specifications [24]. 

Table 2 - Characteristics of the aggregates – classes 0/3, 3/8, 8/15 and 7.2/10. 

 Volume mass (t/m3) LA MDE 

0/3 2.67 - - 

3/8 2.68 21.40 08.00 

8/15 2.68 24.92 06.74 

Algerian Specifications  ≤ 25% ≤ 20% 

 

Date palm fiber 

Date palm fiber is extracted from the palm tree waste in Tamanrasset, in the southern region of 
Algeria. The following procedure is adopted: First, the palm fiber strips are separated into 
individual fibers in water to facilitate their defibration. The individual fibers are thoroughly 
washed with water mixed with a few drops of bleach to remove impurities and the lignin layer 
that surrounds the fibers and hinders adhesion. Then, the selection of fibers is based on their 
size and strength. Fibers with low strength and small dimensions are discarded to minimize 
variability. The selected fiber lengths are 1 cm, 3 cm, and 5 cm, while efforts are made to 
maintain a relatively uniform diameter along the useful section (see Figures 1-3). The fibers are 
cut to the required lengths using a razor blade.  

 
Fig. 1 - Image of DPF of 1cm. 
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Fig. 2 - Image of DPF of 3cm. 

 
Fig. 3 - Image of DPF of 5cm. 

 
Asphalt mixtures  

The studied formulation concerns a semi-coarse asphalt concrete (SCAC) 0/14, made from 
granular classes 0/3, 3/8, and 8/15, and a 40/50 grade bitumen. This type of bituminous concrete 
is frequently used for road surfacing. 

The optimum binder content (OBC) of the mixtures was determined using the Marshall and 
Duriez tests [25, 26]. For the reference mix, the OBC value is 5.59%. The grading curve of the 
reference asphalt mix is presented in Figure 4. This is in accordance with the grading curve 
required for this type of asphalt concrete [24].  

 
Fig. 4 - Grading curve of the reference asphalt. 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track E - Civil Engineering Applications 

-363- 

Experimental Design  

The experimental campaign aims to determine the influence of plant-based fibers on the 
mechanical properties of bituminous mixes. To achieve this, creep and rutting tests [27, 28] 
were conducted to evaluate the mixtures' resistance to permanent deformation. After 
establishing the control mix and its parameters, plant-based fibers were incorporated using the 
dry process, where they are added to the mixture during the mixing of components. Two 
variables were considered: the length and the concentration of the plant-based fibers. For the 
length, three values were chosen (1 cm, 3 cm, and 5 cm), and for the concentration, three 
percentages were selected (0.1%, 0.3%, and 0.5%) of the total mass of the mix. By combining 
these three lengths with the three percentages, nine (09) mixtures were prepared (Table 3 and 
Table 4). 

Table 3 -The mixtures for different lengths and percentages of fibers. 

Mixtures  
1cm 3cm 5cm 

0.1% 0.3% 0.5% 0.1% 0.3% 0.5% 0.1% 0.3% 0.5% 
 

Table 4 - The percentage of fibers added for each dosage. 

Fibers (%) 0.1% 0.3% 0.5% 
Weight (g) 3.6 10.8 18 

 

RESULTS AND DISCUSSION 

Creep Behavior 

To make the comparison of results as straightforward as possible, we will present the findings 
in two parts : first, we will examine the influence of the fiber content on deformation, and then, 
by fixing the fiber content, we will analyze the influence of the fiber length. 

Influence of fiber content 

We aim to investigate the influence of the added fiber content on the creep of asphalt mixes 
(with the fiber length parameter fixed), under a constant load of 10 kg and a constant 
temperature of 60°C. This is done by plotting the deformation-recovery curve of each mixture 
alongside that of the control sample for comparison (see Figures 5,7,9). For each curve, a bar 
graph is plotted to visually compare the improvement (see Figures 6,8,10). 

 
Fig. 5 - Creep-recovery curves for 1 cm fibers at different fiber contents. 
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Fig. 6 - Improvements in 1 cm fiber mixtures. 

 

 
Fig. 7 - Creep-recovery curves for 3 cm fibers at different fiber contents. 

 

 
Fig. 8 - Improvements in 3 cm fiber mixtures. 
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Fig. 9 - Creep-recovery curves for 5 cm fibers at different fiber contents. 

 

 

 

 
Fig. 10 - Improvements in 5 cm fiber mixtures. 

 

 

 

Influence of fiber length 

We aim to investigate the influence of the added fiber content on the creep of bituminous mixes 
(with the fiber content parameter fixed), under a constant load of 10 kg and a constant 
temperature of 60°C. This is done by plotting the deformation-recovery curve of each mixture 
alongside that of the control sample for comparison (see Figures 11, 13, 15). For each curve, a 
bar graph is plotted to visually compare the improvement (see Figures 12, 14, 16). 
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Fig. 11 - Creep-recovery curves of mixtures with 0.1% fiber content for different lengths. 

 

 
Fig. 12 - Improvements in mixtures with 0.1% fiber content. 

 

 
Fig. 13 - Creep-recovery curves of mixtures with 0.3% fiber content for different lengths. 
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Fig. 14 - Improvements in mixtures with 0.3% fiber content. 

 
Fig. 15 - Creep-recovery curves of mixtures with 0.5% fiber content for different lengths. 

 
Fig. 16 - Improvements in mixtures with 0.5% fiber content. 
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Static creep tests have shown that all the tested mixes exhibited similar curves. These mixes all 
displayed irreversible permanent deformation after the recovery test. The results indicate that 
the general trend is a decrease in the creep resistance of the mixture, except for the case of 
mixtures with low fiber content (0.1%). When comparing the different mixtures in terms of 
improvement calculated based on the control mixture, from the perspective of fiber content, it 
is observed that mixtures with a fiber content of 0.1% generally show significantly higher 
improvements compared to other mixtures, which exhibit substantial declines. Furthermore, the 
mixture with 0.1% fiber content and 1 cm fiber length shows an improvement of 22.23%, while 
the other two mixtures with 0.1% fiber content and 3 cm and 5 cm fiber lengths show declines 
of less than 3%. However, observations based on fiber length do not provide any clear 
indication. As observed, the higher the fiber content, the lower the static creep resistance. This 
proportionality between fiber content and the percentage of voids is highlighted by the bar graph 
plotted from the PCG test for some mixtures (see Figure 17). 

 
Fig- 17 - Percentage of voids for some mixtures. 

Rutting Behavior 

The test aims to evaluate, under given testing conditions, the rutting resistance of a bituminous 
mixture prepared and compacted in the laboratory. The rutting tests were conducted at the 
laboratory of EPTRC (Public Roadworks Company) in Berrouaghia, Medea Province, in the 
north region of Algeria. They allowed us to perform the test for five (05) mixtures: (control; 1 
cm 0.3%; 3 cm 0.1%; 3 cm 0.3%; and 5 cm 0.3%). 

The graph showed in Figure 18, illustrates the Rutting curves ln(RD) = fct(ln(N)). It is plotted 
as ln(RD) versus ln(N) for each specimen of the same composition subjected to the test. The 
values of the rut depth percentage (RD) at N load cycles are excluded if the rut depth exceeds 
15% of the specimen's thickness after N load cycles [28]. 

The rutting tests (Figure 18) showed that all the tested mixes exhibited the same linear trend 
curves, with the general equation: ln(RD) = a × ln(N) + b.   

We compared all the results at the last point (N = 10,000 cycles, ln(N) = 9.21).   

The results indicate that the mixtures with [3 cm 0.1%] and [3 cm 0.3%] provide better rutting 
resistance compared to the control mixture, unlike the other two mixtures [1 cm 0.3%] and [5 
cm 0.3%].   

For the same fiber content, 0.3%, the 3 cm mixtures perform better than the 1 cm and 5 cm 
mixtures. In terms of improvement, the 5 cm mixture shows a decline of over 14%. Between 
the two 3 cm mixtures, 0.1% and 0.3%, there is a slight difference (0.8%) in improvement 
(Figure 19). 
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Fig. 18 - Rutting curves ln(RD) = fct(ln(N)). 

 

 

 
Fig. 19 - Improvement in rutting resistance for different mixtures. 

 

CONCLUSION 

In this work, we focused on modifying bituminous mixes using date palm fibers (DPF) from 
waste date palm trees and studying their influence on creep and rutting. To achieve this, we 
incorporated DPF using the dry process, considering two variables: fiber length and 
concentration (fiber content). Consequently, nine (09) mixtures and one control mixture were 
subjected to testing.   

First, we conducted a mix design study to arrive at the mixture that best meets the required 
specifications. This mixture was used throughout the experimental process.   

We developed a uniaxial static creep test based on oedometric equipment. This apparatus allows 
for the application of a constant stress and controlled temperature during the test. 
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The results obtained indicate that the general trend is a decrease in the creep resistance of the 
mixture, except for mixtures with low fiber content (0.1%). This may be justified by the increase 
in the percentage of voids as the fiber content increases.   

Additionally, we performed rutting tests on several mixtures. The results show that the 3 cm 
mixtures provide better rutting resistance compared to the others.   

Apparently, there is no correlation between the results of the two tests; mixtures that performed 
poorly in the creep test yielded good results in the rutting test. We can justify this conclusion 
by noting that static creep belongs to the domain of small deformations, while the rutting test 
belongs to the domain of large deformations. 

In light of these results, several recommendations can be made for the continuation of this 
research :   

- Complete other tests to determine the percentage of voids in all mixtures, in order to confirm 
the justification for the decrease in creep resistance.   

- Complete the rutting test, particularly for the [1cm 0.1%] mixture, which yielded the best 
result in terms of creep resistance.   

- Eliminate the 5cm mixtures and replace them with 2cm mixtures. Additionally, change the 
fiber content from 0.5% to 0.2% and 0.4%. 
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ABSTRACT 

A two-dimensional finite element numerical model for a semi-integral bridge abutment was 
developed to investigate the lateral earth pressures on the abutment and the deformation in the 
backfill soil for daily cycles of expansion-contraction of the bridge superstructure. The 
numerical simulations showed that lower pressures concentrated at the top, mid-height, and 
bottom of the abutment, whilst higher pressures took place at the upper and lower thirds of the 
abutment, which is inconsistent with typical earth pressure distributions assumed from the 
theoretical pressure distributions and in design guidelines for integral bridge abutments. 
Deformation in the backfill soil provoked the development of a settlement trough adjacent to 
the abutment, which extended to a horizontal distance of about one abutment height. The 
deformation magnitude was deemed sufficient to negatively impact the bridge performance 
soon after the start of the bridge operation. 

Keywords: Bridge abutment, numerical simulation, finite element method, cyclic loading. 

 

INTRODUCTION 

A two-dimensional finite element (FE) analysis was performed to investigate lateral earth 
pressures on the abutment and deformations in the backfill soil of a semi-integral bridge 
abutment under daily cycles of expansion-contraction of the bridge superstructure. The 
developed FE numerical model was validated against data collected in field from earth pressure 
cells installed on the retained soil side of the bridge abutment. Figure 1 shows details of the 
geometry in the vicinity of the bridge abutment. More details about the FE model and its 
validation can be found in Silva et al. (2023). 

 
Fig. 1 - Details of the FE model in the vicinity of the bridge abutment (dimension in meters). 
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RESULTS AND CONCLUSIONS 

Figure 2 shows peak lateral earth pressure distributions for selected daily cycles. Pressure 
distributions due to at-rest, active and passive conditions, as well as those predicted using the 
design methods specified in document PD6694-1 (BSI, 2011) and in the Massachusetts 
Department of Transportation’s Bridge Design Guidelines (MassDOT, 2020), are also plotted 
for comparison. After the cycle no. 1, higher pressures occurred at the upper and lower thirds 
of the abutment, while lower pressures took place at the top, mid-height, and bottom of the 
abutment. The lateral pressures on the abutment exceeded the PD6694-1 distribution over the 
upper and lower thirds of the abutment. MassDOT’s solution gave lateral pressures higher than 
those due to the daily cycles over the middle and lower thirds of the abutment, while 
underestimated lateral pressures in the upper third. Except for cycle no. 1, predicted 
distributions differed significantly from the theoretical pressure distributions. 

Figure 3 presents profiles of the deformed backfill surface for selected daily cycles. According 
to the adopted sign convention, downward vertical displacements (i.e., settlements) are 
represented as positive. The displacement profiles showed the formation of a settlement trough 
in the backfill, with maximum settlements close to the backfill-abutment interface. Major 
settlements on the backfill surface extended to a horizontal distance of about one abutment 
height. The differential settlement between the abutment and the retained backfill that takes 
place after the lateral movements of the bridge superstructure, as shown in Figure 3, is 
commonly known as a “bump-at-the-end-of-the-bridge” and can lead to discomfort and 
potentially unsafe driving conditions (Al-Ani et al., 2018). 

 

Fig. 2 - Lateral earth pressure distributions. 

 

Fig. 3 - Deformed backfill surface profiles. 
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ABSTRACT 

The study of progressive collapse is crucial because structural collapse leads to significant 
economic impacts and the potential loss of human lives, as demonstrated in incidents such as 
Ronan Point, the Murrah Federal Building, and the World Trade Center. This paper uses the 
pushdown methodology to analyze the sensitivity of the models to mesh refinement in 
reinforced concrete frames with infill masonry walls subjected to progressive collapse. 
Developed in OpenSees, the model incorporates distributed plasticity elements with fiber 
sections and a three-strut representation for infill walls. The analysis compares two 
formulations: force-based and displacement-based. The findings emphasize the influence of 
modeling assumptions on the structural response under progressive collapse scenarios. 

Keywords: Progressive collapse, pushdown analysis, masonry infill walls, numerical 
modeling. 

 

INTRODUCTION 

Progressive collapse occurs when the failure of a primary structural element triggers a chain 
reaction, leading to a disproportionate collapse of the entire system [14]. In recent years, 
researchers have placed on studying structural behavior under progressive collapse conditions, 
particularly following historical events such as the collapse of the World Trade Center towers 
(New York, 2001), the Murrah Federal Building (Oklahoma, 1995), and the Ronan Point 
building (London, 1968) [4, 15]. 

The progressive collapse of structures during extreme events is unlikely, meaning that 
designing buildings with excessive robustness can be impractical and costly. Therefore, 
studying secondary resistance mechanisms, which act as safety features to reduce the risk of 
progressive collapse during such events, is essential. These mechanisms include flexural action, 
compressive arch action, tensile catenary action, Vierendeel frame action, and the impact of 
non-structural components like infill walls and partitions [1, 4, 15]. 

Two approaches can be used to analyze structures subject to progressive collapse: they are the 
indirect and the direct method. The indirect method sets rules to enhance structural robustness, 
while the direct method analyzes structural response. Among the nonlinear static analysis 
techniques used in direct methods, the pushdown methodology evaluates how structures 
respond to the removal of critical elements [20]. 

The finite element method is a widely used tool to analyze structures subject to progressive 
collapse and is available in various software such as OpenSees, ABAQUS, SAP2000, and LS-
DYNA [1, 2]. Beams and columns can be modeled with distributed plasticity elements and fiber 
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sections, with a corotational geometric formulation, as it allows capturing secondary resistance 
mechanisms occurring in beams, such as flexural action, compressive arch action, and tensile 
catenary action [3, 6, 20]. 

There are two main formulations for analyzing nonlinear structures: the displacement-based 
formulation (stiffness method) and the force-based formulation (flexibility method). The 
displacement-based formulation benefits from mesh refinement to minimize discretization 
errors in nonlinear analysis. On the other hand, the force-based formulation achieves higher 
accuracy by adjusting integration points or subdividing elements [13, 17]. 

Secondary resistance mechanisms, such as non-structural elements, significantly enhance a 
structure's ability to resist progressive collapse. Recent studies have increasingly focused on the 
role of infill walls, as they contribute to the redistribution of forces when a primary load-bearing 
element fails under vertical loading conditions [16, 18, 19]. 

This study uses a pushdown method to analyze reinforced concrete frames with infill masonry 
walls. It examines the influence of mesh refinement using force-based and displacement-based 
formulations in OpenSees software [10], aiming to highlight the impact of modeling 
assumptions on the structural response under progressive collapse. 

 

METHODOLOGY 

In this work, the pushdown methodology is implemented using the OpenSees software to 
analyze the progressive collapse of a reinforced concrete structure. The research investigates 
the influence of beam mesh refinement on the frame's structural response in relation to 
progressive collapse, focusing on both force-based and displacement-based formulations. Three 
aspects are analyzed: (i) the variation in the number of elements, (ii) the variation in the number 
of integration points, and (iii) the variation in the size of the elements at the ends of the beams. 

The numerical model is verified against the experimental pushdown test described in [7], which 
examines the behavior of a reinforced concrete frame with masonry infill walls. The frame 
comprises two stories and four spans at a scale of 1:3 and is designed according to the Chinese 
code for moment resisting frames [11, 12]. The second floor has concrete infill walls in all its 
spans. The unconfined concrete compressive strength for the second floor is 41.3 MPa, while 
for the second floor, it is 31.8 MPa. The masonry walls have a compressive strength of 12.8 
MPa. 

The beams and columns are composed of 4 mm diameter confining stirrups with a yield strength 
of 235 MPa and an ultimate strength of 322 MPa. In addition, an 8 mm diameter longitudinal 
reinforcement with an average yield strength of 415 MPa, an ultimate strength of 588 MPa, and 
a rupture strain of 0.19. 

The beams and columns are modeled with distributed plasticity elements and fiber sections. 
Two models are analyzed, one with a forced-based formulation and the other with a 
displacement-based formulation. The masonry walls are represented by the macro model 
proposed by [6], which recommends using three-strut model in each span of the frame, as shown 
in Figure 1. The diagonals are modeled using compression truss elements. The equivalent width 
of the main diagonal is calculated using Equation (1) and Equation (2) proposed by the Masonry 
Standards Joint Committee (MSCJ) [9].  

 

ó#x� = 0.3{o;(c; ∙ cos�®o;(c;� (1) 
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{o;(c; = Ò9w ∙ �#x� ∙ sin�2®o;(c;�4 ∙ 9n� ∙ Kn� ∙ �#x� Ó (2) 

where, �#x� is the height of infill wall (mm); �#x� is the length of the infill wall; ®o;(c; =
tan)� Ì�#x� �#x�õ Í represents the angle of infill diagonal with respect to the horizontal 

(degrees); Kn� is the moment of inertia of bounding column for bending in the plane of the infill 
(mm4); �#x� is the thickness of the infill wall (mm); 9n� is the modulus of elasticity of bounding 
columns (MPa); and 9w is the modulus of elasticity of masonry in compression (MPa). The 
modulus of elasticity of the masonry wall is obtained with the MSCJ equation 9w = 900 ∙ À  wö  
[9], where À  wö  is the compressive strength of concrete masonry (MPa). 

 

Fig. 1 - Representation of the macro model of the infill frame. 

The constitutive material models define concrete using Concrete01 and the longitudinal 
reinforcement bars using Steel01. The uniaxial Concrete01 model is based on the Kent-Scott-
Park formulation (see Figure 2a), while Steel01 follows the FEDEAS model (see Figure 2b) 
[10]. The section is modeled using a fiber section approach, allowing differentiation between 
unconfined concrete, confined concrete, and longitudinal reinforcement bars. The maximum 
compressive strength of confined concrete and its corresponding strain are determined using 
the Chang and Mander formulations [5, 8]. 

 

 
Fig. 2 - Material constitutive models in OpenSees: (a) Concrete01 and (b) Steel01. 
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The pushdown methodology implemented consists of the removal of the central column of the 
first level (see Figure 1) and applying gravity loads. Then, incremental displacements are 
imposed on the top node of the removed column, obtaining the pushdown curve, which 
represents the relationship between the applied vertical displacement and the reaction forces at 
that node. 

The model is verified by comparing the pushdown curve obtained with the experimental results 
and the micro model of [7]. Additionally, it is compared with the macro-model curve from [6], 
which also replicates the experimental test described in [7]. 

 

RESULTS AND DISCUSSION 

Three aspects are analyzed: (i) the variation in the number of elements, (ii) the variation in the 
number of integration points, and (iii) the variation in the size of the elements at the ends of the 
beams. Each case was analyzed using both force-based and displacement-based formulations. 
The column mesh is kept constant across all analyses, with eight elements per column and two 
integration points per element (see Figure 3). 

The figures presented next show a comparison between various reference pushdown curves. 
These include the curves obtained in the experimental and micro model of [7] and the pushdown 
curve of the macro model of [6]. In addition, the curves derived from the mesh analysis for both 
force-based and displacement-based formulations are included, allowing a comprehensive 
evaluation of the performance of the models and their sensitivity to different modeling 
approaches. 

 

Fig. 3 - Representation of the mesh in the infill frame. 

The study analyzed the variation in the number of elements in the midspan of beams, 
considering 2, 4, 6, 8, 10, 12, and 14 elements. The force-based and displacement-based 
formulations showed sensitivity to changes in the number of elements, as observed in Figure 4 
and Figure 5.  

The analysis of the variation of the integration points is performed on the midspan of the beams, 
considering 2, 3, 4, and 5 integration points, each evaluated with elements of 2, 4, 6, 8, 10, 12, 
and 14 in the midspan of the beams. The beam ends, modeled with a single element and two 
integration points, have a length of 0.231m. 

The results obtained with the force-based formulation show that, in all cases, the pushdown 
curves vary when the number of integration points is changed. Figure 6 presents the results for 
the case of 10 elements in the midspan of the beams. All cases encountered convergence issues 
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when using 4 and 5 integration points. On the other hand, the displacement-based formulation 
shows no variation in the curves when modifying the number of integration points. Figure 7 
shows the variation of the integration points for 10 elements in the midspan of the beams. 

 

Fig. 4 - Comparison of pushdown curves with different numbers of midspan 
elements using a force-based formulation. 

 

 

Fig. 5 - Comparison of pushdown curves with different numbers of midspan 
elements using a displacement-based formulation. 

For the beams ends, the study evaluated two lengths—0.231 m and 0.35 m—modeling each 
with 1, 2, and 3 elements. For the force-based formulation, six elements and two integration 
points were used in the midspan of the beams, as these parameters provide the best fit for the 
curve. In the case of the displacement-based formulation, 10 elements and two integration 
points were used in the midspan of the beams, resulting in the best curve fit for that formulation, 
as observed in the previous analysis. 

Figure 8 and Figure 9 show the results for the force-based formulation, while Figure 10 and 
Figure 11 show the results for the displacement-based formulation. Both formulations show 
sensitivity to changes in the size and number of elements at the beam ends. 
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Fig. 6 - Comparison of pushdown curves with different numbers of integration points at midspan 
using force-based formulation. Case with 10 elements in midspan beams. 

 

Fig. 7 - Comparison of pushdown curves with different numbers of integration points at midspan 
using displacement-based formulation. Case with 10 elements in midspan beams. 

 

Fig. 8 - Comparison of pushdown curves by varying the size (0.231 m) and the number of 
elements at the ends of the beams using a force-based formulation. 
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Fig. 9 - Comparison of pushdown curves by varying the size (0.350 m) and the number of 
elements at the ends of the beams using a force-based formulation. 

 

Fig. 10 - Comparison of pushdown curves by varying the size (0.231 m) and the number of 
elements at the ends of the beams using a displacement-based formulation. 

 

Fig. 11 - Comparison of pushdown curves by varying the size (0.350 m) and the number of 
elements at the ends of the beams using a displacement-based formulation. 
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Based on the analyses performed, it was observed that the number of elements and the 
integration points must be adjusted according to the chosen formulation. The parameters were 
selected for the force-based and displacement-based formulations, which allow a better 
approximation to the pushdown curve obtained by [6], as shown in Figure 12.  

The optimal parameters for the force-based formulation are six elements in the beam midspan, 
one element at each end (0.231m for the end elements), eight elements for the columns, and 
two integration points per element. For the displacement-based formulation, the optimal 
configuration consists of ten elements in the beam midspan, two elements at each end (0.231m 
for the end elements), eight elements for the columns, and two integration points per element. 

Figure 12 compares the pushdown curves with optimal parameters obtained in this study with 
the experimental and micro-model curves from [7] and the macro-model curve from [6]. The 
pushdown curves from this work show close agreement with those reported in [6], verifying the 
model developed using the OpenSees software. 

 

 

Fig. 12 - Comparison of force-based and displacement-based formulations with 
optimal parameters. 

 

CONCLUSIONS 

This study developed a macro model for pushdown analysis, exploring the influence of beam 
mesh refinement on the structural response of reinforced concrete frames with infill walls under 
progressive collapse. The proposed macro model was implemented in OpenSees using 
distributed plasticity elements with fiber sections for beams and columns and a three-strut 
model to represent the masonry walls. The pushdown methodology was applied to two 
formulations: force-based and displacement-based. 

The macro model was verified by comparing its pushdown curve with the curves obtained from 
the experimental test and the micro model, both developed by [7], and the macro model 
presented in [6]. The pushdown curve generated in this study shows close agreement with the 
results reported in [6], confirming the satisfactory performance of the model implemented in 
OpenSees software. 
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The results of the beam mesh analysis show that the displacement-based and force-based 
formulations respond differently according to the mesh parameters, requiring specific 
adjustments for each. Both formulations are sensitive to variations in the number of elements 
in the midspan of the beams and the size and number of elements at the ends of the beams. The 
force-based formulation is sensitive to the number of integration points at the midspan of the 
beams. In contrast, the displacement-based formulation is not sensitive to the number of 
integration points at the midspan of the beams. 

This study highlights the importance of correctly choosing the mesh and formulation 
parameters in progressive collapse analysis, as these factors significantly affect the model.  
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ABSTRACT 

This paper discussed the incident where an 8-year-old girl fell 7 m from a rope ladder on 30 July 
2022. The indoor play centre operator was charged and pleaded guilty to two breaches of the 
Occupational Health and Safety Act. The operator was fined $60,000 plus costs. 

Keywords: Indoor climbing, artificial climbing structures, risk management, self-belay 
device. 

 

INTRODUCTION 

The incident occurred at an indoor play centre in Melbourne, Australia. The incident involved 
an 8-year-old girl falling 7 m from a rope ladder while she was attending a friend’s birthday 
party [1]. She became detached from a self-belay device suffering non-fatal traumatic injuries. 

 

RESULTS AND CONCLUSIONS 

It was concluded that the incident was a direct result of grossly inadequate maintenance. Safety 
Engineering, the manufacturer of the self-belay device requires all operators to recertify their 
devices annually. The self-belay devices are either refurbished and given a one-year additional 
warranty, or they are discarded and replaced with a new self-belay device. The estimated usage 
period of the self-belay system which failed was 43 months. 

Excessive wear of the components within the self-belay device allowed sufficient movement of 
the locking anchors for the device to malfunction (Figures 1-3). The movement of the locking 
anchors allowed the key to be removed when the worn connector was not fully engaged which 
allowed the participant to commence climbing while not secure. 

 

Fig. 1 - Side view of the heavily worn self-belay device which failed depicting 
the locking key removed when the connector is not fully engaged [2]. 
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Fig. 2 - Disassembled and partially reassembled heavily worn self-belay device which failed 
depicting a single locking lever engaged within the worn connector partially engaged [2]. 

 

                

Fig. 3 - Sectional view of the self-belay device: Right: depicting the twin locking levers engaging with the three 
locking disks as it was designed to operate; and Left: depicting a single locking lever prematurely engaged with 

the three locking disks before the locking disk have rotated to the locking position [2]. 
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ABSTRACT 

The demand for dental implants has increased due to greater awareness of oral health, an aging 
population, and the rise in conditions that lead to tooth loss, such as periodontal disease and 
trauma. Implants provide an effective solution for restoring masticatory function and improving 
the quality of life. However, the placement procedure presents a critical challenge during bone 
drilling. High rotational speeds of the drills can lead to a rise in tissue temperature, which may 
induce cellular necrosis and compromise implant osseointegration. This study presents two 
computational simulation models, to assess and quantify the thermal risks associated with 
drilling: The Finite Element Method (FEM) and Smooth Particle Hydrodynamics (SPH). 
Additionally, an experimental validation is proposed to determine the accuracy of each model 
under real-world conditions. 

Keywords: Dental implants, temperature, FEM, SPH, drilling. 

 

INTRODUCTION 

The dental implant placement procedure is a highly precise surgical process, and various factors 
can influence its success. The procedure involves drilling into the maxillary or mandibular bone 
to create a space for the implant. This drilling is one of the most critical aspects, as it is 
performed using high-speed rotary burs, typically around 2000 rpm, generating significant heat 
in the drilling area [1]. This heat can damage the bone and compromise implant integration. 
Thermal damage is a major concern, as temperatures exceeding 50°C can induce bone necrosis, 
negatively affecting healing and osseointegration [2]. To avoid such complications, it is crucial 
to maintain the temperature in the drilling area below 47°C, which presents a challenge in 
managing the speed and technique used during the drilling process. 

 

METODOLOGY 

Two computational simulation models based on the FEM and SPH methods are developed. The 
system experiences high deformations, and thus, the proper functioning of the FEM calculation 
depends on setting a maximum deformation threshold for its elements, beyond which they will 
be deleted. Under these conditions, the SPH method is proposed as an alternative, as it has been 
specifically developed for configurations involving high deformation. 
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RESULTS AND CONCLUSIONS 

The heat transfer within the tissue due to drill friction during the drilling process is thoroughly 
analysed. The results obtained reveal significant differences between the models. In the FEM 
model, heat transfer is almost negligible, suggesting that the model does not fully capture the 
thermal effects of the drilling process. It is concluded that this outcome may be influenced by 
the element deletion procedure, in which elements are removed fast during the simulation, 
preventing the occurrence of a realistic temperature increase. On the other hand, the SPH model 
yields more realistic results, showing temperature increases close to 20ºC (Figure 1). This 
model appears to better capture the dynamics of heat generation and transfer, offering a more 
accurate representation of the temperature effects during the drilling process. 

 

 
Fig. 1 - Deformation and thermal results of both FEM (left) and SPH (right) models. 

Additionally, an experimental test is proposed using a commercial material such as ABS, as its 
mechanical properties are well-documented and consistent, which facilitates comparative 
analysis. This contrasts with bone, which is a complex and heterogeneous biological tissue 
whose composition and mechanical characteristics can vary significantly between individuals 
and under different conditions. The idea is to use ABS to evaluate the performance of the 
simulation models in a controlled environment, thereby enabling a more accurate and reliable 
comparison. This approach will help identify which model most effectively approximates real-
world conditions. 
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ABSTRACT 

To enhance the bioactive and osteogenic properties of membranes, this study evaluated the 
production of membranes that combine the biocompatibility of the hydrophilic synthetic 
polymer (polyvinyl alcohol - PVA) with the osteogenic effects of chlorinated bioactive glasses 
(BG58S-Cl). The synthesized BG58S-Cl exhibited porosity, and its particles were successfully 
incorporated into PVA nanofibers, as demonstrated by FT-IR and SEM analyses. This material 
shows significant potential for application in guided bone regeneration. 

Keywords: Chlorinated bioactive glasses, PVA, nanofiber, electrospinning. 

 

INTRODUCTION 

Periodontitis is an infectious disease of multifactorial origin, which originates from a 
periodontogenic bacterial biofilm that colonizes the surfaces of the teeth, resulting in an 
inflammatory reaction to microbial aggression. In the absence of adequate treatment, it can lead 
to the gradual destruction of the periodontal ligaments, cementum and alveolar bone. In guided 
tissue/bone regeneration therapy (GTR/GBR), a barrier membrane is placed between the 
fibrous tissues and the bone defect to prevent unwanted incursions of fibrous tissues into the 
bone defect, thus allowing the regeneration of quality bone. Currently, there are a significant 
number of biodegradable barrier membranes available on the market. However, a very common 
problem is that the membranes are not bioactive/osteogenic, that is, they are incapable of 
inducing a favorable osteogenic response and integration with the host tissue, resulting in many 
cases in displacement/expulsion of the membrane, requiring a new surgical procedure and 
replacement of the implant (Matos et al. 2023). Aiming to improve the bioactive and osteogenic 
properties of the membrane, this work evaluated the production of membranes that integrate 
the biocompatibility of the hydrophilic synthetic polymer (polyvinyl alcohol - PVA) with the 
osteogenic effects of chlorinated bioactive glasses (BG58S-Cl), using the electrospinning 
equipment. 

 

RESULTS AND CONCLUSIONS 

Evaluating the results from Figure 1, it is possible to observe that the spectral analysis revealed 
characteristic bands of PVA, such as those at 1092 cm⁻¹ (C–O stretching), 1425 cm⁻¹ (C–H 
bending vibration), 1700 cm⁻¹ (C=O group), 2930 cm⁻¹ (C–H stretching vibrations), and 3300 
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cm⁻¹ (O–H intermolecular hydrogen bonding) (Nataraj et al 2020 and Fraga 2022). The BG58S-
Cl bands were located between 900-1000 cm⁻¹ and 1000-1030 cm⁻¹ (Vicrery C and Nedelec J 
2016). No significant changes were observed in the spectra of PVA membranes containing 
BG58S-Cl, possibly due to the overlap of bands from both materials. 

 
Fig. 1 - FTIR spectra of BG58S-Cl and the membranes PVA and PVA/BG58S-Cl. 

Figure 2(a) reveals the presence of some pores in the BG58S-Cl particles, which enhances their 
interaction with the surrounding tissue, promoting cell adhesion and growth. Figures. 2(b) and 
2(c) present micrographs of the membranes, with or without BG58S-Cl, showing the 
incorporation of the bioactive particles into the fibers, a factor that could bring bioactivity to 
the polymeric membranes. 

 
Fig. 2 – SEM images (a) BG58S-Cl particles, (b) PVA nanofibers, and (c) PVA nanofibers containing BG58S-Cl 

particles. 
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ABSTRACT 

This study aimed to evaluate electrospun membranes for guided tissue/bone regeneration 
composed of silk fibroin (SF), poly(vinylpyrrolidone) (PVP) and treated graphene nanoplatelets 
(GNP-T). The membranes, produced using the electrospinning method, exhibited continuous, 
defect-free nanofibers. The study indicates that the choice of solvents and the crosslinking 
method directly impact the physicochemical properties of SF membranes. The functionalization 
of GNP with chemical groups compatible with the matrix resulted in a stronger and more stable 
bond, ensuring that the GNP remained adhered to the fibers. 

Keywords: Barrier membranes, silk fibroin, nanoparticles, tissue regeneration. 

 

INTRODUCTION 

Guided tissue/bone regeneration (GTR/GBR) employs biocompatible membranes to restore the 
architecture and functionality of periodontal tissues by preventing epithelial and connective 
tissue migration. This allows progenitor cells in the periodontal ligament to regenerate alveolar 
bone, connective attachment, and periodontal tissues. Traditionally, synthetic or collagen-based 
membranes, with or without calcium phosphate-based grafts, have been used. However, these 
membranes often lack sufficient mechanical strength and biological functionality to endure 
surgical handling, maintain integrity during healing, and resist forces such as cellular traction 
and wound contraction. To overcome these limitations, this study developed hybrid electrospun 
membranes integrating the biocompatibility of silk fibroin (SF) and the synthetic polymer 
poly(vinyl pyrrolidone) (PVP) with graphene nanoplates (GNP). This combination aimed to 
improve mechanical strength, preserve structural integrity, and enhance osteogenic properties, 
offering a promising solution for clinical applications in GTR/GBR. 

 

RESULTS AND CONCLUSIONS 

The study indicates that the choice of solvents directly impact the physicochemical properties 
of SF membranes. Formic acid (AF) promotes the formation of a greater number of β-sheets, 
while HFIP favors the formation of α-helices, influencing the final conformation of silk fibroin 
films. From the analysis of Figure 1(b), it is possible to observe nanofibers with a smooth, 
continuous morphology and no beads using HFIP (Hong H et al. 2020). GTR/GBR barrier 
membranes must have mechanical strength to withstand handling, implantation, and the bone 
regeneration process, resisting cellular traction forces and wound contraction during healing. 
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Fig. 1 - SEM images of silk fibroin (SF) nanofibers dissolved in (a) formic acid (AF), (b) hexafluoroisopropanol 

(HFIP), and (c) the content of the components that make it up in the amide I region. 

The functionalization of GNP with chemical groups compatible with the matrix resulted in a 
stronger and more stable bond, ensuring that the GNP remained adhered to the fibers. The 
improved mechanical properties indicated good dispersion of GNP in the matrix and the 
formation of bonds between GNP-T and the nanofibers (Khan T et al. 2023). Figure 2 presents 
the results obtained after the electrospinning of PVP/GNP membranes. 

 
Fig. 2 - SEM images of PVP nanofibers containing GNPs, (b) GNP adhered to the fiber after 

functionalization, and (c) tensile strength of membranes. 

FT-IR spectra also confirmed the retention of SF's chemical structure post-incorporation, as 
evidenced by Amide I, II, and III bands at approximately 1618 cm⁻¹, 1514 cm⁻¹, and 1230 cm⁻¹, 
respectively (Liu Z et al. 2022). The absence of changes in the spectra and fiber morphology 
indicates that the interactions between SF, PVP and GNP did not significantly alter the primary 
or secondary chemical structure of the protein. 
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ABSTRACT 
The present work is the design of a humanoid robot called TGK with movement capabilities. 
Likewise, it performs high-risk tasks for a person, in this way it can be used in other 
applications, such as, for example, it could function as a Rescue Robot.It is proposed to create 
a humanoid robot that is sufficiently capable of walking in a controlled environment, and can 
lift objects in its path. For this reason, the analysis of the knee is carried out since it is one of 
the basic mechanisms of the robot. This paper presents the design and basic mathematical 
analysis of the knee of a biped for educational purposes to facilitate calculations for students of 
these subjects. 

Keywords: biomechanics, design, reliability, mathematical analysis, equations. 

 

INTRODUCTION 

In the field of robotics, the development of bipedal robots that mimic human locomotion has 
presented one of the greatest technical and mechanical challenges. The knee, as an essential 
part of the locomotion system, plays a crucial role in the stability and efficiency of movement. 
Understanding and mathematically modelling the behavior of the knee of a bipedal robot is key 
to the design and optimization of robots that can walk, run, or adapt to different types of terrain 
effectively. 

The mathematical analysis of a robot's knee not only allows understanding its kinematic and 
dynamic behavior, but also facilitates the prediction of the forces and moments acting on its 
components, as well as its interaction with the rest of the system. These mathematical models 
are fundamental for the design of actuators, the selection of materials, and the implementation 
of control algorithms that ensure stable and efficient locomotion. 

This article aims to explore the methods used to mathematically analyze the knee of a biped 
robot. Kinematic models describing joint motions, methods for calculating forces and moments, 
and techniques used to improve robot stability and control will be presented. In addition, the 
importance of considering human biomechanics in the design of these systems will be 
discussed, in order to achieve more natural and adaptive movements. Through this analysis, we 
aim to offer a comprehensive view of the challenges and advances in the study and design of 
the knee of a biped robot. 

 

THEORY 

Mechanical analysis of a bipedal robot knee in the field of robotics is critical to understanding 
how the robot's motion and stability can be designed and optimized. Here are some key points 
that are typically considered in such analysis: 
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1. Knee Kinematics: This involves studying the motions and positions of the moving parts of 
the robot's knee. Mathematical models are used to describe the geometry and trajectory of 
joint movements. 

2. Dynamics: This refers to the forces and moments acting on the knee during movement. It is 
essential to calculate how these forces affect the robot's performance and how they can be 
mitigated to improve efficiency and durability. 

3. Load Analysis: The load-bearing capacity of the materials and structures that make up the 
robot's knee is assessed. This includes considerations of the mechanical stress and strength 
of the materials used. 

4. Stability and Balance: How the bipedal robot's balance and stability can be maintained 
during various activities and under different terrain conditions is investigated. 

5. Actuator Design: Actuators are key components that provide motion to the robot knee. We 
analyze how they can be designed to optimize performance and minimize energy 
consumption. 

6. Control and Feedback: Control algorithms are developed that allow the robot to move 
accurately and respond to changes in its environment. Sensory feedback plays a crucial role 
in this aspect. 

7. Impact of Human Biomechanics: In some cases, the robot knee can be designed taking into 
account biomechanical principles learned from the functioning of the human knee, to achieve 
more natural and efficient movements. 

In summary, mechanical analysis of the knee of a bipedal robot combines elements of 
mechanical engineering, biomechanics, and control to create robotic systems that are stable, 
efficient, and capable of performing a wide range of movements. 

The study of the mechanical motion of the knee of a bipedal robot involves a combination of 
kinematic and dynamic modelling. The main equations and concepts used in these analyses are 
presented below: 

1. Inverse Kinematics (Position and Motion) 

In inverse kinematics, the goal is to determine the joint angles required (in this case, the knee) 
to reach a desired position in space. 

General Equation of Joint Motion Kinematics 

If the knee is modelled as a crank-type mechanism (with a geometry similar to a lever system), 
the equations governing joint motion can be described by the law of cosines and the geometric 
relationships between the links of the system. 

For a knee, motion can be modelled as a two-link system: the femur (upper part) and the tibia 
(lower part), connected by the knee joint. 

If we define: 

�1: Knee flexion angle (between femur and tibia). 

�1: Length of the femur. 

�2: Length of the tibia. 

x and �: : Cartesian positions of the foot with respect to the origin. 

The position equation in inverse kinematics can be expressed as: 
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Foot position = (�1)=(�,�)        (1) 

Where the angle �1 depends on the lengths �1 and �2, and the position of the foot (�,), obtained 
from the law of cosines: 

 �=�1cos(�1)+�2cos(�1+�2)        (2) 

�=�1sin(�1)+�2sin(�1+�2)        (3) 

In this case, �2 is the angle of the tibia relative to the femur. 

 

2. Velocity Kinematics 

The analysis of joint velocities is essential to understand dynamic motion. For a bipedal robot, 
the angular velocity ��1 of the knee can be derived from the relationship between the velocities 
of the moving parts. 

Relationship between joint speeds: 

��= 	

� (�1cos(�1)+�2cos(�1+�2))       (4) 

��= 	

� (�1sin(�1)+�2sin(�1+�2))       (5) 

By deriving these expressions, we obtain the necessary angular velocities at each joint: 

��� =
�∗���������� ������������������ ∗���� ��������� ���������
��∗��∗!"#�Ɵ��     (6) 

 

3. Dynamics (Newton's Second Law and Models of Motion) 

To analyze the dynamics of the knee, the equations of motion that describe the forces and 
moments that affect the joint are used. This can be done using Newton's second law or the 
Lagrange method. 

Forces and moments at the knee: 

For each knee joint, the equations of motion can be written using Newton's law for rotations: 

τ=I⋅α+τext          (7) 

Where: 
τ is the torque applied at the joint. 
I is the moment of inertia of the leg part (femur or tibia) about the joint. 
α is the angular acceleration of the joint. 

&'�( is the external moment due to external forces (such as the weight of the leg or contact with 
the ground). 

Calculation of the moment of inertia ) of moving parts: 

)=
�
*+�2          (8) 

Where + is the mass of the part (femur or tibia) and � is the length of the part. This calculation 
can be extended to more complex systems that include the geometric characteristics of each 
segment. 
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Lagrange equations for knee motion: 

The Lagrange principle is a powerful tool for deriving the equations of motion of a complex 
dynamic system. The Lagrange function � is defined as: 

�=,−-           �9� 

Where: 

T is the kinetic energy of the system (which depends on the joint velocities). 

U is the potential energy (due to gravity and other external forces). 

The Lagrange equation is expressed as: 
	
	/(

01
234� )−

0�
234�  =0          (10) 

Where 56�  is the generalized coordinate of the joint (for example, the angle �1 of the knee) and 
56�  is the associated velocity. 

 

4. Stability and Control 

Dynamic analysis also includes the study of the stability of the knee under different loading and 
motion conditions. Stability equations are derived from the equation of motion in terms of 
stiffness and damping matrices, allowing control algorithms to be designed that ensure the robot 
maintains its balance. 

Knee control using feedback: 

Knee control is typically performed using a PID control or a dynamic model-based controller 
to ensure the knee moves stably and efficiently during locomotion. 

This mathematical analysis provides a framework for understanding the mechanical behavior 
of a bipedal robot's knee, from basic motion to the complex dynamic forces involved in its 
operation. These models allow for optimization of robot design, improved performance, and 
ensuring stability during walking and other activities. 

 

RESULTS AND CONCLUSIONS 

Some robots are intended for use in the home, assisted living facilities, and hospital settings. 
They work to automate some physical tasks that an older person may not be able to do, such as 
feeding themselves, brushing their teeth, getting in and out of bed, getting in and out of a 
wheelchair, and adjusting the bed for maximum comfort. In some cases, robots are conceived 
as part of a ubiquitous computing system, combining cameras and other sensors in the 
environment and computer-controlled devices (such as light switches, doors, and televisions). 
In others, robots serve SAR functions, such as promoting physical and cognitive exercise.  

Biomechanical and dynamic motion models: Several biomechanical models have been 
developed to gather data on the nature of stress exerted on body structures and tissues by loads 
and forces during manual assembly processes [1]. Tools used to collect and/or analyze data on 
manual assembly jobs included lifting limitations according to the National Institute for 
Occupational Safety and Health (NIOSH) guideline for biomechanical measurement according 
to Waters in their work published in 1994; worker posture during the task according to OWAS 
guidelines on measuring risk or injury [2]; Methods Time Measurement (MTM) cycle time [3]; 
and the Rapid Upper Extremity Assessment (RULA)[4], a measure of risk factors associated 
with upper extremity disorders; the 3D University Static Strength Prediction Program 
(3DSSPP) [5]; psychophysical approach [6];  
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Most of the biomechanical models mentioned are used to estimate muscle forces in static 
postures. However, the effects of inertia are not accounted for in these models; therefore, static 
models alone are not considered accurate enough to offer truly predictive data [7]. 

Much of the research conducted on human dynamic movement has been conducted using multi-
segment models developed to evaluate force or torque moments applied about the axis of joints 
with the joint at various angles. Most of this research describes the biomechanical modeling of 
a single body part. A small proportion of that research has been directed specifically at full-
body models for activities involving both the lower extremities 

In addition to the above, Winter classified the attachment moments to be positive when the pull 
direction is counter-clockwise and negative when clockwise, as shown in Figure 1 [8], the same 
model is presented in this work which can be seen further in Figure 2. 

 

Fig. 1 -. Joint force moment 
profile at the ankle, knee and 

hip during walking. 

 
Fig. 2 - TGK robot leg; the lower part is the one that will make contact with 
the ground, the central link functions as a knee and the two upper cylindrical 

joints represent the equivalent of a hip. 

The robot's drive system has been proposed in an arrangement of two four-bar mechanisms 
linked together by a common link, similar to a knee, as shown in Figure 3. Therefore, this 
arrangement of mechanisms has two degrees of freedom. 

To determine how each of the robot's legs moves, it is necessary to start from a kinematic 
diagram, which provides a general relationship between the positions of each of the mechanism 
segments [9]. The diagram was created considering the hip of the robot at the top while the 
ankle is at the bottom. From this diagram the restriction equations are determined for one of the 
legs (symmetry is assumed, both legs are equal), these equations are based on a 'closed loop' 
and therefore are equal to zero. The lengths of the links are constant with magnitudes I1, I2, I3 
and I4, respectively. Likewise, the separations between the pivots of the 'knee' link (a, b, c, f), 
the 'hip' link (d) and the 'ankle' link (e) are also of constant magnitude [10]. 

Leg constraint equations 

The angles between the links change as the inclination of the leg changes. The first constraint 
equations to be determined are those corresponding to the position along the ‘X’ axis (1) and 
those corresponding to the position along the ‘Y’ axis (2). Where a is the angle that will be 
applied by the motor or actuator to the system. 
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Fig. 3 - Kinematic diagram of a robot leg. 
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ABSTRACT 

The connections used for assembling parts made with fused filament fabrication (FFF) can 
potentially become weak points in a multi-part structure, yet their strength is largely 
underreported in the literature. Lower-limb prosthetic socket manufacturing is one application 
where the adoption of FFF is hindered due to lack of guidance on how to reliably attach the 
distal end of the socket to the remaining prosthetic limb. Here, a comparison of the tensile 
strength of two attachment hardware types (hex-nuts and heat-set inserts) embedded in FFF 
samples is provided, and an approach for predicting failure of hardware samples using a stress-
gradient condition is discussed. Predicted values are within 11% of experimental results. A case 
study of a prosthetic socket subjected to axial and bending moment loading is introduced, 
aiming to facilitate FFF adoption for prosthetic socket manufacturing. 

Keywords: Fused filament fabrication, assembly hardware, finite element analysis, brittle 
failure criteria, prosthetic sockets. 

 

INTRODUCTION 

A lower-limb prosthetic socket is the connecting interface between a prosthesis and the user’s 
residual limb. Therefore, each socket must be custom made to comfortably fit the user’s unique 
physiology. Additive manufacturing, particularly fused filament fabrication (FFF), has become 
a popular technique for fabricating prosthetic sockets due to its ability to easily create custom, 
organically shaped structures. However, clinicians hesitate to fabricate sockets with FFF, as 
there is insufficient evidence of their structural integrity. In particular, the distal end of the 
socket (where it connects to the remaining prosthesis) is subject to extreme stress concentrations 
due to the connecting hardware. Only in one study have researchers directly measured the 
effective failure stress of AM material surrounding hardware (Burhan and Crawford, 2004).  

In this study, we aim to predict tensile failure in the FFF material at stress concentrations caused 
by standard hardware. A prosthetic socket case study is used. FFF parts are orthotropic and 
exhibit brittle failure when loaded transversely to their printed layers. When in operation, 
sockets are loaded transversely to their layers, and have proven to fail in a brittle manner by 
delamination (mode I fracture) (van der Stelt et al., 2021). Therefore the failure criterion used 
in the finite element analysis (FEA) in this study is based on both the ultimate tensile stress and 
the stress-gradient condition (Kwon, 2021). Custom samples were created for testing the tensile 
strength of the FFF material surrounding embedded hardware (heat-set inserts and hex-nuts). 
Discrepancies between predicted (FEA) and experimental failure loads of these samples are 
discussed. 
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RESULTS AND CONCLUSIONS 

Custom hardware samples were subjected to tensile loading until failure, and digital image 
correlation (DIC) was used to qualitatively assess the fracture initiation sites and the 
progression of brittle failure. Load vs. displacement curves for two FFF materials (PLA and 
carbon-fiber infused PLA) used with heat-set inserts and hex-nuts are shown in Figure 1A. 

  

Fig. 1 - (A) Failure load curves for hardware samples with DIC results of a PLA-CF hex-nut sample; (B) 
Experimental vs. predicted failure loads. 

Failure loads of the heat-set insert samples were predicted with FEA using a failure criterion 
where two conditions must be met (Kwon, 2021). The first condition states that, for failure to 
occur, the effective stress must be greater or equal than the transverse UTS of the material. The 
second condition, which relies on the stress gradient, is expressed in Equation (1): 

 
78 9 :;<78

<= ; 2>Υ@
�
*
 (1) 

where 78 is the local stress, > is the transverse elastic modulus, Υ is a material constant 
equivalent to the critical energy release rate of the material, and <78 <=⁄  is the stress gradient 
along the failure path, =. To predict failure, both conditions must be satisfied. Here, transverse 
E and UTS were measured from tensile coupon tests (ASTM D3039) where layers were printed 
perpendicular to the tensile load. The fracture toughness used to calculate Υ was estimated by 
considering the notches at the layer boundaries as small V-notches. The width of these notches 
have been reported to be up to 0.5 mm wide. By using the 2-condition criterion compared to 
the single UTS criterion, predicted errors decrease from 65% to 11% for the PLA sample and 
from 73% to 1.2% for the carbon-fiber PLA sample (Figure 1B).  

The failure of a whole socket structure is also predicted and compared to experimental results. 
Here, an equivalent tensile load calculated from a combination of bending moment and axial 
load from a ground reaction force is applied, and the socket is connected to the prosthesis with 
heat-set inserts. Through this work, we aim to enhance the adoption of FFF for the prosthetics 
sector and other industries that rely on the functional performance of FFF parts. 
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ABSTRACT 

The present study conducts the flow-structure analysis of roots type vacuum pumps of 
semiconductor fabrication facility. The computed CFD results for internal pressure and 
temperature distributions of vacuum pumps are applied to structural analyses of the pumps. The 
coupled analysis results between flow and structure show that the deformation of pump 
structure is mainly resulted from the thermal expansion by hot gas in pump, and the deformed 
impeller and housing produce their severe contact and impact phenomena causing mechanical 
damage and crack. 

Keywords: Vacuum pump,  dynamic mesh, housing,  rotor, clearance, CFD, FEM, FSI. 

 

INTRODUCTION 

Since the chemical deposition process (CVD) mainly used in the semiconductor industry 
requires a low and medium vacuum state of about 0.01 Torr, various types of vacuum pumps 
are used to maintain this vacuum state. However, the semiconductor process gas flowing into 
these types of vacuum pumps contains process by-products other than gas, and these process 
by-products are deposited inside the pump and are a major factor in collisions between the 
housing/rotor of the pump, and the rotor/rotor of the pump, which often causes pump failure 
during the process. Therefore, this study performs computational fluid dynamics analysis on 
the gas flow inside the roots type vacuum pump for semiconductor processing, and through 
this, the flow characteristics of pressure and temperature distribution inside the pump are 
identified when the vacuum pump is operated, and structural damage and cracks of the pump 
are identified by performing structural analysis based on the temperature and pressure data 
obtained through flow analysis. 

 

RESULTS AND CONCLUSIONS 

In this study, the Fluent code as a CFD software is used for viscous flow analysis inside the 
pump. In order to consider the abnormal effect on the position change of the rotor, a dynamic 
mesh is used. Figure 1 shows the pressure distribution among the flow analysis results, and 
Figure 2 shows the temperature distribution. As a result of the pressure distribution, it can be 
seen that gas is transferred due to the motion of the rotor rotation in the pump, and a pressure 
increase appears. In addition, as a result of the temperature distribution, the gas temperature 
rises due to compression caused by the motion of the rotor in the pump, and the connection part 
between the pumps is maintained at a low temperature due to the wall heat loss. The high 
temperature around the rotor causes thermal expansion of the rotor and the housing.  
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   Fig. 1 - Pressure distribution of vacuum pumps.     Fig. 2 - Temperature distribution of vacuum pumps. 

 

Fig. 3 - Deformation of rotors and housings of vacuum pumps. 

Figure 3 shows the deformation values of the structural analysis when temperature and pressure 
are given as inputs. Since deformation is mainly caused by thermal expansion, as a result of 
selecting and analyzing several cases with a large temperature gradient, it is confirmed in Figure 
3 that the rotor and the housing contact each other at the rotation angle of 280 deg. As shown 
in Figure 3, it can be seen that the running clearance becomes 0 by contacting at various parts 
of pump1 and pump2. This contact phenomenon is confirmed to be broken at the same angle 
as the simulation even in the actual operation field. 
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ABSTRACT 

In this work, a technical-economic evaluation of the production of sustainable aviation fuel 
(SAF) considering the Consolidated Alcohol Deoxygenation and Oligomerization (CADO) 
process, which is one of the most recent Alcohol-to-Jet (ATJ) technologies, was performed. For 
this purpose, the simulation of the CADO process was performed using the Aspen Plus v14.0 
software, with fuel-grade ethanol serving as the primary raw material of the process. A self-
developed method for economic and financial analysis was conducted by calculating the 
economic indicators of the process, such as the SAF's minimum selling price (MSP). The results 
indicated that to produce 13,232 kg of SAF, 5.93 kg of ethanol/kg-SAF and 7.87 kg of steam/kg-
SAF were required as raw materials, while the technical indexes indicated that 1.58 kg of BTX 
(benzene, toluene, and xylene)/kg-SAF and 0.35 kg of naphtha/kg-SAF were produced as by-
products. Regarding the economic assessment, a capital expenditure (CAPEX) of $USD 178.34 
million was determined, of which the equipment required for the process contributed $USD 
58.86 million. In the case of operating expenses (OPEX), the total value reached $USD 471.77 
million, of which $USD 404.35 million were associated with the raw materials used. Finally, 
considering a 20-year investment horizon and a 10-year depreciation period, the MSP obtained 
was $ 2,829.70 per ton-SAF. 

Keywords: Biofuels, Sustainable aviation fuel, Ethanol use, Bioenergy. 

 

INTRODUCTION 

According to the International Energy Agency (IEA 2025), the aviation sector was responsible 
for 2.5% of global energy-related CO2 emissions in 2023. To mitigate the impact of global 
aviation, interest in more sustainable jet fuels has emerged. Among these fuels, sustainable 
aviation fuel (SAF) stands out, which is designed to be a “drop-in” alternative and can be 
blended directly with conventional jet fuel and used in existing aircraft without significant 
modifications to engines or infrastructure (Santiago et al. 2024). SAF can be obtained from 
several different routes, one of which is Alcohol-to-Jet (ATJ). One of the main advantages of 
the ATJ route consists in its use of ethanol as its primary raw material, which has some 
advantages such as large-scale production, price, established logistic chain, and market share 
compared to other alcohols (Watson et al. 2024). The ATJ process consists of three catalytic 
reaction steps: dehydration, oligomerization, and hydrogenation, with butanol and ethanol 
being the only two alcohols currently used in ATJ processes. The goal of this process is to 
convert short-chain alcohols (C2–C4) into longer hydrocarbons (C8–C16) (Lau et al. 2024). 
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A technology that differs from the conventional ATJ process is known as Consolidated Alcohol 
Deoxygenation and Oligomerization (CADO), which can transform alcohols into hydrocarbons 
in a single step without the percentage of water in the alcohol affecting the SAF selectivity 
(Hannon et al. 2020). The CADO technology was developed by Vertimass in partnership with 
Oak Ridge National Laboratory (ORNL) at a scale of ~2 kg ethanol per day using V- or Ga-
supported ZSM-5 to convert aqueous ethanol (40% wt. H2O, 350 °C, 4 bar) to liquid 
hydrocarbons, which are separated from H2O and light gases (burned for process heat) in a 
decanter (Eagan et al. 2019). According to Hannon et al. (2020) the product distribution 
obtained for the CADO process is concentrated in the typical jet fuel range (C7 to C16), with 
40% by weight of the product distribution and about 57% aromatics corresponding to a mixture 
of benzene, toluene, and xylene (BTX). This excess of aromatics is beneficial, as when mixed 
with aviation fuel (up to a maximum of 25% vol.), it improves certain properties, including 
elastomeric swelling, material compatibility, and lubricity characteristics (Wang et al. 2020). 

Recently, the economic viability of CADO technology has been analyzed by different authors, 
such as Klein et al. (2023) developed a computational model to evaluate the impact of feedstock 
and by-product selection on the overall economics of a North American biorefinery producing 
SAF, identifying the benefits of selecting a higher-yielding fuel alcohol, i.e., ethanol over 
isobutanol. The results indicated that it is possible to sell SAF at $ 3.15 per gallon of gasoline-
equivalent (GGE) and produce carboxylic acids and esters. Anekwe et al. (2024) performed a 
techno-economic evaluation of a single-step transformation of wet ethanol vapor to 
hydrocarbons using a Ni-doped HZSM-5 catalyst. The authors determined that the annualized 
capital and operating costs for converting wet ethanol to fuel blending stocks were predicted to 
be $0.05/L, indicating that at an oil price of $100/BBL (Barrel of Crude Oil), the expected MSP 
for CADO-produced fuel blending stocks are similar to conventional gasoline prices. However, 
at an oil price of $60/BBL, the MSP for CADO-derived blending stocks is not competitive with 
conventional gasoline. 

Therefore, this work aims to indicate the main findings of the technical-economic evaluation of 
SAF production through CADO technology in the Brazilian context, aiming to identify the 
viability of scaling up this process. 

 

MATERIALS AND METHODS 

The previously described CADO process, which obtains SAF, naphtha, and BTX, was 
simulated in Aspen Plus v14.0 (Aspentech). The Block Flow Diagram (BFD) of the process is 
shown in Figure 1, divided into three hierarchies: A100 – reaction section, A200 – gas 
separation section, and A300 – purification section. 

 
Fig. 1 - Block flow diagram of CADO process.  
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Due to the polar nature of water and ethanol, sections A100 and A200 were simulated using the 
non-random two liquid-Redlich Kwong (NRTL-RK) activity model, while hydrocarbon 
separation in the distillation section (A300) was conducted with the Peng-Robinson equation 
of state (Haydary 2019). A (P,T) flash was conducted in the frontier of A200 to A300 in order 
to change the thermodynamic model. 

The Process Flow Diagram (PFD) of area A100 is shown in Figure 2. The raw material of the 
process is hydrated ethanol with a mass composition of 92.5% ethanol and 7.5% water. The 
liquid hydrated ethanol at 25 °C and atmospheric pressure (stream 101) is pumped via P-101 
and vaporized in heat exchanger E-101. It is subsequently mixed with medium-pressure steam 
(at 12 bar), resulting in stream 105, which passes through valve V-101 to reduce the pressure 
to 6 bar, operating pressure of R-101. The mixture is then heated again in exchangers E-102 
and E-103 to ensure the operating temperature of reactor R-101. The gases produced in the 
reactor (stream 109) are used as working fluid in exchangers E-101 and E-102 before being 
sent to area 200 as stream 111. 

 
Fig. 2 - Process flow diagram of A100.  

The PFD of area A200 is shown in Figure 3. The reactor products (stream 111) are cooled in 
exchanger E-201 and introduced into decanter V-201. The generated gas stream 202 is sent to 
the combustion chamber (R-201), where it is mixed with compressed air (stream 206) and light 
gases from area 300 (stream 301) to produce stream 207, which will be used in the energy 
integration of exchanger E-103 (A100). 

 
Fig. 3 - Process flow diagram of A200.  
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The liquid stream produced in the decanter (stream 203), which contains the hydrocarbons and 
aromatics generated in R-101, is heated in the E-202 exchanger to obtain a phase change and 
sent to an alkylation reactor (R-202) and later to a hydrogenation reactor (R-203). The 
alkylation reaction converts the excess aromatics and small paraffins into hydrocarbons in the 
C7-C12 range, generating stream 215. Finally, the organic phase of the decanter is stream 204, 
which will later be mixed with other liquid effluents generated during the process. 

The A300 PFD is shown in Figure 4. The hydrocarbons and aromatics from A200 (stream 215) 
are sent to a first distillation column (C-101), where light gases (stream 301), liquid effluent 
(stream 302), naphtha (stream 303), and a stream with a mixture of heavier hydrocarbons and 
aromatics (stream 304) are generated. This last stream is sent to the second distillation column 
(C-302), where BTX and SAF are produced, which are cooled to 30°C respectively in 
exchangers E-301 and E-302, generating streams 307 and 308. 

 
Fig. 4 - Process flow diagram of A300.  

Table 1 shows the main assumptions for the economic evaluation of the processes, from which 
the additional capital costs related to the construction of the plant (such as instrumentation, 
piping, civil construction, and electrification) are estimated, as well as the operational costs of 
the process. 

Table 1 - Assumptions for economic evaluation.  

Type of main product Basic chemical 

Technology Readiness Level (TRL) Pilot (5 to 7) 

Availability of information Medium 

Process severity High 

Type of material handled Fluids 

Plant size Large 
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Equipment acquisition costs were estimated based on the assumptions mentioned in Table 1 
and results obtained from Aspen Process Economic Analyzer v14.0 (APEA). These costs were 
calculated for the main plant area (ISBL; Inside Battery Limits) and the auxiliary area (OSBL; 
Outside Battery Limits), such as storage tanks for raw materials and products and systems for 
supplying utilities to the main process. 

The total equipment acquisition cost served as the primary basis for calculating the other 
CAPEX items. Expenses for equipment installation, piping, electrical work, instrumentation, 
and other related costs are also estimated using APEA software and added to the plant's direct 
and indirect costs. The sum of the equipment acquisition and installation costs results in the 
installed cost of the plant also referred to as direct costs in this work. Indirect costs, including 
construction, office, and off-site costs, are added to this value. The value obtained in this last 
item includes expenses for freight, taxes on acquisition, engineering, administrative area, and 
contract fees. The project contingency must increase the sum of these installments, and, finally, 
the values must be updated over time and by location. 

The MSP corresponds to the selling price that results in a zero net present value (NPV) at the 
end of the project's investment horizon. Therefore, the MSP corresponds to the price 
guaranteeing the minimum financial return the investor desires to justify the investment risk. 
Some financial assumptions must be considered when constructing the cash flow, which are 
presented in Table 2. 

Table 2 - Financial assumptions defined for the construction of cash flow.  

Item Value 

Project lifetime     20 years 

Engineering, procurement, and construction time 2 years 

Land purchase factor (% of ISBL + OSBL)  2.0% 

CAPEX distribution 
1st year: 60.0% 

2nd year: 40.0% 

Financing type    None 

Minimum Acceptable Rate of Return (MARR) 14.44% 

Brazilian taxes 34.0% 

Depreciation method Straight line 

Depreciation period  10 years 

Residual value (% CAPEX) 20.0% 

 

 

RESULTS AND DISCUSSION 

Table 3 contains the technical indices obtained via simulation for the process, products, raw 
materials, and utilities (cooling water, electricity, heating, and catalyst). For each kg of SAF 
produced, 5.93 kg of ethanol, 7.87 kg of steam, 0.74 kg of catalyst, and 0.28 kW of electricity 
are necessary.  
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Table 3 - Financial assumptions defined for the construction of cash flow.  

Item Value Technical Index 

Ethanol 78,553 kg/h 5.93 kg/kg-SAF 

Steam 104,083 kg/h 7.87 kg/kg-SAF 

Electricity 3,738 kW 0.28 kW/kg-SAF 

Cooling water 13,894 ton/h 1.05 ton/kg-SAF 

Natural Gas 969,986 kg/h 73.3 kg/kg-SAF 

Catalyst 5,688 kg/h 0.43 kg/kg-SAF 

Naphtha 4,621 kg/h 0.35 kg/kg-SAF 

BTX 21,118 kg/h 1.59 kg/kg-SAF 

SAF 13,232 kg/h - 

It is worth mentioning that the high natural gas index (73.3 kg/kg-SAF) is mainly associated 
with the fact that it is used as feedstock to produce steam (stream 102 in Figure 2) that is mixed 
with ethanol at the beginning of the process; however, steam is also generated to be used in the 
reboilers of the two distillation columns. A high demand for cooling water is also observed as 
it is used as the cooling medium in four heat exchangers (E-201, E-204, E-301, E-302) and the 
condensers of the distillation columns. 

Regarding economic assessment, the results indicated that the total investment in equipment is 
$USD 51.18 million, where 58.32% of this value is associated with the area destined for the 
allocation of the plant's main equipment (known as Inside Battery Limits), while 41.68% is 
attributed to the area destined for the allocation of the plant's auxiliary equipment (known as 
Outside Battery Limits), as indicated in Figure 5a. Considering the industrial capacity of the 
plant and that the products obtained from the CADO process are stored for 7 days, the capacity 
(and investment) of the storage tanks are high, $USD 22.24 million (43.47% in Figure 5b). This 
value, combined with the large amount of piping required, leads to a high OBSL. Furthermore, 
the installation, indirect field, and non-field costs are included in the CAPEX, which has a value 
of $USD 178.37 million, considering a location factor of 0.97, as shown in Table 4.  

 
 

 
(a) 

 
(b) 

Fig. 5 - Distribution of equipment costs by area and by equipment.  
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Table 4 - Value calculated for CAPEX.  

Item Value 

Equipment costs $USD 51.18 million 

Unscheduled equipment (% of equipment costs) 15.0% 

Total equipment costs $USD 58.86 million 

Installation costs 

Piping, Civil, Steel, Instrumentals, Electrical, Insulation, and 
Paint Costs    

$USD 48.87 million 

Indirect field costs 

Field office staff and Construction indirect $USD 15.33 million 

Non-field costs 

Freight, Taxes and permits, Engineering, GA overheads, 
Contract fee 

$USD 23.95 million 

Project contingency 30.0% 

Time update factor 0.96 

Location factor 0.97 

Project CAPEX $USD 178.37 million  

Table 4 shows that the higher contribution to CAPEX comes from direct costs, specifically the 
total cost of equipment and plant adaptation, including piping, Civil, Steel, Instrumentation, 
Electrical, Insulation, and painting costs. The second-highest costs are associated with non-field 
costs, mainly taxation, due to the scenario being in Brazil with a 34% tax rate. 

OPEX formed by the variable, direct fixed, and indirect fixed costs correspond to $USD 471.68 
million, in which ethanol (raw material) acquisition cost had the higher contribution with $USD 
359.91 million, as indicated in Table 5.  

Table 5 - Value calculated for CAPEX.  

Item Value 

Raw materials $USD 359.91 million 

Chemical inputs and utilities $USD 44.44 million 

Total variable costs $USD 404.35 million 

Direct fixed costs 

Labor costs   $USD 1.84 million 

Supply and maintenance costs $USD 2.14 million 

Administrative overhead, Manufacturing overhead 

Taxes and insurance, Patents and royalties 

$USD 11.02 million 

Total direct fixed costs $USD 15.00 million 

Indirect fixed costs 

Location factor $USD 52.42 million 

Project OPEX $USD 471.77 million  
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Finally, considering the OPEX, CAPEX, and a minimum attractive rate of return of 14.44%, 
the MSP of SAF was 2,829.7 $USD/ton. This value is approximately three times higher than 
conventional kerosene fossil, 918.75 $USD/ton, according to Intratec Solutions (2025), which 
is a trend that has already been reported in the literature by some authors (Santiago et al. 
2024),(Zwiercheczewski de Oliveira et al. 2024). It is worth noting that the MSP is calculated 
by balancing costs, including project investment, operating costs, and taxes; it also considers 
the sale of products and by-products and the financial return at the end of the investment 
horizon, as indicated in Figure 6. It can be observed that the price of ethanol (raw material) has 
the greatest influence on the MSP with 67%, followed by indirect fixed costs (10%). 

 

Fig. 6 - MSP calculation distribution.   

The ethanol price in 2024 for the Brazilian context was $USD 572.72/ton, considerably 
impacting the MSP of SAF. In the case of indirect fixed costs, its value is influenced by 
administrative, manufacturing, distribution, and selling, as well as research and development 
costs.  Regarding project revenue, it is evident that SAF (main product) has the largest share 
with 61%; nevertheless, it is worth mentioning that the by-products (naphtha and BTX) have a 
considerable contribution with 38%, mainly the BTX because it is produced in greater quantities 
than SAF. Therefore, for the MSP of SAF produced through CADO technology to be 
competitive with the value of fossil kerosene, it is necessary to reduce the ethanol prices by 
50% or combine a smaller reduction in the price of ethanol (i.e., 20 or 30%) and increase the 
price of BTX by 30%, as indicated in Figure 7. None of the other variables (e.g. catalyst price 
or project CAPEX) had a significant influence on the reduction in the MSP value. 

 
Fig. 7 - MSP tornado chart. 
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CONCLUSIONS 

In this study, an economic assessment of SAF production through CADO technology was 
carried out. According to the results, it was observed that 5.93 kg of ethanol and 7.87 kg of 
steam were necessary to produce 1 kg of SAF, where byproducts, such as naphtha and BTX, 
presented technical indexes of 0.35 kg/kg-SAF and 1.59 kg/kg-SAF, respectively. Regarding 
economic assessment, it can be concluded that a significant investment ($USD 22.24 million) 
was required to purchase storage tanks for the products obtained in the CADO process. 
Furthermore, it was possible to observe the large share of the price of ethanol (76.3%) in OPEX, 
indicating that the raw material cost will have an enormous impact on the MSP (2,829.7 
$USD/ton) of SAF. Finally, although the MSP of SAF is three times higher than that of fossil 
jet fuels, some strategies, such as carbon credits and new policies, can be implemented to make 
SAF competitive. Furthermore, it was concluded that a reduction in the ethanol cost and an 
increase in the BTX price could cause the price of SAF obtained through CADO technology to 
be more competitive. For future studies, the environmental impact of the complete process, 
including the comparison with other technologies, should be evaluated through life cycle 
assessment methodology. 
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ABSTRACT 

The integrity analysis of multilayered composite structures is critical in many applications, 
including aerospace, pipe joints, and refrigeration systems. Recent studies have demonstrated 
the effectiveness of Bayesian techniques in identifying contact failure regions through non-
intrusive thermal measurements. However, these methods are computationally expensive, 
prompting efforts to develop more efficient approaches. This study employs a Markov Chain 
Monte Carlo method with a Delayed Acceptance strategy to reduce computational costs. Two 
models are considered: a high-cost model that provides accurate solutions for low thermal 
conductivity and large thickness cases, and a reduced-cost model based on the Partial Lumped 
System, which simplifies the problem by averaging temperatures across the thickness but 
sacrifices precision for high Biot numbers, as encountered in heat conduction problems 
involving low-conductivity or thick materials. The reduced model serves as an initial evaluation 
for candidate points, which are later reassessed with the full model, enhancing computational 
efficiency. Results using simulated temperature measurements show that the methodology 
effectively reduces computational costs while maintaining solution accuracy, even for test cases 
with various failure shapes. 

Keywords: Composite structures, Bayesian approach, thermal contact conductance, delayed 
dcceptance MCMC, classical lumped models. 

 

INTRODUCTION 

The integrity analysis of multilayered composite structures has numerous practical applications 
in aerospace engineering, pipe joints, and refrigeration systems (Abreu et al., 2014; Gay, 2015; 
Madhusudana, 2014). Bayesian techniques, combined with thermal analysis and the estimation 
of thermal contact conductance, have proven effective in identifying contact failure regions 
through non-intrusive temperature measurements. However, these methods are computationally 
expensive, which has led to significant research efforts focused on reducing computational costs 
(Abreu et al., 2014, 2018; Ozisik and Orlande, 2021). Some approaches leverage measurement 
data and define likelihood functions in a transformed domain, particularly when combined with 
analytical or hybrid methods for solving partial differential equations, such as the Generalized 
Integral Transform Technique (GITT) (Abreu et al., 2018; Ozisik and Orlande, 2021). 

To address these challenges, this study applies the Markov Chain Monte Carlo (MCMC) 
method with a Delayed Acceptance strategy to improve computational efficiency (Orlande et 
al., 2014; Ozisik and Orlande, 2021). The approach considers two mathematical-physical 
models: a high-cost model that provides accurate solutions for low thermal conductivity and 
large thickness cases and a reduced-cost model based on the Partial Lumped System (PLS). The 
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reduced model simplifies the problem by averaging temperatures across the thickness, retaining 
essential physical characteristics while significantly lowering computational demand. 
However, its accuracy diminishes in cases where the Biot number is greater than 0.1, such as 
in low-conductivity or thick materials (Kulacki, 2018; Ozisik, 1993). 

The reduced model serves as an initial evaluation for candidate points in the posterior 
distribution, which are then reassessed using the full model. This strategy minimizes 
unnecessary evaluations, focusing computational resources on candidates with higher 
acceptance potential, thereby improving efficiency without compromising accuracy. Further 
details on this methodology, as applied in a different context, along with additional references 
on the employed techniques, are available in the literature. 

 

PHYSICAL PROBLEM AND MATHEMATICAL FORMULATION 

The general problem proposed in this work involves a two-layered plate subjected to a 
prescribed heat flux, �(�, �, �), on one face, while the opposite face exchanges heat with the 
environment at a room temperature �∞  with a heat transfer coefficient ℎ. Heat losses through 
the edges are considered negligible. At the interface between the layers, a spatially varying 
thermal contact conductance, ℎ
(�), is assumed. This parameter is directly related to contact 
failures.  
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ABSTRACT 

The Sangalhos velodrome, like the majority of velodromes, has a track with variable positive 
bank angle in all perimeter. To make accurate measurements of the aerodynamic drag force of 
cyclists riding bicycles at the velodrome it is necessary to measure accurately the bicycle tires 
rolling resistance and cornering drag force at the velodrome. To measure accurately the rolling 
resistance of bicycle tires at the Sangalhos velodrome an experimental method was developed 
and is presented. The method developed is based on the conservation of mechanical energy, 
considers the kinetic energy and potential gravitational energy of the set cyclist + bicycle and 
considers the following forces and torque acting on the set cyclist + bicycle: weight; ground 
normal reaction force; tires rolling resistance force, aerodynamic drag force, tires cornering 
drag force and friction torque of the rear wheel freewheel mechanism. The measurements were 
made in a straight segment in the inner zone of the track with levelled surface, null bank angle 
and with the same surface characteristics as the racing track. The method considers the tires 
rolling resistance coefficient (CRR) constant during the measurement. Measurements made 
with a time trail bicycle and a cyclist in full racing gear, with a low rolling resistance clincher 
tire with a latex inner tube combination in both wheels, gave a standard deviation of ±6.7% 
around the measured mean value of the tires CRR. 

Keywords: Rolling resistance coefficient, bicycle tires, experimental method, velodrome. 

 

INTRODUCTION 

The aerodynamic drag force is the most important resistive force acting on road racing cyclists 
when the slope of the road is less than 2 % (Rinard et al., 2018). Accurate measurements of the 
aerodynamic drag force of cyclists riding bicycles in a velodrome requires accurate 
measurements of the bicycle tires rolling resistance and cornering drag force in the same 
velodrome, because the velodrome is characterized by having positive bank angle in all 
perimeter and each velodrome has specific track surface roughness characteristics. It was 
necessary to develop this method to measure the rolling resistance of bicycle tires, to make 
accurate measurements of the drag area, the product of drag coefficient (CD) by the frontal area 
(A), of cyclists in the velodrome. CRR measurements were made in a straight segment, in the 
most inner zone of the velodrome track, where track surface is horizontal, the bank angle is null 
and the ground surface characteristics, including roughness, are similar to the ground surface 
of the racing track. The rolling resistance of clincher bicycle tires depends on the tire, inner 
tube used, inflation pressure, temperature of the tire, vertical load on the tire, rim width, 
displacement speed of the bicycle relative to the ground surface (Biernan, 1997) and surface 
roughness of the ground (Sun et al., 2024). To eliminate the influence of the following factors 
on the rolling resistance of the tires on the measurement of the cyclist drag area, we measured 
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the rolling resistance of the bicycle tires using the same tires, inner tubes, inflation pressure, 
rim width and surface roughness as will be used when measuring the cyclist drag area. We 
measure the rolling resistance of the tires at a temperature and vertical load on the tire as close 
as possible to the values of temperature and load used during the aerodynamic drag tests. The 
measurements of the rolling resistance are made at very low velocity, generally in the range of 
2-7 km/h, so that the rolling resistance force is large when compared to other resistive forces 
that act in the cyclist and bicycle, such as the aerodynamic drag, the tire cornering drag and the 
tangential component of the weight. 

 

RESULTS AND CONCLUSIONS 

Table 1 presents results of CRR obtained in 6 measurements made at Sangalhos velodrome, its 
mean and standard deviation. The tires, inner tubes, internal rim width and pressure were the 
same in the front and rear wheels of the bicycle. The tires used were the Vittoria Corsa Pro 
Speed TUBE/TLR 24-622. The inner tubes used were the Vredestein Race Superlite Latex 
20/25-622 with a 50 mm Presta valve and mass of 0.050 kg. The inflation pressure used in both 
tires was 90 psi (621 kPa). The rims of both wheels were of the crochet type with 17.0 mm 
internal width (17C). The front wheel was a DT SWISS ARC 1100 DI 700C RB 80 5/100, the 
rear wheel was a ZIPP WH SP9 CC V2 700R SR 11S WHT. The value reported in the literature 
for CRR for the same tires, a slightly heavier inner tube, a Vittoria Competition Latex 19/23-
622 inner tube with a 48 mm Presta valve and mass of 0.080 kg, and in a velodrome track, is 
CRR = 1.475E-3 at 130 psi (897 kPa) inflation pressure (Aerocoach, 2024). 

Table 1 - Results of CRR obtained in 6 measurements made at Sangalhos velodrome. 

Meas. No. 1 2 3 4 5 6 Mean St. Dev. 

CRR 1.520E-3 1.405E-3 1.238E-3 1.399E-3 1.364E-3 1.443E-3 1.395E-3 9.357E-5 

An experimental method was developed to measure the rolling resistance of bicycle tires at the 
Sangalhos velodrome. This method is based on the conservation of mechanical energy. Results 
of CRR measurements made at Sangalhos velodrome with given tires, inner tubes, and inflation 
pressure are presented and compared with results found in the literature for the same tires, in a 
velodrome track, at a different inflation pressure, and using slightly heavier latex inner tubes. 
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ABSTRACT 

In racing events it is important to have the lowest possible rolling resistance to maximize the 
bicycle velocity. In this work an experimental method was developed to measure accurately the 
rolling resistance of bicycle tires in a road surface, where the measurements are made in a 
roundabout. The method is based on the conservation of mechanical energy, considers the 
kinetic energy and potential gravitational energy of the set cyclist + bicycle and considers the 
following forces and torque acting on the set cyclist + bicycle: weight; ground normal reaction 
force; tires rolling resistance force, aerodynamic drag force, tires cornering drag force and 
friction torque of the rear wheel freewheel mechanism. To measure accurately the rolling 
resistance, it is necessary to measure previously the aerodynamic drag area (CdA) of the set 
cyclist + bicycle, in the same position in the bicycle and with the same gear used when the 
rolling resistance is measured, and to measure the tires cornering stiffness (Cα). The results of 
rolling resistance are presented in non-dimensional format as rolling resistance coefficient 
(CRR), which is considered constant during the measurements. The advantage of this method 
is that is not necessary to make the topographic survey of the roundabout because when the 
bicycle makes a complete turn, the altitude of the initial point is equal to the altitude of the final 
point. CRR measurements were made with a time trial bicycle used in race events and a cyclist 
in full racing gear, with different bicycle racing tires and inner tubes, at different temperatures 
and at the same inflation pressure, and the results of several measurements are presented. 

Keywords: Rolling resistance coefficient, bicycle tires, experimental method, road test. 

 

INTRODUCTION 

This experimental method was developed because it was necessary to measure the tires rolling 
resistance of a time trial bicycle in the road to predict its performance, select the best tires, inner 
tubes and inflation pressure to use in the time trial race of the UCI Granfondo Coimbra Region 
2025, held in the 1st March 2025. The measurements were made in the inner zone of a 
roundabout in a trajectory with constant radius. The roundabout was chosen to have small bank 
angles and a surface roughness similar to the surface roughness of the road where the race was 
made. The measurements of the rolling resistance were made at very low velocity, generally in 
the range of 2-11 km/h, so that the rolling resistance force was large when compared to the 
other resistive and propulsive forces that act in the cyclist and bicycle, such as the aerodynamic 
drag, the tire cornering drag and the tangential component of the weight (Martin et al., 1998; 
Vorotovic et al., 2013). To consider the aerodynamic drag of the cyclist and bicycle, the 
aerodynamic drag area of the set cyclist + bicycle, in the same position in the bicycle used in 
the tests and using the same gear, was measured previously. To limit the aerodynamic forces 
on the set cyclist + bicycle due to the wind, the measurements were only considered valid when 
the wind speed at 10 m height was less than 5.0 km/h. The rolling resistance of clincher bicycle 
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tires depends on the tire, inner tube, inflation pressure, tire temperature, vertical load on the tire, 
rim width, displacement speed of the bicycle relative to the ground surface (Biernan, 2022) and 
surface roughness of the ground (Sun et al., 2024). The measured mean profile depth (MPD) of 
the road surface macrotexture where the CRR measurements were made was 1.290±0.144 mm. 

 

RESULTS AND CONCLUSIONS 

Figure 1 presents results of the evolution of CRR with tire temperature for three different 
combinations of tires and inner tubes in the front and rear wheels. The results are presented 
with error bars equal to the standard deviation of the measured CRR. Figure 1 also presents the 
measured CRR values reported in the literature for the Continental GP 5000 tires and 0.080 kg 
latex inner tubes, at 90 psi inflation pressure, using a 77 cm diameter drum (Biernan, 2019). 

 
Fig. 1 - Evolution of CRR with tire temperature for three different tires and inner tubes at 90 psi pressure. 
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ABSTRACT 

Global freshwater scarcity is intensifying worldwide, yet conventional seawater desalination 
technologies remain inadequate for economically disadvantaged regions due to excessive 
energy consumption, high operational costs, and technical complexity. Consequently, 
developing sustainable, cost-effective, and simplified desalination approaches suitable for 
remote or resource-constrained communities has become increasingly imperative. SIVG 
represents an emerging approach to obtaining potable water resources, characterized by 
environmentally friendly attributes, minimal energy demands, negligible pollution, low capital 
expenditures, and compatibility with decentralized deployment. Despite rapid advancements 
and extensive exploration into various photothermal materials and structural configurations, 
significant challenges persist, including insufficient photothermal conversion efficiency and 
elevated energy thresholds. Hence, further advancements in high-performance photothermal 
evaporative systems are critically needed. 

Keywords: Potable water resources, desalination, photothermal conversion, water purification 
technologies. 

 

RESULTS AND DISCUSSION 

In recent years, our group has developed multidimensional photothermal water-evaporation 
structures based on CNT fibers, CNT films, and CNT aerogels, specifically targeting efficient 
photothermal energy utilization and precise regulation of evaporation enthalpy. As shown in 
Figure 1a, by combining CNT fibers and cotton yarns into hybrid twisted yarn architectures, 
we achieved pronounced gradient photothermal differences of 5 ℃ between CNT and cotton 
regions at the microscale. As a result, the crafted fabric evaporator has a superior evaporation 
rate of 2.83 kg m−2 h−1 and an exceptional outdoor freshwater yield reaching 12.7 kg m⁻² h⁻¹, 
which is the highest value reported among 2D fabric evaporators. 

Inspired by mangrove forests growing in salty shoals (Figure 1b), an adaptive tree-like 
evaporator was fabricated by rolling cotton threads and punched (pin-holed) CNT film into 
modified photothermal bundles and further weaving them into root-leaf-like structures, 
enabling uncoated cotton bundles as dense roots for extracting and transporting water and 
coated part as leaves with open holes for evaporation. Meanwhile, the evaporator exhibited 
highly efficient evaporation performance across diverse complex aqueous environments. 

Additionally, as shown in Figure 1c, leveraging CNT aerogels possessing hierarchical porous 
frameworks and integrating polymers such as polyvinyl alcohol (PVA) and polyethyleneimine 
(PEI), we developed interfacial weakly hydrated CNT-based photothermal hydrogels 
characterized by low evaporation enthalpy. The obtained hybrid hydrogel achieved a high 
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evaporation rate of 3.55 kg m−2 h−1 with an efficiency of 92.0 % under 1 sun irradiation, and 
particularly a superior self-evaporation rate of 0.49 kg m−2 h−1 in the dark. Our team has also 
concurrently explored the rational design and modulation of hierarchical porous structures for 
photothermal evaporation systems, alongside the development of outdoor water collection 
devices, thereby contributing essential technical and theoretical foundations for advancing 
solar-driven water purification technologies. 

 
Fig. 1 - Rational design of (a) CNT fibers, (b) CNT films, and (c) CNT aerogel for solar-

driven interfacial evaporation. 
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ABSTRACT 

The intermediate 6-ammoniopenicillanic acid (6APA), crucial for antibiotic production, is 
derived from penicillin. This study focused on optimizing enzyme usage and substituting 
butanol for methanol in the powder-washing stage. Various amounts of penicillin G-amidase 
enzyme were tested, revealing maximum efficiency with a 2:1 ratio of penicillin to enzyme (50 
grams enzyme for 100 grams penicillin). Additionally, using butanol instead of methanol for 
washing the powder post-filtration proved effective. Butanol reduced residual solvent levels 
and increased drying speed, making the process more economical. The substitution cut costs by 
approximately 10% due to butanol's lower price and faster drying. This study is the first to 
demonstrate butanol as a viable alternative to methanol and optimize enzyme use in 6APA 
production. 

Keywords: 6-ammoniopenicillanic acid (6APA), Penicillin, Penicillin G-amidase enzyme. 
Butanol, Methanol, Enzyme optimization. 

 

INTRODUCTION 

6-ammoniopenicillanic acid (6APA) is a vital intermediate in the production of antibiotics, 
particularly penicillin derivatives, which are essential for treating bacterial infections (Smith et 
al., 2020). This compound is derived from penicillin through the action of penicillin G-amidase, 
an enzyme critical in the antibiotic manufacturing process (Jones & Lee, 2018). However, the 
high cost of enzymes and solvents, such as methanol, can significantly impact production 
expenses. Optimization of enzyme usage is crucial due to the substantial cost associated with 
these biocatalysts. Studies have shown that improving the efficiency of enzyme reactions can 
lead to cost savings and enhanced productivity (Williams & Brown, 2019). Furthermore, the 
solvent used in post-filtration washing stages, typically methanol, also affects the overall 
process efficiency and cost. Methanol, while effective, is relatively expensive and has 
environmental drawbacks (Adams et al., 2021). Recent research suggests that butanol, a cheaper 
and more environmentally friendly solvent, could be a viable alternative to methanol in the 
washing process (Harris & Davis, 2022). Butanol's lower cost and faster drying properties could 
reduce production costs and improve process efficiency. This study explores both the 
optimization of enzyme use and the substitution of butanol for methanol, aiming to enhance the 
economic and operational aspects of 6APA production. 

 

RESULTS AND CONCLUSIONS 

In this study, the enzymatic process for producing 6-ammoniopenicillanic acid (6APA) was 
examined with varying amounts of enzyme. The highest efficiency was observed with a 2:1 
ratio of enzyme to penicillin powder, using 50 grams of enzyme for 100 grams of penicillin 
powder, which is more effective than the previously reported optimal amount of 60 grams 
(Blaha et al., 1975). 
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During the penicillin fermentation process, samples were taken every 12 hours over 200 hours 
and analyzed for PMV, morphology, nitrogen content, glucose levels, PAA concentration, and 
PEN G. Results showed that PMV and microorganism count increased up to approximately 90 
hours, stabilizing after that. PEN G levels increased steadily, reaching 21,000 IU by 200 hours. 
PAA levels were maintained by injecting 40% PAA, while corn oil and ammonium sulfate 
(30%) were used to manage foam and nitrogen levels, respectively. Glucose was maintained at 
55% through continuous injection. 

Following filtration, the penicillin was mixed with butyl acetate, treated with potassium 
carbonate to transfer penicillin to the aqueous phase, and processed enzymatically. The 
enzymatic reaction, conducted at 26°C and pH 7, concluded after 2 hours, followed by butanol 
filtration. This study is the first to utilize butanol instead of methanol for washing the powder, 
which expedited drying and reduced costs compared to previous methods (Vandamme et al., 
1998). The substitution of butanol led to approximately 10% cost savings by removing the need 
for two additional tanks and integrating ammonium sulfate and corn oil into the fermentation 
medium. The optimal concentrations were found to be 2 grams per liter for corn oil and 5 grams 
per liter for ammonium sulfate. 

Quality tests of the 6APA powder showed no significant differences in antimicrobial activity 
compared to standard and methanol-washed 6APA powders. The new method proved to be 
more economical and efficient, with comparable antimicrobial properties. 
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ABSTRACT 

Some of the limiting factors in constant volume deformation processes as well as in subtractive 
and additive manufacturing processes are outlined. In the processes where the volume of the 
workpiece material does not change, like rolling, forging, extrusion, etc., the total effective true 
strain that corresponds to the maximum force or stress is the governing parameter. In subtractive 
manufacturing processes, like machining, grinding, sand blasting, super- polishing, etc., the 
material removal rate (MRR) is the governing parameter. In additive manufacturing processes, 
like casting, molding, welding, etc., the governing parameter is the total solidification time 
(TST) of the material transforming from liquid to solid. Here the fluid flow and heat transfer 
affect TST.  

Keywords: Volume constancy, material removal rate, Chvorinov’s equation for TST. 

 

INTRODUCTION 

 In mass-scale manufacturing processes in the metalworking industries, the workpiece material 
as well as the tool material are not as precise as those used in research or teaching laboratories 
at the universities. For example, the workpiece material is not always homogeneous, isotropic, 
and hence does not always follow the yield criteria and their associated plastic flow rules. The 
present paper gives some examples from materials forming, materials removal and materials 
additive processes, to demonstrate how some of the machine setting parameters can control the 
production rate and the product quality of the processes in mass scale manufacturing. 

 

RESULTS AND CONCLUSIONS 

Materials Forming Processes: In materials forming processes, such as rolling, forging, 
extrusion, etc. the total volume of the workpiece material does not change, only its form 
changes. In a simple uniaxial process like wire drawing, the volume of the workpiece material, 
V = A*L, where L is the length of the workpiece material and A is its cross-sectional area at 
any time during the forming process. If V = A*L is constant, its first derivative, dV = A (dL) + 
L (dA) = 0. Again, if we stop the tensile machine when the uniaxial force F = A*S, (S being 
the uniaxial true tensile stress) reaches its maximum value, then F = A*S is maximum. Hence, 
by the same argument, the first derivative of a maximum is zero. Thus, dF = d (A.S) = A (dS) 
+ S (dA) = 0.   

Combining mathematically these two physical concepts of plasticity [1], ( equations of the 
derivatives of volume V and force F, namely dV and dF)   and using the true stress – strain 
relationship (Ludwik’s Law): S = K ( E^n) , K being the strength constant of the workpiece 
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material, E the true strain, and n being the work-hardening  ( strain-hardening) exponent of the 
workpiece material, it can be demonstrated in a few simple algebraic steps that E = n when F 
reaches its maximum value. Hence the tensile machine, like an Instron, can control the process 
by stopping it when the optimum true strain, E reaches n, or when the machine records a 
maximum force, F.  

Materials Removal Processes: During the material removal processes, such as machining, 
grinding and other forms of abrasive machining, the rate of materials removal from the 
workpiece can be easily controlled by the machine tools performing the removal operation, 
such as on a CNC lathe, milling machine or a simple drill press [2]. For the first two cases, 
Figures 1A and 1B describe the parameters used in each operation to obtain the material 
removal rate (MRR). 

   
Fig. 1 - A) Turning on a Lathe Process Diagram and B) Milling Process Diagram. 

For example, following Figure 1 B) for the milling process, L is the machined length (mm), t is 
the machining time (min), b is the machining width (mm), d is the depth of cut (mm) and f is 
the tool feed rate (in/min). Furthermore, with some mathematical steps, the Material Removal 
Rate (MRR) can be derived. Hence, the MRR, (V), that governs the production rate can be 
given by a simple function of the machine settings: V = v*d*f, where v is the cutting speed 
(mm/min.), d the depth of cut (mm/pass), f the tool feed per rotation of the workpiece (mm). 
Thus, the rate of production can be controlled by the machine settings (cutting speed, tool feed 
rate and depth of cut). The product quality depends on tool wear, supply of cutting fluids, 
machine tools’ “Chatter” vibration and the surface finish as well as the dimensional tolerance 
of the final product.  

Materials Addition Processes: Unlike volume constancy and volume reduction, in these 
processes the volume can increase by a significant proportion. A simple daily experience is 
freezing water into ice cubes where the volume increases. Here also the product quality is 
governed by the precision of the machine tools used in the processes [3]. In molding, casting 
and welding, the Total Solidification Time (TST) is the main governing parameter, as expressed 
by Chvorinov’s equation: TST = C [ Volume / Surface Area]2, where C is the mold constant. 
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ABSTRACT 

The structure of lubricating greases, meaning the geometry and arrangement of the solid 
substance, changes during a friction process. Similar to the friction of, for example, steel-steel 
pairings and their surface behavior, an optimized structure develops in lubricating greases. So 
far, this can only be observed indirectly (via the shear stress profile) during a friction process. 
This study analyzes possibilities that provide important insights into the driving forces behind 
structural changes. It becomes evident that stable behavior is also an attractor for the friction 
process in lubricating grease. 

Keywords: Lubricating grease, nonequilibrium, entropy production. 

 

INTRODUCTION 

Lubricating greases essentially consist of a base oil and a solid substance. The structure of a 
lubricating grease is defined as the geometry and distribution of this solid substance. Such 
geometries can vary significantly, for example, in the form of long fibrils, platelets, spherical 
shapes, etc. The arrangement of the agglomerates, in turn, can be either homogeneous or highly 
heterogeneous.  

The question of why a grease reacts in the observed manner when mechanical energy is applied 
seems interesting. In other words, what are the driving forces behind the processes taking place? 
It has been investigated in many processes [1] that the behavior over time, under continuous 
energy input, tends toward a steady state. Such behavior is also well known from tribological 
studies. A particularly remarkable phenomenon occurs when disturbances arise, leading to the 
formation of new structures [1], [2]. This is not necessarily mandatory, but it becomes possible 
when certain conditions far from equilibrium prevail. 

In the study presented here, evidence is provided that such structure formation is also possible 
in friction-stressed viscoelastic lubricants. 

 

RESULTS AND CONCLUSIONS 

Unfortunately, it is currently not possible to make structure formation in a grease during a 
tribological process "visible." It is also unclear whether such a structure would manifest, for 
example, as a new solid distribution, a new agglomerate geometry, or both (e.g., Bénard cells). 
However, it is possible to investigate conditions that serve as prerequisites for the formation of 
new structures far from equilibrium. It has been shown [3] that one prerequisite is the 
occurrence of an instability. A criterion for the occurrence of instability is described by [3] and 
involves the description of entropy production caused by emerging disturbances. 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Track H - Industrial Engineering 

-432- 

 

� � ���

��
� ∑ �	
	 � 0	       (1) 




�

�

��
��� � ∑ �	
	 � � � 0    (2) 




�

�

��
��� � ∑ �	 �	�
	     (3) 

In Equation (2), the left-hand side corresponds to a Lyapunov function, and near equilibrium, 
all disturbances are damped. This stability criterion is proposed by [3]. Equation (3) examines 
the disturbed process near non-equilibrium. Here, the right-hand side represents the so-called 
excess entropy. If the contribution of the excess entropy is negative, an instability may occur.  
Here J is the thermodynamic flux and X a thermodynamic force.  

For the general shearing of a grease volume (friction within the grease), the frictional energy is 
expressed as �� ∙ � ∙ �� � �4�. 

For the contribution of the excess entropy, it is shown that 

             
(4) 

Only the terms that make a relevant contribution are displayed [5]. Here �presents the solid 
content, � the thermal conductivity. The dependencies considered were � �, �"�  and � �". And 
we find the condition to get a possibility for instability with 

�#

�$
� 0      (5) 

In this presentation, experimental rheometer results are further shown for the interpretation of 
the criterion in (5). The possibility of structure formation is considered, and criteria are 
presented.  

In a further study, the thixotropic behavior is examined from the perspective of additional 
entropy production, and an analytical description and interpretation are attempted for the grease 
behavior during the resting phase of a rheometer experiment. This work is not included in this 
abstract. 
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ABSTRACT 

When planning manual assembly processes, it is necessary to examine both the methods of time 
planning and the methods for predicting human reliability in order to achieve efficient and 
stable production processes. For this purpose, at the institute of the authors the assembly 
planning method MTQM (Methods Time and Quality Measurement), which brings together the 
above-mentioned planning areas, was developed in the field of basic research [1]. However, 
until now, the application of MTQM requires experience and expert knowledge in the analysis 
of human reliability, especially in determining and evaluating performance shaping factors 
(PSF) [2]. In small and medium-sized enterprises (SMEs), the required experience and 
methodological competence in the above-mentioned areas is usually insufficient, so that the 
application of MTQM requires further support. For this reason, this article presents a simplified 
screening procedure that precedes the original MTQM method.  

Keywords: Manual Assembly Operations, Human Reliability, Human Error Probability, 
Methods Time and Quality Measurement, Screening-Tool, Process Reliability. 

 

INTODUCTION AND APPROACH 

Using a simplified MTQM procedure (called smartMTQM), SMEs with manual assembly 
processes all over the world and across industries can easily identify work steps that have an 
increased probability of producing defective or inferior parts in order to carry out a more in-
depth analysis in the next step. The focus is on the simple application of MTQM without in-
depth methodological knowledge, so that an initial defect assessment can be carried out and 
critical process steps can be presented.  

 
Fig. 1 - Overall structure of two-stage (smart)MTQM procedure. 
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Figure 1 visualizes the overall analysis process combining smartMTQM as a simplified 
procedure as well as the potentially following more comprehensive expert procedure MTQM 
and shows the methodology underlying the research concept. As part of the research activities, 
existing configurations in manual assembly with regard to mental and physical stress were 
clustered industry-specifically in order to generate PSF sets consisting of PSFs relevant for the 
respective industry. In the next step, the PSF sets were condensed into predefined PSF templates 
(relevant PSFs including their characteristics) for specific assembly conditions (e.g. the 
influence of workplace contamination was weighted significantly differently in the 
pharmaceutical sector than in a metalworking company). In addition, task clusters were 
identified in terms of complexity, difficulty and the proportion of simultaneous manual and 
mental processes and characterized by sets of questions. 

 

RESULTS AND CONCLUSIONS 

In the context of a SME characterized by diverse manual assembly processes and substantial 
product diversification, the initial step in a targeted optimization is to identify the assembly 
process with the greatest error potential. smartMTQM is designed to facilitate this identification 
process. At the beginning of the smartMTQM process, the user describes the considered 
workstations using templates and sets of questions. These templates are used, for example, to 
query the type of assembly (e.g. large-scale assembly or small-scale production), the 
environmental conditions (e.g. climate or noise) and other relevant aspects (e.g. ergonomics). 
By answering the sets of questions, the specific assembly process is also recorded. Answering 
these questions and describing them using the templates provided does not require much expert 
knowledge, for example in the areas of time management and ergonomics. Following this basic 
description of the considered processes, a ranking of the workstations according to their error 
potential is created and given to the user using the smartMTQM calculation logic. This ranking 
makes a targeted examination of individual manual assembly processes possible through an in-
depth analysis of the error potential, thus significantly reducing the analysis effort. The more 
comprehensive MTQM process can be used for further detailed analysis with subsequent 
optimization. In summary, the result of smartMTQM method facilitates a low-effort 
determination of the risk ranking of multiple workplaces. The ranking-based risk forecast can 
then be utilized to specifically identify critical workplaces, which in the subsequent step can be 
subjected to an in-depth risk analysis using the more comprehensive MTQM procedure to 
design production processes that are reliable and economically feasible. 
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ABSTRACT 

The use of solar energy as an alternative energy source has increased in recent years, driven 
by the search for renewable energy solutions. Solar dryers are a low-cost and technically 
feasible technology. Electricity is used only to power fans for forced convection, when 
applicable. Studying the behavior of air within the equipment is crucial to determining the 
efficiency of the solar dryer. This study aimed to model the airflow behavior inside an empty 
cabin-type solar dryer used to dry sludge from steel wire drawing. Furthermore, various 
simulations of variables were proposed to analyze heat exchange and air homogenization 
within the dryer. The analysis of the results allowed the determination of the efficiency of the 
solar dryer to dry the studied residue. The numerical model was developed using the 
Engineering Equation Solver (EES) software, considering variations in air temperature, mass 
flow rate, density, and solar radiation. After simulation of all possible scenarios, detailed 
information was extracted to determine the optimal kinetics for the drying process. 

Keywords: Computational mathematical model; solar dryer; Airflow; Steel wire drawing 
sludge. 

 

INTRODUCTION 

The generation of industrial solid waste has increased significantly worldwide, and one method 
still used is landfill disposal for certain types of solid waste. However, the pursuit of sustainable 
processes and the integration of waste into the development of new products have become 
necessary. The circular economy seeks to minimize environmental impacts by reducing waste 
disposal, which requires a profound cultural change.In Brazil, the sugar-energy sector has 
gained prominence in recent years due to its high potential for energy cogeneration. According 
to [2], sugarcane bagasse is used to meet the energy needs of production processes, and surplus 
energy is commercialized throughout the national grid. Improving the efficiency of bagasse 
processing is essential to meet the demand for ethanol while maintaining the self-sustainability 
of the industry. 

Sugarcane bagasse, the main by-product of sugar-ethanol plants, is used as a boiler fuel to 
produce steam, which powers turbines and generates electricity. Combustion efficiency is 
directly related to the bagasse's moisture content, which is approximately 50% on a wet basis 
(W.B.) after sugarcane milling. Therefore, to maximize its use as an energy source, bagasse 
must undergo a drying process [9]. 
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To dry the bagasse, a cabin-type solar dryer is used. Its structure comprises wood (freijó) 
commonly used in aircrafts due to its high mechanical strength and low density, galvanized 
steel components, and fiberglass for thermal insulation. The goal is to increase the residence 
time of heated air within the dryer, in order to achieve higher thermal efficiency during the 
bagasse drying process. To achieve this objective, the EES numerical simulation software 
(Engineering Equation Solver) will be utilized. A notable feature of EES is its highly precise 
thermodynamic and transport property database for hundreds of substances, enabling its 
effective use for equation-solving capabilities. 

Using solar energy through solar dryers for bagasse drying is a technically and economically 
viable alternative, offering environmental advantages due to its renewable nature and the 
absence of greenhouse gas emissions. 

 

THEORETICAL FRAMEWORK  

Drying can be defined as the removal of water, or any other liquid, from a solid material in 
the form of vapor into an unsaturated gas phase (usually air) through a thermal vaporization 
mechanism at a temperature below the liquid's boiling point. The aim of drying is to reduce 
the product's moisture content, creating unfavorable conditions for microbial growth, 
increasing shelf life, reducing weight (facilitating transportation), and, in some cases, 
enhancing nutritional content and flavor. 

In drying operations, the fundamental variables are the product's moisture content, 
temperature, relative humidity, and air flow pressure. For fixed air temperature and flow 
pressure, there is an equilibrium relationship between the relative humidity of the air and the 
moisture content of the product. When the drying process begins (with an initial moisture 
content under controlled thermal parameters), variations in moisture diffusivity and 
dependencies of thermal properties on water content and temperature are crucial parameters 
for assessing the efficiency of the drying process [3]. 

Drying involves simultaneous heat and mass transfer between the product being dried and the 
air flow until the equilibrium moisture content is reached. Generally, in drying processes, heat 
is transferred to the product by convection and, in some cases, by radiation. This energy 
partially penetrates the product, facilitating moisture migration. 

Mathematical modeling in drying processes is essential for the simulation and design of drying 
equipment. Drying is a complex phenomenon that simultaneously involves heat and mass 
transfer. The additional challenge in modeling solar drying processes lies in the varying 
climatic conditions during the drying process [3]. 

According to [4], solar drying using solar collectors has been shown to be efficient, but 
numerical and theoretical investigations of the drying parameters are necessary. From the 
study, the need for a new mathematical model was identified to achieve new results through 
experiments with sweet basil. 

 

DRYING METHODS AND TYPES OF DRYERS 

The first and most widely used drying method in tropical regions is natural drying. For 
agricultural products, after physiological maturation, the moisture content is high. The product, 
still in the plant (or placed on the ground, boards, screens, or racks), is dried by absorbing 
incident solar radiation and wind action. Over time, the product achieves the desired moisture 
content for storage, but remains vulnerable to rain, bird attacks, rodents, and insects, resulting 
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in significant losses. For residue drying, the process is slow and subject to moisture 
reabsorption. 

Dryers can be classified according to the method of heating the drying air. When air is heated 
using solar energy, dryers are called solar dryers. When heating is achieved through other 
energy sources (fossil fuel combustion, electric heating, etc.), they are referred to as artificial 
dryers. Hybrid dryers combine solar energy with a conventional energy source. 

Industries commonly use convective drying methods that involve airflow, with thermal energy 
sourced from electricity, LPG or fuel oil. Fossil fuels are still widely used in industries, but they 
often entail high costs. In remote areas, particularly rural regions, solar energy is commonly 
used for air heating [5]. 

According to [5], solar energy drying methods are divided into two major groups based on air 
circulation: passive and active. In passive dryers, air circulation is driven by thermal energy. In 
active dryers, air circulation is provided by an electric fan. Active dryers have an additional 
cost due to the use of fans, but they achieve higher drying speeds compared to passive dryers. 

 

TECHNICAL CONSIDERATIONS FOR DRYER ANALYSIS 

Drying processes involve simultaneous heat transfer (from the surroundings to the product's 
surface, and subsequently to its interior) and mass transfer (from the product's interior to its 
surface and, subsequently, to the surroundings). In these processes, the heat and mass transfer 
coefficients (between air and the product) and the product parameters (size, density, and 
moisture content) continuously vary. These parameters are influenced by the thermal 
characteristics of the airflow (temperature, humidity, and flow rate) and the chemical 
composition of the product. Each product tolerates a maximum temperature without sustaining 
damage or adverse chemical changes in its nutritional and sensory qualities. This temperature 
depends on the type of food being dried, its intended use, the moisture content, and the degree 
of maturity. 

The key parameters for the technical evaluation of solar dryers [6] include: 

• Physical characteristics of the dryer; 
• Thermal efficiency of the dryer. 

The main physical characteristics of a dryer are the following: 

• Dryer classification (type); 
• Geometric configuration; dimensions; 
• Materials used in construction; 
• device weight; 
• Drying capacity and load density; 
• area and number of drying screens; 
• ease of loading and unloading the product from the device; 
• Solar energy collection area. 

In general, the dimensions and shape of a dryer are parameters that are directly used to evaluate 
its drying capacity, as they determine the number of drying screens and their area. 
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METODOLOGY 

The proposed dryer is coated both internally and externally with painted galvanized steel sheets 
to protect the wooden structure (preventing damage caused by moisture during the drying 
process) and to protect the thermal insulation. All walls of the dryer casing are internally 
thermally insulated with fiberglass. 

In the dryer (Figure 1), solar radiation passes through the glass cover and reaches the metal 
plate that absorbs solar radiation (painted in matte black). Airflow enters at ambient temperature 
through a rectangular screened channel, absorbs heat by convection from the absorber plate 
located at the bottom of the internal casing, passes through the tray containing the residue to be 
dried (removing moisture), and exits the dryer through a circular duct. A fan system installed 
in the vent ensures the necessary airflow to maximize the removal of moisture from the bagasse. 

 

Fig. 1 - Schematic representation of the cabin-type solar dryer. 

The bagasse will be placed on a drying screen constructed in the form of a drawer installed 
within the drying chamber. This drawer can be inserted and removed from the drying chamber 
to load and unload the residue, aided by a handle. The drying chamber is covered with glass, 
enhancing the absorption of solar radiation by the residue and accelerating the drying process. 

The geometric configuration of the dryer forces the airflow to pass through the tray containing 
the bagasse to be dried [7], promoting uniform airflow and reducing drying heterogeneity 
(commonly observed in most dryers). Preliminary numerical analyzes confirm greater 
homogeneity in airflow and lower thermal losses compared to many traditional dryers. 

Experimental results will enable energy balance analysis and evaluation of the efficiency of the 
dryer solar collector. 

The sensible energy absorbed by airflow (Eautil) can be determined as a function of the airflow 
mass flow rate (), the specific heat of air at constant pressure (cₚ), and the ambient inlet (Tₐₘb) 
and outlet (Tout) temperatures of the airflow from the device: device: 
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( )S p out ambE m c T T dt= − &  (1) 

By measuring the inlet and outlet air temperatures of the dryer airflow (using temperature 
sensors) and the airflow velocity (using an anemometer), it is possible to experimentally 
determine the sensible energy absorbed by the airflow. 

When the total solar energy incident on the dryer's cover is measured, it becomes possible to 
determine the device's overall thermal efficiency. 

TE GAdt=   (2) 

S
T

T

E

E
η =  (3) 

Here ETE_TET is the total energy, AAA is the collection area, GGG is the incident radiation 
flux, and (T is the thermal efficiency.  

Furthermore, it becomes possible to quantify the thermal losses of the dryer. 

P T S
E E E= −  (4) 

The First Law of Thermodynamics establishes the equivalence between thermal energy (heat) 
and mechanical energy (work), based on the principle of conservation of energy, which states: 
Energy cannot be created or destroyed, only transformed from one form to another [8]. Where 
the work (%) given in joules (J), when added to the change in internal energy (&'), will be equal 
to the amount of heat (Q). 

Q Uτ= + ∆  (5) 

The second law of thermodynamics establishes the conditions under which energy 
transformations (thermal and mechanical) are possible. Work can be fully converted to heat, 
but heat cannot be fully converted to work. This transformation is achieved through a heat 
engine [8]. 

1 2Q Qτ = −  (6) 

Where Q1 is the amount of heat supplied, Q2 is the amount of heat lost and is the work obtained. 

Efficiency of the heat engine: It is the ratio of the work performed due to the heat supplied by 
a hot source (the efficiency is expressed as a percentage). The Kelvin-Planck formulation of the 
Second Law of Thermodynamics (Clausius) states that it is impossible to construct a device 
that, by itself, i.e., without external intervention, can transfer heat from a body to another body 
at a higher temperature [8]. The change in the thermofluidynamic behavior of the air heated 
inside the equipment will be analyzed using mathematical models using EES as the 
computational tool, with formulas extracted from the books and literature. It is a general 
equation solving program that can numerically solve thousands of coupled algebraic and non-
linear differential equations. 
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Some parameters will be decisive for the simulation using the tool mentioned above. 

• Simulation of sensible energy through the variation of mass times the enthalpy (hhh) 
changes as a function of time; 

• Variation of solar radiation as a function of time, fixing the area of the solar dryer; 

• Determining thermal efficiency as the ratio of sensible energy to thermal energy; 

• Quantifying the thermal losses of the equipment through the variation of thermal energy 
and sensible energy; 

• The amount of heat through the variation of energy added to the work performed; 

• And finally, the work is the variation of the amount of heat lost relative to the amount 
of heat supplied. 

All parameters are crucial for achieving adequate efficiency for the equipment. 

 

 

RESULTS AND CONCLUSIONS 

An energy balance in the device characterizes the most significant energy losses of the system 
and allows the establishment of the structural changes necessary for the solar dryer to become 
competitive and technically feasible. An important parameter for controlling the drying process 
is the measurement of sensible energy, as it allows for identifying the thermal efficiency of the 
equipment. Figure 2 shows the variation of the air temperature inside the equipment. It can be 
observed that the behavior is linear, as the variation in density is directly proportional to the 
temperature change. 

 
Fig. 2 - Representation of Sensible Energy as a Function of Temperature Variation. 
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In the solar dryer, ambient air is blown through a fan to promote heat transfer by convection 
with the absorber plate, which is painted in matte black with a high absorbance of incident solar 
radiation. The heated air flow, through convection, passes through the drying chamber and exits 
via a screened tube. The dryer reaches steady state after the first few hours of testing. As solar 
radiation increases, the temperature inside the dryer increases, leading to the maximization of 
sensible energy. This is directly related to the increase in thermal energy, which, in turn, reduces 
the amount of water present inside the equipment through the exhaust system. Since the area of 
the equipment is fixed (1.8 m²), the variation in solar radiation as a function of time will 
significantly influence the interior of the equipment. As shown in Figure 3, the higher the 
incident solar radiation on the absorber plate of the equipment, the higher the thermal efficiency. 

 

Fig. 3 - Representation of Sensible Energy as a Function of Temperature Variation. 

The increase in thermal efficiency occurs because the equipment is not loaded; otherwise, if the 
equipment were loaded, the curve would exhibit sinusoidal behavior. Since the variation in 
density is very low as it involves only heated air, the curve is linear. However, when the dryer 
is loaded, there is a significant increase in density due to the increase in temperature. Initially, 
there is a peak in thermal efficiency, as the flow rate is constant and the air flow within the 
equipment is also constant. As solar radiation affects the medium, the curve tends to become 
linear, which is due to the proximity between the external air temperature and the internal air 
temperature. However, the internal air temperature is higher because it is heated by an absorber 
plate painted matte black, in a controlled environment. The global thermal efficiency will 
depend on the receiver area, which is related to the temperature gain of the air in the dryer. 

Energy losses in the equipment are of utmost importance to determine, as reducing them will 
increasingly enhance the thermal efficiency of the equipment. As shown in Figure 4, the 
instantaneous simulated thermal efficiency of the dryer increased in a parabolic shape. 
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Fig. 4 - Representation of the Thermal Efficiency of the Solar Dryer. 

The fact that a linear curve was not achieved can be explained by the fact that efficiency 
increases with temperature, and when the system reaches steady state, it behaves linearly. Since 
thermal efficiency is related to the increase in air temperature inside the equipment and there is 
initially a significant temperature difference between the inlet and outlet, the curve is 
exponential. However, when the equipment stabilizes the air temperature, that is, reduces the 
temperature difference between the inlet and outlet, the curve tends to become linear. This 
occurs because the equipment does not have a load to remove the sensible energy from the air. 
The thermal losses of the equipment occur because of the difference in energy present in the 
heated air and the energy received, based on the dryer area. As shown in Figure 5, the increase 
in equipment losses is proportional to the increase in efficiency. When the system reaches 
steady state, the losses reach their maximum value. 

 
Fig. 5 - Representation of losses in relation to the thermal efficiency of the solar dryer. 
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It is clear that if the dryer reached higher temperatures, it would be necessary to review the 
insulation system, although this is not required when using solar energy, as the air heating 
capacity is limited. Depending on the increase in losses, more studies such as equipment exergy 
analysis would be necessary, which would require additional measures and studies that were 
not addressed in this work. This analysis works with the energy balances of the entire system, 
aiming to reduce losses. The initial analysis of a solar dryer using a simulation tool, in this case, 
the EES software, is crucial to obtain initial parameters to understand the drying behavior. 
When a process is simulated, the possibility of errors in the experimental tests is minimized. 
Studying the energies present in a process or equipment, as well as the losses, is necessary to 
achieve the maximum efficiency of a solar dryer. The thermal efficiency of the equipment, 
under stable temporal conditions, presents linear behavior, which is not the case under normal 
conditions. However, they serve as input parameters and to define control goals for the 
equipment. Mathematical methods, as well as simulation, have been increasingly used in 
various fields, especially in engineering. The losses of equipment that uses thermal energy as a 
source, which comes from insulation, are higher at the beginning of the process, maintaining 
linear behavior as the process stabilizes. In the energy evaluation of the solar dryer, considering 
that the energy source is solar, it is a factor of extreme relevance in the current global energy 
market scenario. Finally, it can be inferred that the analysis and simulation of the data 
performed allowed the main objective of this article to be achieved, which is to outline the 
initial drying behaviors with the equipment empty, prior to drying the sugarcane bagasse. 
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ABSTRACT 

Recycling multi-material compounds in the automotive industry, such as composites and 
metals, poses significant challenges due to tightly bonded structures that hinder separation 
processes. These difficulties result in high recycling costs and environmental impacts. This 
study explores cryogenic treatment as a method to enhance material segregation by inducing 
brittleness in bonded interfaces. The effects of different cryogenic cycles, particularly exposure 
time, were analyzed using mechanical testing to separate metal components from composite 
materials. Optimized conditions for the segregation of PBT-GF30 and metals were tested, 
exploring cryogenic treatment as a possible approach to improving recycling efficiency in the 
automotive sector. 

Keywords: Automotive sector, cryogenic treatment, multi-material segregation, recycling. 

 

INTRODUCTION 

The automotive industry faces significant challenges in recycling multi-material compounds, 
which often consist of tightly bonded materials such as composites and metals (Maldonado-
Guzmán et al., 2021). These complex bonds hinder the separation process, increasing recycling 
costs and environmental impacts due to reliance on landfill or incineration. Cryogenic treatment 
has emerged as a possible technique for improving material segregation by increasing the 
material’s brittleness (Deshmukh et al., 2022). Cryogenic treatment entails subjecting materials 
to cryogenic temperatures (generally considered to be below -150°C), mainly using liquid 
nitrogen, to effect modifications in their physical properties (Kalia, 2010). The exposure to such 
low temperatures induces thermal contraction, which occurs at varying rates depending on the 
material's composition (Zohuri, 2018). This effect proves especially beneficial for multi-
material systems, as the differential contraction may compromise the interfacial adhesion 
between heterogeneous components like composites and metals (Hemath Kumar et al., 2017). 
Moreover, cryogenic treatment can improve the mechanical properties of specific metals by 
promoting microstructural refinement (Yan et al., 2021). In the domain of recycling, the 
primary function of cryogenic processing is to facilitate the fragmentation and separation of 
bonded materials. By controlling these mechanisms, cryogenic treatment appears as a valuable 
approach to enhance the efficiency of material recovery processes, minimize waste, and support 
sustainable recycling methodologies. 

In this context, this study investigates the impact of different cryogenic cycles on the 
segregation efficiency of these compounds, with a specific focus on the effect of exposure time 
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at cryogenic temperatures. By exposing the multi-material samples to varying cryogenic 
conditions, the research aims to identify optimal parameters for segregating material interfaces, 
facilitating effective separation. Key metrics such as exposure time and the force applied to 
remove the metallic screws in different experimental conditions were analysed to evaluate the 
pertinence of the cryogenic treatment for multi-material recycling.  

 

MATERIALS AND METHODS  

The studied component is a glass fibre reinforced polybutylene terephthalate (PBT-GF30) 
automotive part, produced by injection molding, containing embedded metallic inserts (Figure 
1). The component included three types of inserts: two M10 round-head screws, ten M5 square-
head screws, and four spacer washers. A total of 15 components (n=15) were used in the 
experiments, 5 with no cryogenic treatment and 10 that were exposed to a different cryogenic 
treatment. All of them were subjected to a fast removal of the metallic inserts at ambient 
temperature.  

 

 
Fig. 1 - Metallic inserts layout. 

 
Cryogenic treatment 

The first step in the experimental procedure for the PBT-GF30 component is cryogenic 
treatment. The experimental setup (Figure 2) consisted of a 60 L nitrogen bottle (Figure 2a) 
connected via a hose (Figure 2b) to a 25 L aluminum pot (Figure 2d). Three components at a 
time were submerged in the pot (Figure 2c)), for different timed tests, as indicated in Table 1. 
The temperature of the components during the treatment reached ˗197 ºC and remained at it 
until their removal. 
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Fig. 2 - Cryogeny experimental setup, based on (Oliveira et al., 2025). 

 

Table 1 - Plan of experiments 

Test Number of components Time submerged 

1 5 2 h 

2 5 3 h 

 

After the cryogenic treatment, the components were left outside to heat up to the ambient 
temperature. Then, the same components were subjected to compression tests for the removal 
of the metallic inserts. 

 

Compression tests 

The screws were positioned within the injection mold and secured to the base material by their 
heads, while the spacer washers were fully embedded in the polymer, as illustrated in Error! 
Reference source not found.. Compression tests were performed at ambient temperature using 
an Instron 5969 testing machine equipped with a die and counter-die for insert extraction. The 
removal process was performed by applying a compressive force at a constant speed of 50 
mm/min. This loading mechanism induced three primary phenomena: 

• Zone 1: detachment of the insert from the base material by traction in zone 1; 
• Zone 2: detachment of the insert from the base material by shear in zone 2; 
• Zone 3: shear stress on the base material itself. 

 
Fig. 3 - Layout of the M5 insert. 

The primary force occurred in Zone 3, as shear stress acted directly on the base material. 

Zone 1 
Zone 2 

Zone 3 
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RESULTS AND CONCLUSIONS 

As mentioned, the base material (PBT-GF30) is a hybrid polymer, which contains 
approximately 30 % short-embedded glass fiber reinforcement. The variation of the glass fibers 
length as well as their orientation results from various phenomena, such as flow velocity, 
injection temperature, cooling time, injection pressure, among others. Consequently, their 
orientation has both a predictable component and a random aspect. 

All these variables increase the uncertainty regarding fiber positioning and, consequently, the 
local mechanical behavior, as well as the interaction between the base material and the insert. 

Table 2 presents the results obtained for components that did not undergo any cryogenic 
treatment, considering five samples. The results effectively demonstrate significant variability 
among the trials, as evidenced not only by the sample's standard deviation but also by the 
standard amplitude, calculated as: 

 () �
 )*+,-)*�."

)*+,
, (1) 

where: 

/012 represents the maximum extraction force among the five pieces; 

/034 represents the minimum extraction force among the five pieces. 

 
Table 2 - Results and analysis of the experiments carried out with untreated (no cryogenic treatment) pieces for 

the maximum force required to remove the inserts. 

 Maximum Force (F)[N] Average 
(Fµ) [N] 

Standard 
Deviation 
(Fσ) [N] 

Standard 
amplitude 
(εF) [%] Piece 1 Piece 2 Piece 3 Piece 4 Piece 5 

Spacer-1 8530 7609 7047 7563 8434 7837 630 17,4% 

Spacer 2 6667 7153 6563 10340 7713 7687 1551 36,5% 

Spacer 3 7386 7153 7731 9919 7708 7979 1111 27,9% 

Spacer 4 7655 8056 7439 7799 7707 7731 225 7,7% 

M5-1 5133 5292 4860 4986 4855 5025 188 8,3% 

M5-2 5145 5228 4868 4866 4773 4976 198 8,7% 

M5-3 5063 4984 4674 4625 4605 4790 216 9,0% 

M5-4 4735 4900 4759 4679 4642 4743 99 5,3% 

M5-5 5118 5330 4796 4965 5087 5059 197 10,0% 

M5-6 4748 4818 4468 4502 4479 4603 167 7,3% 

M5-7 4923 5238 4697 4894 4743 4899 212 10,3% 

M5-8 4973 4928 4394 4750 4688 4747 230 11,6% 

M5-9 4389 4875 4615 4772 4823 4695 197 10,0% 

M5-10 4806 4774 4359 4564 4637 4628 180 9,3% 

M10-1 9494 9715 6735 6670 6378 7798 1656 34,3% 

M10-2 9551 9420 7251 7804 7658 8337 1069 24,1% 

 

The results also indicate that () is generally higher for spacer washers and the M10 round-head 
bolts, than the case of M5 square-head bolts. However, even in the latter case, the minimum () 
is 5.3%, and the maximum () reaches 11.6%, with an average () for this type of insert being 
9.0%. 
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These results stem from the previously mentioned randomness, which is associated both with 
the material itself and the injection process. To some extent, the high variability of the spacers 
can be explained, as they are located at the extremity of the piece, where these factors are 
amplified. 

Table 3 presents the average maximum removal force for the 5 pieces, the standard deviation, 
and the range for the untreated specimens, as well as those subjected to cryogenic treatment for 
2 hours and 3 hours. Additionally, the difference between the mean results of the cryogenic 
treatment (2 and 3 hours) and the untreated pieces were calculated as: 

 5/�6 �
�)µ��6 89:;<=438 �9=1�>=4��-)µ�?; �9=1�>=4���

)µ�?; �9=1�>=4��
, (2) 

 5/@6 �
�)µ�@6 89:;<=438 �9=1�>=4��-)µ�?; �9=1�>=4���

)µ�?; �9=1�>=4��
, (3) 

where: 

/µ�AB CDEFCGEHC� is the average of the maximum force required for five pieces with no 
treatment; 

/µ�2ℎ KDLBMEHNK CDEFCGEHC� is the average of the maximum force required for five pieces 
with 2h cryogenic treatment; 

/µ�2ℎ KDLBMEHNK CDEFCGEHC� is the average of the maximum force required for five pieces 
with 2h cryogenic treatment. 

Table 3 - Results and analysis of the experiments all pieces for the maximum 
force required to remove the inserts. 

 No treatment 2h Cryogenic treatment 3h Cryogenic treatment 

 Fµ [N] Fσ [N] εF [%] Fµ [N] Fσ [N] εF [%] 
ΔF2h 
[%] 

Fµ [N] Fσ [N] εF [%] 
ΔF3h 
[%] 

Spacer-1 7837 630 17,4% 7795 256 7,1% -0,5% 7736 524 14,5% -1,3% 

Spacer 2 7687 1551 36,5% 7723 256 7,7% 0,5% 7863 591 16,2% 2,3% 

Spacer 3 7979 1111 27,9% 7750 175 4,8% -2,9% 7737 223 7,6% -3,0% 

Spacer 4 7731 225 7,7% 7830 333 9,5% 1,3% 7633 487 14,2% -1,3% 

M5-1 5025 188 8,3% 5005 206 9,1% -0,4% 4965 218 11,6% -1,2% 

M5-2 4976 198 8,7% 4993 198 9,4% 0,3% 4902 141 7,7% -1,5% 

M5-3 4790 216 9,0% 4888 155 7,1% 2,0% 4822 88 4,5% 0,7% 

M5-4 4743 99 5,3% 4725 113 4,9% -0,4% 4750 198 9,4% 0,1% 

M5-5 5059 197 10,0% 5116 200 8,1% 1,1% 4980 134 6,9% -1,6% 

M5-6 4603 167 7,3% 4631 128 6,1% 0,6% 4532 125 7,3% -1,5% 

M5-7 4899 212 10,3% 4801 280 12,2% -2,0% 4707 187 10,1% -3,9% 

M5-8 4747 230 11,6% 4725 206 10,5% -0,5% 4703 92 5,1% -0,9% 

M5-9 4695 197 10,0% 4616 101 5,1% -1,7% 4571 89 4,6% -2,6% 

M5-10 4628 180 9,3% 4697 174 8,3% 1,5% 4566 159 9,3% -1,3% 

M10-1 7798 1656 34,3% 7919 1577 31,0% 1,5% 7668 1374 29,0% -1,7% 

M10-2 8337 1069 24,1% 8643 984 21,5% 3,7% 8313 909 22,0% -0,3% 
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The results show a slight improvement in the consistency of the outcomes obtained for the 
components after cryogenic treatment, particularly for the spacer-type inserts and the M10 
inserts. However, both still exhibit a wider range of results compared to the M5 inserts. 

The average of 5/�6, considering all the inserts, is 0.3% higher than the components that 
underwent no thermal treatment, while the average of 5/@6 is 1.2% lower than those that did 
not undergo any thermal treatment. Given the approximately 10% variability (()), it is not 
possible to conclude that cryogenic treatments (2 and 3 hours) significantly influenced 
component removal behavior. If there is any modification in the structure of the base polymer, 
it would be lower than the variability associated with the material and injection process. This 
also suggests that cryogenic thermal treatments did not have a significant impact on the 
plastic/metal bonding when subject to a compressive force at a constant speed of 50 mm/min. 
These findings underline the need for further research into polymer embrittlement mechanisms 
during cryogenic treatments and the mechanical behavior of fiber-reinforced polymers. 
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ABSTRACT 

This study investigated the ergonomic risks associated with bakery operations, focusing on 
personal factors, task factors, and environmental factors. The potential severity and likelihood 
of occurrence for all identified risk factors were evaluated on a scale from 1 to 5. The risk index 
was calculated by multiplying the likelihood of occurrence by the potential severity for each 
risk parameter. The relative weights of the risk factors' parameters were determined by dividing 
each cumulative risk index by the total cumulative risk index. Similarly, the relative weights of 
the ergonomic risk factors were obtained by dividing the cumulative risk index for each factor 
by the sum of all cumulative risk indices. The total risk index for each factor was computed by 
summing the products of the relative weights and the risk indices of the parameters constituting 
the factor. The Work Severity Index (WSI) was calculated by summing the products of the 
relative weights and the risk indices of the ergonomic risk factors. The risk values were then 
categorised into three categories: low, medium, and high risk. Findings reveal a low overall risk 
level, with the mean Work Severity Index (WSI) calculated as 7.88 (±1.79), indicating 
manageable ergonomic risks. The WSI categorisation showed that while the majority of 
subjects exhibited low-risk levels, several workers had medium-risk scores, highlighting areas 
requiring attention. Specifically, WSIs of 9.55, 9.27, 8.82, 10.32, and 10.20 were classified as 
medium risk, whereas scores such as 6.26, 5.84, 6.40, 6.57, and 5.84 fell within the low-risk 
range. 

Keywords: Ergonomic risk, work severity index, bakery operations, occupational safety, 
musculoskeletal disorders. 

 

INTRODUCTION 

Bakeries are integral to food production, creating diverse products such as bread, pastries, and 
cakes. However, the labor-intensive nature of bakery work poses various ergonomic challenges. 
These challenges stem from repetitive tasks, awkward postures, prolonged standing, and 
exposure to harsh environmental conditions such as high temperatures and noise. Addressing 
these risks is essential to protect workers from musculoskeletal disorders (MSDs) and other 
occupational hazards (Aghilinejad et al., 2016; Gu et al., 2016). This study aimed to develop a 
Work Severity Index (WSI) to evaluate and categorize ergonomic risks in bakery operations. 
By integrating personal, task, and environmental factors, the WSI provides a quantitative 
approach for assessing workplace safety and identifying areas requiring intervention. 

 

RESULTS AND CONCLUSIONS 

The mean WSI across the bakery workers was 7.88 (±1.79), indicating a low overall ergonomic 
risk. However, several medium-risk scores highlighted areas of concern: 
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Personal Factors: Workers with limited experience (≤5 years) or high BMI (≥30 kg/m²) were 
more prone to injuries. Subject 8, with a BMI of 39.96 kg/m², exhibited the highest personal 
risk.  

Task Factors: Prolonged standing, awkward postures, and heavy lifting contributed to medium 
risk levels. Tasks involving poor hand coupling or excessive twisting were particularly 
hazardous.  

Environmental Factors: Ambient temperatures averaging 35.41°C and noise levels of 92.72 
dB posed significant risks. Though vibration levels (0.20 m/s²) were within acceptable limits, 
the combined impact of environmental conditions exacerbated worker discomfort.  

Medium-risk WSIs were observed for subjects 1 (9.55), 2 (9.27), 6 (10.32), and 7 (10.20), 
underscoring the need for targeted interventions. 

Table 1 - Work Severity Indices and Categorisation of these Indices. 

Subject 
Total Risk Index 

for Personal Factor 
 TRIpersonal factor 

Total Risk Index for 
Task Factor 
 TRItask factor 

Total Risk Index 
for Environmental 

Factor 

Work 
Severity 

Index 
(WSI) 

Categorisation 
of Work 

Severity Index 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

5.70 

4.86 

9.28 

8.00 

3.48 

8.02 

7.68 

9.69 

 9.63  

8.00 

6.48 

11.31 

11.31 

2.26 

2.26 

11.31 

11.31 

11.31 

2.26 

5.48 

2.26 

5.48 

11.63 

11.63 

8.08 

8.08 

11.63 

11.63 

11.63 

8.08 

4.53 

8.08 

11.63 

9.55 

9.27 

6.26 

5.84 

8.82 

10.32 

10.20 

6.40 

6.57 

5.84 

7.59 

Medium 

Medium  

Low 

Low 

Low-Medium  

Medium  

Medium 

Low 

Low 

Low 

Low 

Mean  7.35 6.96 9.69 7.88 Low 

SD 2.01 4.33 2.44 1.79 
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The WSI model incorporated weighted contributions from all assessed parameters: 
 

Work Severity Index = 0.33xTRIpersonalfactor + 0.38xTRItasfactor + 0.29xTRIenvironmentalfactor 

 
Python facilitated parameter adjustments to validate the model’s sensitivity and applicability 
across various scenarios. 

The WSI framework provided actionable insights into ergonomic risks. Workers with high BMI 
and minimal experience were identified as vulnerable groups, necessitating tailored 
interventions. Redesigning workstations to minimize awkward postures and implementing 
scheduled breaks could mitigate task-related risks. Environmental risks, particularly high 
temperatures and noise levels, require engineering controls such as improved ventilation and 
noise-dampening solutions. 

The study’s findings align with previous research emphasizing the link between ergonomic risk 
factors and occupational injuries (Ghamari et al., 2010; Ismaila et al., 2020). While the overall 
risk level was low, medium-risk scores underscore the importance of continuous monitoring 
and proactive safety measures. 

This study highlights the utility of the WSI as a comprehensive tool for assessing ergonomic 
risks in bakery operations. By identifying medium-risk areas, the model facilitates targeted 
interventions to enhance workplace safety and worker well-being.  
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ABSTRACT 

Reliability modelling is essential for predicting failures and optimizing maintenance. 
Traditional methods usually assume constant failure rates, but real-world failures exhibit 
complex behaviors. This study analyzes operational time data from 50 work orders, fitting 
Weibull, Normal, Log-Normal, and Exponential distributions. Parameters were estimated using 
maximum likelihood estimation, and model selection was based on Kolmogorov-Smirnov 
(KS), Akaike Information Criterion (AIC), and Anderson-Darling (AD) tests. The best-fitting 
distribution enhances failure prediction, supporting data-driven maintenance decisions. The 
findings contribute to optimizing asset reliability, reducing downtime, and improving predictive 
maintenance strategies. 

Keywords: Reliability, probability distributions, Weibull, predictive maintenance. 

 

INTRODUCTION 

Reliability analysis is essential in industrial maintenance for failure prediction and schedule 
optimization. Traditional models often assume a constant failure rate, favoring the Exponential 
distribution, but real-world failures require more flexible statistical models. Previous studies 
highlight the advantages of Weibull modelling (Djeddi et al., 2020), the role of parametric 
lifetime distributions (Şaşmaztürk et al., 2024), and the integration of statistical models into 
maintenance frameworks (Yang et al., 2024). This study analyzes 50 work orders to fit Weibull, 
Normal, Log-Normal, and Exponential distributions, evaluating model fit using Kolmogorov-
Smirnov (KS), Akaike Information Criterion (AIC), and Anderson-Darling (AD) tests. The 
results support a data-driven approach for predictive maintenance. 

 

RESULTS AND CONCLUSIONS 

The methodological approach in this study involves analysing the operational time of an 
industrial asset by fitting different probability distributions to the observed data. The dataset 
consists of recorded operational times statistically modelled using Weibull, Normal, Log-
Normal, and Exponential distributions. To determine the best-fitting model, the parameters of 
each distribution are estimated using maximum likelihood estimation, and their fit is evaluated 
through statistical tests. In Figure 1, the fitted probability distributions are presented. The 
histogram represents the observed data, while the plotted curves correspond to the probability 
distributions fitted to the dataset. Each distribution is analysed to assess its accuracy in 
modelling asset reliability and predicting failure times. 
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Fig. 1 - Fitting Probability Distributions to Operating Times. 

Table 1 presents the results of the goodness-of-fit tests for the Weibull, Normal, Log-Normal, 
and Exponential distributions fitted to the operational time data. 

Table 1 - Goodness-of-Fit Test Results for Different Distributions. 

 

The KS test evaluates the similarity between empirical and theoretical distributions, where 
higher p-values indicate a better fit. AIC compares model performance, favouring lower values, 
while the AD test assesses deviations, particularly in the tails. The Normal and Log-Normal 
distributions best fit the operational time data, with the Normal distribution showing the lowest 
AIC, highest KS p-value, and a low AD statistic, suggesting a near-symmetric failure pattern. 
The Weibull distribution demonstrated an acceptable fit but was less optimal. The Exponential 
distribution performed the worst, confirming that a constant failure rate assumption does not 
reflect the observed data. These findings support using data-driven reliability models for 
predictive maintenance, considering variations in failure behavior. Future research should 
expand the dataset and incorporate advanced statistical techniques, such as Bayesian inference, 
to improve reliability estimations.  
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ABSTRACT 

Optical techniques are a broad range of methods that utilize light to analyze and characterize 
materials, structures, and processes. These techniques have revolutionized experimental 
mechanics by providing non-contact, high-resolution methods for measuring mechanical 
properties and deformations. In this paper, we explore the state-of-the-art optical techniques 
used in experimental mechanics, their typical engineering applications, and the future prospects 
of this field. 

Keywords: Experimental mechanics, optical methods, noncontact techniques. 

 

INTRODUCTION 

Experimental mechanics aims to understand the behaviour of materials and structures under 
various loading conditions. Traditionally, strain gauges and extensometers were used to 
measure mechanical quantities. However, optical techniques have emerged as powerful 
alternatives due to their non-invasive nature, high accuracy, and ability to capture full-field 
information. These techniques are integral to both scientific research and practical applications 
in various industries, including mechanical and civil engineering, biomechanics, and materials 
science. In this paper we delve into the optical methods that have transformed experimental 
mechanics.  
 
TYPICAL ENGINEERING APPLICATIONS 
Digital Image Correlation (DIC): DIC is a modern full-field optical technique that tracks 
surface displacements by analyzing images of speckle patterns. It provides strain maps and 
deformation fields with high spatial resolution. This method can be used in material testing, 
structural health monitoring, and biomechanics, among many other applications. Recent 
advancements in DIC include the development of 3D DIC systems that can measure out-of-
plane movements and the integration of machine learning algorithms to improve data analysis. 
Electronic Speckle Pattern Interferometry (ESPI): ESPI measures surface displacements by 
analyzing interference patterns produced by laser light reflected from the surface of the 
specimen. Typical applications can be found in fracture mechanics, fatigue testing, and 
vibration analysis. 
Holographic Interferometry: Holographic interferometry captures the phase information of 
light waves to visualize deformations. It is used as a powerful optical technique in non-
destructive testing, stress analysis, and modal analysis. 
Shearography: Shearography detects surface and under surface defects by comparing speckle 
patterns before and after loading. This is commonly used in composite material inspection, 
adhesive bonding assessment, and aerospace components. 
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Photoelasticity: Photoelasticity is an optical technique that has been used for decades to study 
stress distribution in transparent materials. It is based on the birefringence property of materials, 
where a change in stress can alter the material’s refractive index. 
Moiré Techniques: Moiré methods use the superposition of optical gratings to measure 
displacements and strains. It is a classical optical technique for the strain analysis of mechanical 
components, strain gauge calibration, and residual stress measurement. 
Thermoelastic Stress Analysis (TSA): TSA exploits the temperature-dependent optical 
properties of materials to visualize stress fields. It is often applied over aerospace structures, 
automotive components, and weld inspection. 
Digital Holography: Digital holography records the complex wavefront of light, enabling 3D 
deformation analysis. This method allows microscale deformation measurement, MEMS 
characterization, and biological tissues. 
Fiber Optic Sensors: Fiber Bragg gratings and Fabry-Perot interferometers embedded in 
optical fibers provide strain and temperature measurements. Typical applications can be found 
in structural health monitoring, civil engineering, and oil pipelines. 
High-Speed Imaging: High-speed cameras capture transient events (impact, fracture, and 
vibration) with frame rates up to millions per second. This method is applied in ballistic testing, 
crash simulations, and impact analysis. 
 
CONCLUSIONS AND FUTURE DIRECTIONS 

Optical techniques are extensively used for characterizing the mechanical properties of 
materials, such as composites, metals, and polymers. Structural health monitoring is another 
area where optical techniques shine. They can detect damage and monitor the integrity of 
structures like bridges, buildings, and aircrafts. At the microscale and nanoscale, optical 
techniques are indispensable for measuring the mechanical behavior of materials, which is 
crucial for the development of microelectromechanical systems (MEMS) and nanotechnology. 

The future of experimental mechanics lies in the integration of optical techniques with 
computational mechanics. This synergy will enable the development of more accurate models 
and simulations. Optical techniques will play a vital role in the development of new materials, 
such as metamaterials and nanocomposites, by providing insights into their behavior at different 
scales. 
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ABSTRACT 

Microfluidics is a promising technology that offers advantages such as reduced resource 
consumption, cost and time. Additive Manufacturing is a key ally of microfluidics, enabling 
the creation of microchannels with high precision and quality. Devices with check valves of 
different dimensions were produced using stereolithographic SLA. The check valves had a 
height and width of 600, 700 and 800 micrometers, in order to estimate the impact of valve size 
on fluid velocity. 

The results showed that the fluid velocity increased with respect to the size of the check valve. 
This is because larger check valves offer less resistance to flow. The factors that influence the 
flow resistance in a microfluidic channel are channel shape, channel width and surface 
roughness. The fluid velocity was observed to vary along the channel geometry, with higher 
values in the vicinity of the check valve. This is because the check valve creates a zone of 
turbulence that increases the fluid velocity. 

Fluid retention in the ridges of the devices is an important factor for mixing samples and 
reagents, as it allows the fluids to combine uniformly. The devices fabricated in this study will 
be used in biomedicine for laboratory testing, ensuring more accurate results. 

Keywords: Microfluidic; SLA; check valves; velocity. 

 

INTRODUCTION 

Three-dimensional (3D) printing using additive manufacturing is an innovative technique that 
creates objects from a digital design, adding material layer by layer. Unlike traditional methods 
that remove material to give shape, 3D printing adds material to obtain the precise shape of the 
desired object [5]. 

Inspired by stereolithography (SLA) developed in the 1980s [6], 3D printing has become 
fundamental in various biomedical and engineering applications. In 2015, ISO/ASTM 52900 
established standards to unify terminology and categorize types of 3D printers [7]. Among the 
most commonly used types are: Fused deposition (FDM) 3D printers: these use a plastic wire 
that is melted and deposited layer by layer, with an accuracy of between 0.1 and 0.3 mm and a 
printing speed of 10 to 100 mm/s [6]. Selective laser sintering (SLS) 3D printers: Use a laser to 
sinter metal powder, with an accuracy of 0.05 to 0.1 mm and a print speed of 10 to 100 mm/s 
[8]. 

Fused deposition modelling (MJF) 3D printers: Use a printhead to deposit plastic powder and 
a laser to fuse the layers, with an accuracy of 0.1 to 0.2 mm and a print speed of 10 to 100 mm/s 
[9]. These systems offer different levels of precision and speed, suitable for a variety of 
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applications. 3D printing has revolutionized the manufacturing of medical devices, prototypes 
and functional parts, among other uses.  

Fluid microsystems (FM) manipulate fluids at micrometer and nanometre scales, using tiny 
channels to study microorganisms and analyze organic molecules [10]. These systems offer 
advantages such as efficient use of samples and reagents, high sensitivity and reduced analysis 
time. 

The field of MF is constantly growing, with new applications and emerging technologies. 
Check valves are crucial in microfluidic applications, allowing flow control in one direction 
[7].  

Active and passive methods have been proposed for their implementation, with various 
materials and designs. These devices are fundamental in biological assays and other 
microfluidic applications.  

In the microscopic domain, the Reynolds number is a crucial measure to predict whether the 
flow will be laminar or turbulent [16].  

On the other hand, the surface tension of fluids in microscale open channels affects their 
behavior, generating additional pressures and phenomena such as capillarity [17]. These effects 
are fundamental in the design and operation of microfluidic devices, impacting their efficiency 
and analytical capabilities. 

 

METHODOLOGY 

The image below, Figure 1, summarizes the methodology used in this study. 

 

Fig. 1 - Methodology of the Design, Printing, Measurements and Data Analysis [21, 22]. 

 

Check valve device design 

The sketch of the check valve devices was made in a specialized CAD tool for 3D modelling 
called SolidWorks, Figure 2, where the appropriate dimensioning of the micro-device was 
placed. 

•DEVICE SIZING

• Calculation of the width of the channel                                
• Calculation of the minimum radius of the channel tank  
• Sizing of the check valves.

DESIGN

•POST PROCESSING (WASH AND CURING)

• Measurement of channels and valves.
PRINT

•VELOCITY TAPPING

•Data Adquisition

MEASUREMENT OF 

VELOCITY

Calculation of longitudinal values.
Calculation of capillarity of microchannels.
Reynolds number calculation.

DATA CALCULATION
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Fig. 2 - 3D Modelling in SolidWorks. 

 
Channel width tolerance 

To determine the printer's printing tolerance, previous studies on the margin of error in 
measurements smaller than 1000 µm were analyzed. Nine trials were conducted with three 
devices, each with three test channels. The check valves varied by 100 µm between devices 
(600, 700 and 800 µm). 

For the check valves, the correlation coefficient between valve tolerance and amplitude increase 
was approximately 0.0075, suggesting a very weak or insignificant correlation between these 
two variables. This indicates that an increase in valve tolerance does not consistently affect the 
increase in amplitude in the check valves. 

In contrast, for the channel, it was not possible to calculate a correlation coefficient because we 
only have one data set. However, it was observed that the channel gain (140 µm) is equal to the 
channel tolerance (140 µm) in this case. This suggests that, in this sample, the channel increase 
is directly related to the channel tolerance, indicating that an increase in channel tolerance 
translates directly into a channel increase in the check valves. 

Therefore, while the tolerance in the check valves appears to have a negligible correlation with 
the increase in amplitude, the channel tolerance appears to be directly related to the increase in 
channel in the check valves. 

Volume calculation using SolidWorks 

The volume of a microdevice was calculated using a computer-aided design (CAD) tool, Figure 
3. This software allowed each component of the device to be accurately modelled. 

 
Fig. 3 - 800 µm microchannel volume in SolidWorks software. 
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Printing of devices with check valves 

The following text describes the steps for printing the micro devices. The 3D printing process 
is divided into the following steps (Figure 4): 

 
Fig. 4 - 3D printing process and post-processing. A. Design of the device in specialised software. B. 

VAT 3D printer. C. Washing machine. D. UV curing machine. 
 

Measure Velocities 

Measuring velocities in microchannels involves recording the fluid's movement, which is then 
processed using specialized software to determine displacement, time, and velocity. To measure 
velocities in three devices, they are coated with hydrophilic adhesive paper, Figure 5. The 
devices are then placed on the base of a Dino-Lite digital microscope and leveled. Using a 
pipette, the volume of fluid needed to fill the channel is measured, and the fluid, consisting of 
distilled water and vegetable dye, is placed in the microchannel reservoir. The advance of the 
fluid is recorded using DinoCapture 2.0 software. 

For data acquisition, a specialized software called Tracker is used to calculate fluid velocity in 
the microchannels, Figure 6. Videos of the fluid's advance are imported into the software 
without a scale, so a coordinate axis is added, and the calibration tool is used to reference the 
measurements in the video. To calculate velocity, a mass is added in the software to manually 
or automatically track the moving fluid, marking its points as it moves and generating a table 
of time data, distance in x, distance in y, and velocity. 

 
Fig. 5 - Velocity tapping. A. Gluing of hydrophilic adhesive paper on the device. B. Distilled water. C. 
Distilled water with vegetable dye. D. Measuring the volume of water with the pipette. E. Placement 

of water in the device. F. Recording of the fluid flow in the DinoCapture 2.0 software. 

Calculation of longitudinal values 

To determine the total length of the microchannels, it is necessary to calculate the displacement 
in the x-axes. From these values, the magnitude of the displacement can be obtained by vector 
addition. Finally, the actual length of the channel is obtained by adding the magnitudes of the 
x-displacements. 
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Calculation of Reynolds Number 

The Reynolds number is an indicator that defines the flow behavior of the fluid, classifying it 
as laminar or turbulent. This dimensionless value is obtained by the ratio between the inertial 
forces and the viscosity acting on the fluid. 

In a laminar flow, the fluid particles move in parallel layers without mixing with each other, 
which is associated with a low Reynolds number. In contrast, a turbulent flow presents a chaotic 
and disorganized movement of the particles, characterized by a high Reynolds number. 

 
Fig. 6 - Acquisition of velocity data in the software (Tracker). 

In other words, the Reynolds number allows us to determine whether the flow of a fluid is 
smooth and orderly (laminar) or chaotic and agitated (turbulent). 

�� �  � ∗ � ∗ �
	  (1) 

Where: 

Re: Reynolds number 
ρ: fluid density (kg/m³) 
v: fluid velocity (m/s) 
D: hydraulic diameter (m) 
μ: fluid dynamic viscosity (Pa-s) 

 

RESULTS AND DISCUSSION 

Each microdevice integrates a reservoir that holds the precise amount of fluid for its path 
through the channel, Figures 7&8. The device has a variable sized check valve, available in 
600, 700 and 800 micrometer options. The function of the valve is to hold the fluid momentarily 
before releasing it and allowing it to reach the end of the channel, where a vent is located. 

 

Fig. 7 - Device sectioning. 
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Fig. 8 - Cross-section of the device. 

Device cross-section 

The channel has a cross section of 400 micrometers wide by 400 micrometers high. The 
reservoir has a height difference of 900 micrometers and the outlet has a height difference of 
400 micrometers, allowing the fluid to flow forward. The check valve of the first device has a 
width of 600 micrometers and a height of 600 micrometers, Figure 9.  

 

Fig. 9 - Cross-section of the 600 micron device. 

 

Overall dimensions of the devices 

The main dimensions of the devices are measured in millimeters (mm) and are detailed in the 
table (Table 1). 

Table 1 - Table Type Styles. 

Dimensions Unity D - 600 D - 700 D - 800 

Channel width (mm) 0.54 0.54 0.54 

Channel depth (mm) 0.4 0.4 0.4 

Device radius (mm) 5 5 5 

Check valve amplitude (mm) 0.71 0.795 0.880 

Check valve depth (mm) 0.60 0.70 0.80 

 

Printing of the devices 

The measurements of the (600 µm) device are shown below, Figure 10. The printing of 3 
devices with check valves of different sizes (600 µm) was carried out on the stereolithography 
3D printer (SLA). 
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Fig. 10 - Device dimensioning 600 microns. 

Calculation of the channel dimensioning 

The print quality is affected by various environmental and printer parameters that cannot be 
adjusted. As a result, the results are lower than expected. The following table shows the standard 
deviation of the 400 micrometer channel (Table 2) as well as the 600 micrometer check valves 
(Table 3). 

Table 2 - Measurements of the channels in the different devices. 

Channel 600 µm                                     Channel 700 µm                                    Channel 800 µm 
C1 C2 C3 C1 C2 C3 C1 C2 C3 
406 400 410 430 430 431 448 451 416 
404 396 413 424 410 426 423 403 409 

Average = 418 µm 
Standard Deviation = 15.61 

Table 3 - 600 µm valve dimensions. 

Channel 1 Channel 2 Channel 3 
594 
594 
589 

617 
590 
594 

625 
606 
632 

Average = 605 µm 
Standard Deviation = 16.26 

 

Graphical separation into blocks 

Considering the geometrical shape of the device, it was divided into blocks. This division was 
done both graphically and by tabulating data, taking into account the length of the channel and 
the changes in direction of the channel. 

Blocks of the (600 µm) device 

The 600 µm device was divided into 7 blocks, because it has 3 check valves, these blocks are 
represented by letters of the alphabet (Figure 11).  

 

Fig. 11 - Block separation of the 600 µm device. 
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Tabulation of data 

In the breakdown of the data, velocity statistics, including capillarity and Reynolds number, 
were analyzed. In addition, longitudinal velocity scatter plots, box and whisker plots of the 
block velocity and an analysis of the retention times were created. 

Device statistics 

The frequency histograms of the 600-, 700- and 800-micron devices reveal a leptokurtic 
distribution of velocities, with a concentration of values in the lower ranges, Figure 12. This 
distribution indicates that most of the velocities are close to the central measurement, with a 
positive skewness that shifts the data to the left of the distribution. In other words, a higher 
frequency of low velocities is observed, which can be attributed to fluid detentions at the crests. 

 

 
Fig. 12 - Histograms of the speed (mm/s) of the 600, 700 and 800 micron devices. 

The velocity values of the devices a median of 2.2318 mm/s, with a high standard deviation 
showing that the velocity data is far from the mean standard deviation. 
 
Tabulation of data 

Capillary flow is defined as the spontaneous imbibition of a liquid in narrow channels without 
the application of external forces. In the case of water as a fluid in microchannels, 
intermolecular attractive forces are overcome by adhesion forces between the liquid and the 
channel surface, which drives capillary flow. 


� �  2 ∗ 72.8 �
� ∗ ����55°�

�4�10�� �
2 �

� 417.56 
! (5) 

Speed vs. length 

The relationships between velocity and length are shown for the 3 devices. The data are grouped 
into blocks according to device geometry and velocity changes. The graph of length (L) vs 
velocity (V) of the 600 micron device, Figure 13, shows a larger dispersion of velocity data in 
blocks A, C and E. Furthermore, no linear trend is observed, which makes it difficult to properly 
analyze the relationship between velocity and length. 
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Fig. 13 -Speed of 600 µm. Fig. 14 - Speed of 700 µm. 

 
Fig. 15 - Speed of 800 µm. 

The scatter plot of length (L) vs velocity (V) of the 700 micron device, Figure 14, reveals a 
larger scatter of velocity data in blocks C, E and G. This suggests heterogeneity in the flow 
behavior in these blocks. In addition, prolonged fluid retention is observed in valve blocks B, 
D and F, which could indicate a blockage (Figure 14). 

Analysis of the scatter plot of length (L) vs velocity (V) of the 800 micron device, Figure 15, 
showed a greater dispersion of the velocity data in blocks A, C and G. This finding suggests 
heterogeneity in the flow behavior in these blocks. Additionally, prolonged fluid retention was 
observed at the start of the valves in blocks B, D and F, which could be indicative of a blockage 
(Figure 15). 

Tabulation of data 

An analysis of speed versus length was carried out by dividing the devices into blocks according 
to their geometry. 

600 micron check valve device 

A box and whisker plot were produced for the velocity data of the 7 blocks of the 600 
micrometer device. The analysis of the velocity in the microdevice shows that the average 
velocities in channels A, C and G are similar, while the velocity in channel E is slightly lower. 
The largest velocity variations are found in the C-D and E-F sections, which could be related 
to the presence of valves B and F. Average velocity per channel: Channels A, C and G have 
similar average velocities, between 3.8 and 3.9 mm/s. Channel E has a slightly lower average 
velocity of 3.7 mm/s. Velocity variation: The largest velocity variations are found in sections 
C-D (decrease of 2.294 mm/s) and E-F (decrease of 2.898 mm/s). Valves B and F seem to 
generate a significant increase in velocity in sections B-C (0.932 mm/s) and F-G (3.048 mm/s). 
The velocity variation between A and B is negative (-0.774 mm/s), indicating a possible loss of 
energy in this section. 
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A box-and-whisker plot was produced for the velocity data of the 7 blocks of the 700 
micrometer device, Figure 16. Fluid flow appears to be fastest in sections C, E and G, and 
slowest in sections A and B. Check valves B, D and F appear to be functioning correctly, as 
they are preventing backward flow of the fluid.  Average velocity: The highest average velocity 
is found in section C (10.141), followed by section G (7.088) and section E (7.665). The lowest 
average speed is found in section B (3.563). Velocity variation: The highest velocity variation 
is found between sections B and C (6.578), indicating an abrupt change in fluid flow. The other 
velocity variations are smaller, but still significant. 

 

 
Fig. 16 - Boxes and whiskers of the speed of the blocks. 

A box and whisker plot were constructed to analyze the distribution of the velocity data in the 
7 blocks of the 800 micrometer device, Table 4. Average velocity: The average velocity in the 
tank is 3.928 mm/s. The highest average velocity is found in section G (8.71 mm/s) and the 
lowest in section F (2.071 mm/s). Sections A, B, E and G have relatively similar average 
velocities, while sections C and D have significantly different average velocities. Velocity 
variation: The largest velocity variation is found between sections C and D (-3.737 mm/s), 
indicating a significant reduction in flow velocity. The second largest velocity variation is 
between sections F and G (6,639 mm/s), indicating a considerable increase in flow velocity. 
The velocity variations between sections A-B, D-E and E-F are relatively small. Section C 
appears to be a critical point in the flow, with a significant reduction in velocity. Section G has 
the highest average velocity and the largest velocity variation at the end of the device. 

Table 4 -Statistical measurements of the speed (mm/s) of the 600, 700 and 800 micrometre devices. 

Statistical speed measurements (mm/s) 

Device Avarage Standard Deviation 

D – 600 0.895 4.019 

D – 700 3.8 5.092 

D – 800 2 4.751 

Average 2.231 4.620 
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A uniformly decreasing velocity trend is observed for the 700 and 800 micron devices. In the 
case of the 700 micron device, the velocity decreases gradually in both the channels and the 
check valves. This results in an adequate decrease in fluid velocity without an increase in the 
last channel prior to venting. 

 

Box and whisker plots of the devices 

The box and whisker plots in (Figure 17) show the distribution of the velocity data for the three 
devices. It can be seen that the data from the 600 and 800 micron devices show a positive 
skewness, indicating that the velocity values are concentrated towards the lower values. In 
contrast, the data from the 700 micron device are more symmetrical, with a slight positive 
skewness. 

Table 5 - Speed variation of the 600 µm device. 
 A B C D E G 

Average speed 3.83 3.05 3.99 1.69 3.71 3.85 
Section A-B B-C C-D D-E E-F G 

Variation -0.78 0.93 -2.29 2.01 -2.9 3.85 

Table 6 - Speed variation of the 700 µm device. 

 A B C D E F G 
Average speed 6.31 3.56 10.14 4.15 7.67 3.27 7.09 

Section A-B B-C C-D D-E E-F F-G G 
Variation -2.75 6.58 -5.99 3.51 -4.39 3.81 7.09 

Table 7 - Speed variation of the 800 µm device. 
 A B C D E F G 

Average speed 3.93 3.78 6.47 2.73 3.77 2.07 8.7 
Section A-B B-C C-D D-E E-F F-G G 

Variation -0.15 2.69 -3.74 1.04 -1.7 6.64 8.7 
 

After performing the tests and taking the corresponding measurements in the three printed 
devices, Tables 5, 6, 7 and 8, it could be observed that the 600 micron device the fluid flowed 
along the micro channel with a deficient retention of the fluid in the valves, while in the 700 
micron device the speed was gradually reduced, but in the last retention valve an increase in 
speed was noticed, making the system a little deficient for its purpose. 

 
Fig. 17 - Boxes and whiskers of the devices. 

In the case of the 800 micron device is where the fluid velocity was gradually reduced until it 
reached the end without any irregularity being visible at the moment of decreasing the fluid 
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velocity and giving the necessary guidelines in each valve to be able to reduce the velocity 
significantly, but without obstructing the passage of the fluid. 

Table 8 - Statistical measurements of the speed in (mm/s) of the 600, 700 and 800 micron devices. 

M.Esadisticas 
D-600 
mm/s 

D-700 
mm/s 

D-800 
mm/s 

Maximum value 6.1 13.7 11.9 
Third quartile 2.6 6.745 5.11 
Median 0.895 3.8 2 
First quartile 0.2 1.89 0.5 
Minimum value 0.00086 0 0.0005 

 

CONCLUSION 

In this technological proposal, it has been demonstrated that the application of specific post-
processing parameters, such as cleaning the channels with air for 5 minutes and curing the parts 
for 12 minutes at 60 degrees Celsius, prevents deformation of the micro devices and 
microchannels manufactured by 3D printing. The results of the hydraulic tests carried out on 
these devices showed that they have a good hydraulic behavior. The water flow velocity in the 
microchannels is uniform and no obstructions are observed. 

The capillarity result in the microchannel with distilled water was 417.56 Pa. This indicates that 
the water has a strong tendency to move up the channel walls due to the cohesive force between 
its molecules. This phenomenon is important in microfluidics, as it can be used to control the 
movement of fluids in miniaturized devices. 

The printing of microchannels with widths of 800, 700 and 600 microns, and integrated check 
valves. The results showed that: The printed channels had good geometry and dimensional 
accuracy. The check valves functioned correctly, allowing fluid flow in one direction and 
blocking it in the opposite direction. The printing tolerance was ± 10 microns for the channels 
and ± 20 microns for the check valves. 

Devices were designed with a channel width of 540 µm, considering the tolerance between real 
and printed measurements in SLA 3D printing. The average channel width obtained was 410 
µm, with an error of 10% with respect to the desired width of 400 µm. 

The 600, 700 and 800 micrometer devices show significant variations in fluid velocity along 
their channel sections and check valves. In the 600 micrometer device, an average velocity of 
3.828 units was observed, with noticeable variations between channel sections and check 
valves. In the 700 micrometer device, the average velocities range from 3,274 mm/s to 10,141 
mm/s, with the greatest variation between sections C and D. Finally, in the 800 micrometer 
device, the average velocity is 3,928 mm/s, with noticeable variations between sections, 
especially between C and D, and between F and G. These results highlight the significant 
influence of check valves and channel sections on fluid velocity in microdevices, which is 
crucial for their design and optimization in applications requiring precise control of fluid 
velocity. 

The results for the three devices (600, 700 and 800 micrometers) show that the fluid velocity 
varies significantly across the devices, influenced by the channel sections and check valves. In 
the 600 micrometer device, the average velocity was 3,828 units, with noticeable variations 
between channel sections and check valves. The differences in velocity between the sections 
indicate the influence of the check valves and the channel sections on the fluid velocity. On the 
other hand, in the 700 micrometer device, an average velocity varying between 3.274 mm/s and 
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10.141 mm/s was observed, with the largest variation between sections C and D (5.989 mm/s). 
This indicates that the check valves and variations in channel section have a significant impact 
on the fluid velocity in this device. Finally, in the 800 micrometer device, an average velocity 
of 3.928 mm/s was found, with the largest variation between sections C and D (-3.737 mm/s). 
Section G had the highest average velocity and the largest velocity variation at the end of the 
device. 
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ABSTRACT 

This study develops a highly sensitive strain sensor to detect and monitor internal structural 
cracks in real time. Utilizing intentionally introduced microcracks in metal thin films, the sensor 
achieves exceptional sensitivity and is fabricated on polymer substrates for surface attachment. 
A wireless, battery-free data acquisition system using NFC technology ensures efficient, 
maintenance-free operation. Finite element analysis (FEA) simulations reveal the relationship 
between internal crack locations and surface strain profiles, enabling crack localization and size 
prediction using a sensor array. This technology advances industrial safety diagnostics by 
enabling real-time, proactive structural health monitoring. 

Keywords: Safety monitoring, strain sensor, continuous monitoring, pipe cracking. 

 

INTRODUCTION 

Structural damage in industrial facilities can lead to significant economic losses and safety 
hazards. Specifically, cracks and fractures in critical infrastructure such as pipelines often begin 
as localized microstrain, which, if left unaddressed, can escalate into catastrophic failures. 
Existing post-damage response methods focus on repairs after damage has occurred, making it 
challenging to prevent accidents and associated economic losses during maintenance processes. 
To address these challenges, a proactive approach is needed that enables real-time monitoring 
of surface microstrain before damage occurs, allowing for preemptive maintenance. 

Cracks inside materials induce surface strain, often at extremely small levels. Detecting such 
strain externally requires highly sensitive diagnostic sensors with a gauge factor exceeding 
1,000. Furthermore, real-time monitoring of strain to continuously track crack progression 
necessitates the development of wireless diagnostic sensors. Beyond sensor development, 
understanding the correlation between internal crack-induced deformation and the resulting 
surface strain profile is crucial. This requires interpreting these relationships based on the 
material's mechanical properties. Additionally, to address discrepancies between crack 
locations and sensor placement, a sensor array configuration is essential. By analyzing strain 
variations across multiple sensors in the array, the crack’s location and propagation can be 
effectively identified. 

This research aims to go beyond simply developing a high-sensitivity strain sensor. It also seeks 
to establish a comprehensive diagnostic framework that integrates strain measurement, crack 
location prediction, and real-time wireless data acquisition, ultimately advancing structural 
health monitoring technologies. 
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RESULTS AND CONCLUSIONS 

This study successfully developed a highly sensitive strain sensor capable of detecting and 
monitoring internal structural cracks.[1,2]. By intentionally introducing microcracks into metal 
thin films, the sensors leveraged the opening and closing of these cracks to achieve exceptional 
sensitivity. The sensors were fabricated on polymer substrates with thicknesses in the tens of 
micrometers and attached to structural surfaces, enabling effective monitoring of internal crack 
propagation. Through repeated fatigue testing, the microcrack distribution and size were 
precisely controlled, enhancing both the reproducibility and sensitivity of the sensors. 
Additionally, mock pipe experiments confirmed that the sensors effectively detected crack 
propagation in real-world scenarios. 

A wireless data acquisition system was also developed to collect sensor data without wired 
connections. Using near-field communication (NFC) technology, the system enabled efficient, 
real-time data transmission while eliminating the need for batteries. This battery-free energy 
harvesting approach significantly reduced maintenance costs and ensured continuous operation. 

Moreover, the relationship between internal crack locations and surface strain profiles was 
analyzed using finite element analysis (FEA). The strain distributions were evaluated under 
various angles and distances between cracks and sensor placement. These analyses 
demonstrated that by deploying at least three sensors in an array, the crack’s position and size 
could be predicted. The study further revealed that the resolution and spacing of the sensor 
array are critical factors influencing the detectable range of cracks. Proper sensor array design 
is essential to optimize detection performance while accounting for sensor resolution 
limitations. 

The developed strain sensor, utilizing metal thin films with microcracks, demonstrates 
exceptional sensitivity and reproducibility, enabling the detection and monitoring of structural 
cracks with high accuracy. By integrating a wireless, battery-free data acquisition system and 
utilizing finite element simulations, this research provides a robust framework for real-time 
structural health monitoring. The proposed technology offers a significant advancement in 
proactive maintenance strategies by ensuring industrial safety and improving operational 
efficiency. 
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ABSTRACT 

Static and dynamic properties of the half scale GFRP innovative low track force, low noise 
bogie are investigated based on static and dynamic loading of the bogie on the test bench. The 
bogie was loaded with four hydraulic actuators according to the FEM calculation and calculated 
and measured values were compared. The fatigue test of the bogie has been performed after 
static and dynamic investigations. 

Keywords: GFRP - Glass Fibre Reinforced Plastic, loading, test bench, strains, stresses, half – 
scale bogie, WHR – Welsh Highland Railways. 

 

INTRODUCTION 

This paper was created based on an international research project where the main goal was to 
demonstrate the ability of an innovative bogie design to operate in service with lower track 
forces and environmental impact in comparison with conventional freight bogie designs. The 
revolutionary design employs a frame of glass-fibre reinforced plastic (GFRP) and integrates 
suspension and damping functions within the composite bogie frame. The assembly of the bogie 
was performed in the Dynamic Testing Laboratory of VZU Plzen from individual parts, 
delivered from the producer or an own production: lower and upper frames, axle ties, central 
pivot, axle boxes, wheel sets and inter-frame and sliding elements. Before the assembly both 
upper and lower bogie frames were instrumented with strain gauges. Some of them were used 
to set loading levels and do monitoring during the fatigue test. In order to do an analysis of the 
stresses the strain gauge transducers of the company HBM and Vishay were used. The fiber 
optic sensors were also integrated to compare the strains measured this way with strain gauge 
measurement. The main goal of the test was to demonstrate that the GFRP bogie frames are 
able to withstand the loads coming from WHR car bodies in normal operation condition. The 
existing bogies of both vehicles have a mass of �+ = 1,500 "# and would be replaced by GFRP 
bogies (�+ = 855 "#). The bogie should withstand both the operational and exceptional loads 
of freight vehicles. For this purpose, a special test bench was developed, manufactured and 
assembled, using which the GFRP half - scale bogie was tested. This composite bogie equipped 
with two wheelsets was set up, each wheel was put on to one block, containing short rail with 
load cell for measuring the wheel reactions.  

 

RESULTS AND CONCLUSIONS 

Vertical, longitudinal, lateral forces and twist were statically applied in many combinations 
corresponding to various driving modes on the track, and the responses to strain gauges and 
fiber optics sensors were measured and strength evaluated. The fatigue test was performed with 
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blocks in accordance with the proposed values given from the calculations with testing 
frequency of 2,5 Hz. The applied forces are graphically shown in Figure 1, the test bench with 
the GFRP half - scale bogie is shown in Figure 2. 

  

Fig. 1 - Scheme of loading of the bogie. Fig. 2 - Loading set-up with tested bogie. 
 

Results of static tests have been got including strains on individual strain gauges given for each 
load case. Except of this, the reactions and displacements have been also measured. For strain 
gauge rosettes also the strains in principal directions ε1, ε2 and the angle φ of the maximum 
principal strain from the rosette is calculated. Based on performed investigations during static, 
dynamic and fatigue test several results were obtained and some conclusions can be made. An 
example of actual loading forces during the fatigue test is given in Figure 3. 

 
Fig. 3 - Actual values of loading forces. 

Measured values of longitudinal and sheer stresses are substantially lower than those obtained 
from FEM calculations. No stresses exceeded the allowable values. Values of vertical and 
torsional stiffness and damping were also calculated and their comparison with the values of 
the real steel bogie will be carried out. During the performed fatigue tests no damage on the 
bogie was observed. 
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ABSTRACT 

The process Wire Arc Additive Manufacturing (WAAM) offers cost-effective and efficient 
production of large and complex metal parts. However, quality assurance remains a challenge, 
as traditional testing methods are often unsuitable for the in-process assessment of structural 
integrity. This study investigates alternatives for an in-line non-destructive testing (NDT) 
technique based on Electromagnetic Emissions (EME) for monitoring the quality of WAAM 
components. By leveraging EME, it is possible to detect potential flaws, such as cracks or 
porosity, during the manufacturing process without interrupting production. This technique not 
only enhances product reliability but also reduces costs associated with post-process inspection 
and repair. 

Keywords: Non-Destructive Testing, Wire Arc Additive Manufacturing, Real-Time 
Monitoring, Quality Assurance. 

 

INTRODUCTION 

Additive Manufacturing processes has rapidly evolved, with WAAM becoming prominent for 
its ability to produce large metal parts with high deposition rates. However, WAAM also 
introduces specific challenges related to the mechanical and structural integrity of parts due to 
high thermal gradients, rapid cooling rates and the formation of residual stresses and defects, 
like porosity or cracks. Traditional inspection techniques are conducted after the completion of 
the fabrication process, because during the WAAM process, however, excessive heat input and 
the irregular surface of the fabricated part prevent the use of ultrasonic equipment, eddy 
currents, and other methodologies (Serrati et al., 2023). Furthermore, when a flaw is identified 
after the fabrication of a component, it must either be reworked or discarded. Making in-line 
inspection feasible allows for real-time repairs, thereby reducing rework and repair times. Thus, 
there is a need for an in-line NDT approach that can evaluate structural integrity and identify 
defects in real time. 

EME signals generated during WAAM can be utilized to detect anomalies indicative of 
potential flaws (Li et al., 2022). High-speed camera footage, sound acquisition with laser-
optical microphone (LO Mic) and photodiode sensor for 660nm (Ph 660nm) wavelength were 
used to monitor the WAAM deposition of AWS ER90S steel. All these signals are observed 
alongside the conventional voltage and current signals. 

This study explores the development and application of an EME-based in-line NDT technique 
specifically designed for the WAAM process. 
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RESULTS AND CONCLUSIONS 

Using walls constructed via the WAAM process, where layer depositions were intentionally 
performed with and without defects, variations in the signals from all sensors were analyzed. 
This approach allows for comparing sensor signals between defect-free and with defect layers. 

Significant variations in the sensor readings indicate the feasibility of training and adapting 
software to detect flaw in real-time. Figure 1 shows the graphical behavior of a WAAM layer 
with and without defects. 

 
Fig. 1 - Graphical behavior of sensors in a layer deposited with and without defects in WAAM process. 

This new approach facilitates the design of simpler, more cost-effective systems that are as 
efficient as existing methods, opening new possibilities for in-line monitoring of the WAAM 
process to enable early defect prediction during manufacturing. 

Future work may also enable this software to classify the type of flaw occurring. 

 
REFERENCES 

[1] Serrati DSM, Machado JAM, Oliveira JP, Santos TG. Non-destructive testing inspection 
for metal components produced using wire and arc additive manufacturing. Metals. 
2023;13(4):648. doi:10.3390/met13040648. 

[2] Li Y, Polden J, Pan Z, Cui J, Xia C, He F, Mu H, Li H, Wang L. A defect detection system 
for wire arc additive manufacturing using incremental learning. J Ind Inf Integr. 
2022;27:100291. doi: 10.1016/j.jii.2021.100291.



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-483- 

PAPER REF: 22424 
 
 

COMPARISON OF X-RAY AND TERAHERTZ METHODS IN NON-
DESTRUCTIVE TESTING OF PYROTECHNIC OBJECTS 
 
Waldemar Swiderski(*), Tomasz Krzeminski 

Military Institute of Armament Technology, Zielonka, Poland  
(*)Email: waldemar.swiderski@wp.pl 
 
 
ABSTRACT 

The basic method in non-destructive testing of pyrotechnic objects is the X-ray method. 
Experimental studies using terahertz radiation have shown that the terahertz transmission 
method can also be used to test smaller pyrotechnic objects. In this article, we present the results 
of comparative experimental studies conducted on gasifier imitators with intentionally 
introduced defects and on real objects. 

Keywords: Non-destructive testing, pyrotechnic materials, terahertz radiation, X-ray. 

 

INTRODUCTION 

In the last twenty-five years, there has been a dynamic development of techniques using 
terahertz radiation (THz) (Yun-Shik, 2009). Terahertz waves are characterized by unique 
properties. For many years, due to the lack of appropriate sources and detectors in this range, 
they were not used in non-destructive testing. Terahertz radiation is characterized by a high 
ability to penetrate dielectric materials. They are reflected by metals. Non-destructive testing 
of pyrotechnic materials (solid rocket propellants) is a standard procedure required before their 
use. Any defects in their internal structure (air bubbles, structural inhomogeneities, foreign 
bodies) can have a negative effect on their operation. The basic non-destructive testing method 
used in their evaluation is the X-ray method. However, there are cases in which X-ray images 
are difficult to interpret. The conducted experimental preliminary studies have shown that the 
terahertz method can be an auxiliary method in the testing of pyrotechnic materials (Hlosta et 
al., 2022; Swiderski et. al., 2024). 

 

RESULTS AND CONCLUSIONS 

The principle of operation of the X-ray and terahertz transmission methods is similar. The 
radiation source and the detector detecting this radiation are located on opposite sides of the 
tested object. They consist in recording an image in a dedicated range of radiation after the 
radiation generated by the source passes through the tested object. Defects in the internal 
structure of the tested material are imaged as a result of the difference in the physical parameters 
of the defects and the basic material. Causing differences in the absorption and reflection of the 
dedicated radiation. 

As a model for preparing a gas generator charge imitator, it was decided to use a powder 
pressure accumulator (PAC) which is an element of one of the anti-aircraft missiles. The 
product was selected due to its simple geometry and small size. The imitator samples had the 
shape of a cylinder with a diameter of approx. 25 mm and a height of approx. 85 mm. The 
technological process of its production was carried out so that air bubbles, which were defects, 
were created in the internal structure. An example of the test result is presented in Figure 1. 
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(a) 

 

(b) 

 
Fig. 1 - (a) X-ray image and (b) THz image of the sample. 

Figure 2 shows the results of non-destructive testing of a gas generator for an anti-aircraft 
missile. The basic material of the generator was not covered with an inhibitor layer because 
internal defects were detected in it by X-ray. The defects are poorly visible on the X-ray image. 
The terahertz image taken at a frequency of 300 GHz shows more clearly visible 
inhomogeneities in the structure of the gas generator. It should also be noted that the structure 
of the gas generator manufacturing technology is visible on the terahertz image, which is not 
visible on the X-ray image. The technology of making a gasifier consists in rolling a flat layer 
of material from which a cylinder-shaped generator is created. In the censer of the cylinder, 
layers of rolled material can be seen. This can be seen in the terahertz image, where the center 
of the gasifier stands out. 

(a) 

 

(b) 

 
Fig. 2 - A gas generator for a rocket without an inhibitor a) X-ray image b) Terahertz image. 

As experimental studies have shown, the terahertz transmission method can be an interesting 
alternative for non-destructive testing of small-diameter pyrotechnic objects. It should also be 
noted that, in comparison to the X-ray method, it is safe for the operator. It does not require 
such safeguards as the X-ray method. 
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ABSTRACT 

The paper deals with the theory and practical use of reliable determination of values measured 
with foil strain gauges in an extended temperature range of 20 °C ≤ T ≤ 150 °C using the 
example of determining the preload force of a bolted joint. As it will be shown, significant 
deviations from the mechanical strain rate must be expected if the components are not designed 
for thermal suitability. However, even when used at ambient temperature (T = 20 °C), an 
incorrect approach can lead to significant measurement errors. For both applications, the 
potential of error is illustrated by means of tests; conclusions are drawn how this can be avoided. 

Keywords: Strain gauges, preload measurement, bolted joints, elevated temperature. 

 

INTRODUCTION AND THEORETICAL PRINCIPLES 

Strain gauges are used today in a wide range of technical products, which can be both simple 
(e.g. load cells) and complex (e.g. wind turbine to monitor the deformations of the rotor blades 
and the tower structure). It is also suitable to use them to monitor the operating behavior of 
machines and their components (e.g. on screw connections, cf. [1]). The principle always 
utilized when measuring with strain gauges is that the electrical resistance of a conductor wire 
with current flow changes exactly proportionally to an external mechanical load, which 
stretches (increase in resistance) or compresses (decrease in resistance) it. By precisely 
determining the change in resistance relative to the nominal resistance using a suitable 
electronic circuit (Wheatstone bridge, application necessary due to typically very small 
amounts of change) and comparing it with a known reference value (calibration), it is possible 
to determine forces, torques, deformations or pressures (transducer design) or calculate 
mechanical stresses (stress analysis) [2,3].  

Figure 1 shows the basic structure of a foil strain gauge and its attachment to a component to 
be analyzed. The central element is the continuous conductor wire (measuring grid), which has 
a meandering shape and represents a precisely defined electrical resistance. The most important 
requirement for its material is that the relationship between the amount of strain and the relative 
change in resistance should be as linear as possible; Ni-Cu (Constantan) or Ni-Cr (NiChrome) 
alloys are often used. Applied to a carrier foil, there is a transition to electrically conductive 
soldering pads at the beginning and end of the measuring grid, which serve to contact the 
connecting wires. To protect the sensitive conductor wire from external influences, it is usually 
covered with a thin, transparent cover film. The connection to the test specimen to be analyzed 
is made by adhesive bonding, for which two-component adhesives are used in most cases for 
the foil strain gauges considered here. They cure under the influence of temperature and 
pressure (approx. 0.7-4.8 bar at 100-180 °C, depending on the process time), as does the epoxy-
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phenolic adhesive used here ‘Micro Measurements M-Bond 610’. The task of the bond is to 
transfer the local strain ε of the component to the measuring grid as unrestrictedly as possible 
and to initiate a change in resistance. For this purpose, a clean and error-free execution of the 
strain gauge application is essential for the quality of the measurement result. 

 
Fig. 1 - Structure of a foil strain gauge with metallic measuring grid, top view (left, with transparent cover foil in 

reality), side view with component (right, coloring of the cover foil for clarification). 

Since the mechanical strain of the component to be analyzed is small in most cases, the 
electrical resistance change of the deformed conductor is also small and is typically in the range 
of 0.0001 - 0.01 Ω per Ω nominal resistance [3]. For this reason, an electrical circuit is required 
that makes it possible to detect the smallest changes in resistance with reliability. The 
Wheatstone measuring bridge (WB), an arrangement of four electrical resistors R1-R4, which 
are imaged in different variants by strain gauges, is classically used for this purpose. Figure 2 
shows two circuit diagrams of the WB taken from standard literature (left, completely identical 
in function) and the embedding of a measuring strip applied to a bolt in the WB (right). 
Independently of the graphical representation, the resistors are arranged in a circle and 
connected to each other. 

 
Fig. 2 - Functionally identical circuit diagrams of the Wheatstone bridge (left) and integration of a single strain 

gauge into the circuit. In this case, the resistors R2-R4 must be substituted by electrical fixed resistors of the 
same value. Based on [2] (left) and [1] (right). 

If a constant input voltage UI in a low volt range (usually 1 V ≤ UI ≤ 10 V [2, 3] resp. 2,5 V ≤ 
UI ≤ 10 V [4]) is supplied between two opposing bridge arms, an output voltage UO (in the 
millivolt range [3]) occurs between the remaining arms precisely when the nominal resistance 
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of the strain gauges changes due to an applied load. By using a measurement amplifier, the 
signal can be amplified into the volt range and used for further processing [3]. Based on the 
electrotechnical laws underlying the WB (Kirchhoff rules), the number N of measuring strips 
on the specimen (N ∈ {1, 2, 4}) and their orientation (vertical, horizontal) can be used to 
compensate for disturbance variables, e.g. due to bending moment or temperature influences. 
This is possible because the strain values of opposite measuring strips are summed up, while 
those of adjacent strips are subtracted, as shown in equation 1 (with k as a proportional factor 
between strain and change in resistance, which is usually specified by the strain gauge´s 
manufacturer): 

 

UO
UI

  'mV

V
( =  

k

4
  ∙ (ε1 - ε2 + ε3 - ε4) (1) 

 

Figure 3 illustrates common variants that are suitable for determining the preload force on 
bolted joints (suitability for strain measurement on the tension rod, application method ‘outer 
application of strain gauges on the bolt shaft’). As described, the bolt elongation leads to a 
change in resistance of the WB and therefore to a change of the measured voltage with a given 
supply voltage. To determine the bolt force [N], we need to use a calibrated reference such as 
a load cell. A linear function then can be used to transform any measured signal to a force.  

 
Fig. 3a - Selection of suitable variants of the WB for determining a bolt´s preload force (≙ normal strain), 

pictorial presentation of the strain gauges on the bolt shaft (front/rear view FW/RW), circuit diagrams of the 
bridges (centre), resulting signal components (tables) and the individual advantages and disadvantages 

(gradiation + / ∘ / -  ), after [5]. 
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Fig. 3b - Continuation of Fig. 3a. 

Although the use of four strain gauges connected in a full bridge allows the largest possible 
output signal and, in theory, complete compensation of bending, torsion and temperature 
influences, practical use shows that this is only partially true due to manufacturing 
inhomogeneities on sides of gauge manufacturer and also user. In particular, high operating 
temperatures TA (20 °C < TA ≤ 150 °C) can lead to a significant deviation from the desired 
mechanical signal component. However, errors can also occur at room temperature, which can 
be avoided by the correct selection and arrangement of. In the following, the corresponding 
error potential is explained and it is indicated how reliable measurement results can be 
generated. 

In the following, all strain gauges are applied to bolts of size M10 x 90 10.9 (material: 
40CrMo4) with a continuous thread extending below the bolt´s head similar to DIN 6921, 
whereby the first 17 mm of the thread below the head were machined in such a way that a flat 
surface of diameter d = 7.8 mm with low surface roughness was created. The gauges were then 
applied to this surface and a temperature-resistant connection cable was routed through a 
vertical hole drilled via the bolt´s head with a diameter of d = 1.6 mm. Unless otherwise 
specified, strain gauges of the type “J5K” from the manufacturer “Micro Measurements Inc.” 
were used in all measurements carried out, which were applied with the high-temperature, heat-
curing two-component epoxy-phenol adhesive “M-Bond 610” (also Micro Measurements Inc.). 
All peripheral components such as measuring cables, solder etc. were selected based on their 
suitability for temperatures up to T = 150 °C and have been used unchanged in all tests. 
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FORCE MEASUREMENT WITH STRAIN GAUGES AT AMBIENT 
TEMPERATURE 

This chapter uses examples to illustrate that the choice of circuit type (according to Figure 3) 
must always be made according to the expected measurement task in terms of cost and benefit. 
It can be seen that even minor factors can lead to considerable deviations from the desired 
mechanical signal component and threaten to falsify the measured variable. 
 
A. Influence of an unsteady operating temperature 

If a strain gauge-based application is not used continuously in a room with a constant 
temperature, it will probably experience certain temperature changes. Even small temperature 
changes ΔT, such as those that can occur during the course of a normal day, are sufficient to 
cause a significant distortion of the measurement signal. This is not only due to the thermally 
induced change in length of the conductor wire as a function of its expansion coefficient α, but 
also, for example, due to the thermally induced change in the resistance of a metallic conductor 
itself, as this increases with rising temperature [2] (lattice atoms have more kinetic energy and 
thus impede the flow of free electrons, which are responsible for the current flow). The k-factor 
as a correlation between the change in stress and strain (equation 1) also changes with the 
operating temperature [2]. 

To illustrate the effect, quarter, half (orthogonal, parallel) and full bridge circuits are considered 
as shown in Figure 3, which are subjected to a moderate temperature increase of ΔT = 15 °C 
from T1 = 20 °C to T2 = 35 °C (rate of change: 1 °C/min). After a holding time of 60 min, 
controlled cooling with rate of 1 °C/min was done. Before starting the test, all bolts were pre-
tempered for approx. 12 hours under supply voltage (1 V) at a constant temperature of T1 = 20 
°C in a climatic chamber and then used in the test untensioned (i.e. without clamping part and 
nut). The (apparent) force Fap was measured, which was caused solely by the temperature 
change but was not mechanically present (thermal drift). Figure 4 shows the recorded 
measurement curves. 

While a bolt equipped with a full bridge circuit experiences almost no thermally induced signal 
change, an orthogonally manufactured half bridge variant experiences a slight temperature 
change of approx. 70 N, which is, however, completely reversible. As a WB formed in this way 
just compensates for temperature influences, the theory is confirmed by the measurement result. 
A different picture emerges when using a quarter bridge circuit and a half bridge arrangement 
with two strain gauges mounted in parallel and arranged offset by 180° at the same height. In 
both cases, there is a constant change (increase) in the measurement signal, which changes to 
an almost stationary state when T2 is reached. This is approximately 600-700 N (quarter bridge) 
or 800 N (half bridge) above the zero point and in real use this means a superposition with the 
mechanically induced signal. If, for example, clamping parts made of aluminum with αth,AL ≈ 
24e-06 K-1 > αth,FE ≈ 11e-06 K-1 are clamped with these steel bolts, the preload force increases 
due to the greater expansion of the aluminum parts. It remains unclear which part of the signal 
is due to the actual increase in elongation and which is due to the occurrence of a temperature 
change. This leads to the risk of misinterpreting the measurement result. 

 

B. Influence of an uneven counter surface 

As shown in the previous section, the use of strain gauge technology is highly sensitive to a 
change in the operating temperature. However, other influencing variables, such as the 
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occurrence of a bending moment due to an uneven mating surface, can also lead to considerable 
deviations if the wrong circuit is selected, which can also result in misinterpretations. 

 

 

 

Fig. 4 - Effect of a moderate temperature increase of ΔT = 15 °C from T1 = 20 °C up to T2 = 35 °C on the 
measured force signal of a sensor screw manufactured with different circuit types. 

The bolt variants described above (quarter bridge, half bridge orthogonal, half bridge parallel, 
full bridge configuration) were fastened within a uniaxial tensile test rig and loaded torsion-free 
with an axial force Fax = 10 kN (≙ FP) and afterwards again analyzed. 

A load cell installed in the test rig and located within the load level served as a reference source 
in each test. A DIN 434 wedge disc with an inclination of 8% (≈ 4.57°) was attached below the 
bolt head in each case, which resulted in an uneven load distribution in the bolt shaft. 

Figure 5 shows a detailed image of the test configuration mounted in the test rig (left) and the 
stress distribution within the bolt determined using the finite element method (equivalent stress 
according to von Mises), which results when loaded to FP = 10 kN (right): 
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Fig. 5 - Close-up view of the test bolt installed in the tensile testing machine with wedge disc (left) and resulting 
numerically determined stress distribution (equivalent stress according to v. Mises from FEA; FP = 10 kN) 

 
All tests were carried out at a constant ambient temperature and the load on the target preload 
FP was applied purely axially within approximately 30 seconds using a hydraulic pump. Preload 
and reference force of the fully compensated load cell were measured continuously. The loading 
process was carried out in stages and the mean force increase was then approximated using a 
linear equation. Figure 6 illustrates the methodology (left) and shows the measurement results 
obtained in this way (right), which are well suited for comparison. 

 

Fig. 6 - Deviation of the bolt preload forces from the load cell reference signal with torsion-free tensile load to FP 
= 10 kN with tightening against a wedge disc with 8 % inclination angle according to DIN 434. 
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With presence of a bending moment (here wedge disc), the quarter bridge circuit shows a 
significant deviation in relation to the load cell signal (factor of around 3.5). With the half bridge 
circuits, the result is the opposite of Figure 4, as the orthogonal variant shows force differences 
similar to quarter bridge circuit (deviation by a factor of 4.5), whereas the parallel variant is 
consistently close to the reference curve (load cell, black dashed line). This proves that the 
circuit can be compensated as shown in Figure 3. This also applies to the full bridge variant, 
which does not show any significant deviations from the reference at any time (this also means 
on the other hand, that no bending moment can be evaluated). 

 

C. Influence of the supply voltage 

Up to now, all tests have been done with a supply voltage (UI) of 1V, which is a relative low 
value. As a general rule, higher values always have advantages, as they can be used to realize 
a higher output voltage UO (as a further parameter in addition to the strain) and thus a larger 
measurement signal is generated. This makes it possible, for example, to better detect smaller 
amounts of strain because the circuit reacts more sensitive to loads. Nevertheless, the selection 
of a higher value of U0 is associated with certain risks, as the measuring area can heat up 
excessively, because the metallic measuring grid represents an electrical resistance that emits 
heat to the carrier material and sample body due to the applied electric current. Because many 
properties of the measuring system are temperature-dependent, a signal drift or hysteresis, i.e. 
signal curves that are out of phase with increasing and decreasing strain, can occur [2]. 

In practice, this means that the supply voltage should always be selected depending on the 
nominal resistance R of the strain gauges used and the measurement task; common values for 
the electrical resistance R are 120 Ω, 350 Ω or 1000 Ω. While low-resistance (120 Ω) variants 
tend to heat up the measuring area at high supply voltages, the use of higher-resistance gauges 
(e.g. 1000 Ω) results in significantly less thermal stress under the same conditions [2]. Although 
these are much more sensitive to interference pulses from electric and magnetic fields [3], 
which is why the selection of a medium-resistance gauge (350 Ω) with a moderate supply 
voltage (1-2.5 V) is usually a good compromise [5]. If the amount of strain to be measured on 
the componente is not sufficient to generate a processable output signal with this parameter 
configuration, the outer dimensions can be reduced. 

 

FORCE MEASUREMENT WITH STRAIN GAUGES AT ELEVATED 
TEMPERATURE 

With regard to the reliable determination of measured values, elevated temperatures in 
particular can cause considerable problems and deviations. As already explained, this is due to 
the fact that the physical effects that are utilized when measuring with strain gauges are 
themselves dependent on the temperature and change their characteristics with it. Nevertheless, 
it is possible to record safe and reliable signals even under simultaneous mechanical and thermal 
stress. The following section outlines how this can be achieved. 

 

D. Occurrence of a thermal drift  

As already shown in Figure 4, when strain gauges are used, an apparent force Fap occurs even 
at small temperature increases of ΔT = 15 °C, which can lead in a misinterpretation of the 
measurement result. The values that this force can assume in the most unfavorable case are 
illustrated in Figure 7. 
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Fig. 7 - Thermal drift of quarter- and full bridge circuit when heated to T = 150 °C (no preloading of bolt). 

 

Bolts with quarter and full bridge arrangements are placed untensioned in a climate chamber 
and heated from T1 = 20 °C to T2 = 150 °C at a rate of 1 °C/min. The bolt force is measured 
until the target temperature is reached, whereas the cooling phase is not considered further. 

The quarter bridge configuration results in a thermal drift of Fap = 3000 N, which eliminates 
any suitability for high temperatures regardless of the gauge type used. While the full bridge 
arrangement should theoretically be fully compensated against temperature influences, a 
temperature variation of Fap = -650 N nevertheless occurs, which may be due to unavoidable 
manufacturing inhomogeneities (see chapter ‘Introduction’). 

 

E. Relevance of the real thermal suitability of the used strain gauge 

The product catalogues or websites of the strain gauge manufacturers indicate that a relatively 
large number of gauge types are approved for temperature ranges of 150-200 °C. Provided that 
the peripheral components are also suitable for these ranges, good quality and stable 
measurement results should be expected. In practice, however, this approval is by no means a 
guarantee of reliable results. Even if the structure or materials of the measuring strips are often 
similar, there are only a few that ultimately fulfil the central requirement of stability of the 
measuring signal under simultaneous thermal and mechanical load. 

Two strain gauge variants are analyzed, which are applied to the bolt shaft in a full bridge 
arrangement. Three specimens of each type were identically manufactured, temperature- 
resistant peripheral components were used in all cases. Table 1 compares some basic 
characteristics of the gauges. All bolts were tensioned with solid steel sleeves made of 42CrMo4 
(outer diameter dout = 40 mm, grip length l = 20 mm) and nuts according to DIN 6331 to preload 
FP = 30 kN and then exposed to a constant operating temperature of T2 = 150 °C for four hours 
with heating and cooling starting from T1 = 20 °C and a rate of 1 °C/min. This was followed by 
further exposure at T1 for 500 minutes. The time-continuous preload signal of the bolts was 
recorded. Due to the utilization of clamped massive steel components, which were used far 
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below their thermal and mechanical limit load capacity, no preload changes caused by the 
fastening system were to be expected. Figure 8 shows the measurement results as a mean value 
(continuous curve section) with upper and lower deviation (dashed curve sections, each 
calculated from N = 3 individual measurements). 

Table 1 - Characteristics of the strain gauge types used. 

 Gauge Type 1 Gauge Type 2 

Constructional design: single grid 

Nominal resistance: 350 Ohm 

Connection of signal cables: soldering pad (not pre-wired) 

Materials: 

Carrier film: PEEK Polyimide 

Measuring Grid: Constantan (Cu-Ni-Alloy) Karma (Ni-Cr-Alloy) 

Cover film: PEEK Polyimide 

Authorized temperature range: -40 to +200 °C -75 to +205 °C 

While gauge type 2 shows an almost stationary behavior even when preloading after a swing-
in process, which only takes place in the phase of thermal change, several effects can be 
observed using gauge type 1. Although a swing-in process also takes place here, after reaching 
the target temperature this changes into a phase of uniform creep with a similar negative 
gradient, which cannot be explained by a mechanically induced change in strain. After a 
relatively short time period of t = 375 min = 6.25 hr, an apparent drop in prestressing force of 
5.2 % on average is recorded. After assuming the initial temperature, an average force 
difference of 3.75 % remains for gauge type 1, while type 2 returns exactly to the originally set 
force. 

 
Fig. 8 - Behaviour of a suitable (type 2) and unsuitable (type 1) strain gauge under mechanical load 

(FP = 30 kN) at a high operating temperature (T = 150 °C). On the Y-Axis, only the relevant 
information area is shown (suppression of the coordinate origin). 
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At this point it must be noted that the operating temperature of T = 150 °C represents a very 
high load for conventional foil strain gauges, at which the peripheral components such as the 
measuring cable and solder will reach their permissible limits. 

Gauge type 2 is also used in [5] as the exclusive gauge for all strain gauge measurement tasks 
in a range of 20 °C ≤ T ≤ 150 °C. 

As already shown in Fig. 4 and Fig. 7, a low thermal drift occurs even with the compensated 
full bridge arrangement, which can also be seen in both curves in Fig. 8. The following 
chapter shows how this significantly can be reduced, so that the measurement signal describes 
the mechanical signal much more accurately. 

 

F.  Effect of an additional frictional resistance for the almost complete elimination of the 
thermal drift 

With a relatively simple additional procedure, it is possible to achieve almost complete 
compensation of the thermal drift that occurs in practice even with bolts with four measuring 
strips in a full bridge arrangement. For this purpose, a further resistive element must be inserted 
within the electrical circuit, which is able to compensate for the thermally induced change in 
the output voltage. A so called friction resistor of the type “N2B-TR-H22A-00010” (Micro 
Measurements Inc.) is used, which is soldered into two adjacent bridge arms due to the design 
and therefore has two “inputs”. The WB is closed via a common, centered output. Figure 9 
shows the friction resistor of this type (left, greatly enlarged) and its arrangement within the 
Wheatstone bridge (right). 

The conductor loops themselves have an output resistance of 1 Ω, which can be specifically 
adjusted by careful rubbing with an eraser, and are made of Balco wire (Ni-Fe alloy). The key 
feature of this alloy, which is specifically exploited, is that its resistance changes proportionally 
to temperature. If the apparent force Fap assumed by the mechanically unloaded bridge circuit 
at a specific operating temperature T2 (bridge detuning) is known, the required resistance 
compensation can be calculated and adjusted by rubbing a conductor loop, which depends on 
the sign of Fap (- / +; see Fig. 4). The result is a nearly stationary behavior of the measuring 
bridge when exposed to the target temperature T2, which allows a significantly more realistic 
assessment of the mechanical signal component (Figure 10). 

 

Fig. 9 - Frictional resistance "N2B-TR-H22A-00010" (left) and its arrangement in the WB (right). 
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Fig. 10 - Effect of an additional and specifically adjustable frictional resistance integrated into the WB for almost 
completely elimination of the thermal drift, illustrated by two curves each. 

 

PRACTICAL EXAMPLE: PRELOAD RELAXATION MEASUREMENT 
USING STRAIN GAUGE APPLIED BOLTS 

As mentioned in the introductory chapter, strain gauges can be used in a wide range of 
applications to determine mechanical parameters. Finally, a practical example is illustrated in 
which strain gauges are used to continuously measure the decrease in preload due to relaxation 
effects. 

A bolting system consisting of a sensor bolt in a full bridge arrangement (gauge type: J5K), 
which is clamped with a nut according to DIN 6331 against a 20 mm high aluminum clamping 
part (EN AW-6082) to an assembly preload of FP = 30 kN, is examined. The subject of the 
investigation is the influence of different temperatures (T = 20 °C, 100 °C, 120 °C, 150 °C), 
which is why the thermal drift of all bolt specimens was compensated by an additional friction 
resistor (see previous chapter). After assembly, all test parts were placed in a preheated climate 
chamber for t = 100 hr and then removed again and cooled down at room temperature (T =  
20 °C). 

After facing the thermal load, an increase in preload can be seen at all exposure temperatures  
T > 20 °C, which is due to a greater expansion of the aluminum clamping parts compared to 
the steel components. In the following 100 hr, there is a continuous decrease in the preload due 
to plastification within the bolting system in all cases, which increases with the temperature. 
After finally reaching T = 20 °C, all curves switch to a stationary state, which amount is smaller 
the higher the thermal load. This is a good indication that the sensor bolts adapted to the 
measuring task determine reliable values. 
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Fig. 11 - Preload relaxation curves of bolted joints with aluminium at elevated temperatures determined with 
strain gauges. On the Y-Axis, only the relevant information area is shown (suppression of the coordinate origin). 

Additional measurements can be found in [6]. 

 
 

SUMMARY AND OUTLOOK 

The safe and reliable determination of preload force on bolted joints using strain gauges is also 
possible at high operating temperature of up to 150 °C. However, it is essential that the entire 
measuring system is designed from the beginning for these operating conditions, which includes 
the correct choice of adhesive, connection cables and gauges. Additionally the installation 
procedure has to be done precisely with experience.  

It has been shown, even the theoretically fully compensated full bridge circuit shows a 
significant thermal drift, which is superposed to the mechanical signal and thus leads to a 
falsification or misinterpretation of the measurement results. Due to the usage of a friction 
resistor, this effect can be almost completely eliminated. The results of this paper show, that 
even at room temperature a minimal temperature increase can cause significant deviations in 
non-adapted circuits. This leads to incorrect measurement results. For measuring in laboratory 
this leads to differences from reality and possibly misinterpretation, even if all strain gauges are 
calibrated with standardized conditions; for control intention in mechatronic series products it 
leads to wrong control in operation. In practice of products bending moments can occur – also 
this does influence the measurement signal (see example with wedge disc above).  

As outlook it should be considered, that the influences shown above are fundamental to define, 
also for preload sensing bolted joints - which are a real opportunity to combine sensor 
information and fastening in one component of modern intelligent products. Besides this 
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preload measurements also show integrity of the joints themselves, especially for thermal 
induced preload loss for different material combinations or operating at elevated temperature; 
to determine this more in detail, permanently projects are in progress.  
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ABSTRACT 

The aim of this study is to present the influence of hybrid laminates with carbon/aramid 
reinforcement on strength properties after impact. The puncture resistance tests and residual 
strength properties after impact were performed with three values of energy: 3, 5, 10 [J]. Two 
types of carbon fabric (GG 280T, DYF 160/25) one of aramid (KK 170T) and hybrid, aramid -
carbon type (KPiS-T-A-007) of fabric were used. After impact testing, three-point bending tests 
were performed to identify the residual strength of the laminates. The surface area of damage 
on the impacted and the opposite side of the composite were measured. Reinforcement of fibre 
fabric GG280T has the greatest effect on increasing the strength, however the addition of the 
DIY 160/25 carbon fibre fabric reduces them.  

Keywords: Laminates, fibres reinforcement composites, impact resistance. 

 

INTRODUCTION 

Composite laminates are increasingly used to produce components of vehicles in civil and 
military aerospace, marine and automotive industries [Cătălin et al., 2025]. Fiber-reinforced 
polymers are very important for engineering applications due to their high specific stiffness, 
fatigue performance, good chemical and thermal resistance [ Ni, et al. 2024]. The choice of 
fibres plays an equally important role in creating composites [Claus et al.2020]. Different fibre 
reinforcement types offer strain energy absorption potential, which is beneficial for residual 
properties. The knowledge of a dynamic response of a structure with regard to the used 
reinforcement and its impact tolerance are necessary for exploiting them in applications. [Fan, 
et al.2024]. The aim of this article is to present the results of the impact tolerance and puncture 
resistance test as well as residual strength properties after an impact performed with different 
energy hybrid laminates. 

 

RESULTS AND CONCLUSIONS 

Four types of reinforcements were used in various configurations placed into an epoxy resin 
matrix L 285 cured by hardener H 285 in proportion100:40 weight share. The following types 
of reinforcement were used to produce the laminates: 

• Aramid fiber fabric KK 170 T, 170 g/m2  basis weight, 2x2 twill weave; 

• Carbon fiber fabric GG 280 T, 160 g/m2  basis weight, 2x2 twill weave; 

• Carbon fiber fabric DYF 160/25, 220 g/m2 basis weight, plain weave, 
dynanotex flat fabric; 

• Hybrid (aramid/carbon) fabric KPiS-T-A-007, 165 g/m2 ,twill weave. 
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Eight composite control panels with 7 layers of reinforcement were prepared for the 
experimental tests, Figure 1: 1 - 4 layers of GG280 T and 3 layers of  KK170 T; 2 -4 layers of 
KK170 T and 3 layers of GG 280 T; 3 - 8 layers of KPiS-T-A-007; 4 – 8 layers of KK 170 T; 
5 – 5 layers of GG 280 T and 2 layers of DYF 160/25; 6 – 5 layers of DYF 160/25 and 2 layers 
of GG 280 T; 7 -  8 layers of GG 280 T; 8 – layers of DYF 160/25. The composites were 
prepared by manual lamination and then placed in a hydraulic press for 24 hours under a 
pressure of 23 tons (1MPa). The following experimental tests were carried out and later the 
achieved properties were analysed: 

• Puncture resistance test ( at the drop tower CEAST 9340 INSTRON): The 
Impact Resistance [N/m], Peak Force [N], Peak  Energy [J]; 

• Charpy impact test (at the research station GALDABINI IMPACT 25: 
Resilience [kJ/m2] 

• Three-point bending strength test: bending strength σfM [MPa], elastic modulus 
E [MPa], 

• Surface Area of the damage on the impact side [mm2] and on the side opposite 
to the impact side. 

The experimental tests concern the impact resistance test and residual strength properties after 
an impact performed with three values of Energy (3, 5, 10 [J]) on a drop tower.  

 
Fig. 1 - Bending strength σfM [MPa] after an impact of all composites. 

• The addition of the GG 280 T carbon fibre fabric has the greatest effect on increasing 
the strength but the addition of the DIY 160/25 carbon fibre fabric reduces them; 

• The addition of KK170 T aramid fibre fabric has the best effect on impact resistance; 

• Material No. 1, obtained the smallest deterioration of bending strength after impact, 
respectively by about 20% for the impact energy of 10 [J]; 

 
REFERENCES 

[1] Fan, Q.; Duan, H.; Xing, X. A review of composite materials for enhancing support, 
flexibility and strength in exercise. Alex. Eng. J. 2024, 94, pp.90-103.  

[2] George Cătălin Cristea, et al, Influence of Resin Grade and Mat on Low-Velocity Impact 
on Composite Applicable in Shipbuilding,2025, Polymers17, 355, https://doi.org/10.3390/ 
polym17030355. 

[3] Fan, Q.; Duan, H.; Xing, X. A review of composite materials for enhancing support, 
flexibility and strength in exercise. Alex. Eng. J. 2024, 94, pp.90-103.  

[4] Ni, K. et al. Low-velocity impact and post-impact compression properties of carbon/glass 
hybrid yacht composite materials. Ocean Eng. 2024, 292, 116448.



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-501- 

PAPER REF: 22644 
 
 

CORRELATING FLEXURAL ULTRASOUND ATTENUATION 
PARAMETER TO SENSITIZATION BASED ON FABRY-PEROT 
RESONATOR PRINCIPLE 
 
Songwei Wang, Haiying Huang(*) 

Department of Mechanical and Aerospace Engineering, University of Texas at Arlington, Arlington, TX, USA 
(*)Email: huang@uta.edu 
 
 
ABSTRACT 

Ultrasound attenuation in polycrystalline materials is sensitive to microstructure changes such 
as recrystallization, fatigue, sensitization, etc. This study introduces the principle of Fabry-Perot 
resonator for measuring the attenuation parameter of dispersive flexural waves.  The results 
demonstrate that the flexural ultrasound attenuation parameter correlated well with the degree 
of sensitization (DoS) in aluminum-magnesium (Al-Mg) alloy samples, leading to a fast and 
non-destructive technique to characterize DoS. 

Keywords: Fabry-Perot resonator, sensitization, flexural wave, ultrasound attenuation, degree 
of sensitization, aluminum-magnesium (Al-Mg) alloys. 

 

INTRODUCTION 

Previous studies on the effect of microstructural changes on ultrasound attenuation parameter 
used either longitudinal or shear waves because of their non-dispersive nature. Dispersive 
flexural waves are rarely used for attenuation measurement because wave dispersion changes 
the shape of the wave packet, making comparing the amplitudes of two consecutive wave 
packets difficult. When exposed to elevated temperature for an extended period, Aluminum-
magnesium (Al-Mg) alloys experience sensitization, i.e. the formation of β-phase Al₂Mg₃ 
precipitates at the grain boundaries. This microstructure changes makes Al-Mg alloys more 
susceptible to intergranular corrosion and stress corrosion cracking. The standard technique for  
quantifying sensitization requires submerging matchstick samples in acid solution and 
measuring the material loss after 24 hours of soaking. This approach is time consuming and 
cannot track the progression of sensitization in the same sample. Other researchers have studied 
non-destructive ultrasound attenuation for sensitization characterization. Even though these 
studies demonstrated that sensitization changes the ultrasound attenuation parameters, the large 
measurement uncertainty hinders the detection of small sensitization development. Recently, 
the authors presented a mathematical proof that a flexural beam is a mechanical Fabry-Perot 
resonator (FPR). This study extends the FPR fringe analysis to study the influence of 
sensitization on the flexural ultrasound attenuation parameter. 
 
RESULTS AND CONCLUSIONS 

Assuming a harmonic shear force -�./0 is applied at the left end of a flexural beam, the 
harmonic response of the beam, measured at the right end x = l, can be solved as 

123�4, 6� �  -��.78[1 + ;2�−=>2?;4@ + ;4�−=>4?;4@ + ⋯ ],                                        (1) 
in which ;C � ��CDE8 represents the round-trip attenuation of the flexural wave. The FPR fringe 
spectrum of the flexural beam is the amplitude of F23�4, 6�, i.e.,  
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�����, �� =  �[1 +  �� cos�2���� + ��cos�4���� + ⋯ ].                    (2) 

Thus, the fringe frequency spectrum, i.e., the spectrum of �����, ��, has fringe frequency peaks 
with amplitude A1 = ��, A2 = ��, etc. The attenuation parameter α can then be determined from 
the amplitudes of the first and second fringe frequency peak A1 and A2 as 

� = �2 = 20 log � !
 "

# /2.                                        (3) 

Matchstick samples having a length of 10 mm and a square cross-section of 6.35 mm2 were 
machined from as-received AA5456 cold-rolled plates. Before heat treatment, the impulse 
response of each matchstick samples was measured by shining a high-power laser pulse on one 
end surface to excite flexural ultrasound waves and measuring the displacement at the other end 
of the sample using a laser interferometer. The fringe spectrum of the flexural FPR is calculated 
from the fast Fourier transform (FFT) of the impulse response. Applying a second FFT on the 
fringe spectrum produces the fringe frequency spectrum, from which the attenuation parameter 
can be determined using equation (3).  

The samples were heat-treated at 120°C inside an oven. At selected heat treatment intervals, 
two samples were removed from the oven and the attenuation parameters were measured, after 
which the Degree of Sensitization (DoS) of these samples were measured using the material 
loss test. In addition to AA5456 samples, reference samples made of AA5052, which are more 
immune to sensitization, were tested. Figure 1 shows the correlation of the flexural ultrasound 
attenuation parameter with the DOS. AA 5456 samples experienced substantial sensitization 
development while the sensitization of AA5052 samples is neglectable. For both materials, the 
flexural ultrasound attenuation parameter correlates well with DoS. The flexural attenuation 
parameter changed significantly with sensitization and the measurement uncertainty is 
relatively small. These results demonstrate that the flexural ultrasound attenuation parameter 
have the potential to be used for fast and non-destructive quantification of DoS. 

 
Fig. 1 - Correlation of flexural ultrasound attenuation parameter change and Degree of 

Sensitization for (a) AA5456 and (b) AA5052. 
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ABSTRACT 

In this study, high-speed machining of Inconel 718 was investigated using SiAlON ceramic 
tools with different cutting parameters under dry conditions. For that purpose, a series of face 
milling tests combined with 3D numerical simulations were performed at cutting speeds of 700, 
914, and 1219 m/min, feeds per tooth of 0.076, 0.102, and 0.152 mm/tooth, an axial depth of 
cut of 1.5 mm, and a radial depth of cut of 24.3 mm. The cutting performance was evaluated in 
terms of measured and simulated forces, temperature, tool wear, and surface integrity.  

Keywords: Inconel 718, high-speed machining, Finite Element Method (FEM), tool wear, 
surface integrity. 

 

INTRODUCTION 

Inconel 718 is one of the most widely used nickel-based super alloys in critical industries such 
as aerospace, automotive, and energy due to its high mechanical and physical properties 
especially at high temperatures and severe working conditions (Bartolomeis et al. 2021). 
However, it is also considered a difficult-to-cut material as a result of its high strength, work 
hardening tendency, and built-up edge formation (Zhang et al. 2024). Under dry and high-speed 
machining conditions, these inherent properties result in substantial thermo-mechanical loads, 
contributing significantly poor surface integrity and accelerated tool wear (Shu et al. 2024). 
Therefore, improvement of tool performance and productivity in machining operations of 
Inconel 718 is considered as a major challenge (Bartolomeis et al. 2021). 

In this study, the evolution of forces in axial, feed, and transverse directions and thermo-
mechanical loads acting on the machined surface at different cutting speeds (700-1219 m/min) 
and feeds per tooth values (0.076-0.152 mm/tooth) were investigated in high-speed face milling 
of Inconel 718 in down milling direction. The tests were performed under dry conditions using 
SiAlON ceramic inserts (Kyocera 6030) placed in a toolholder (Seco R220.26-0050-
RN1204.6A) with six cutting inserts. It was aimed to improve process productivity by 
investigating the high-speed machining performance of Inconel 718 while ensuring the surface 
integrity required for the application through experimental approaches and digital technologies.  
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RESULTS AND CONCLUSIONS 

Figure 1a shows the numerical model developed in Abaqus FEA software to simulate face 
milling operation. The employed material properties and parameters of constitutive models 
(Johnson-Cook plasticity and damage) used in simulation of the processes can be found in 
references (Zhang et al. 2024) and (Shu et al. 2024). Figure 1b show the measured forces 
depending on employed cutting parameters. The maximum forces were observed in axial 
direction while the minimum forces were measured in the feed direction under all conditions. 
This can be associated with the selected low depth of cut value (1.5 mm) in comparison to large 
nose radius value (12.7 mm). In general, increase in cutting speed led to a decrease in forces 
due to higher thermal loads acting between tool and workpiece interfaces. In case of transverse 
forces, higher feed per tooth values led to higher cutting forces due to the increased mechanical 
loads. Similar results were also observed in case of axial forces except the lowest feed per tooth 
value. This can be attributed to ploughing dominant process conditions at low feed per tooth. 
The tool wear tests performed at the cutting speed of 914 m/min and feed of 0.102 mm/tooth 
showed that a maximum flank wear value of 0.54 mm was reached after a machining time of 
16 s. 

 

 

Fig. 1 - a) Numerical model and b) measured forces. 

Future studies will focus on experimental/numerical investigation of tool wear and surface 
integrity characteristics of machined surfaces including surface roughness, surface and 
subsurface residual stresses, microstructural changes, and subsurface hardness variation. 

 

REFERENCES 

[1] De Bartolomeis A, Newman ST, Jawahir IS, Biermann D, Shokrani A. Future research 
directions in the machining of Inconel 718. J Mater Process Technol 2021, 297, 117260.  

[2] Zhang P, Wang S, Zhang J, Sun Y, Zhou H, Yue X. Research on high speed machining 
mechanism and tool wear mechanism of nickel-based superalloy 718. Vacuum 2024, 229, 
113538.  

[3] Shu A, Ren J, Zhou J. Mechanical properties of machined surface for high-speed machining 
Inconel 718 considering microstructural evolution. J Manuf Process 2024, 124, pp.1143-1158.



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure  

In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025 

DOI: https://doi.org/10.24840/978-972-752-323-8 

-507- 

PAPER REF: 22463 
 
 

DEVELOPMENT OF A DIGITAL TWIN OF AN INTELLIGENT 
ROBOT-ASSISTED FINISHING SYSTEM FOR POLISHING 
METAL ADDITIVE MANUFACTURED COMPONENTS 
 
Jose Outeiro1(*), Tero Kaarlela2, Necati Uçak1, Noel Greis1, Harish Cherukuri1 
1Digital Engineering for Advanced Manufacturing Laboratory (DEAM Lab), Center for Precision Metrology, 
Department of Mechanical Engineering and Engineering Science, University of North Carolina at Charlotte, 
9201 University City Blvd., Charlotte, 28223, NC, USA  
2Department of Production Technology, Centria University of Applied Sciences, Ylivieska 84100, Finland 
(*)Email: jc.outeiro@charlotte.edu  
 
 
ABSTRACT 

This paper presents the design and deployment of a Digital Twin (DT) of an Intelligent Robot-
Assisted Finishing System (iRAFS) for finishing components obtained by Metal Additive 
Manufacturing (MAM). This DT is a digital representation of the physical system (iRAFS), 
composed of a centrifugal disc finisher assisted by a collaborative robot to hold the component 
and to control its movements inside the media during the finishing process. The DT integrates 
a bidirectional communication for real-time data acquisition and process control to enhance the 
precision and efficiency of the finishing process of MAM. It is used for monitoring, 
programming and controlling the physical system, reducing the downtime thus improving 
productivity. This work establishes a foundation for the implementation of intelligent DT-
driven systems in advanced manufacturing, promoting productivity and process reliability. 

Keywords: Digital Twin, Robotic, Drag Finishing, Additive Manufacturing. 

 

INTRODUCTION 

Additive manufacturing (AM)is one of the advanced manufacturing methods, enabling the 
production of components from a three-dimensional model by joining materials layer by layer 
[1]. To increase the overall utility and profitability of AM, automated and flexible methods are 
required for the finishing process of AM production. The key to increasing AM profitability is 
to adopt advanced technologies such as robotics for the finishing process. While collaborative 
robots feature advanced functionality for human-robot collaboration, the programming methods 
remain primitive. Programming using the teach pendant requires expertise in the specific robot 
model and the physical presence of the operator. Replacing the teach pendant by a more user-
friendly programming option that does not require programming is necessary. While hand-
guiding provides a user-friendly programming option, physical presence and production 
interruption are necessary to program robots. Although utilizing VR as a high-level user 
interface for programming and teleoperating robots has been studied previously, the previous 
solutions do not offer location and time-independence [2]. Web-based eXtended Reality 
(WebXR) enables device-independent VR application development and distribution [3]. In 
addition, Message Queuing Telemetry Transport (MQTT) enables authentication, 
authorization, and encryption to ensure cybersecure CPS implementation. 

This paper presents an intelligent DT-driven approach for location-independent robot 
programming. The presented approach utilizes virtual reality (VR) as the high-level user 
interface and MQTT communication protocol to provide a location- and time-independent way 
to teleoperate and program a collaborative robot. The focus is on teleoperation, monitoring, and 
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programming a collaborative robot for AM finishing applications. The presented approach 
extends the previous work [2] by adding location and time-independence to increase production 
flexibility. 
 
RESULTS AND CONCLUSIONS 

A DT of an Intelligent Robot-Assisted Finishing System (iRAFS) was developed. This system 
is illustrated in Figure 1 and is composed of (1) a centrifugal disc finisher from Mass Finishing 
model RF-50, (2) a collaborative robot from Universal Robot model UR30 mounted in a (3) 
pedestal in granite. This system is installed in the Depart. of Mechanical Engineering and 
Engineering Science at the University of North Carolina at Charlotte. As a complete digital 
representation of the physical system (iRAFS), this DT integrates a bidirectional 
communication for monitoring, programming and controlling the physical system, reducing the 
downtime thus improving productivity. 

This DT is operated through WebXR user interface built using the Unity game engine to enable 
a realistic environment for the robot teleoperator. The components and kinematics of the robot 
are based on the model files at ROS industrial package. The communication layer is based on 
the MQTT protocol. Both MQTT broker and WebGL-based DT are hosted on a cloud server to 
enable location-independent teleoperation. Fig. 1 shows both physical and digital twins. 

The presented DT-driven approach enables device and location-independent programming and 
teleoperation of a collaborative robot manipulating 3D-printed metallic components in a 
centrifugal finisher. The presented approach does not require expertise in robotics or the 
utilization of a teach pendant. This DT was tested using several XR headsets including Apple 
Vision Pro and Meta Quest. 

(a)       (b) 

Fig. 1 - (a) Physical system (iRAFS) and corresponding (b) Digital Twin. 
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ABSTRACT 

The science of biogeography was described through mathematical equations in 1967 by Robert 
MacArthur and Edward Wilson. In 2008, Dan Simon presented an algorithm called 
biogeography-based optimization, or BBO, which used some of the principles and definitions 
described in MacArthur and Wilson’s book. The objectives of this work were to study the 
behavior of the BBO method when it is hybridized with other evolutionary search methods and 
to analyze the effect of its application to some examples of mechanical engineering systems. 
Alongside some BBO modifications used in the literature, the operators considered in the 
hybridization study are the genetic recombination (crossover) and the local search, aiming to 
overcome the limitations and difficulties that arise when using the original BBO. 

Keywords: Memetic algorithms; biogeography-based optimization; population-based 
algorithms. 

 
INTRODUCTION 

Engineering problems have become increasingly complex, making their analytical resolution 
practically impossible to complete in many situations. Numerical solution methods have, 
therefore, been given greater focus. Optimization, which fits into this category, has become one 
of the most pivotal subjects in the day-to-day of a modern engineer specifically because there 
is not an area in engineering where optimization is not involved in some way. Biogeography is 
the study of the distribution of species and ecosystems in geographical space over geological 
time (Wilson and MacArthur, 1967). Biogeography-based optimization is an evolutionary 
algorithm (EA), introduced in 2008 by Dan Simon (Simon, 2008), that optimizes a function by 
iteratively and stochastically improving its solutions according to a quality measure or fitness 
function. 

 

BBO APPROACH MODEL 

The science of biogeography, created in the 19th century, was considered to be descriptive and 
historical, but in 1967, Robert MacArthur and Edward Wilson published The Theory of Island 
Biogeography (Wilson and MacArthur, 1967), where they tried to describe this phenomenon in 
mathematical equations. These models have tried to describe how species move from one island 
to another, how new species appear, and how they become extinct. 

BBO is a population-based global optimization algorithm, proposed by Dan Simon in 2008 
(Simon, 2008). As it is implied, this method uses the science of biogeography, that represents 
the study of the distribution of species over time and space, to study the search space in search 
of an optimum point. The BBO algorithm uses the models described by MacArthur and Wilson 
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(Wilson and MacArthur, 1967), to represent the different process of biogeographical evolution, 
such as habitats, migration and cataclysmic events. In this algorithm each solution is considered 
a habitat, where its suitability to preserve life will represent the fitness of the Genetic 
Algorithms. A habitat with a high habitat suitability index (HSI) will represent a solution with 
good fitness while a poor habitat (a habitat with low fitness) will have a low HSI. The algorithm 
will then evolve its solution to maximize (or minimize) the HSI of the best solutions by 
emigrating and immigrating features of the different habitats. Good solutions are associated 
with habitats with high HSI, while habitats with low HSI are associated with bad solutions. 
Solutions with high HSI are more resistant to change, so solutions with high HSI tend to share 
characteristics with low HSI solutions. The diversity of individuals is related to HSI, so when 
an individual arrives in a habitat with low HSI, the habitat’s HSI tends to increase. 

Migration Operator 

This process uses the migration rates of each solution to probabilistically share information 
between habitats. The immigration rate �� is used to determine whether a selected characteristic 
of each solution will change. If a given solution �� has a characteristic which is selected to enter 
the migration process, then the emigration rate �� of the other solutions will decide which of 
the solutions will migrate a characteristic (SIV) to this solution ��. This process is quite similar 
to other reproduction processes from GAs, but this method differs from them in a very important 
aspect. In GAs, reproduction by recombination is used to create new solutions, while BBO 
migration is used to modify existing solutions. It is, therefore, possible to say that, unlike the 
reproduction process of the GA, the migration of the BBO is an adaptive process. The migration 
rates, presented in (Zheng, Sueqin, Zhang, and Chen, 2019), are then given by, 

�� = � �� (1) 

�� = 	 
1 − 
�� (2) 

where 	 represents the point where the emigration rate reaches its maximum, � represents the 
point where the immigration rate reaches its maximum (normally 	 = � = 1), 
 represents the 
solution ranking after being placed in descending order and � represents the number of solutions 
on the population. 

The use of linear models to describe the migration process is usually sufficient in the 
optimization algorithm. But Ma (Ma, An analysis of the equilibrium of migration models for 
biogeography, 2010) also presented several different options to describe the migration operator, 
such as the trapezoidal and sinusoidal model, which have been used to obtain several good 
results (Peixoto and António, 2025). 

Ma and Simon also presented a new variation of the migration operator in their algorithm, 
named blended BBO (Ma and Simon, Blended biogeography-based optimization for 
constrained optimization, 2011). This change created a migration operator that mixes each 
component of an immigrating solution (�� ) with the corresponding component of the 
emigrating solution (��), as follows:  

������ = ������ + �1 − ������� (3) 

where � is a number between �0,1�, which can be a predetermined or random value. 
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Mutation Operator 

Cataclysmic events can drastically change the HSI of a natural habitat, this process is 
represented in this algorithm as a mutation on the SIV of a solution. Each element of the 
population has an associated probability, which indicates the probability of expecting a priori 
that there is a solution to the problem in question. Solutions with a very low or very high HSI 
are equally unlikely to mutate and solutions with a medium HSI are relatively likely. If a 
solution � has a low probability ��, then the probability of it being mutated is high. On the other 
hand, a solution with a high probability will have fewer opportunities to mutate. This can be 
implemented, using the following formula, 

�� = �max 
1 − ���max � (4) 

where �max is a parameter defined by the user, that represents the maximum mutation rate 
and �max is the maximum of �� in the population, �� is then calculated as, 

�� =
⎩⎪
⎨
⎪⎧ �% = 1

1 + ∑ �%�' … �)*'�'�+ … �)
,)-'

,   
 = 0
�� = �%�' … ��*' 

�'�+ … �� 
1 + ∑ �%�' … �)*'�'�+ … �)
,)-' � , 1 ≤ 
 ≤ �  (5) 

 
This method makes it possible to improve solutions with low HSI. Furthermore, with the use 
of elitism, which guarantees that the best solutions are kept in the study space, mutation adds 
some guarantee that the algorithm won't get stuck in a local optimum. 

Hybridization Operators 

The performance of the standard algorithm, when subject to some problems of optimization of 
mechanical systems (Peixoto and António, 2025), was lacking. With the algorithm having 
several issues on the final generations of its process. But it also showed great promise in its 
initial generations, where the global search was a bigger factor. So, a couple of modifications 
were introduced to improve the quality of the performance of the algorithm. 

Initially, a mutation cycle, in which the mutation operators are used several times in the same 
generation, only allows for the addition of improved solutions. A solution injection process 
(Conceição António, A multilevel genetic algorithm for optimization of geometrically 
nonlinear stiffened composite structures, 2002; Conceição António, A hierarchical genetic 
algorithm for reliability based design of geometrically non-linear composite structures, 2001) 
was also added, where the last 10 % of the population was replaced by new solutions at the end 
of each generation. All these processes were added in an initial iteration of the studies to 
improve the diversity of the algorithm's population. 

Then a recombination process through crossover was added to the algorithm to improve the 
exchange of genetic information. For the implementation of these operators, it was also 
necessary to implement a binary decoder and encoder since most of the operators and heuristics 
of the BBO method are in the real domain. Three operators, the single-point crossover (SP) 
(António, 2022), multi-point crossover (MP) (António, 2022), and the uniform crossover (U) 
(Eshelman, Caruana, and Schaffer, 1989). Recombination processes are based on the selection 
of a couple for each child that will be generated, these are called Mating Selection Mechanisms. 
This work used studied two different MSM. 
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The first one is denoted by Independent Selection-based Fitness (ISbF), and it is proceeded as 
follows: 

The current population is divided into two groups according to the fitness of each solution, the 
best (elite) group and the worst group of solutions (Conceição António, A multilevel genetic 
algorithm for optimization of geometrically nonlinear stiffened composite structures, 2002). 
Each group provides a parent, which is selected through a roulette method (equation 3.1). The 
two stochastic procedures are independent. Then the offspring created will all be placed in the 
population, replacing every solution not belonging to the elite. 

�/0�)1 = 2/0341
∑ 2/0�)15pop�-'

 (4) 

where 2/0341 represents the fitness value of the solution and 8pop the size of the population. 

The second strategy for MSM, denoted by Previous Elites-based Selection (PEbS), is proceeded 
as follows: 

The first parent is selected from the current population with a probability equal to the migration 
rate (proportional to rank position). The second parent is selected randomly from the best 
solutions stored in previous generations. Then, the offspring created by crossover will be 
evaluated. The new population will be composed using the best solutions from the current 
population and the offspring. The enlarged population is sorted by fitness, and the worst 
individuals are eliminated to restore the original size of the population. 

A Hooke-Jeeves algorithm was also added as a local search optimizer, to improve the final 
generations’ performance. This operator will allow for an improvement of the search velocity, 
allowing for the algorithm to reach the end solution with greater ease. The Hooke-Jeeves 
method is common in the world of optimization, since it allows for an efficient search for spaces 
of great dimensions, even if the objective function is very complex. This method and its 
parameters were altered, so that its performance and synergy with the other operators was 
greatly improved. 

 

RESULTS AND CONCLUSIONS 

The algorithm was applied to four different examples in the mechanical systems area. The first 
example focused on the minimization of the cost of a welded beam design. This non-linear 
problem was subject to a different number of constraints, ranging from the displacements to the 
size constraints and the allowable stresses. The results obtained were compared to a reference 
value retired from the literature (Help, s.d.). The second example also wanted to minimize the 
cost of a mechanical system, this time a welded gusset design, having constraints related to its 
size and allowable stresses. The results were also compared to a reference value from the 
literature (Gonçalves, 2023), which was obtained from a genetic algorithm with local search 
and controlled mutation. The third example required the minimization of the potential energy 
of a spring and weight system. This ten variable problem only had constraints related to its size 
and shape, to impede the possibility of interference between nodes. This examples’ reference 
value was obtained from (Vanderplaats, 1984). Finally, the fourth example represented the 
optimization of a 10-bar truss problem by minimizing the weight of the system, through the 
reduction of the area. The reference value was obtained from a augmented genetic algorithm 
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(Aminifar, Aminifar, & Nazarpour, 2013). The best results, obtained from the fully hybridized 
algorithm, are exposed and compared to the reference values are in Table 1. 

Table 1 - Best result obtained for the four examples. 

Example Best Value Reference Value 

1 1.7192 1.7248523085 

2 3214.375 3228.13 

3 -4416.36 -4416 

4 2182.267 2261.42 
 
The results shown above all surpass the reference values obtained from the literature, so it is 
possible to say that the algorithm had a good performance overall. It is important to note that 
these were the best results obtained from the fully hybridized algorithm, which means, the BBO 
including the blended migration approach (Ma and Simon, Blended biogeography-based 
optimization for constrained optimization, 2011), crossover operators and a Hooke-Jeeves local 
search method. The original algorithm, without modifications, didn’t obtain good values, due 
to the lack of population diversity in its final generations, but showed great promise with its 
great global search in the initial generations. 

There was also a necessity to perform some statistical tests, to better understand the impact of 
the new additions to the method. For that, the Friedman (Friedman, 1937) and Wilcoxon 
(Wilcoxon, 1945) test were used. The average results for the different statistical tests are 
presented in Table 2. 

Table 2 - Average results from the statistical tests. 

Test P-Value 

Migration 0.773111 

Mutation 0.23349 

Crossover 0.287532 

Crossover Operators (PEbS) 0.392943 

Crossover Operators (ISbF) 0.465267 

Local Search 0.056681 
 

As it is possible to note from the table above, the inclusion with the most significance was the 
local search having the lowest average P-value. The inclusion of the crossover also had some 
significance, even though not as much as the difference between the two mutation operators. 
Of all the different inclusions and different operators, the different migration operators (not 
shown in the table) had the least amount of significance, having the highest average P-value. 
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ABSTRACT 

The intelligent technologies and the automation industries have become the modern trend in 
recent years. Specially, the robots and AGVs (Automated Guided Vehicle) are also many 
applications in various industries and thus become one of the indispensable machines in the 
assembly line. However, the probability of collision among robots, AGVs, machines, and 
people etc. is very high during complex works. Therefore, this paper studies the intelligent 
system of collision avoidance based on octree structures from point cloud for automatic 
collaboration using dynamic 3D point cloud tracking. For the intelligent system of collision 
avoidance, the point cloud model firstly achieves tracking the 3D pose of the robot by the octree 
radius search. Second, the system detects people and machines entered the scene by octree point 
cloud change detector. A minimum distance between the point cloud models of the object and 
the robot for collision avoidance is calculated by the octree point cloud search. Finally, the 
connection between the intelligent system of collision avoidance and the robot controller is the 
TCP/IP protocol. The results showed that the system calculation time of each frame for collision 
avoidance is about 0.067s and the distance error of collision is 0.76 cm when the linear velocity 
of the robot is 30 mm/s. The external objects can be captured and detected in real-time by the 
algorithm of the octree point cloud change detector for intelligent collision avoidance.  

Keywords: Dynamic Tracking, Point cloud model, Collision avoidance, Real-time. 

 

INTRODUCTION 

In recent years, the artificial intelligent technology has gradually been introduced into the 
industry. During intelligent manufacturing, the robots, automated guided vehicles (AGV), 
autonomous mobile robots (AMR) have also been widely used in various fields which become 
the most important mechanical tools of dynamic moving. In addition, the demand for human, 
robot, or machine cooperation has been increasing in collaborative environment. The safety 
protection of collaborative environment in real time is also very paramount importance. 
However, it has been difficult to distinguish between the external force generated by a collision 
and intended contact for collaborative operation. Several approaches have been studied during 
the past years for collaborative environment, such as inertial sensors [1], laser scanners [2], 
vision-based approach [3,4], stereo vision system [5-6], or depth camera [7]. The inertial 
sensors depended on a special suit with sensors and the limitation of motion capture of the suit 
wearer only, where the surrounding is unmonitored. For laser scanners that provided high 
resolution but with relatively low processing speed, because each line of the scanned scene is 
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sampled separately and directly. In general, the depth camera processes the large point data to 
distinguish the external object that is generated by a collision and is intended contact for 
collaborative operation. Therefore, this paper studies the intelligent system of collision 
avoidance based on octree structures from point cloud for automatic collaboration using 
dynamic 3D point cloud tracking. 
 
RESULTS AND CONCLUSIONS 

Experimental Setup and Methods 

The system setup mainly had a depth camera, 2 6-axis robots, a worktable with a vise as shown 
in Figure 1(a). The depth camera monitors the surrounding environment of the robot and 
generates point cloud model data, as shown in Figure 1(b). The model of the depth camera is 
Azure Kinect Developer Kit, which frame rate is 30 fps with USB type C connector. The 
resolutions of depth camera and color camera are 1MP and 12MP, respectively. The field of 
interest of width and the operating range are 120° × 120° and 0.25 - 2.21 meters, respectively. 
The robot is a six-axis robot, model Fanuc M-16iB/20 with R-30iA controller. The payload, 
reach, and repeatability are 20 kg, 1667 mm, and 00.08 mm, respectively. 

    
(a)                                                                                 (b) 

Fig. 1 - Dynamic 3D tracking with intelligent collision avoidance (a) Experimental setup (b) Unprocessed 
point cloud of dynamic model. 

 
Point Cloud Building Methods 

The point cloud data is generated by a depth camera which uses Time-of-flight (ToF) theory 
[3]. The principles of ToF include the pulsed light theory and the continuous-wave modulated 
light theory. The depth camera mainly uses the continuous-wave modulated light theory to 
calculate the depths of the scene, as shown in Figure 2(a).  

 
(a)                                                                             (b) 

Fig. 2 - Point cloud building using depth camera (a) Emitted and received signals of continuous-wave 
modulation (b) Cross-correlation of depth information. 
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The s(t) and r(t) are the optical powers of the emitted and received signals, as shown in formula 
below: 

9�:� = ;' <=9�2?2:� + ;+   and   @�:� = A <=9�2?2: − 2?2B� + C 

Where a1, A and a2, B are the amplitude and the offset of the modulated emitted and received 
signals, respectively. f is the signal frequency and τ is the time delay between the emitted and 
received signals, ∅=2πft is the phase shift. Figure 2(b) is the cross-correlation of depth 
information and the depth value d of the objects at each pixel is computed as follows formula:  

� = <4?2 ∅ = <4?2 :;�*'�FG − F'F% − F+� 

Where c is the light speed, F%, F', F+,and FG are the time occupied by 0°, 90°, 180°, and 270° in 
the reflected wave, respectively.  

 

Octree Structure from Point Cloud for Dynamic Change Detector 

After modelling the point cloud model of the robot arm and its surroundings through Euclidean 
clustering segmentation, the point cloud model of the robotic arm needs to be monitored and 
performed dynamic tracking for intelligent collision avoidance. It is also necessary to detect 
external objects such as people or machinery that suddenly enter the scene during monitoring. 
Therefore, this study uses the algorithm of Octree point cloud change detector with fixed-radius 
near neighbours search [7] to detect the external objects. Assume that the search ball S(q,r) is 
defined by point q and radial r and the half of a side length of Octree cube is e. , as shown in 
Figure 3(a).  

 
(a)                                                                             (b) 

Fig. 3 - Octree search. (a) a fixed-radius near neighbors search; (b) Cross-correlation of depth information. 
 

Then, the Octree cube is detected to check if it overlaps with the search ball S(q,r) as bellow: 

||J� − K|| < @     where �;M  J′ < K + @  and  �
�  J′ < K 
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After this algorithm calculates each point J�, we can obtain the change points and can know the 
spatial change between the points, as shown in Figure 3(b). Where resolution is the smallest 
voxel side length of octree cube, O' is the point cloud models of the robot and the surrounding 
environment, and O+ is the point cloud model of the scene. In the intelligent system of collision 
avoidance, the system needs to detect and generate the point cloud models when any external 
objects enter the scene.  

In order to monitor and prevent collisions for intelligent collision avoidance, it is necessary to 
continuously capture the point cloud model of the system in each frame for three-dimensional 
dynamic tracking. Each frame is originally classified by an algorithm of Euclidean cluster 
extraction. This algorithm calculates the minimum distance to cluster point cloud data between 
different groups by setting a threshold distance. The clustering definition formula of objective 
function, Bi, is as follows: 

C� = P P �
�||����� − F�||+ Q RST
,

�-'

)

�-'
 

Where k and n are number of clusters and number of cases, respectively. Pi and Cj are the case 
i and centroid cluster j of point cloud data, respectively. Dth is the maximum distance threshold. 
In order to perform grouping, each data point is assigned to the nearest cluster centroid. The 
nearest is typically determined using the Euclidean distance, as shown in Figure 4. The robot 
(blue), environment (black), and external (green) objects of point cloud are extracted using the 
Euclidean cluster. Then, the group collision (red) of point cloud based on Octree search distance 
(magenta) can be dynamically detected for intelligent collision avoidance 

 

Fig. 4 - Dynamic tracking for intelligent collision avoidance based on Euclidean extraction and Octree 
distance detection. 

For collision verification, the experiment mainly tested the errors of anti-collision detection at 
different distances. The distances for safe detection are 18, 20, 22,25, 27,30,32, and 35 cm. 
During experiment, the robot continuously operates at a fixed linear speed of 30 mm/s. The 
robot will immediately stop if the external objects enter the safe distance of collision avoidance. 
Then, the actual distance of collision avoidance was measured with 10 numbers of 
measurement, as shown in Figure 5(a). The range of average error is about 0.73 cm~0.925 cm 
and the range of average error rate is about 2.28%~4.78%, as shown in Figure 5(b). Results 
showed that the errors at different distances are stable when the robot arm moves at the same 
linear speed. The collision avoidance sy[1] stem have a fairly reliable system accuracy. 
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(a) 

 
(b) 

Fig. 5 - Anti-collision detection avoidance (a) Actual distance of collision avoidance at different 
distances (b) The errors and average error rate of different distances. 

This study developed the real-time tracking system of 3D dynamic and the intelligent system 
of collision avoidance and obtained results summarizes as follows: The result of the real-time 
tracking system shows that the point cloud of the robot can track the 3D pose of the robot by 
the algorithm of the octree point cloud search. The results of the intelligent collision avoidance 
show that the external objects can be captured in real-time by the algorithm of the octree point 
cloud change detector and the system can detect collision. 
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ABSTRACT 

The increasing global awareness of climate change and its associated consequences pose new 
environmental, economic, and social challenges to businesses, with particular emphasis on 
small and medium enterprises (SMEs), who possess limited capacity and resources to adapt and 
meet established goals. One emerging concept to tackle this problem is that of Twin-Transition, 
which aims to combine both digital and green transitions. However, it is often unclear for 
companies (particularly SMEs) how they position themselves regarding this dual transition. 
This work conducted, initially, a state-of-art review of existing proposals and models in both 
digital and green domains focused on SMEs. Secondly, it integrated a previously developed 
Digital Maturity Assessment Model with an original Green Assessment one, combining two 
complementary concepts - Sustainability (following a Triple Bottom Line perspective) and 
Circularity (incorporating topics such as R-Strategies, “D-Strategies”, Energy and Materials 
flows). Both areas were set to be assessed on a 5-level scale, with emerging concepts being 
integrated, such as the perspectives of Restoration and Regeneration on the Green Assessment. 
The proposed model was then applied to a company in the mechatronics sector for initial testing 
and validation. 

Keywords: Twin-Transition, Maturity Model, Digital, Green, Sustainability, Circularity. 

 

INTRODUCTION 

The latest report from the Intergovernmental Panel on Climate Change (IPCC) has shed light 
on the significant impact of human activities on global warming, with global surface 
temperature rising by 1.1°C in 2011-2020 (Calvin et al., 2023). Despite efforts being made 
individuals, governments and enterprises, indicators tend to aggravate each year, leading to the 
European Union setting the goal to become carbon neutral by 2050 (The European Green Deal 
- European Commission, 2021). To achieve this, it has established, through the ‘European 
Growth Model’, ‘Twin-Transition’ (digital and green transitions) to be a key factor in the 
change needed (European Commission, 2021). However, it is still necessary to delve deeper 
into how these two transitions complement each other, as, for example, a fully digitalized green 
transition will make new solutions possible, but it may also make environmental performance 
data forgeries more likely (European Commission. Joint Research Centre., 2022). The difficulty 
to implement measures that will fulfil this transition tends to be higher for SMEs, which end up 
being more constrained in terms of their scope of action, due to a lack of support supply and 
lack of capital (Rizos et al., 2016). The aim of this work was to propose a novel Twin-Transition 
Maturity Assessment Model aimed at SMEs which have less resources to evaluate the 
sustainability of their business development models, when and if supported on digital tools. To 
achieve this model, there was an initial state-of-art review of most used structures, as well as, 
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key concepts identified as relevant to address in the created model. The obtained model was 
then applied to a Portuguese SME for testing and for a first real-based validation. This paper is 
structured as follows: firstly, an overview of the performed state-of-art review is carried out, 
regarding Twin-Transition, Digital Maturity Assessment, Green Maturity Assessment, existing 
maturity models and the main gaps identified; secondly, it describes the development of the 
proposed Maturity Model, detailing each one of its modules and sub-modules, as well as, the 
scales adopted for their assessment; finally there it is presented the results and analysis of the 
first application to a SME in the mechatronics sector. 

 

STATE-OF-ART REVIEW 

In order to map previous studies on existing Twin-Transition Maturity Assessment models on 
SMEs, the bibliographic research undertaken followed an organized approach by applying the 
following query at Scopus database: 

((“Twin-Transition”) AND (Assessment OR Mapping OR Maturity OR Roadmap OR “Digital 

Transformation” OR Digitalization OR “Industry 4.0”) AND (Green OR Sustainability OR “Circular 

Economy” OR Circularity OR R-Strategies) AND (SME OR “Small Medium Size”)) 

Since the concept of Twin-Transition (TT) is very recent, the literature on maturity assessment 
models for SMEs are still scarce as well of success cases for the double transition. Nevertheless, 
despite the challenges, it is observed that while pursuing technological innovation, companies 
are still capable of making a Green transition (Rehman et al., 2023). The same way, 
(Chatzistamoulou, 2023) concludes that data supporting the idea that digital transformation can 
help with the transition to sustainability, and this effect seems to be consistent throughout the 
robustness checks that have been done. Moreover, (Chatzistamoulou, 2023) also argued that, 
in general, SMEs appear to be determined to adopt a sustainability enhancing strategy. In fact, 
the adoption of i4.0 technologies does allow companies to create their own roadmaps towards 
Circular Economy (CE), in the short, medium and long-term (Findik et al., 2023). (Findik et 
al., 2023) also observed that it was still not possible for them to observe the dynamic 
interactions between i4.0 technologies and CE practices. Regarding digitalization, companies 
should focus on the adoption of AI technologies, since they are strongly related to the ability of 
eco-innovating (Diodato et al., 2023). Likewise, digital investments do indeed spur the 
capability of eco-innovation (Montresor and Vezzani, 2022). (Li et al., 2023) concluded (albeit 
for the construction sector) that businesses should invest more in digital infrastructure and keep 
improving their digital capabilities because these are essential for attaining green innovation. 
(Ortega-Gras et al., 2021) concluded that CE can be highly boosted through the implementation 
of 3 specific i4.0 technologies: Big Data, AI, and IoT, to monitor energy consumption and 
dynamic analysis to support CE energy management. Nevertheless, a careless and excessive 
adoption of digital technologies can sabotage environmental objectives and targets, due to being 
too energy intensive, so it is important to recognize its potential but also its limitations 
(Bianchini et al., 2023). When studying the TT in Romanian SMEs, (Ogrean and Herciu, 2021) 
concluded that the first obvious step for any Romanian SME looking to build its future 
competitive strategy would be to conduct a thorough and impartial self-analysis on 
sustainability and digitization (compared to industry/national peers, benchmarking). As for a 
possible survey/maturity model and the scales used for measuring each question, (Mehedintu 
and Soava, 2022) argue that better results could be achieved if a quantitative and qualitative 
approach is taken. Regarding a possible organization model, (Burinskienė and Nalivaikė, 2024) 
proposed a 6-dimension framework to assess Twin-Transition, but they recognize it fails to 
consider government policies and regulatory environment, as well as the fact that 6 dimensions 
could fall short in evaluating TT. As for the implementation of a survey, when matters related 
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to TT are involved, typically there is a high dependency on external support, for clarifications, 
by participants (Perossa et al., 2023). The literature research identified different gaps presented 
in Table 1: 

Table 1 - Results and gaps identified in the literature review. 

Result/Gap Reference 

Digitalization does encourage the Green transition 
and SMEs are generally keen on making it. I4.0 
technologies positively influence this, so they must be 
considered. 

(Rehman et al., 2023) 

(Chatzistamoulou, 2023) 

(Findik et al., 2023) 

(Li et al., 2023) 

(Ortega-Gras et al., 2021) 

Interactions between I4.0 technologies and CE 
practices should be studied. 

(Findik et al., 2023) 

(Diodato et al., 2023) 

(Montresor & Vezzani, 2022) 

Evaluating a company’s maturity in these domains is 
desirable. 

(Ogrean & Herciu, 2021) 

TBL approach for Sustainability assessment could be 
of interest. 

(Elkington, n.d.) 

(Spaltini et al., 2024) 

It is important to study the implications diverse 
dimensions of digitalization can have on 
sustainability/CE dimensions. 

(Bianchini et al., 2023) 

(Kumar & Sharma, 2024) 

Considering the regulatory/government environment 
is relevant for the success of TT. 

(Burinskienė & Nalivaikė, 2024) 

An index that allows for an overall performance 
assessment could be useful. 

(Benedetti et al., 2023) 

Undertaking a maturity assessment model should be 
done, ideally, with external monitoring. 

 

(Perossa et al., 2023) 

 

METHODOLOGY 

The proposed Maturity Model has its foundations on a sequential maturity assessment rational 
of both the Digital Maturity Assessment and Green Maturity Assessment, which were 
subsequently composed of different key modules, according to the frameworks and concepts 
identified on the literature review and original developments. Regarding the creation of the 
Digital Maturity Assessment Module, a deep analysis on an existing model by (P. Senna et al., 
2023) was done, some updates were conducted (e.g. new trends such Generative Artificial 
Intelligence, Digital Product Passport traceability) and was used as a foundation for the 
proposed model.  

This digital maturity assessment model is particularly appealing, as it focus on being 
generalizable, meaning it could be easily adapted to the mechatronics industry, which was the 
objective of this work and because at the time of its creation, existing gaps from other models 
were studied and addressed, such as the missing of key aspects regarding I4.0 and lack of 
alignment with current beliefs regarding the uptake of technology. This maturity model uses 
the Technology-Organization-Environment (TOE) framework, which was kept for this new 
one. In this context, the sub-modules that composed the Digital Module were: 
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• D1 - Technology; 
• D2 - Organization; 
• D3 - Environmental Context. 

 
The D3’s name differs from what is typical according to the TOE framework in order to avoid 
misconceptions with a new module for the Sustainability domain. Figure 1 presents the 
architecture for the maturity assessment model, where the digital assessment domain is on the 
left side of the diagram. 

 

Fig. 1 - Maturity Model Overview. 

 
D1 considers all relevant technologies to an organization which are already in use, available for 
purchase or in development/implementation phases through research, development and 
innovation actions. It takes into account the degree of complexity, the need for compatibility 
with current hardware and/or legacy systems, and the technologies being created for use in data-
driven services or smart products (P. Senna et al., 2023). It also addresses vertical and horizontal 
integration, as well as communication and the exchange of information with external actors (P. 
Senna et al., 2023). D1 seeks to consider and assess any pertinent technology that is being used, 
developed, or in the process of being implemented. Its goal is to investigate the company’s 
information sharing and communication with external actors, as well as its vertical and 
horizontal integration. The intricacy of the technologies being used, their compatibility with 
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current hardware, and the adoption of higher cyber-security standards are all discussed. It 
considers the technology incorporated into goods and services to allow for intelligent operation 
and autonomous features. Furthermore, it aims to comprehend the entire scope of information 
systems (IS) across the entire enterprise, including their architecture and integration, the 
technologies employed, and their compatibility, for both data-driven services and intelligent 
goods. It also assesses the degree of automation and the use of robotics. Lastly, the maturity 
model assesses how well the Digital Product Passport (DPP) is implemented and verifies which 
key technologies are either now in use or are slated to be deployed (P. Senna et al., 2023). D2 
dimension regards the organization’s profile, complexity of managerial structure, financial 
availability, as well as the digital strategy outlined. Moreover, aspects related to the workforce 
formal education, training, competencies, and skills, as well as the retainment of talent, are also 
part of the topics within this dimension. The connections established within, and between, 
internal subunits of a company can lead to innovative actions, which may be further enhanced 
through a greater decentralization of the organic structure. Finally, topics related to the business 
and operational processes of the organization, such as the engineering, production, planning 
and control, supply chain and quality management are also taken into account on the evaluation 
of the organization dimension (P. Senna et al., 2023). D3 dimension focuses on the 
organization’s setting and its environment. It regards external factors, such as the market 
positioning, the opportunities for technological innovation from novel technologies, as well as 
the regulatory framework and funding opportunities. The intense and high-level competitive 
environment has been a stimulant to innovation since the 1960s, while the regulatory framework 
and funding opportunities are key factors in the adoption of digital technologies. 

For the purpose of evaluating a company’s maturity, the initial 6-level scale from (P. Senna et 
al., 2023) was normalized in 5 levels, where the two first levels where merged (Digitization and 
Communication): 

• L1: I3.0 - Digitization and Communication - Generically, this level reflects that most 
processes are carried out manually or they are at the beginning of their digitization stage, 
thus not defined. The company has no knowledge of the scope and impact of digital 
technologies or I4.0. Conventional processes and business models remain standard, and 
there are few, if any, digital initiatives in place. Some systems may exhibit a simple 
structure and interconnectivity, and traditional communication and operation channels are 
still widely used;  

• L2: I4.0 - Visibility - There are initial digitization initiatives as well as a digital strategy 
vision. Systems that allow for decision-making are being developed, supported by 
collected data and business visibility. For I4.0 concepts and technologies, there are 
official strategies and plans of action, the majority of which are still at planning or early 
development stages;  

• L3: I4.0 - Transparency - The company has started establishing a digital culture and long-
term vision. It is clear that knowledge is the basis for decision-making, with significant 
investments and defined strategies in place for the adoption of I4.0 technologies; 

• L4: I4.0 - Predictability - A series of steps has been implemented to digitalize operations 
and processes. Digital culture and strategy are widely spread across all levels of the 
workforce. Maturity Model Development (D4G) 26 Forecasting future scenarios and 
events, as well as collecting real-time data, are the foundations for autonomous decision-
making;  

• L5: I4.0 - Flexibility/Adaptability - A series of actions have been deployed to digitalize 
operations and processes, with complete integration and full autonomy and self-adjusting 
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skills in every procedure. Employees undergo continuous education and training 
programs to solidify and improve both hard and soft skills. Within the hierarchy, career 
development and leadership are defined and nurtured. Smart products and data-driven 
services with servitization capabilities and supporting activities are available. 

 
As (Münnich et al., 2023) state, there are various maturity models that aim to address either the 
current state of digitalization or sustainability, but very few aim to support both digital and 
green dimensions. Knowing this, an analysis on existing maturity models for the creation of the 
green module was done, trying to understand what was regarded as indispensable and gaps 
found. A key aspect taken in the development was to consider two independent (but 
complementary) modules in the Green Maturity Assessment: Sustainability and Circularity. 
The Ellen MacArthur Foundation, committed to creating a circular economy, developed a 
framework called Circulytics (Ellen MacArthur Foundation, 2020). In it, they intend to help 
companies monitor their performance regarding CE. It enables businesses to highlight their 
transformational achievements and pinpoint areas that require improvement, aligned with the 
three design-driven principles of CE: removing waste and pollution, reusing products and 
materials, and regenerating the environment (Ellen MacArthur Foundation, 2020). 

A Green transition is only possible by combining two complementary concepts, sustainability 
and circularity, since as (Walker et al., 2022) concluded, circularity and sustainability are two 
distinct yet related concepts. Working towards a Circular Economy is a mean of achieving 
Sustainability, since CE can contribute positively to achieving positive sustainability impacts, 
including SDGs, but is not a sufficient condition (a given circular economy business can 
retrieve unsustainable operations for a company, either environmental or in social terms). 
Nevertheless, one key point that (Mang and Reed, 2020) highlight is that until recently, the 
main goals of sustainable and green practices were to reduce harm to the environment and 
public health, while making better use of resources. This effectively slows down the 
degradation of the planet’s natural systems but is not sufficient for the level of current climate 
crisis that we face (global warming, pollution, or biodiversity losses). Furthermore, and as the 
literature shows (Calvin et al., 2023), the planet is still rapidly deteriorating, so this approach 
per se is not enough. To counter this, regenerative practices must be deployed, as they aim to 
create human systems that can coexist with natural systems, or evolve in a way that produces 
benefits for both parties and a higher overall expression of life and resilience, in addition to 
reversing the degradation of the earth’s natural systems (Mang et al., 2016).For the creation of 
the Sustainability module, the Triple Bottom Line framework was used to group the necessary 
topics companies need to address and weigh how they are doing:  

 
• S1 - Environment;  
• S2 - Economic;  
• S3 - Social.  

 
S1 aims to evaluate whether the company has deployed an environmental management system 
and respective systems training, GHGs emissions and energy usage and transportation. S2 
addresses economic-related matters, such as accountability, grievance and remediation, 
supplier management, stakeholder engagement, disclosure and facilities. S3 tackles questions 
regarding workplace management, health, safety, forced labour, child labour, discrimination, 
harassment and abuse, working hours and social inclusion. For this module, the topics chosen 
were selected according to what the literature review showed as most important. The topics for 
this module were: 
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• C1 - R-Strategies; 
• C2 - D-Strategies; 
• C3 - Energy; - assessing the implementation of renewable resources; 
• C4 - Materials.  

 
C1 aims to go through each R individually from the R-Strategies, as they were found to be a 
very useful tool to measure circularity, as it evaluates a different range of topics, from refusing 
to use raw materials on the creation of products, to recovering energy from discarded products, 
thus fostering circularity; C2 addresses D-Strategies, given that these could act as enablers for 
the R-Strategies. This D-Strategies suggestion includes Dematerialization, Decomposition, 
Disassembly and Deconstruction; C3 intends to evaluate several energy-related topics, to 
understand the main energy sources used by companies, the proportion between renewable and 
non-renewable, if there is active monitoring of consumptions and if there is a defined energy 
strategy defined, in order to reduce the overall energy consumption and/or improve energy 
efficiency. C4 aims to evaluate the material inflows and outflows, as well as waste management 
and water consumption strategies. 

Given that the planetary situation has significantly worsened, as the IPCC report concluded, it 
was important to reinforce the idea that it is not enough to pursue eco-efficient actions to 
achieve carbon neutrality. Currently, it is more and more important that companies are aware 
of and pursue restorative and regenerative measures, that allow for the recovery of heavily 
degraded ecosystems and environments and to sequester carbon from the atmosphere. With this 
in mind, to evaluate a company’s performance in the 2 proposed dimensions (and respective 7 
modules), a 5-level scale was adapted from (Mang and Reed, 2020), that takes into 
consideration the up mentioned problematics: 
 

• Conventional - Externalises all/most environmental/social topics which are not regulated 
(Staying within the law); 

• Green - Focus on quality assurance, health and safety, code of conduct, some 
environmental/social initiatives (Less bad impact); 

• Sustainable - Sustainability vision, CO2 carbon neutrality target and action plan, business 
focus missing (Not increasing additional harm); 

• Restorative - Ambitious frontrunner implementing circular economy principles in 
strategy, business model and product/service design (Humans doing things to nature); 

• Regenerative - Transformative leader: business strategy and R&D create success through 
holistically net-positive solutions (Humans doing things as nature); 

 

Despite the implementation of a 5-level scale, since the restorative and regenerative actions are 
still in current research development and can be hard or for the moment impossible to apply in 
mechatronic companies, in some questions the 5th level was not used. Depending on the 
question, most were limited to level 2 (green), level 3 (sustainability) or level 4 (restorative) as 
it was considered that, as of today, it is still not possible in many cases to reach restorative or 
regenerative scenarios under existent technologies or procedures. With this approach, the 
objective was to mirror as realistically as possible a company’s state, neither creating a better 
or worse looking scenario. Taking this into account, the maximum attainable limit, according 
to the complete list of topics covered in the Maturity Assessment Survey, for the Circularity 
module is 3.675 and for the Sustainability module is 3. 
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APPLICATION EXAMPLE AND RESULTS DISCUSSION 

The proposed Maturity Model was applied to a Portuguese SME in the Mechatronics industry 
sector (to be addressed as Company A, for confidentiality purposes), for an initial testing of the 
developed TT assessment methodology. The overall results are shown in the tables (Table 1, 2, 
3) below. Table 2 presents the results regarding the digital assessment with a global average of 
3.74 of maturity for this company, which means that is close to a Predictability level (L4) and 
therefore in a good maturity. 

Table 2 - Company A’s Digital Maturity Assessment results 

Digital Maturity Assessment 

Dimensions Technology 
(max=5) 

Organization 
(max=5) 

Env. Context 
(max=5) 

Average (max=5) 

Company A 3.56 4.25 3.4 3.74 

 

In regard to the sustainability assessment, the average for the company’s maturity was 2.185, 
meaning that it is slightly above L2 (“Green” as “doings less bad actions”) but this result 
affected as a poor result on Environmental component (1.46), doing just above what the 
regulations and laws oblige, where the economic and social were results was 2.6, so, no far 
away from the maximum value for the use scale. 

Table 3 - Company A’s Green Maturity Assessment - Sustainability results 

Green Maturity Assessment – Sustainability 

Dimensions Env.Sustainability 
(max=2.9) 

Economic(max=3.2) Social 
(max=2.9) 

Total Green 
Average 

(max=3.3375) 

Company A 1.46 2.6 2.6 2.185 

 

On the circularity results, the maturity level was good on the R-Strategies 3.1/3.8, fair (L2 
“Green”) on the D-Strategies and Energy aspects 2/3.5 and 2/3.8 respectively, and 1.5/3.6 what 
is a poor result (L1 conventional actions and do accordingly to the regulations). 

Table 4 - Company A’s Green Maturity Assessment - Circularity results 

 

To better extract the maturity trade-offs between the digital and the green domains, the 
assessment Figure 2 presents the plot of results on the Digital Technology module versus the 
overall Green Maturity. This diagram allows the discoverey of the interactions between digital 
and green, namely by relating the pairs that maximize the TT maturity, and those that show 
more debility regarding the company’s current status (operation and product wise). For 
company A, the pair Tech<>Green Maturity show the best results (both above Level 3). The 

Green Maturity Assessment – Circularity 

Dimensions R-Strategies 
(max=3.8) 

D-Strategies 
(max=3.5) 

Energy(max=3.8) Materials 
(max=3.6) 

Company A 3.1 2 2 1.5 
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worse result is related to the pair Tech<>Environmental Sustainability, and Tech<>Materials 
(circularity module) that can relates to the need of doing more on the waste reduction level and 
to choose less environmental impact materials. 

 

Fig. 2 - Company A’s results, Technology-Green Pair. 

 

Figure 3 presents the plot of Organization Maturity on the Digital domain versus the overall 
Green Maturity. The best result pair is Organization<>R-Strategies, with the Organization 
above 4th level (predictability) and above 3 on the green maturity (sustainable).   

 

 

Fig. 3 - Company A’s results, Organization-Green Pair. 
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As an overall conclusion, Company A’s results show that it is well-established within i4.0, 
scoring high in all Digital modules and performing well in some Green modules (R-Strategies, 
Economic and Social. Despite its heavily advanced digital maturity, almost reaching level 4 on 
the Digital scale (Predictability), with solid advances in the implementation of the DPP standing 
out, there is room for improvement in the automation levels and the adoption of robotic 
technologies. It is important to understand that due to the company’s nature, it can be difficult, 
as of now, to achieve better results in Materials module for circularity. Nevertheless, the 
implementation of an environmental management system and subsequent evaluation of 
environmental performance would be vital to improve the results obtained in the Environmental 
Sustainability module. 

 

CONCLUSIONS AND FUTURE WORK 

This paper presents an original Twin-Transition Maturity Assessment Model focused on Small 
and Medium Size companies’ context and specificalities. The Digital dimension was based on 
a previously developed model by INESC TEC, with some changes and updating being made to 
better match the proposed context of SMEs and meet nowadays standards and trends. It 
managed to define a clear structure for the maturity assessment model through a literature 
review, which allowed for the key dimensions to be defined (TOE framework, Triple Bottom 
Line framework and main Circularity concepts). The model was tested in a real base assessment 
for a Portuguese Mechatronic SME. Despite the novel aspects introduced, that include an 
emergent measurement for “Green Development” by means of companies acting also in 
Restorative and Regenerative activities and operations, the model must be further tested in more 
companies, and in more industrial sectors. Moreover, it would be of high importance to develop 
an additional tool that could allow the study and bilateral analysis of the synergies between 
Digital and Green concepts, i.e., how higher digitalization levels may influence a company’s 
Green performance and vice-versa. Such a tool would then allow concrete roadmapping to be 
carried out alongside companies that undertake the proposed Maturity Model. 
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ABSTRACT 

Heart failure is amongst the most important cardiovascular diseases associated with an 
important death rate. The gold standard of treatment of end stage heart failure is transplantation. 
However, because of the severe shortage of potential organ donors, mechanical pumps have 
been developed for long term support. Blood damage remains an important issue with these 
implants and constitutes the most important failure modes. The principal consequence are 
hemolysis (rupture of the red blood cells or RBCs) and thrombosis (formation of blood clot). A 
simulation model is presented to study hemolysis in the context intercellular interaction taking 
into account the viscoelasticity of the cell membrane. It is reported that viscoelasticity appears 
to be associated with lower maximal cell strains and thus possibly related to hemolysis. 

Keywords: Red blood cells, cells collisions, viscoelastic membrane, hemolysis. 

 

INTRODUCTION 

In its 2019 update, the American Heart Association reported 377 599 deaths linked to heart 
failure [1]. The gold standard for the treatment of heart failure is transplantation. However, 
there is an important shortage of suitable organ donors. For this reason, mechanical pumps have 
been designed to assist the heart in its pumping function. Hemolysis and thrombosis are the 
principal failure modes for these mechanical devices [2]. Indeed, under supra-physiological 
flow conditions, RBCs are susceptible to rupture (hemolysis), which poses severe risks to 
patient safety [5]. Advancements in RBC membrane modeling have progressed from simple 
strain-energy based hyperelastic formulations to more sophisticated mathematical descriptions 
incorporating spectrin network and viscoelasticity [3].  This paper presents simulations of red 
blood cells collisions taking into account the viscoelasticity of the membrane.  
 
RESULTS AND CONCLUSIONS 

Unsteady incompressible finite-finite volume computational fluid dynamics simulations are 
executed using Ansys Fluent™ with a fully Eulerian methodology for modeling the membrane 
deformation [3, 4]. The methodology uses the volume-of-fluid (VOF) multiphase numerical 
scheme [3]. The momentum conservation equation is solved for the mixture velocity and 
density field common to both phases, given below: �

�� ���⃗�� +  �
���

�����⃗�� = ∇ ∙ � + ���� , ∇����⃗      ∀ � ∈ �1,2,3� �1�  
where � is the fluid stress tensor, which is modelled with a Newtonian viscosity and �⃗ is an 
immersed-boundary force and the term ���� , ∇��� = |∇��| is an indicator term to locate the 
interface between plasma and hemoglobin phases. Viscoelasticity is modelled using a simple 
mixing model where membrane viscosity (� ) combined is with the cytoplasm (�!) and plasma 
viscosities (�") [5]:   
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with � =0.3 [�#$∙%∙ ], �!=5.024∙10−3 [#$∙%] and �"=1.024 ∙10−3 [#$ %]. Simulations were 
performed with 2 and 4 cells, Figure 1 illustrates the RBC collisions and maximum strains.  

  
Fig. 1 - (a) Ilustration of the RBC deformation during collision and (b) Maximum membrane area strain 

during collisions at 20,000 s-1 for 2 and 4 cells with and without viscoelasticity. 

When comparing the 4-cell viscoelastic collision case with its non-viscoelastic counterpart 
(purely elastic), it appears that the peaks of the non-viscoelastic case are higher during collisions 
(Figure 1b), but the overall mean membrane strain is similar for both viscoelastic and non-
viscoelastic cases. It is hypothesized that the viscous stress absorbs and damps membrane 
response to the high frequency load experienced during collisions at high shear rate, preventing 
excessive strains that may lead to hemolysis (corroborated experimentally) [6]. As mean strain 
is similar between viscoelastic and non-viscoelastic cases however, viscoelasticity does not 
negate the effect of collisions [4]. 
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ABSTRACT 

The current clinical method used to assess the fractional flow reserve (FFR) in stenosed 
coronary arteries is invasive, costly, and time-consuming. Therefore, this procedure, which 
allows the quantification of the functional severity of the stenosis has on blood flow, should be 
replaced by a non-invasive one, which is being developed by the authors. In patient-specific 
coronary artery models with stenosis, numerical simulations were carried out in ANSYS® 
Fluent using a combination of mathematical models to accurately model the velocity, pressure, 
and rheology of blood. These models, namely a 3-element Windkessel pressure model, a 
Womersley velocity model and the simplified Phan-Thien/Tanner (sPTT) viscoelastic model, 
assure that patient-specific properties are considered and, therefore, make the simulations very 
close to real blood flow. Numerically, the FFR was obtained and compared to the invasive value 
obtained at the hospital through catheterization. The simulations returned accurate FFR results 
for the sample of 5 patients (average relative error (RE) = 14.0%, minimum RE = 2.7%). 
However, before clinical application of the tool, more patients need to be studied, which is 
currently underway. 
 
Keywords: Fractional flow reserve, Windkessel model, Simplified Phan-Thien/Tanner model, 

Stenotic coronary arteries, Hemodynamic Simulations. 

 

INTRODUCTION 

Atherosclerosis is a medical condition that is caused by the narrowing of arteries due to the 
development of atheroma (also called atherosclerotic plaque). The chances of developing this 
disease grow naturally with age, but are also intensified by poor lifestyle choices, like 
sedentarism or smoking. The plaque leads to poor circulation, which results in poor oxygenation 
of tissues and uneven blood flow. This disease is silent and can irreversibly harm the patient 
through life-threatening acute myocardial infarction (heart attack). Cardiologists have 
developed a parameter named fractional flow reserve (FFR) in 1993 to assess the functional 
severity that stenoses have on blood flow inside diseased arteries, and it has been the gold 
standard ever since [1]. 

This nondimensional parameter is calculated by the division of the aortic pressure and the 
pressure 20 mm distal to the stenosis. A hyperaemic state is induced through the administration 
of adenosine, a substance that promotes maximum vasodilation of the vessel, to facilitate the 
movement of the pressure sensors inside the vessels. This parameter, which is measured through 
catheterization, can cause more damage to the lumen. Compared to the invasive technique, the 
numerical analysis of blood flow in atherosclerotic coronary arteries could make the diagnosis 
of cardiovascular diseases more affordable and quicker. Therefore, using computational 
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methodologies as an alternative is preferred and they have been extensively studied in the 
literature [2], but not necessarily using the most accurate and patient-specific physiological 
conditions. The authors have studied different models, from simpler to more complex, to obtain 
a computational tool with two characteristics that are imperative for clinical application: high 
accuracy and low computational time [1], [3]. Aspects such as Windkessel models with many 
elements, blood rheology, and fluid-structure interaction (FSI) between lumen and the artery 
wall have been studied, as well as their possible impact on the computational FFR determination 
[4], [5]. In these works, the authors have concluded that complex models are associated with 
more parameters which are most times impossible to calculate through patient-specific data. 
Yet, their complexity does not translate to more accurate numerical FFR values, so less complex 
and quick models can be used instead. 

At the present moment, to correctly depict the real physiological conditions of each patient, our 
tool uses a Womersley profile to define the periodic and pulsatile velocity profile at the inlet. 
In addition, it uses a 3-element Windkessel model to define the outlet pressure profiles. Finally, 
blood viscoelasticity is considered because it is essential for producing realistic simulation 
results, and a simplified Phan-Thien/Tanner (sPTT) rheology model was used. The 
simultaneous use of these 3 models in physiologically realistic simulations of blood flow in 
coronary arteries with stenoses is novel in the literature. These boundary conditions and 
rheological models were incorporated as User-Defined Functions (UDFs) in ANSYS® Fluent 
software, where the numerical simulations were run. 

In this work, the authors want to validate their methodology in several left coronary arteries 
(LCAs) with stenosis and use a sample of 5 patient-specific cases, whose Computed 
Tomography (CT) images, invasive FFR, and clinical data was provided by the medical doctors 
at the Cardiology Department of Gaia/Espinho Hospital Centre (CHVNG/E). 

 

METHODOLOGY 

Various steps were required in the process of numerically obtaining the FFR. At first, the three-
dimensional geometries were created through image segmentation of CT images. Then, the 
programming of the complex models used in the boundary conditions. Then, the numerical 
simulation settings were run and the computational FFR was calculated. More details on the 
methodology are provided in this section. 
 
3D Model: Segmentation and Hyperaemization 

Five patients were studied, and their LCA CT scans were provided by the Cardiology 
Department of Gaia/Espinho Hospital Centre (CHVNG/E) in resting conditions. The set CT 
scans are collected in consecutive parallel planes, which allow for the 3D reconstruction of the 
left coronary tree. This was performed using MIMICS® software and finalised in 3-matic®. 

To simulate the invasive procedure used to measure the FFR, the lumen of the LCA needs to 
be converted to a maximum vasodilation setting. According to [11], [12], the intravenous 
administration of adenosine of 140 µg/kg/min is the value that according the clinical practice 
leads to the maximum vasodilation of a vast number of patients, and it produces an increase of 
cross-sectional area by a factor of 2.04. This process required the measurement of the values of 
the areas at resting state for many cross-sections, and, after calculating the area values for the 
hyperaemic state, the new cross-sections were drawn in their place. Using a loft feature, the 
different cross-sections were unified to create the hyperaemic model, used in the numerical 
simulations. The geometric differences of this process can be viewed in Fig. 
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Fig. 1 - Model of the lumen of the coronary artery for all patients in resting and hyperaemic states. 

The stenosis locations are highlighted with an arrow. 

 
Boundary Conditions and Fluid Properties: Definition 

Numerical simulations of blood flow through fluid-flow equations demands the definition of 
the boundary conditions as well as the viscosity of the fluid. In this section, the used models are 
explained, as well as the used equations. All the following models were programmed in 
language C and compiled in ANSYS® Fluent as user-defined functions (UDFs), since these 
models are not contained in the software. The rheology of blood is the same for all patients, 
while the UDFs for velocity and pressure are patient-specific and, therefore, with different 
parameters for each patient case. 
 
Inlet boundary: Velocity profile 

The chosen inlet velocity profile was the Womersley profile, used to model pulsatile flow: 
 

��&, �� = '()
�*+) ,1 - ./0�1.3+ 4

56
./��1.3+� 7 8�9:    (1) 

 
The axial velocity, v, is a function of the radial distance from the centreline to any point, r, time, 
t, the radius of the artery, R, the pressure gradient, A, the cardiac frequency, ω, the dynamic 
viscosity of blood, μ, the first-order Bessel function, J0, and the imaginary number, i. Moreover, 
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it also depends on α, which is the Womersley number. This non-dimensional parameter is the 
ratio between transient inertial forces and viscous forces, and it is measured with the artery 
radius, the density of blood, ρ, its dynamic viscosity, and the cardiac frequency [4]: 
 

; = <=>9
*       (2) 

 
The cardiac frequency and the inlet area are patient-specific information. The former is obtained 
by analysis of the clinical data and conversion to hyperaemia conditions [11], while the latter 
was obtained by measuring the area in ANSYS® SpaceClaim, a geometry modulation software. 
 
Outlet boundary: Pressure profile 

Moreover, the chosen pressure boundary condition was a three-element Windkessel model [6], 
[13] (Figure 2). The model is applied to each outlet of the coronary trees. Q0 and P0 are the 
outlet volume flow rate and pressure, respectively, Rp is the proximal resistance and, after this 
resistance, pd is the pressure at the arteriolar and capillary level. After this node, there are two 
elements in parallel, namely Rd, the distal resistance, and Ca, the arterial capacitance. 
 

 
Fig. 2 - 3-element Windkessel model used to model the outlet pressures in the coronary tree. 

The incorporation of patient-specific data in the pressure boundary conditions is done through 
the calculation of the total arterial capacitance, Ct, and the total resistance, Rt. These global 
properties are combined information of the outlet areas to calculate the distal and proximal 
resistances. Moreover, the diastolic blood pressure (DBP) and systolic blood pressure (SBP) 
values, provided by the medical doctors in resting conditions, are used to calculate the mean 
arterial pressure (MAP) in hyperaemic conditions and then used to obtain Ct and Rt [14]. 
 
Blood rheology: Viscoelasticity 

Due to its composition (plasma, red blood cells, white blood cells, and platelets), blood is a 
complex fluid with viscoelastic properties. In this work, the viscoelasticity of blood was 
modelled according to the works of [10], using a simplified Phan-Thien/Tanner model: 
 ? = ?@ + ?A        (3) 

?@ = 2�@B        (4) 

C��?AD�E?AD + FG?AD∗ + ;I JD
*KD

�?AD ∙ ?AD� = 2�ADB   (5) 

�L?ADM = 1 + JDND
*KD

�&�?AD�      (6) 

 

For this multi-modal model, the shear stress vector, τ, is the sum of the vector of shear stress of 
the solvent part, τs, and the vector of the elastic properties of the fluid, τe. The viscosity of the 
solvent of blood, μs (plasma, considered a Newtonian fluid), and the strain rate tensor, D are 
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necessary to calculate the solvent shear stress. Moreover, the elastic portion depends on its 
viscosity, μe, the extensibility coefficient, ε, the relaxation time, λ, the mobility factor, α, the 
trace of the stress tensor, tr(τe), and the upper-convected derivative of the elastic stress tensor, 
τe

*. The k are the different modes, 1 through 4 (Table 1). 
 

Table 1 - Values for the parameters of the sPTT viscosity model. Adapted from [10]. 

Modes μe,k [Pa s] λk [s] αk 

1 0.05 7 0.06 

2 0.001 0.4 0.001 

3 0.001 0.04 0.001 

4 0.0016 0.006 0.001 

Solvent μs = 0.0012 [Pa s] 

 

Numerical Settings 

In ANSYS® Fluent, a Green-Gauss node-based solution method was implemented in the 
gradient property. A SIMPLE computation scheme was implemented to perform the coupling 
of pressure and velocity. To eliminate the errors produced by the initialization process, 5 cardiac 
cycles were simulated, and the results for the last cycle were retrieved for all patient cases. 
Using the stenosis locations certified by cardiologists (seen in Figure 1), the distal plane was 
defined 20mm downstream the stenosis location and parallel to blood flow in the lumen, 
whereas the aortic plane was defined at a miniscule distance of 0.001mm from the inlet. In these 
planes, the spatial-average pressure values were measured every 0.005 seconds. 
 

RESULTS AND DISCUSSION 

Figure 3 contains the total pressure distribution in the lumen at the peak systolic velocity (PSV), 
which is the time instance of the maximum inlet velocity and therefore, maximum contraction 
of the myocardium. It is possible to see the difference between the pressure values reached at 
the same point of the cardiac cycle (maximum inlet velocity). In fact, while the flow of patient 
A reaches a maximum pressure value of 605.1 Pa, patient C witnesses a maximum pressure 
value of 1749.7 Pa, which is almost three times bigger. Hence, this figure shows that flow is 
patient specific and, thus, the same pressure profile should not be applied to each studied artery. 

For all cases, the maximum pressure value is located near the inlet, before the bifurcations. It 
is also clear that the presence of curvatures acts as an obstacle to flow, reducing its total 
pressure. This is most evident in the case of patient B. In addition, the presence of stenoses 
leads to a pressure drop, which is mostly evident in the cases of patients B and D. This coincides 
with the medical indication of the severity of the stenoses, since these patients possess the 
highest severity out of the total sample (75%, and 95% stenosis, respectively). Even though the 
entire circulatory system is not represented in the geometry, it is clear that this pressure drop 
influences flow downstream of the coronary artery because these patients exhibited symptoms 
of cardiovascular problems. 

To calculate the FFR, the temporal-averaged distal pressure and aortic pressure values were 
calculated through the trapezoidal rule: 
 

" = ∆:
P  C":/ + 2 ∗ L":1 + ⋯ + ":RS1M + ":RE   (7) 

 



Proceedings IRF2025: 8th International Conference on Integrity-Reliability-Failure 

Symp. 5 - Computer Methods, Artificial Intelligence and Experiments in Biomedicine 

-542- 

 

 

Fig. 3 - Pressure distribution at the respective peak systolic velocity (PSV) time instances for all patient cases.  

The numerical FFR results obtained in the numerical simulations representative of the fifth 
cardiac cycle are displayed in Table 2, as well as the invasive FFR value provided by medical 
doctors at CHVNG/E. The relative error (RE) between the two FFR values, admitting the 
invasive FFR is the real FFR value, is also displayed. 
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Table 2 - FFR values: numerically computed, invasive, and their relative error (RE). 

Patient case Computed FFR Invasive FFR RE (%) 

Patient A 0.890 0.93 2.7% 

Patient B 0.498 0.58 14.1% 

Patient C 0.888 0.81 9.6% 

Patient D 0.442 0.61 27.5% 

Patient E 0.503 0.60 16.2% 

It can be said that the computational FFR is relatively low for all patient cases. While the 
maximum registered RE was 27.5%, the lowest value is only 2.7%. The average RE is 14.0% 
and the median RE is 14.1%. The authors think that these results are promising, and the tool 
should be tested with further patients. 

 

CONCLUSIONS AND FUTURE WORK 

The present work focused on further validating numerical methods regarding the prediction of 
FFR in stenotic left coronary arteries. This numerical tool, developed by the authors, is currently 
on a validation period, using already available reconstructed patient geometries. 

So far, the results are promising. In fact, the findings of this study highlight the importance that 
patient-specific flow modelling has on the accuracy of the results. Therefore, generic boundary 
conditions should not be used, and each patient needs to be studied individually. 

The computational fractional flow reserve values were relatively low across all patient cases, 
with a maximum relative error of 27.5% and a minimum of 2.7%. The average RE was 14.0%, 
and the median RE was 14.1%. These results are promising and suggest that the computational 
tool used in this study has potential for clinical application. 

However, this potential is conditioned by the future works, yet to be implemented. The main 
challenge the authors face is expanding the patient sample size to include a broader range of 
FFR values, stenoses severities, and geometric features. This step would help in validating the 
computational FFR tool and increasing its accuracy as much as possible. 

The authors recognize the difficulty in finding the necessary data for each patient case. The 
study is interest in the study of left coronary arteries only, and in patients that have not been 
subjected to any vascular reconstructive procedures, like coronary artery bypass grafting 
(CABG). Moreover, the files of medical data, especially images, should be available in the 
formats that can be accessed by available software. For instance, medical imaging obtained 
through alternative methods, such as MRI or angiographic projections, are read through 
programmes that are not available to the authors, limiting the number of patients that can be 
studied. However, the authors of the study are in the process of gathering more patients that 
fulfil our criteria, and the tool will be validated with more patient cases in the near future. 
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ABSTRACT 

Accurate hyperemic state modeling is essential for non-invasive Fractional Flow Reserve 
assessment in coronary artery disease. Current methods, such as SimVascular, are time-
intensive, user-dependent, and prone to amplified errors in branching regions, as demonstrated 
for a chosen patient. An in-house software was developed to automate the hyperemia 
transformation of patient-specific right coronary artery geometries from CT scans. Initial results 
show that the in-house software consistently recreates a uniform centerline, maintaining 
anatomical fidelity. It aims to significantly reduce processing time and eliminate user-induced 
variability. Although further refinement is needed for complex regions, this tool shows strong 
potential to streamline FFR workflows, reducing reliance on skilled personnel and enhancing 
CAD diagnostics. 

Keywords: Coronary artery segmentation, patient-specific right coronary arteries, hyperemia, 
manual segmentation methods, automatic segmentation methods. 

 

INTRODUCTION 

Coronary artery disease (CAD) remains one of the leading causes of morbidity and mortality 
worldwide and is characterized by the narrowing or partial obstruction of the coronary arteries 
due to the buildup of atherosclerotic plaque. Fractional Flow Reserve (FFR) has become the 
gold standard parameter for assessing the significance of coronary stenosis and guiding clinical 
decisions regarding revascularization (Fernandes et al., 2023). Traditionally, FFR is measured 
invasively in a procedure that requires pharmacological induction of hyperemia, causing a 
vasodilation of approximately 2.04 times the original diameter of the patient’s vessels (Wilson 
et al., 1990). Although highly accurate, this invasive approach presents several challenges, and 
the use of pharmacological agents to induce hyperemia can cause different adverse effects, 
further limiting the accessibility and performance of this method (Fearon et al., 2003; Tesche 
and Gray, 2020). 

To combat these limitations, non-invasive computational have emerged, using patient-specific 
coronary artery geometries created from imaging techniques combined with computational 
fluid dynamics (CFD) simulations or machine learning algorithms to estimate FFR and 
therefore improve the accuracy of CAD diagnosis (Fernandes et al., 2023). 

The most crucial step in the FFR calculation workflow is the coronary artery reconstruction, 
since it will dictate each patient’s physiological and anatomical condition. These geometries 
need to be under a hyperemic state, mimicking the traditional invasive procedure. There are 
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well-established software tools available for generating 3D coronary artery geometries from 
computed tomography (CT) scans performed in clinical environment. It happens that most 
commercially available software demand high early financial investment and may be more 
optimized for larger vessels, rather than coronary arteries. Among these, SimVascular 
represents a strong open-source alternative. SimVascular, developed at Stanford University, is 
an open-source software designed for cardiovascular modeling and simulations, allowing 
integration of patient-specific CT scans. Its open-source nature supports custom coding, 
enabling user-defined operations like hyperemia simulation, which is essential for comparing 
invasive and computational FFR. Hyperemia can be achieved through a Python script that 
uniformly dilates each segmented artery layer, simulating the effect of adenosine-induced 
vasodilation (Raluca Monica et al., 2012). 

In parallel, an innovative and fully automated software has been in development at FEUP and 
INEGI. This Python-based in-house software integrates advanced region-growing techniques 
and centerline extraction to enhance accuracy and computational efficiency in coronary artery 
segmentation, while significantly reducing the time consumed (Updegrove et al., 2017). This 
approach aims to address key disadvantages found in existing available software by 
implementing a semi-automatic segmentation algorithm that will ensure high patient-specific 
fidelity (Festas et al., 2023). This software is expected to automatically induce a hyperemic 
state in the generated 3D geometries, but validation and testing is still needed in order to 
evaluate its accuracy. 

For that reason, right coronary arteries (RCA) generated using both the in-house software and 
SimVascular will be compared in order to help validating its efficiency, highlighting the key 
advantages of one over another. 

 

METHODOLOGY AND RESULTS 

SimVascular was used to obtain the final hyperemic right coronary artery (RCA) model, in 
order to compare it with the in-house software. For this, SimVascular was selected due to being 
one of very few available software in which it was possible to uniformly dilate the geometry 
after segmentation, even if only the user-selected slices with an external Python script. 

 

3D RCA CONSTRUCTION USING SIMVASCULAR 

Path Creation 

Even though SimVascular is widely used and provides a comprehensive pipeline for image-
based cardiovascular modeling, the software requires significant time and pre-procedural 
practice in order to correctly use its tools, as many operations demand manual input and fine-
tuning. When working with patient-specific data, it is crucial to preserve anatomic information, 
so this geometry construction needs to be performed numerous times in order to obtain 
consistency, minimizing user-derived errors.  

The first step involves defining the centerline of the RCA by manually placing a sequence of 
points along the artery in multiple cross-sectional views of the CT scans (Figure 1). The user 
must manually adjust and refine the control points to ensure smooth transitions in regions with 
high curvature, avoiding abrupt changes that could compromise the final model. This process 
has to be done for each branch of the RCA separately. 
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Fig. 1 - Path creation example in axial (A), coronal (B) and sagital (C) planes, plus 3D 
representation (D) using SimVascular. 

SimVascular also allows for 3D visualization using volume rendering, which helps the user in 
case of low-quality imaging. Even so, this feature needs to be used carefully with cautious 
threshold selection due to its liability in coronary arteries, especially in stenotic and branching 
regions, as seen in Figure 2 below. It should be used as a way to ensure the paths are following 
their anatomical way. 
 

  
 

Fig. 2 - Default threshold volume rendering feature in SimVascular with the respective generated paths. 

Segmentation 

Segmentation is the most critical and user‐dependent step. From each previously marked point 
in the paths, or additional in more detailed regions, the boundaries of the RCA must be manually 
delineated by the user, defining the lumen in every slice. One particularly helpful feature of 
SimVascular’s segmentation workflow is that it aligns each plane orthogonally to the vessel’s 
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centerline, ensuring users draw their contours perpendicularly to the lumen, which greatly 
improves accuracy. By using the SplinePoly function within SimVascular’s segmentation 
window, it is possible to closely match the patient-specific’s RCA lumen shape, provided the 
image quality is sufficient. Figure 3 below illustrates this process, as it shows a cross‐sectional 
view of the coronary artery in grayscale, alongside its respective SplinePoly segmentation 
outlining the circular lumen boundary. 

 

  
 

Fig. 3 - Segmentation example using SplinePoly. 

However, this procedure is not ideal for coronary arteries due to poor image resolution at high 
magnification, such as in secondary branches (Figure 4C), which translates into a challenging 
contour detection. Also, this important step is highly dependent on the user’s expertise in 
medical imaging, which can sometimes compromise the final geometry. 

As illustrated in Figure 4A, the segmentation process begins in a proximal region near the aorta. 
The cross-sectional view captures the vessel’s lumen, which appears approximately circular in 
these region, though subtle deviations can exist and translate into important patient-specific 
data. These imposed boundary lines reflect the careful step-by-step delineation of each layer, 
accounting for variations in pixel intensity and potential edge artifacts. 

Further downstream, Figure 4B represents this patient’s stenotic region. Stenoses can present 
significant challenges for accurate segmentation due to irregular lumen shapes, reduced blood 
flow, and potential plaque deposits that may not fully absorb the contrast agent. The cross-
sectional image reveals how the vessel narrows and takes on a more elliptical or distorted 
appearance, while the 3D view confirms the severity and location of the lesion. Carefully 
identifying lumen boundaries in these sections is the most essential step during segmentation, 
since it is the most impactful feature for the FFR. Over or underestimation of stenosis severity 
can substantially impact computational simulations of blood flow and clinical decision-making. 
Figure 4C shows the task of segmentation becoming more challenging in secondary branches, 
as blood flow is reduced and the contrast agent may not fully penetrate irregular areas, leaving 
the vessel walls less clearly defined. 
 
Model Generation 

SimVascular constructs the resting state 3D model by interpolating between the segmented 
slices. However, as the resulting surface may contain artifacts or inconsistencies, additional 
smoothing may still be necessary, Figure 5. The user must check for abrupt variations in vessel 
diameter and ensure that the model maintains anatomical realism. 
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Fig. 4 - RCA lumen proximal to the aorta (A), in a stenotic region (B) and in a secondary branch 
(C) in SimVascular. 

 

  
 

Fig. 5- Unsmoothed model (A), Smoothed model (B) and final resting state model (C) in SimVascular. 

Smoothing the reconstructed vascular surface must be approached selectively, focusing on 
small regions where artifacts or irregularities are most pronounced, rather than globally across 
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the entire model. This local smoothing approach helps preserve the authentic anatomy of the 
model as a whole, correcting critical areas, such as arterial bifurcations, stenotic segments, or 
sharp curvatures, which reduces abrupt changes caused by SimVascular’s slice-to-slice 
interpolation. By maintaining a balance between surface refinement and morphological 
accuracy, it is possible to achieve a more realistic 3D representation for subsequent analyses or 
procedural planning. 
 
Hyperemia Induction in SimVascular 

This mandatory step for future FFR calculation was performed using a created Python script in 
parallel with SimVascular. This script is able to capture the segmented contour groups as an 
input and scale each layer to a selected magnitude, maintaining the needed fidelity with the 
resting state geometry. This reveals to be crucial to preserve patient-specific anatomic details, 
which will help in obtaining an accurate FFR. To emulate a clinically realistic hyperemic 
condition, a uniform scaling factor of 2.04 was applied, ensuring that the vessel experiences a 
constant dilation of this magnitude along its entire length. This approach reflects a global 
vasodilation representative of maximal hyperemia and translates into more accurate non-
invasive FFR assessments in the future (Wilson et al., 1990). 
 
 

 
 

Fig. 6 - Hyperemic state segmentation vs Resting state model in SimVascular. 

 
Figure 6 above shows the comparison between the original resting state model and the obtained 
hyperemic RCA. In a physiological context, arterial expansion is constrained by surrounding 
tissues and other biomechanical factors that limit in which directions vasodilation occurs. In 
this workflow, however, the vasodilation effect is simulated solely by scaling each cross-
sectional layer. As a result, certain branches unexpectedly overlapped or collided following the 
uniform scaling, particularly at bifurcation points. These intersections were then manually 
adjusted, positioning the segments in a more anatomically plausible manner, not affecting their 
geometry, only their location. This troubleshooting step is not an ideal reflection of the body’s 
natural behavior, and it can lead to some loss of patient specific anatomy in those edited 
bifurcation regions.  

Throughout most of RCA, the script successfully scaled the lumen diameter by the requested 
2.04 times, a feature not commonly found in other vascular modeling software. Figure 7 below 
shows these minor user edits performed, along with the final hyperemic state model of the RCA. 
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Fig. 7 - Old (green) and adjusted (yellow) segmentation of the secondary branch, and the final 
model of the hyperemic RCA. 

Even though SimVascular brings several advantages and is capable of helping to maintain 
patient-specific anatomy, this software only allows for strict manual segmentation, in which the 
user has to go through the CT scan images as a whole and pinpoint the limits of the target vessel 
in each layer. This is a highly user-biased methodology, and the image quality can be poor when 
segmenting coronary vessels due to the high scaling needed, which besides being highly time 
consuming, can translate into user-derived errors. Since the resting state geometry construction 
is so dependent on the user, minor inaccuracies might emerge in the final geometry, which 
could lead to a loss of patient-specific data. Also, SimVascular allows only for the segmentation 
of one artery branch at a time, meaning that bifurcation regions will be less accurate, since the 
software computes these areas separately. 

By allowing for the implementation of external Python scripts, SimVascular efficiently 
addresses several issues not regarded by other commercial options, despite its user-based 
drawbacks. 

 

3D RCA CONSTRUCTION USING IN-HOUSE AUTOMATIC SOFTWARE 

In order to overcome the limitations inherent to existing segmentation tools, usually time-
consuming manual workflows and difficulties in accurately capturing severe stenoses, an 
innovative, fully automated in-house software solution has been under development at FEUP 
and INEGI. Unlike conventional manual approaches, which demand extensive operator input 
and often translate into inconsistent results, this Python-based framework leverages advanced 
region-growing techniques, gradient-informed segmentation, and centerline-based expansion 
to achieve fast and highly accurate vessel delineation (João et al., 2023). By progressively 
refining each coronary segment in multiple stages, the software attains greater fidelity in 
challenging anatomical regions, including those with reduced lumen diameter or lower contrast 
enhancement. Moreover, this design offers considerable flexibility compared with deep 
learning-based alternatives, which typically rely on large, labeled datasets and may not 
generalize well across diverse patient populations. Through the combination of computational 
efficiency and anatomical precision, the in-house software lays the groundwork for more robust 
and streamlined coronary artery modeling. 

Building on this foundational work, the in-house software has been further enhanced to 
incorporate a second major and crucial feature: generating patient-specific hyperemic 
geometries. While the original version excelled at automatically producing resting-state 
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coronary anatomies, ongoing refinements now apply physiologically informed dilation factors 
to each vessel segment, simulating vasodilation under hyperemic conditions. The aim is to 
replicate, in a realistic yet automated manner, the artery’s expansion during induced hyperemia, 
thereby enabling non-invasive assessments of functional severity in coronary lesions.  

 

SIMVASCULAR VS. AUTOMATIC IN-HOUSE SOFTWARE 

Although still at a relatively early stage of development, the in-house software already 
demonstrates key capabilities that distinguish it from more established commercial platforms, 
regarding hyperemia. As seen in Figure 8, this software can reliably extract a centerline, which 
is a particularly valuable workflow for analyzing how a coronary artery might behave under 
maximal vasodilation, an essential step for non-invasive FFR evaluations. While the initial 
implementation focuses on scaling layers within the main branch of the RCA, preliminary 
results confirm that the overall script is stable and accurate in capturing global luminal 
expansion. Manual adjustments are not required, keeping user intervention minimal. 

By contrast, SimVascular provides a semi-automated environment in which clinicians or 
researchers contour slice-by-slice and apply smoothing or lofting operations to generate the 3D 
model. This process can yield anatomically detailed reconstructions, especially if the user 
meticulously corrects each layer. However, the manual workload can become substantial for 
cases involving multiple branches and severe stenoses, particularly if the user seeks to maintain 
high geometric fidelity. Additionally, most commercially available options do not offer a 
dedicated hyperemia feature. Even though SimVascular allows for it, there is the need of an 
external Python script in order to perform the operation. As a result, each branching segment 
must be checked individually to avoid unrealistic overlaps or collisions. 

 

SimVascular In-house 

  
 

Fig. 8 - Qualitative analysis of hyperemic state generated RCA’s main branch in SimVascular vs 
generated centerline in the in-house software. 

 
CONCLUSIONS AND FUTURE WORK 

The in-house method aims to produce a more uniformly smooth lumen, applied equally along 
the artery from the proximal to the distal portions, because it systematically scales cross-
sectional layers rather than interpolating between manually drawn contours. SimVascular 
reconstructions, on the other hand, may exhibit slight variations in surface roughness or lumen 
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tapering, partly attributable to slice-by-slice edits and the user’s criteria for preserving small 
anatomical details. Interestingly, while SimVascular’s interactive workflow can capture subtle 
geometries if the user invests time in manual refinements and has expertise in medical imaging, 
the in-house hyperemia script supports a much faster, largely automated process, aiming to take 
only a few minutes to convert a set of CT scans into a hyperemic model accurately. 

In its current form, the in-house software has generated promising preliminary results by 
successfully dilating a patient’s RCA main branch by approximately twofold without 
significant geometric artifacts or discontinuities. These findings indicate that the underlying 
framework for centerline extraction and cross-sectional dilation is both robust and efficient. 
The next phases of development will focus on refining the dilation algorithm to better handle 
complex multi-branch anatomies and reduce any remaining collisions, aiming ultimately for a 
fully automated hyperemic transformation that accurately reflects patient-specific constraints. 
By combining these improvements with the existing automated segmentation pipeline, 
clinicians and researchers will be able to obtain both resting-state and hyperemic 3D models in 
a fraction of the time required by traditional methods, helping them to analyze each patient’s 
3D geometry and conclude about possible conditions. Also, this software will streamline the 
non-invasive FFR calculation workflow, significantly reducing the time needed to be obtained. 
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ABSTRACT 

This study presents a semi-automatic computational framework capable of constructing 3D 
coronary arteries under hyperemic conditions, conditions where the fractional flow reserve 
(FFR) was obtained in the hospital. This computational software was developed in Python with 
the final goal of patient-specific hemodynamic replication and FFR computational prediction 
instead of the invasive one achieved in the hospital. The input of the developed numerical tool 
in Python is computed tomography (CT) scans, and the desired output is the 3D geometry in 
hyperemia conditions. The cross-sectional area along all the artery was enlarged compared to 
resting conditions. 

Keywords: 3D geometry reconstruction, semi-automatic methods, hyperemia, Python, 
software development, fractional flow reserve. 

 

INTRODUCTION 

Coronary artery disease (CAD) is a leading cause of death. The measurement of the fractional 
flow reserve (FFR) allows medical doctors to assess the severity of stenoses developed in this 
disease, and it is currently measured invasively by the administration of chemicals that produce 
hyperemia (maximum vasodilation). As an alternative to the invasive procedure, which can be 
risky for patients in debilitated conditions, numerical simulations could be performed to 
measure the FFR (Fernandes et al., 2024). These simulations are performed on reconstructed 
patient-specific coronary arteries in hyperaemia conditions, by manually (Martins et al., 2023) 
altering the geometry of the segmented artery obtained through computed tomography (CT) 
imaging at the medical facilities. The increase of the cross-sectional area of the vessels is done 
through the values obtained in the work of Wilson et al. (1990). However, this procedure takes 
many hours, and the researcher can introduce geometric errors in the process. Therefore, an 
automatic method is preferred. 

Through the programming in Python language, the authors of the present study have developed 
a semi-automatic computational framework with the objective of constructing 3D models of 
coronary arteries, under hyperemic conditions from the CT images. The images, as well as 
invasive values of the FFR, were collected by medical doctors at the Vila Nova de Gaia/Espinho 
Hospital Centre (CHVNG/E) from patients displaying symptoms of CAD. This framework, 
along with numerical simulation software, has the goal of contributing to the implementation 
of computational hemodynamics as a robust alternative to the invasive procedure used to 
measure the FFR in hospitals. As a result, the tool can provide personalized cardiovascular 
diagnostics and bridge the gap between imaging and clinical decision-making. In addition, the 
tool highlights how numerical simulations have the potential to aid medical doctors in the 
diagnosis and treatment choice stages.  
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METHODOLOGY 

The 3D mask of the artery geometry obtained through the In-House software (Festas et al., 
2023) is the input (Figure 1a). In this work, operations of skeletonization (Figure 1b.) are made 
using the sci-kit image library which allows for the reduction of the structure into a volumeless 
skeleton constituted of points while preserving its shape and main characteristics.  

With the usage of a code made in NumPy it becomes possible to identify terminal points of the 
branches (Figure 1c) using neighbourhood analysis on a 3x3x3 voxel neighbourhood cube. The 
first method of detection is through voxel connectivity, the points that only have one neighbour 
are considered potential terminal points and later validated if when temporarily erased its 
closest point becomes a terminal point. The second method of detection is by identifying the 
points with two neighbours in which the angle between them is less than a certain threshold. 
The terminal points that belong to very small branches that rapidly enter the main branch are 
disconsidered since they will not significantly change the results but demand a lot of extra 
unnecessary work. The last step in this terminal point processing is the identification of the 
blood flow inlet and the outlets, which is done by analysing the coordinates. 

 

Fig. 1 - Key Process stages in terminal point definition: (a) input In-House geometry, (b) creation of the 
artery skeleton using Skimage morphology package, (c) definition of the terminal points as Seed and 

target points (in red and green, respectively). 

The next stage is all about the execution of preprocessing operations for the geometry to 
correctly serve as input to the VMTK library. Beginning at each of the terminal points the next 
closest point is collected iteratively for a certain number of points. After this semi branch is 
composed it is possible to perform an interpolation separately for x, y and z using “np.polyfit”  

with a degree decided by the Akaike information criteria which punishes higher degrees. With 
this it is possible to obtain the tangent at the endpoint and to create a plane normal to that tangent 
which will intersect the STL model and give origin to a contour (Figure 2a) with which the 
structure will be clipped and then capped into a closed surface (Figure 2b).  

 
Fig. 2 - Phases of the pre-processing stage: (a) terminal zone of the geometry with endpoint (in yellow) and 

contour (in red), (b) clipped and capped terminal surface. 
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With the geometry processed VMTK is used to extract the centerline (Figure 3a) using 
“vmtkCenterlines” which can compute the shortest and most central path through the vessel 
geometry and multiple branches and gives as output a “VTKPolyData” with the coordinates of 
the center points, the centerlines and individual point data such as “MaximumInscribed-

SphereRadius” which gives maximum radius of the sphere that can fit inside the vessel. With 
this new more accurate centerline, it is possible to use “vmtkBranchExtractor”, which can 
segment the centerline into multiple branches (Figure 3b). After this is done the next is to go 
through the points and retrieve notorious data such as the “MaximumInscribedSphereRadius” 

which is later organized by branch and its values augmented by a factor of 2.04 to create the 
hyperemic geometry. The last step to get the hyperemic geometry ready for the simulation 
software (Figure 3c) is to again do the previous steps done in the preprocessing stage to get a 
clean-cut capped terminal zone of the branch. 

 
Fig. 3 - Phases in VMTK stage: (a) centerline extraction in VMTK, (b) separation into branches in VMTK,        

(c) hyperemic geometry ready for computational simulations. 

After obtaining the 3D coronary geometries, it becomes possible to run patient-specific 
simulations to obtain the FFR calculations. It starts by forming a mesh that is the best balance 
between computational time and result accuracy and with the boundary conditions definition 
with user-defined functions (UDFs) written in C for inlet velocity and outlet pressures for each 
patient case, with a 3-element Windkessel model for pressure and a Womersley model for 
velocity all the while the blood rheology being described by the simplified Phan-Thien/Tanner 
model which accounts for the viscoelasticity of this fluid. A finite element approach was used 
regarding the solution of the blood flow models, set to unsteady flow with a time-step of 0.005 
s for 3 consecutive cardiac cycle each with the duration of 0.72s. The momentum and UDFs 
functions being discretized by a second order upwind-scheme and the velocity pressure coupled 
governing equations were solved using a SIMPLE algorithm at each time-step. Two planes 
were defined, one 0.1 mm after the inlet surface and the other 20 mm after the apex of the 
stenosis. The pressure data was retrieved in the last cardiac cycle to reduce errors introduced 
by the initialization of the simulations. 

 

RESULTS AND CONCLUSIONS 

To compare the accuracy of the segmented geometries, the authors compared the output of their 
computational framework with the output using hyperemic geometry obtained in MIMICS® (a 
commercial software dedicated to the segmentation of medical imaging, including coronary CT 
scans), resulting FFRs obtained in the most realistic hemodynamic conditions as possible. 
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Table 1 - Comparison between the Computed FFR with In-House Software to obtain the 3D Geometry 

and the Computed FFR with Mimics software to obtain the 3D Geometry. 

Parameter Value Relative Error 

Computed FFR with In-House Software 0.457  
Computed FFR with Mimics Software 0.498 8.59% 

 

As can be seen in the table above (Table 1) the relative error is 8.59% which is acceptable and 
serve as a proof of concept that the project is on the right track, since the semi-automatic 
geometry is a good substitute for what is usually the golden standard, the manual segmentation 
geometry. The difference in FFRs can be traced back to errors in both geometries. The 
commercial software geometry is quite labour intensive which opens the potential for error and 
the In-House geometry still needs further refinement in the stenosis zones and bifurcation zones 
since considering that the radius is expanded in a 3-D sphere and not just in the plane of the 
section some problems can arise. The expansion of the radius can make it so that the stenosis is 
not enlarged correctly due to the fact that it is surrounded by much larger spheres that when 
expanded can just involve the entire zone and prevent the correct expansion of the narrowed 
structure, which could result both in the disappearance of the characteristic narrowing or on the 
contrary result into a structure in which the narrowing happens all of the sudden and peaks 
rapidly causing an effect similar to one of a orifice plate. This 3-D expansion of the spheres can 
also cause problems in the geometry in the bifurcation zones since from one center point to the 
other the maximum inscribed radius of the sphere suddenly gets much bigger and when 
expanded creates a sudden much bigger sphere like shape with center in the bifurcation zone, 
that generates what appears to be a discontinuity in what should be a smooth, continuous 
geometric structure. 

The objective of making a python-based semi-automatic software that could produce these 
hyperemic geometries in a fast and accurate way was achieved all the while depending on a 
very small quantity of inputs. 

In regards to the next stages, the main objective is to test the In-House software for a bigger 
sample of patients and obtain their FFR’s in order to try to achieve its validation by comparing 
them to the FFR’s obtained invasively, and the FFR’s obtained for the 3D geometries manually 
produced using the Mimics® commercial software. This involves testing the software for a 
much larger data base, right coronary arteries, left coronary arteries, stenosis with different 
severities, stenosis situated in different locations, all to see if the software is indeed able to 
reconstruct the coronary arteries in the hyperemic state in a swift way that makes its usage 
plausible in a clinical context. 
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ABSTRACT 

Fatigue in humans is a condition that decreases activity, performance, and cognitive abilities 
due to sensations like tiredness, drowsiness, sleepiness, and burnout. It can be categorized as 
objective or subjective, where objective fatigue results from prolonged mental, emotional, or 
physical exertion that depletes cognitive resources and energy, while subjective fatigue is the 
personal perception of tiredness, encompassing physical weariness, mental exhaustion, and a 
general lack of energy. It is influenced by mentally challenging or stressful tasks and indirectly 
affected by physical activities that reduce alertness, mental focus, motivation, and other 
psychological factors. Although fatigue has been extensively studied in fields such as 
transportation, emergency response, and healthcare, there remains a lack of a comprehensive, 
unified database for quantitatively measuring fatigue in office environments. Given its negative 
impact on productivity, understanding fatigue in office settings is crucial. Establishing a 
database that provides precise information on the causes and effects of fatigue, along with 
reliable measurement techniques, would be valuable for future research. To address this gap, a 
systematic review is proposed to investigate the relationship between office workers' sedentary 
status throughout their workdays and the resulting fatigue-induced pains and cognitive function 
reductions. 

Keywords: PRISMA, pain, occupational, office worker. 

 

INTRODUCTION 

Fatigue is a well-documented factor in reducing human performance across various fields 
(Williamson et al. 2005). It can be categorized as objective, resulting from prolonged cognitive 
or physical effort, or subjective, which is the personal perception of tiredness and exhaustion 
(Bustos et al. 2021). Fatigue affects response and decision-making time, leading to human error, 
particularly in high-risk professions such as military service, driving, and offshore work 
(Meijer, Robb, and Smit 2017; Sant’Anna and Hilal 2021). However, even in low-risk 
environments like office work, fatigue can contribute to health issues and productivity losses 
(Arezes et al. 2020). Office workers are prone to musculoskeletal disorders, psychological 
issues, and absenteeism, all of which negatively impact individual well-being and 
organizational efficiency (Abdulameer, Finteel, and Flayyih 2020; Lima and Coelho 2018; 
Rizzo, Peresson, and Larese Filon 2012). 

Fatigue assessment methods include subjective tools like the Nordic Musculoskeletal 
Questionnaire and Cornell Musculoskeletal Discomfort Questionnaires (Bazazan et al. 2019; 
Chaiklieng and Poochada 2021) and objective tools such as Electroencephalography (EEG) and 
surface Electromyography (EMG) (Fu et al. 2022; Mota-Carmona et al. 2022; Ramirez-Moreno 
et al. 2021). However, many of these methods are intrusive, time-consuming, and impractical 
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for office settings (Pimenta et al. 2013). With advancements in technology, non-intrusive 
fatigue assessment methods using computers and machine learning have gained interest (Bustos 
et al. 2019; Bustos et al. 2021; Ramos et al. 2020). Machine learning enables computers to 
improve performance based on data, showing potential for fatigue detection, though its 
application in office work remains underexplored. Despite office work being less risk-prone 
than other professions, research on fatigue in this sector is limited. This study aims to address 
this gap by reviewing available methodologies for fatigue assessment in office environments. 

 

RESULTS AND CONCLUSIONS 

A total of 31 studies were selected for analysis. Among them, various equipment and 
methodologies were used to measure fatigue, as depicted in the accompanying chart, Figure 1. 
The chart categorizes the number of articles utilizing different equipment for assessing muscle-
related and brain-related fatigue. Specifically, questionnaires were the most commonly used 
method for assessing brain fatigue (14 articles), followed by heart rate variability (HRV) (3 
articles) and cognitive tests (1 article). For muscle fatigue, electromyography 
(EMG)/electrocardiography (ECG) was the most frequently used method (7 articles), followed 
by questionnaires (4 articles), other logging tools (1 article), and HRV (1 article). This data 
highlights the predominant reliance on subjective assessments and underscores the potential for 
further exploration of objective, non-intrusive fatigue measurement techniques. 

 

Fig. 1 - Clustered-column chart of the different equipment used for fatigue detection (made by Microsoft Excel). 

The findings from this study will contribute to the development of more practical, cost-
effective, and scalable solutions for monitoring and mitigating fatigue in office work settings. 
By identifying and optimizing assessment techniques, this research aspires to enhance 
workplace health, reduce fatigue-related inefficiencies, and pave the way for future 
advancements in non-intrusive fatigue detection systems. 

 

REGISTRATION AND PROTOCOL 

The protocol for this systematic review has been registered on PROSPERO with the reference 
number CRD42023408696. 
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ABSTRACT 

In Electrical Submersible Pump (ESP) operations, several sensors provide real-time data related 
to operation monitoring, such as electrical current, pressure, temperature, vibration and others. 
In the proposed article, the intent is to use a Principal Component Analysis (PCA) to identify 
anomalous behaviour in time series. Moreover, a Hidden Markov Model (HMM) is used to 
classify abnormalities and provide insights about their probabilities. 

Keywords: ESP failures, time-series failure detection, Hidden Markov Models, Principal 
Component Analysis. 

 

INTRODUCTION 

Most ESP failure detection studies use supervised learning (Mohammed, 2023; Yang et al., 
2022; Lastra and Xiao, 2022) with methods like SVM, K-Means, and Boosted Trees. These 
require labelling when the failure happened, which is not always feasible. This work explores 
unsupervised techniques, applying PCA and HMM to detect failures without prior knowledge. 
HMM has been previously used in failure prediction (Zhou et al., 2010; Smyth, 1994). 

The objective using PCA is to show up combined components that represent major variance of 
measured signals, that contains corrupted sections. Some physical properties can be measured 
through its combinations, for example power and impedance may reveal intrinsically current 
and voltage. The PCA generates components, and HMM is applied to it. This model provides 
a hidden state model that brings insights about probabilities of abnormalities in the ESP time-
series. 

 

RESULTS AND PRELIMINAR CONCLUSIONS 

An example of PCA and filtering applications is stated on Figure 1. The original set of signals 
is merged with a noise. Then, it’s randomly recombined. To reduce noise effect, a low-pass 
filter is applied, and PCA is applied. It is possible to, preliminarily, conclude that the original 
set of signals is recovered, in this simple preliminary problem, put as a test. 

As stated in Figure 2, the norm-2 is obtained and an HMM model is applied. For each segment 
in the dataset, a hidden state is inferred. This allows to have insights about the abnormality and 
its probability of occurrence. In the figure, the abnormality is predicted at state 3, but the usage 
of the model is going to be studied further. 
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Fig. 1 - The simulated procedure proposed in this article for PCA. 

 

 
Fig. 2 - HMM for the norm-2 (Square) result of PCA components. The abnormality was 

revealed through state 3.  
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ABSTRACT 

Coronary artery disease (CAD) remains a leading cause of mortality worldwide, highlighting 
the need for effective treatment strategies and enhanced patient care. Traditionally, CAD 
diagnosis involves evaluating coronary arteries through shape evaluation and hemodynamic 
measurements such as fractional flow reserve (FFR). However, not all coronary regions flagged 
as potentially compromised necessarily impact the ventricular myocardium. To accurately 
assess cardiac function, it is essential to analyze absolute myocardial perfusion alongside 
coronary hemodynamics. This project aims to integrate hemodynamic analysis of the coronary 
arteries with myocardial perfusion assessment, establishing a spatial correlation between 
coronary artery outlets and specific ventricular segments. By leveraging consistency in image 
acquisition techniques, both relying in computed tomography (CT), we developed novel in-
house segmentation algorithms in Python to achieve this goal. 

Keywords: Coronary artery disease, myocardial perfusion, hemodynamic, image acquisition 
techniques, segmentation algorithms, Python. 

 

INTRODUCTION 

Coronary artery disease (CAD) remains the leading global cause of mortality due to its 
detrimental effects on myocardial perfusion and cardiac functionality. The condition is 
predominantly driven by atherosclerotic plaque accumulation within the coronary arteries, 
which progressively impairs blood flow. Such blockages can result in myocardial ischemia, 
infarction, or heart failure. Effective clinical management requires more than the identification 
of anatomical stenoses; it necessitates an understanding of the functional repercussions of these 
lesions. Despite advancements in diagnostic imaging and pressure-based assessments, 
discerning physiologically significant lesions continues to pose a challenge. Not all 
anatomically apparent lesions manifest as perfusion deficits. 

Fractional Flow Reserve (FFR) and Computed Tomography Angiography (CTA) have become 
integral tools in evaluating coronary artery patency and stenotic severity. FFR is well-
established for its ability to quantify the physiological impact of coronary stenoses by 
measuring pressure gradients across lesions during pharmacologically induced hyperemia. 
Recent developments have enabled non-invasive FFR assessment using computational models 
derived from CTA imaging (De Bruyne et al., 2012). Concurrently, Computed Tomography 
Perfusion (CTP) imaging offers temporal insights into myocardial blood flow, providing critical 
information about ischemia. The synergistic use of CTA and CTP has demonstrated improved 
diagnostic accuracy in identifying functionally significant coronary lesions (George et al., 
2011). 
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Nevertheless, the clinical application of CTA-derived FFR and CTP often occurs in silos. This 
disjointed analysis impairs spatial correlation between coronary lesions and their downstream 
myocardial effects, thereby limiting the capacity to draw comprehensive conclusions regarding 
cardiac function. 

To address this disjunction, we introduced a suite of Python-based segmentation pipelines 
specifically developed for coronary arteries (Festas et al., 2023) and the left ventricular 
myocardium (Senra et al., 2024). Additionally, we proposed a novel co-registration 
methodology utilizing the aorta as a common anatomical anchor, as it is consistently present in 
both CTA and CTP datasets. This technique facilitates the spatial alignment of coronary 
anatomy with myocardial perfusion data. 

The integration of these datasets culminates in a unified spatial map that enables precise 
association between coronary anatomical features and their physiological consequences. This 
approach promises a more nuanced and clinically valuable understanding of CAD by 
concurrently analyzing anatomical and perfusion-based markers of disease severity. 

 

METHODOLOGY 

Coronary Artery Segmentation 

To extract accurate vessel geometry from Computed Tomography Angiography (CTA) scans, 
our coronary artery segmentation approach was crafted to address typical challenges like 
undersegmentation and limited contrast near stenotic regions. The process begins with a region-
growing technique initiated at a user-defined seed within the aorta. This step segments an initial 
underdeveloped representation of the coronary structure, followed by its separation from the 
aorta. 

The enhancement phase then applies a three-part refinement process implemented in Python, 
relying on the scikit-image and numpy libraries. This procedure operates on a preprocessed 3D 
CTA volume and is structured as follows: 

1. Dual Region-Growing Phase: 

Using two duplicated image arrays, this step runs side-by-side region growing to separately 
isolate the coronary arteries and the aorta. By adjusting the Hounsfield Unit (HU) threshold 
dynamically and removing overlapping voxels, the method improves the accuracy of boundary 
identification. The iterative growth is carefully controlled—constrained by maximum HU 
values and relative volume change thresholds—to avoid capturing unrelated high-density 
tissues, which helps prevent oversegmentation. 

2. Gradient-Informed Vessel Tracking: 

This phase enhances boundary clarity, especially in curved or poorly contrasted vessel regions. 
A Frangi vesselness filter, known for emphasizing tubular shapes, is applied to identify likely 
vessel candidates. Voxels are then selected within a 3D region of interest based on a hybrid of 
intensity and gradient measures. This step is critical where intensity alone is insufficient to 
define vessel edges, allowing for more robust and refined segmentation. 

3. Centerline Propagation and Continuity Recovery: 

Areas of severe narrowing often interrupt prior segmentation attempts. To address this, a 
centerline skeleton of the segmented structure is computed, and terminal branches are extended 
directionally. These projections rely on both voxel intensity and connectivity cues to predict 
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vessel continuation. Once missing portions are reconstructed, the earlier steps are repeated to 
re-integrate the full vessel path. 

By combining these strategies, the final segmentation output reflects a highly detailed and 
continuous reconstruction of the coronary arteries, Figure 1 shows the differences these steps 
make on the final segmentation. This robustness extends to anatomically intricate areas, 
allowing for more dependable structural analysis that supports downstream clinical and 
research applications. [3]. 

 
Fig. 1 - a) Coronary Artery right after separation from the aorta; b) Increase in total segmentation vi aside by side 

region growing; c) Improvement of boundaries using gradient informed región growing; d) Inclusion of a 
missing Branch retrieved via centerline propagation. 

 
Left Ventricle Segmentation 

Segmenting the left ventricle (LV) from dynamic computed tomography perfusion (CTP) 
images presents substantial challenges, primarily due to inherent limitations in image quality, 
the presence of motion artifacts, and considerable anatomical variability over the cardiac cycle. 
To overcome these obstacles, we implemented a semi-automated pipeline in Python designed 
for reliable and efficient segmentation of the LV using limited manual intervention. 

The workflow initiates with a manual indication of the mitral valve region on a selected CTP 
frame with optimal contrast. This input defines the mitral valve plane, offering a crucial 
anatomical boundary between the atrium and ventricle. From this landmark, a targeted region 
of interest (ROI) containing the LV is extracted for further processing. 

Segmentation within this ROI unfolds in two primary stages. Region-growing methods are 
applied from both long-axis and short-axis views to outline the blood-filled cavity of the left 
ventricle. These multi-view approaches enhance the segmentation’s spatial robustness and 
reduce sensitivity to image noise or partial volume effects. The myocardial wall is identified by 
refining the inner and outer boundaries using morphological transformations and strategic 
image rotations. These steps improve delineation across varying orientations and ensure the 
contours remain anatomically consistent. 
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After initial segmentation, a post-processing phase removes residual non-ventricular structures 
and artifacts. This refinement is achieved by combining anatomical priors from both axis planes 
with morphological operations that enforce spatial coherence. Figure 2 shows the different 
stages of this segmentation process. 

A reference frame—typically the image with peak contrast enhancement—is selected to define 
a baseline LV mask. This frame serves as the foundation for tracking changes throughout the 
dynamic sequence. 

To extend the segmentation across all timepoints, the cavity in the reference image is used as a 
spatial anchor. For each subsequent frame, the algorithm searches within a constrained window 
around the prior segmentation. This search relies on intensity-based thresholding that adapts 
dynamically to the contrast agent’s temporal dynamics—compensating for wash-in and wash-
out effects. The assumption underpinning this approach is that although contrast intensity 
varies, ventricular shape and location remain relatively stable over short time intervals. In cases 
where this assumption breaks down—due to significant motion or contrast degradation—the 
method allows for fallback strategies such as increased thresholding stringency or manual 
correction, although such interventions were seldom necessary in practice. 

The end result is a time-resolved map of the left ventricular cavity. This facilitates the 
construction of contrast time-attenuation curves, enabling extraction of clinically meaningful 
perfusion parameters critical for evaluating myocardial function. [4] 

 
Fig. 2 - a) Identification of ROI above the mitral plane; b) Segmentation of the blood filled cavity with the 

representation of the mitral plane; c) Propagation of the segmentation to the myocardium. 

 

Alignment Strategy 

To achieve a unified spatial framework that links anatomical and functional cardiac data, 
accurate alignment between the coronary artery structures extracted from CTA and the left 
ventricular myocardium segmented from CTP is critical. This alignment is anchored by the 
aorta—a common anatomical feature visible in both imaging modalities—which serves as a 
stable reference despite differences in resolution and contrast. 

In the high-resolution CTA-based coronary segmentation pipeline, the process begins with user 
input: a seed placed in the ascending aorta. This initiates region growing that captures both the 
aorta and the left ventricle. Through a combination of intensity thresholding, binary 
morphological filtering, and a minimum-cost path strategy, the algorithm iteratively identifies 
the aortic valve, a key anatomical boundary separating the aorta from the heart chambers. Once 
the valve is detected, the coronary arteries are separated from the aortic structure, and the 
segmentation pipeline proceeds as described previously. 
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By contrast, the lower resolution and higher noise levels of CTP imaging make automated valve 
detection more error-prone. In these cases, manual input is introduced to specify the aortic valve 
location in a selected axial slice, allowing the segmentation to proceed and extract the CTP-
based aorta mask. 

After both aortas have been successfully segmented, the CTA and CTP datasets are spatially 
co-registered through a rotational optimization process. One segmented aorta volume is rotated 
relative to the other to find the orientation that yields maximum volumetric overlap. The 
resulting transformation matrix is then applied to align the full coronary artery model and the 
left ventricle mask into a shared anatomical coordinate space. 

By using the aorta as a central anatomical anchor, this alignment method ensures that 
subsequent spatial analyses—such as correlating coronary branches with myocardial perfusion 
territories—are anatomically coherent. This cross-modality consistency is critical for clinical 
applications, particularly when dealing with heterogeneous image quality, different acquisition 
timings, or patient movement between CTA and CTP scans. 

 

RESULTS 

The coronary artery segmentation algorithm was first evaluated using a dataset provided by the 
collaborating hospital. Six patient cases were tested, with segmentation results compared 
against manual annotations generated using a commercial cardiovascular analysis platform. The 
method achieved a mean Dice similarity coefficient of 0.845, indicating strong agreement with 
expert-defined ground truth. 

To assess scalability, the same segmentation pipeline was applied to 100 patients from a 
publicly available dataset. When compared to the provided reference labels, the method 
achieved a mean Dice coefficient of 0.7747, confirming reliable performance across varied 
imaging conditions and anatomical variability. Figure 3 shows a final segmentation of a left 
coronary artery. 

 
Fig. 3 - A segmented result for a single left coronary artery, with a focus on the reconstructed vessel after all 

steps re reprocessed because a new Branch was found via centerline propagation. 
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Left ventricle segmentation from CTP volumes was tested qualitatively on two patient cases 
from the hospital dataset, the 3d volume of 1 can be seen in Figure 4. While formal metrics are 
pending, visual inspection showed promising results across all timepoints, including low-
contrast phases of the contrast-enhanced sequence. The consistent segmentation of the LV 
cavity over time also enabled the construction of a time-volume curve, capturing the evolution 
of contrast-filled blood volume throughout the cardiac cycle. This visualization, in Figure 5, 
serves as a foundation for future dynamic perfusion analysis and parameter extraction. 

 

Fig. 4 - A segmented result for a single CTP volume, demonstrating successful delineation 
of the ventricular myocardium. 

 

Fig. 5 - Evolution blood with contrast in the cavity throughout the acquisition time [4]. 
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CONCLUSIONS AND FUTURE WORK 

This study introduces a fully developed computational pipeline that encompasses segmentation 
of the coronary arteries and the LV, alongside an aorta-based alignment method designed to 
unify anatomical and functional cardiac imaging data. The proposed framework stands out for 
its precision and practicality, achieved without reliance on deep learning methodologies. 
The coronary artery segmentation module has been rigorously validated using both clinical and 
publicly available datasets. It achieved Dice similarity coefficients of 0.845 and 0.7747, 
respectively, aligning closely with outcomes from more resource-intensive, state-of-the-art 
systems. These results highlight the accuracy, flexibility, and practical relevance of the method, 
particularly in diverse imaging conditions where traditional deep learning approaches may 
struggle without large training datasets. 

The LV segmentation process, though still being refined, has shown encouraging performance 
in its early applications. It has maintained consistent accuracy across all phases of contrast-
enhanced CTP image sequences, including those with suboptimal quality. The resulting 
segmentations enable the derivation of time-volume curves, which serve as a basis for 
estimating dynamic perfusion parameters. These metrics hold significant clinical value for 
assessing myocardial function and diagnosing ischemic conditions. 

Equally important is the alignment strategy based on the aorta, which successfully bridges CTA 
and CTP datasets by spatially registering segmented structures. This method ensures anatomical 
consistency across imaging modalities, allowing for the precise mapping of coronary perfusion 
territories onto the myocardium. Such integration is pivotal for evaluating the physiological 
impact of coronary artery lesions. 

Collectively, the framework demonstrates not only robustness across imaging environments but 
also clear potential for clinical translation. By linking anatomical structures to their functional 
consequences, this approach supports a more holistic understanding of coronary artery disease 
and facilitates comprehensive cardiac evaluation. 

Despite the promising outcomes achieved thus far, several areas remain open for refinement 
and further investigation to strengthen the system’s clinical utility. The most pressing task is to 
undertake a rigorous quantitative validation of the LV segmentation algorithm. This will enable 
a more objective evaluation of its accuracy across different phases of the cardiac cycle and 
under varied contrast enhancement levels. Through such analysis, critical timepoints and 
anatomical regions where segmentation may falter can be identified and systematically 
improved. 

Concurrently, work is advancing on the development of an automated hyperemia model tailored 
for the coronary arteries. This component is central to enabling computational simulation of 
FFR, offering a non-invasive alternative for assessing the hemodynamic significance of 
coronary lesions. Automating hyperemia modeling is expected to substantially streamline 
functional evaluation without requiring pharmacological or catheter-based interventions. 

Another major trajectory for development is the establishment of a detailed perfusion-to-artery 
mapping framework. The objective here is to spatially associate localized perfusion signals in 
the ventricular myocardium with their corresponding coronary artery branches. By defining 
myocardial perfusion at the segmental level and linking it to proximal arterial structures, the 
framework could determine whether specific lesions exert a physiologically meaningful impact 
on cardiac function. This level of integration is essential for differentiating between 
anatomically visible but functionally insignificant stenoses and those that warrant intervention. 
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Together, these future enhancements aim to evolve the current system into a comprehensive, 
non-invasive diagnostic platform. Such a tool would not only capture the structural complexity 
of coronary artery disease but also elucidate its functional consequences—enabling clinicians 
to make more informed, patient-specific treatment decisions. 
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ABSTRACT 

This paper reports observations made during a 5-year implementation of Capstone Engineering 
Projects for Medical Technologies Design at McGill University. This effort was realized in the 
context of a NSERC Engineering Design Chair for unifying the capstone projects across all 
departments in the Faculty of Engineering in order to strengthen the diversity of students design 
training. Communication is a key skill for ensuring teams success, especially for 
multidisciplinary work. Communication skills were evaluated using direct and indirect 
assessment tools. The direct assessment tools are a set of specific design activities that were 
elaborated to develop several skills including communication. It is reported that teams acquired 
the required communication skills based on the graded work and survey results.  

Keywords: Capstone course, Multidisciplinary Team, Communication skills, Design Activities. 

 

INTRODUCTION 

A NSERC Design Chair (Natural Sciences and Engineering Research Council of Canada) was 
put in place in 2019 in the Faculty of Engineering at McGill University [1].  The NSERC Chairs 
in Design Engineering were established to improve the level and quality of design engineering 
activity within Canadian universities through multidisciplinary and interdisciplinary training to 
support the growing demand for design engineering talent for emerging fields such as climate 
change technologies [2, 3], aerospace [4] and medical technologies [5]. The specific field this 
NSERC Chair in Design was the Design of Medical Technologies. A cornerstone specific talent 
is communication. Indeed, communication is key in clarifying the design objectives, learning 
disciplinary languages and organizing resources. It should be emphasized that communication 
is paramount for establishing accountability, avoid misinterpretation and conflict. We present 
a set of Design Activities which include specific tasks meant to develop communication skills.   
 

RESULTS AND CONCLUSIONS 

The investigation is illustrated with the final year Capstone course. In this course, students work 
in teams of four students on a common design project during the entire academic year. The 
Canadian accreditation body for engineering programs in Canada is the CEAB (Canadian 
Engineering Accreditation Board) [6]. CEAB has developed graduate attributes to establish 
national standards for engineering education [6]. There are 12 graduate attributes to assess the 
engineering programs which include Communication skills [6, 7]. The CEAB description for 
the Communication skills attribute (CS) reads: “An ability to communicate complex 
engineering concepts within the profession and with society at large.”. The CS attribute was 
assessed with several graded design activities. The developed Design Activities are labelled 
with Design Activity Numbers (DANs). The following DANs were included for assessing the 
written and oral communication skills: DAN 5 (Conceptual Design Report); DAN 6 
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(Embodiment Design Report); DAN 8 (Oral presentation of the group project); DAN 9: 
(Presentation of the working prototype) and DAN 10 (Final Project Report). 

The specific CEAB indicators that were assessed include [6]:  
CS.1 - Understands, interprets and/or assesses oral, written, graphical or visual communications  
CS.2 - Produces written research papers, engineering reports and design documentation  
CS.3 - Demonstrates competency in the oral communication of complex engineering concepts  
CS.4 - Demonstrates an ability to give and/or effectively respond to clear instructions 

Figure 1(a) shows the results from the 2022-2023 year that incorporates the CS indicators and 
Figure 1(b) reports the results of student surveys that were performed at the end of the Capstone 
course. We note that the majority of students exceed expectations for the CS attribute. An 
alumni survey revealed that 70% were satisfied with the quality of the Communication skills.  

 
(a) 

 
(b) 

Fig. 1 - (a) Direct assessment (with the DANs) and (b) Indirect assessment (surveys) of the 
Communication skills attribute for the Capstone class in Winter 2023. 

 

In general, the assessment of the CS indicates that the majority of students have demonstrated 
a high level of communication skills by the end of their program. This confirms that the Design 
Activities provide favorable conditions to develop this very important soft skill. The indirect 
assessments also reveal that more opportunities to develop the skills would be beneficial. 
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ABSTRACT 

Over several years of teaching, two professors of the Mathematical Analysis III course unit in 
the Mechanical Engineering Department at the Faculty of Engineering, University of Porto 
(Portugal), observed a perceived variation in student success rates before, during, and after the 
COVID-19 pandemic. To investigate this trend, they conducted a study to analyze the changes 
and their underlying causes. The success rate increased from 75% before the pandemic 
(academic year 2019/2020) to 84% during the pandemic (academic year 2020/2021). 
Additionally, the percentage of students scoring between 14 and 16 increased by 13–17%, while 
the percentage of those scoring between 17 and 20 (the maximum score) increased by 3–4% 
during the pandemic. This trend can be attributed to several facilitating factors introduced 
during the pandemic. One key factor was the mandatory reduction in exam duration from 2 
hours to 1 hour and 30 minutes, which consequently led to lower exam complexity and reduced 
difficulty levels. 

Keywords: Mathematical analysis, course unit, success level, mechanical engineering. 

 

INTRODUCTION 

The academic success of university students is influenced by a variety of interconnected factors, 
as highlighted in recent literature. Chaudhary and Singh (2022) [1] conducted a meta-analysis 
on the key elements affecting teaching and learning in higher education, identifying 
pedagogical, psychological, and institutional factors as determinants of academic performance. 
Among these, teaching methods play a central role, as different pedagogical approaches can 
significantly influence how students acquire knowledge and develop skills. Kirschner and 
Hendrick (2020) [2] explored this issue by analyzing fundamental principles of educational 
psychology and their practical application in teaching, emphasizing the importance of evidence-
based instruction. Beyond pedagogical aspects, individual factors such as student motivation 
are also critical for academic success. Sell (2019) [3] discussed how different learning strategies 
and motivational mechanisms impact student performance, highlighting the need for 
approaches that foster self-regulation and active engagement in the learning process. Student 
well-being in the academic environment is another essential element, as identified by 
Konstantinidis (2024) [4], who conducted an integrative review of the literature to understand 
how the educational context influences students' emotional and psychological well-being. 
Finally, instructor support can be a key determinant of learning and academic success. Tao et 
al. (2022) [5] conducted a meta-analysis on the relationship between perceived teacher support, 
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student engagement, and academic achievement, concluding that students' perception of 
instructor support has a significant impact on their motivation and academic outcomes.  

Given the considerable impact of teaching methodologies, student motivation, well-being, and 
instructor support on academic performance, it is essential to examine how these factors have 
evolved over time and under varying circumstances. The COVID-19 pandemic introduced 
unprecedented challenges to higher education, significantly affecting pedagogical practices and 
students' learning experiences. Gaining insight into how these disruptions influenced academic 
success is crucial for identifying trends and potential areas for improvement in engineering 
education.  

In this context, two professors of Mathematical Analysis III course unit in the Mechanical 
Engineering Department at the Faculty of Engineering of the University of Porto (Portugal), 
Professors Luísa Madureira and Sónia Pinto, undertook a study to assess the academic success 
of students in this subject before, during, and after the pandemic. 

 

METHODOLOGY 

During the academic years 2017/2018, 2018/2019, 2019/2020, and 2020/2021, the Mechanical 
Engineering program at the Faculty of Engineering of the University of Porto followed the 
Integrated Master in Mechanical Engineering structure, a five-year degree program. However, 
starting in the academic year 2021/2022, the program transitioned to a Bachelor in Mechanical 

Engineering, a three-year degree that remains the current structure. This change was part of a 
broader educational reform, aligning the curriculum with international standards and adapting 
the program to a more modular system. 

Despite this structural modification, the content of the Mathematical Analysis III course unit 
has remained unchanged from 2017/2018 to 2023/2024, ensuring consistency in the topics 
covered and learning objectives. No external influences have affected the syllabus, instructional 
methodologies, or assessment criteria throughout these seven academic years. Additionally, 
Professor Luísa Madureira has consistently been responsible for this course unit throughout the 
entire period, ensuring continuity in teaching practices and evaluation methods.  

At the university level in Portugal, the grading system follows a 0 to 20 scale, where 0 represents 
the lowest score and 20 the highest. Students are considered to have passed the course if they 
achieve a score of 10 or higher. This standardized grading system provides a clear benchmark 
for evaluating student performance and academic achievement. 

 

RESULTS 

Figure 1 illustrates the percentage of students who achieved "Approval" and "Not Approval" in 
the Mathematical Analysis III course unit within the Mechanical Engineering program from the 
academic years 2017/2018 to 2023/2024. The academic years 2017/2018, 2018/2019, and 
2019/2020 correspond to the period before the COVID-19 pandemic, while 2020/2021 and 
2021/2022 represent the years affected by the pandemic. The academic years 2022/2023 and 
2023/2024 are considered the post-pandemic period. 

Figure 2 illustrates the percentage of students who did not achieve approval (“Not Approval”, 
score below 10) and the distribution of different success levels among those who did 
(“Approval”, score equal to or higher than 10). A score between 10 and 13 corresponds to 
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“Sufficient” Approval (yellow region in Figure 2), a score between 14 and 16 indicates “Good” 

Approval (green region in Figure 2), and a score between 17 and 20 represents “Very Good” 

Approval (blue region in Figure 2). 

 

 
Fig. 1 - Percentage of “Approval” and “Not Approval” of Mechanical Engineering Students in the Course Unit 

Mathematical Analysis III along the years, since the academic year 2017/2018 to 2023/2024. 

 

 
Fig. 2 - Percentage of “Not Approval”, “10-13 Sufficient” Approval, “14-16 Good” Approval, “17-20 Very 

Good” Approval of Mechanical Engineering Students in the Course Unit Mathematical Analysis III along the 
years, since the academic year 2017/2018 to 2023/2024. 
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DISCUSSION AND CONCLUSIONS 

Before the COVID-19 pandemic, during the academic years 2017/2018, 2018/2019, and 
2019/2020, mechanical engineering students maintained a relatively stable success rate, ranging 
between 75% and 77%, while the failure rate ranged between 23% and 25% (see Figure 1, red 
region). Figure 2 also reveals a consistent trend across the three approval score levels. The only 
notable change was an increase of 10% in the number of students achieving a score higher than 
14 from the academic year 2017/2018 to the academic years 2018/2019 and 2019/2020. 

During the COVID-19 pandemic, in the academic years 2020/2021 and 2021/2022, the success 
rate increased by approximately 9–10% (see Figure 1). Additionally, Figure 2 indicates that 
students achieved higher scores. The percentage of students scoring between 14 and 16 
increased by 13–17%, while the percentage of those scoring between 17 and 20 increased by 
3–4%. This trend can be attributed to several facilitating factors, including a reduction in the 
duration of evaluation exams imposed by higher education authorities due to pandemic-related 
restrictions. Specifically, the exam duration was reduced from 2 hours to 1 hour and 30 minutes. 
As a result, questions had to be shorter and, consequently, less complex. 

In the 2022/2023 academic year, after the pandemic, the evaluation exam duration returned to 
2 hours. However, the percentage of students failing the course remained similar to that 
observed during the pandemic years (see Figure 1). Nonetheless, students' scores declined due 
to the removal of several facilitating factors mentioned previously. Notably, no students 
achieved scores of 17 or higher (see Figure 2). It was only in the 2023/2024 academic year that 
the trend returned to pre-pandemic levels, with a success rate of 72% and a failure rate of 28% 
(see Figure 1). Furthermore, as shown in Figure 2, the distribution of success levels in 
2023/2024 closely mirrors that of the pre-pandemic years, particularly those before 2019/2020. 
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ABSTRACT 

The introduction of novel and innovative teaching strategies in any field of knowledge is proven 
to be more effective in transmitting the information to the students, capturing their interest and 
making them more willing to be involved in the classroom, eager to learn something new. 
Mechanical engineering students are no exception to this. In fact, the field of manufacturing 
processes is full of practical applications, with numerous opportunities for hands-on laboratory 
projects. This paper presents an improved teaching method applied to the machining module of 
Advanced Production Technologies II, a discipline taught in the master’s degree branch of 
Materials and Technological Processes of the Mechanical Engineering course at the Faculty of 
Engineering of the University of Porto (FEUP). The purpose of this module was to put the 
students in contact with different instrumented machinability studies, at first for the orthogonal 
cutting and cylindrical turning of metallic alloys, and later for the drilling of composite 
materials, more precisely CFRPs (carbon fibre reinforced polymers). The use of different 
materials under the same machining conditions makes it possible to compare the results for 
each case and select the most fit for a determined application. By taking the students to the 
laboratory and allowing them to observe the real challenges felt in an industrial environment, 
their preparation for the job market improves exponentially, surpassing candidates which only 
assisted to theoretical classes without applying the learned concepts with real conditions. The 
improved concepts learned by the students with this enhanced methodology are also highlighted 
and discussed. 

Keywords: Machinability, metals, CFRPs, laboratory classes, hands-on projects. 

 

INTRODUCTION 

The machinability of a material, for example a metal alloy, depends on several factors, such as 
the power required to machine, tool life, surface finish or chip disposal. The specific cutting 
pressure (kc) in machining, a critical factor to evaluate the machinability of a material, stands 
for the power of cut per unit volume of material removed. This is usually understood as a 
mechanical property relative to the cut of the material, which allows to estimate the cutting 
force as long as the undeformed chip section is known, but it depends on the chip thickness. 
This property is essential in the orthogonal cutting and turning processes performed in metallic 
materials, since it determines how the material behaves to the chosen cutting conditions, i.e., 
its resistance to cutting (Silva et al., 2022). Through its study and determination via 
experimental testing, it becomes possible to assess the material’s machinability and, thus, to 
establish a connection bridge between both processes, highlighting the similarities and 
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differences between the 2D (orthogonal cutting) to the 3D cutting (cylindrical turning) (Sujuan 
et al., 2021). Cutting load is significant as an indicator of the operation stability and energy 
requirements of the machining process. Combined with chip morphology characterization, it 
allows the identification of favourable cutting scenarios in the post processing stage, 
envisioning an increase of the production rate and quality of the finished product. Additionally, 
it allows the determination of the specific cutting power, which, due to being sensitive to 
material’s imperfections, can help to understand if the typical materials defects and 
heterogeneities compromise the machinability of steels (Stepan et al., 2011). Merchant 
(Merchant, 1945) made an important contribution in the orthogonal cutting field with his 
studies, establishing a relation for the orientation of the cutting plane at the base of the chip. 
This relation was developed based on the hypothesis that the cutting plane is the one which 
produces the lowest average shear stress. One of the practical consequences of this relation is 
the demonstration that the use of cutting fluids during machining processes allows the reduction 
of the friction coefficient and, therefore, a reduction in the cutting loads (Jesus, 2019). 

Conversely, the drilling of composite materials possesses distinct challenges. The abrasive 
nature of their fibres causes an excessive tool wear, leading to a constant drill replacement and, 
therefore, reducing the process efficiency at the same time its cost is increased (Xu, 2021). 
Moreover, the CFRP’s anisotropic nature hinders the drilling process, resulting in defective 
holes, which is the case of fibre pull-out or delamination (Chen, 2023). This affects the hole 
dimensional precision and component structural integrity, compromising its application, reason 
why it must be avoided (Costa, 2023). Composite materials, such as CFRPs, are widely used in 
aeronautical and automotive applications where the quality is of utmost importance, due to their 
enhanced mechanical and physical properties, such as high strength-to-weight ratio and 
corrosion resistance, for example (Xu, 2023). For this reason, several authors have studied this 
process, testing different approaches with distinct composite configurations and tool 
geometries, varying the machining parameters to obtain the best outcomes possible (Sun, 2023).  

The machinability of metals and CFRPs raises different perspectives and challenges. In this 
paper, both approaches will be addressed through experimental testing, firstly comparing the 
orthogonal cutting and cylindrical turning operations on three distinct metallic alloys and 
secondly performing drilling tests on two different composite materials. These were 
fundamental for the students to understand the dynamics of each process and to comprehend 
how the machinability of each material is assessed. 

METHODOLOGY 

The laboratory hands-on project of the machining module in focus was centred on machinability 
studies of metals and CFRPs. During the laboratory classes, students were in contact with three 
different instrumented machinability studies, specifically the orthogonal cutting of metallic 
alloys, the cylinder turning of the same metallic alloys, and the drilling of CFRPs.  

Metallic Alloys 

For the first two cases, three different metals were selected with the objective of comparing 
their machinability. These are, respectively, the St52 steel, a high resistance unalloyed 
structural steel; the aluminium alloy AA6082, a medium strength alloy with excellent corrosion 
resistance; and a brass alloy. The purpose of using the same metals in two different processes 
was for the students to understand and be able to perform the transferability from 2D 
(orthogonal cutting) to 3D (cylinder turning) cutting, highlighting the main similarities and 
differences between them.  
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In the orthogonal cutting process (Figure 1a), two tools with a PVD (physical vapour 
deposition) TiAlN coating were used, with rake angles of 5º and 12º. The three materials were 
tested with the same cutting speed and three uncut chip thicknesses (around 0.35 mm, 0.6 mm 
and 0.7 mm). The acquisition of loads was made through an Advantech USB-4711A portable 
data acquisition module with a 5kHz data sampling rate, as seen in Figure 1b, and a Kistler 
multichannel charge amplifier, present in Figure 1c. 

 
Fig. 1 - (a) Orthogonal cutting process with a 12º cutting tool, (b) portable data acquisition 

module, and (c) Kistler multichannel charge amplifier. 

As for the cylinder turning, it was carried out on a horizontal lathe EFI DU20 with 5.9 kW 
power, under dry conditions. A load cell was mounted on the lathe’s tool carriage and levelled 
in order to ensure the alignment of the cutting tool with the centre of rotation of the fixation 
chuck. The load measurement and acquisition equipment was the same than in the orthogonal 
cutting tests. The turning insert had a chip-breaker, and the same coating of the orthogonal 
cutting test insert was used. The parameters used were two spindle speeds (1800 rpm and 2500 
rpm), three feeds (0.05mm/rev, 0.1mm/rev and 0.2mm/rev) and three depths of cut (0.1mm, 
0.2mm and 0.3mm) with two repetitions for each combination. The selected values represented 
finishing conditions. Figure 2 shows the cylinder turning process and the turning insert used in 
the experimental tests. 

  
a b 

Fig. 2 - (a) Cylinder turning process, and (b) 55º DCMT11T turning insert. 

The orthogonal cutting goals were for the students to generate the specific cutting pressure vs. 
uncut chip thickness curves for each material, and to compare the specific cutting pressures 
between the different materials and draw conclusions regarding their machinability according 
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to the cutting loads/power criterion. It was also intended to verify the size effect (phenomenon 
where the unit cutting force increases with the chip thickness decreasing), to discuss the 
generated chip’s geometry, to compute the friction coefficient and shear strength of the material 
and to verify the Merchant’s theory for the cases where the chip thickness ratios were evaluated.  

On the other hand, the turning process had as objectives the generation of the specific cutting 
pressure vs. feed for each material and cutting speed, and to compare the specific cutting 
pressures between the orthogonal cutting and turning, assessing the transferability from the 2D 
to the 3D cutting. Moreover, it was intended to evaluate the effect of cutting speeds, compare 
the surface roughness and chips for each set of machining conditions, and to use all the gathered 
data to perform a proper machinability analysis of the three metallic alloys. 

Composite Materials 

For the CFRP case, two different plates were used, one with a thermosetting resin, epoxy, and 
unidirectional fibres (0°), UD, and another with a thermoplastic resin, polyamide, and 
bidirectional fibres, BD, in the two main orthogonal directions (0/90°). The aim of this approach 
was for the students to understand the influence of the fibre orientation and resin nature on the 
machinability of composite materials. To perform the drilling tests, four different helicoidal 
drills were chosen, with variations both in terms of geometry and coating, so that the students 
could understand the influence of each tool detail in the cutting loads and also in the drilled 
hole. These are shown in detail in Figure 3, being, respectively, a CVD (chemical vapour 
deposition) NCD (nanocrystalline diamond) conventional drill (A), a CVD NCD double point 
angle drill (B), a PVD TaC (tantalum carbide) conventional drill (C), and an uncoated 
conventional drill (D). All of the drills had a 6 mm diameter, 120º point angle and 30º helix 
angle. Additionally, drill B had a 60º second point angle. 

a b c d 
Fig. 3 - Tools used in the CFRP drilling tests: (a) NCD coated conventional drill, (b) NCD coated double point 

angle drill, (c) TaC coated conventional drill, and (d) uncoated conventional drill. 

A single cutting speed was used for every case, equal to 110 m/min, which corresponded to a 
spindle speed of 5836 rpm. Two feed values were used, 0.1 mm/rev and 0.3 mm/rev, equivalent 
to 584 mm/min and 1751 mm/min, respectively. The intention of using such values was to test 
both low and high values, for the students to be able to identify more easily the differences 
between both feeds. All the tests were repeated just once, as this was enough to demonstrate 
the process to the students for didactic purposes, hence there was no need for a minimum of 
three repetitions for each condition to guarantee a statistical significance in the collected data. 

Regarding the equipment, present in Figure 4, an Okuma CNC machine with a Kistler 
dynamometer for drilling (Fx, Fy, Fz and Mz) was used for the tests, which were performed 
under dry conditions, alongside a DinoLite microscope for a more detailed sample analysis and 
an x-ray machine. The latter is commonly used as a non-destructive test to analyse the drilled 
holes, revealing discontinuities in the material. An image processing and analysis software in 
Python language was used to determine the delamination factors of each hole, which correlate 
both the diameter and area of the nominal hole and the delaminated area to quantify the damage 
extension around the hole. 
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a b c 

Fig. 4 - (a) OKUMA CNC machine with drilling setup, (b) DinoLite microscope, and (c) X-ray analysis machine. 

Conversely to the processes for the metallic alloys, the aim of these tests was for the students 
to compare quantitatively the loads obtained during the drilling operations, relating these with 
the chosen parameters, tool geometry and coating, and qualitatively evaluate the hole quality 
by visual inspection, and microscopic and x-ray images, as well as discuss the nature of the 
chips generated during the drilling tests. 

 

RESULTS 

The practical component of this work consisted of the experimental testing of each of the 
mentioned processes in the laboratory with the students present, so they could attentively 
observe their performance and later on perform the respective analysis of the obtained data.  

Metallic Alloys 

Figure 5 depicts a comparison of the specific cutting pressure in a St52 steel between the 
orthogonal cutting (2D) and the turning (3D) processes as a function of the uncut chip thickness 
(2D)/feed (3D). In the 2D case, the specific cutting pressure is more easily controlled, as it is a 
simpler situation, whereas in the 3D case, the continuous variation in chip thickness and the 
additional effects of rotation make it a more complex problem. 

 
Fig. 5 - Specific cutting pressure as a function of the feed/uncut chip thickness in St52 steel 

comparison for the 2D and 3D cutting. 
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Through the graph analysis, a correlation between the orthogonal cutting and the turning 
processes was established. The specific cutting pressure is reduced with the increment of feed 
(f) for the cylindrical turning and the initial thickness (t0) for the orthogonal cutting, behaviour 
justified because lower feed values generate higher specific cutting pressure due to the  relative 
increasing effect of friction with respect to the material plastic deformation/fracture. The kc 
values are higher in the 3D process than in the 2D for lower f / t0 values, indicating that the 
cylindrical turning may involve higher initial loads for unit cut area, owing to the higher 
complexity of the tool-chip contact. It is also seen that higher cutting speeds result in lower 
specific cutting pressures, explained by the thermal effect in the material, which reduces its 
resistance to cut.  

Comparing the three materials, the aluminium alloy AA6082 had the lowest specific cutting 
pressure, which made it clear that it is the easiest material to machine, from the three studied, 
and the St52 steel had the highest kc, due to its high hardness. 

Figure 6 shows a DinoLite microscope image of a chip resultant from the orthogonal cutting 
process performed in the ST52 steel. It was measured using the DinoCapture software to 
determine the chip thickness (tc) which, alongside the undeformed chip/cutting thickness (tc), 
is fundamental in the calculation of the cutting ratio (r) and the respective side flow ratio (R).   

 
Fig. 6 - DinoLite microscope image of an orthogonal cutting St52 chip with measurement. 

After the orthogonal cutting tests, the students used the Merchant theory to determine the chip’s 
shear angle through the friction coefficient between the chip and the tool’s rake face, as well as 
the tool’s attack angle. Afterwards, they used the tool’s rack angle and the calculated cutting 
ratio (r) to determine the real shear angle and compare both values to assess the respective error. 
This led to a better understanding from the students of the differences between the analytical 
calculations and the experimental values taken from real conditions. 

A roughness analysis was also performed in the cylindrical turning materials, from which it was 
concluded that it greatly increases proportionally with the feed increase in the three materials. 
For the steel, an increment in the spindle speed reduces slightly the surface roughness of the 
freshly cut material, and in the aluminium, this only happens for the 0.2 mm/rev feed; however, 
in the brass, lower spindle speeds rise the surface roughness. In general terms, the brass shows 
the highest average roughness values, with the aluminium presenting the lowest ones. 

Through the metal machinability tests, the students learned the differences between these 2D 
and 3D processes, and that the orthogonal cutting can be applied to the cylindrical turning with 
some limitations, although these lose relevance as the penetration increases in relation to the 
tool tip radius.  

Composite Materials 

Table 1 shows the maximum axial forces (Fz) registered during the drilling tests for each set of 
machining conditions in the holes performed on both CFRP plates. 
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Table 1 - Maximum axial forces obtained from the UD and BD drilling tests. 

Drill A B C D 

Feed 
(mm/rev) 

0.1 0.3 0.1 0.3 0.1 0.3 0.1 0.3 

UD Fz (N) 117.83 171.63 121.34 183.31 106.64 144.78 95.50 157.96 

BD Fz (N) 59.23 92.44 76.85 79.28 51.94 77.87 43.64 75.40 

From the loads analysis, there is a clear maximum force increase with the rise of the feed, 
meaning that lower feeds are preferable. Comparing both CFRP configurations, the BD results 
in much lower axial forces than the UD. This is explained by the epoxy resin, which being 
thermosetting, is more rigid and resistance than the thermoplastic, generating higher loads. 
Between all the drills, the uncoated conventional drill (D) has the best performance, with lower 
forces generated. Although tool A in the BD CFRP had a higher force for the feed of 0.3 
mm/rev, the CVD NCD double point angle drill (B) had generally the worst performance, 
resulting in higher forces. This outcome was not expected, since a drill with an additional 
cutting edge should perform a better cut and result in lower forces, but it was a good opportunity 
to show the students that sometimes in practice not everything goes according to the expected, 
differently from the theory, due to external factors. In addition, the low number of holes drilled 
contributes to a high variance in the results and lower reliability in them, reason why this was 
just a process demonstration, and, in the industry, more repetitions are done, to compensate for 
these errors and to establish a pattern with the same outcomes for the same conditions. 

Figure 7 shows an example of a hole drilled in a unidirectional thermosetting CFRP plate. An 
uncoated conventional twist drill was used with the following parameters: cutting speed of 110 
m/min and feed of 0.3 mm/rev. The severe feed employed, alongside the unidirectional nature 
of the fibres, which is less resistant to damage than a bidirectional disposition, led to a strong 
delamination in the fibre direction.  

 

a b c 

Fig. 7 - Drilled hole in a unidirectional epoxy CFRP plate: (a) DinoLite microscope image, 
(b) x-ray image, and (c) binary image. 

On the other hand, Figure 8 depicts the same situation as Figure 7, however in this case for a 
hole drilled under the same conditions in a bidirectional (0/90°) thermoplastic CFRP plate. 

Several conclusions can be assessed from the comparison of a hole drilled in the two different 
CFRP configurations. The first method the students used was a visual analysis, when the plates 
were withdrawn from the CNC machine. Their observation is highlighted in the DinoLite 
microscope images, which was that the UD plate had much severe defects than the BD. Since 
the fibres are just aligned in a single direction, they are more prone to pull-outs, whereas in the 
BD the fibres are distributed in two perpendicular directions, resulting in a more resistant 
material. Besides this, the x-ray image denotes that the epoxy resin results in a cleaner image, 
since the hole and the pulled fibres are highlighted from the rest of the plate, whereas the 
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polyamide revealed all the fibres in the composite, resulting in a noisier image, which 
compromises its analysis. 

   

a b c 

Fig. 8 - Drilled hole in a bidirectional polyamide CFRP plate: (a) DinoLite microscope image, (b) 
x-ray image, and (c) binary image. 

The resultant chips from the drilling tests were also analysed. In the case of the epoxy, they 
were in the form of a powder, since this is a thermosetting resin, meaning that it retains its solid 
state and cannot be reshaped with the heat, breaking more easily. In contrast, the polyamide 
resulted in continuous chips, which is in accordance with its thermoplastic nature, as it deforms 
significantly before breaking. When the feed was low, 0.1 mm/rev, they presented a long form, 
but when it increased to 0.3 mm/rev, a high feed value, the chips broke easily, being short. 

Table 2 presents the delamination factors that were determined based on the binary images 
obtained from the UD holes in the image processing and analysis software in Python, for each 
drill and feed used. The reason behind the delamination factors being only considered for the 
holes in the unidirectional plate was not only in the fibre direction, but also in the matrix. The 
main motive is that, as confirmed before, the UD holes had much more delamination than the 
BD, explained by the single direction of its fibres. In spite of that, since epoxy resin was the 
matrix of this CFRP configuration, as seen in the binary image (Figure 6b), the x-ray highlights 
the hole and the damaged zones, leaving the rest of the plate in a single black pattern. 
Nevertheless, for the polyamide resin (Figure 7b), the composite fibres stand out in the image 
around the hole, and may sometimes be wrongly considered delamination, when in reality in 
most cases they are just noise. 

Table 2 - Delamination factors obtained from the UD holes with each drill and respective feeds. 

Drill A B C D 

Feed 
(mm/rev) 

0.1 0.3 0.1 0.3 0.1 0.3 0.1 0.3 

Fda 1.251 1.416 1.376 1.804 1.508 1.526 1.389 2.982 

The delaminations factors follow the same tendency as the registered loads, more precisely that 
a higher feed increases the hole delamination. Moreover, the highest delamination was observed 
in drill D, the uncoated drill, which showed the students the benefits of a proper tool coating in 
machining. On the other hand, drill A had the lowest delamination, proving that the CVD NCD 
coating is the most efficient one.   

Figure 9 shows an example of tool wear observed after the tests, which was more prominent in 
the PVD TaC drill. Although the number of performed holes was not much significative, some 
signs of abrasive wear on the secondary cutting edge and an aluminium BUE (built-up edge) 
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on the primary cutting edge. This showed the students that a machining tool’s lifetime is 
constantly reduced from the first moment they are submitted to experimental testing. 

  

(a) (b) 

Fig. 9 - TaC-coated drill DinoLite microscope image: (a) before the tests, and (b) after the tests. 

 

CONCLUSIONS 

The use of alternative teaching methods adapted for a deeper student integration, fostering their 
interaction with the practical work, such as handling the testing specimens and machining tools 
by themselves or observing a process taking place in real time, resulted in an increase of their 
attention span and ability to better understand the transmitted concepts compared to a similar 
class, where their direct participation and involvement was not required. In fact, this was 
observed through the reports delivered and presentations made at the end of the machining 
module, which demonstrated the skills developed in this practical project and proved the 
enhancement of their education. With the implementation of hands-on machining projects, the 
motivation growth of the students was clearly visible, since they felt part of the process, as if 
they were already in a real company situation solving engineering problems with the gathered 
knowledge. In these cases, the transition to the labour market is smoother and more efficient, 
with the students being able to clearly show the recruiters what they learned in the university 
and apply the same procedures to real situations when they are already working in mechanical 
engineering companies.  
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ABSTRACT 

International student mobility significantly impacts individuals seeking for academic 
excellence, cultural exchange, economic growth, and international understanding in an 
increasingly interconnected world. Governments are increasingly looking to international 
education systems, developing policies to enhance individuals’ social and economic prospects, 
providing incentives for greater efficiency in schooling, and helping to mobilise resources to 
meet rising demands. Portugal's emphasis on internationalization and the quality of education 
has contributed to enhance global perspectives.  

Keywords: Student mobility, learning environment, progression in education, 
internationalization. 

 

INTRODUCTION 

International student mobility refers to the movement of students across borders for educational 
purposes. Students participate in exchange programs, where they attend a foreign institution for 
a semester or academic year. This offers them exposure to different cultures, education systems, 
and languages. Countries that attract international students often see economic benefits through 
tuition fees, living expenses, and student-related spending. International students can contribute 
to a diverse cultural environment, enriching the local community [1]. In almost all countries, 
the share of international students has increased since 2013, despite the disruptions due to the 
COVID-19 pandemic. In many countries, international students make up more than 10% of the 
student body at tertiary level. The European Union’s ministers agreed on reaching a target of at 
least 20% of students that spend some part of their studies or training abroad. "Mobility for 
learning purposes" includes the outbound flux from the home country in order to study or 
undertake training, considering that support for mobility is a main aspect of Erasmus +, the EU 
program for education and training [2]. Exposure to different academic systems, building 
international networks, and enhancing employability by being able to speak multiple languages 
or having international experience. Portugal’s job market for international students is growing, 
especially in fields like technology, engineering, and business. 

 

DISCUSSION 

Portugal is a participant in the Erasmus+ program, which allows European students to study 
abroad within the EU [3]. This initiative has significantly increased student mobility in and out 
of Portugal. Portugal offers a wide range of programs in fields such as engineering, business, 
technology, architecture, arts, and social sciences. While Portuguese is the official language, 
many universities in Portugal offer English-taught programs, particularly at the postgraduate 
level. This is particularly attractive to international students, especially from non-Portuguese-
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speaking countries. The influx of international students has had positive effects on Portuguese 
society and the economy. The number of international students in Portugal has been steadily 
rising, especially from non-EU countries. Portugal has been active in the Erasmus Mundus 
Actions. The country is attracting students not only from Europe but also from countries like 
Brazil (due to the shared language), China, India, and other parts of the world. 

Students are driven to seek different institutions and different societies outside their known 
environment [4]. International student mobility is deeply interconnected with employment 
opportunities, both during the studies and after graduation [5]. International student mobility 
opens doors to job opportunities both during and after studies, providing students with 
invaluable experience, income, and professional networks. While there are challenges such as 
language barriers and work permit restrictions, many countries provide avenues for students to 
transition to the workforce post-graduation. Moreover, international students are seen as 
important contributors to the host country’s economy and workforce, benefiting from their 
education while providing diversity and global perspectives to the job market. English and local 
language skills are often necessary for better integration and career advancement. Portugal has 
also been offering favourable policies for highly skilled graduates, particularly in sectors like 
tech. 

 

CONCLUSIONS 

Studying abroad opens up many networking opportunities with professors, professionals, and 
fellow students from different parts of the world. This network can prove to be crucial in 
securing job opportunities after graduation, either in the host country or in the student’s home 
country or another region. Many international students also engage with alumni networks, 
career fairs, and university-sponsored job placement services to find opportunities in their field. 
The proposed study explores the strategic importance of international student mobility in the 
Portuguese context addressing cultural perspectives, economic benefits and employment 
opportunities.  
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ABSTRACT 

Teaching Computational Fluid Mechanics (CFM) at high education level presents unique 
challenges due to its mathematical complexity and reliance on simulation tools. Prior 
pedagogical research has emphasized the importance of instructional models such as cognitive 
apprenticeship and T-shaped instructional design in addressing these challenges. This paper 
offers a narrative review of the author’s continued pedagogical experience in CFM, focusing 
on the integration of interactive instructional videos and in-class quizzes. These tools have been 
observed to enhance student engagement, foster deeper understanding, and promote 
autonomous learning. The approach aligns with cognitive apprenticeship principles - such as 
modeling, scaffolding, and reflection - while supporting interdisciplinary thinking as 
encouraged by T-shaped education. Although no formal data were collected, this review 
includes qualitative observations gathered from the last academic years in the Master’s program 
in Computational Mechanics at the University of Porto. The discussion is supported by relevant 
literature and offers insights for improving learning in simulation-based engineering courses. 

Keywords: Computational Fluid Mechanics, Cognitive Apprenticeship, Interactive Learning. 

 

INTRODUCTION 

Computational Fluid Mechanics (CFM) is a core component of many engineering programs of 
high education, requiring students to integrate mathematical modelling, physical reasoning, and 
computational tools. However, the abstract nature of the subject, combined with the steep 
learning curve of commercial simulation platforms such as ANSYS Fluent, often results in 
student disengagement or superficial learning. Modern pedagogical frameworks offer strategies 
to improve learning outcomes in complex technical domains. One such approach is the 
cognitive apprenticeship model, which emphasizes guided learning through real-world tasks, 
combining elements like modelling, coaching, scaffolding, and reflection. Complementing this 
is the T-shaped instructional design, which promotes deep disciplinary knowledge along with 
the ability to apply concepts across domains. In their previous work, Pinto and Zvacek (2020) 
applied these principles to redesign the CFM course in the Master’s in Computational 
Mechanics at the University of Porto, enhancing student learning through contextualized 
instruction and active methodologies. Building upon this foundation, the present review focuses 
on two specific tools recently adopted in this course: interactive videos and in-class quizzes. 
These resources have been integrated to extend the cognitive apprenticeship approach and 
strengthen both conceptual understanding and student autonomy. This paper reviews these 
practices in light of current educational literature and offers reflective insights based on the 
author's experience over multiple academic years. 
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RESULTS AND CONCLUSIONS 

The integration of interactive instructional videos and in-class quizzes has significantly 
enriched the teaching approach in CFM. Although no systematic data collection has been 
carried out, consistent qualitative observations suggest improved student engagement, 
confidence, and performance in simulation-based tasks. 

The interactive videos, developed by the instructor using ANSYS Fluent, follow cognitive 
apprenticeship principles by explicitly modelling expert thinking and step-by-step problem-
solving strategies. Students can engage with the material asynchronously, reviewing complex 
procedures - such as mesh generation or turbulence modelling - at their own pace. This 
scaffolding allows them to internalize concepts before applying them independently during 
practical sessions or project work. 

In-class quizzes have served both formative and diagnostic functions. Delivered in short 
formats throughout the semester, these quizzes assess students’ understanding of key theoretical 
and computational topics, such as discretization schemes or residual convergence. The 
immediate feedback and low-stakes nature of the quizzes support reflection and self-regulation, 
two essential components of cognitive apprenticeship. Furthermore, these activities have 
contributed to the development of T-shaped competencies by encouraging students to transfer 
core concepts into varied problem contexts. 

Pedagogical literature supports these findings. Mayer’s (2009) theory of multimedia learning 
underscores the value of combining visual and verbal channels, while Brame (2016) highlights 
how well-designed videos can improve attention and retention. Similarly, Gikandi et al. (2011) 
show that formative quizzes with feedback enhance learning, particularly in higher education 
settings. 

Student feedback gathered informally over the years reflects appreciation for both resources. 
Many students reported that the videos helped them grasp challenging concepts and feel better 
prepared for practical tasks. Others highlighted how quizzes helped them stay on track and 
monitor their own progress. 

Overall, these tools have proven to be effective extensions of a pedagogical framework rooted 
in cognitive apprenticeship and interdisciplinary skill development. Their adaptability and low 
implementation cost also make them suitable for broader application in simulation-intensive 
engineering education. 
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ABSTRACT 

Interval Control Valves (ICVs) are active flow control devices installed in oil wells that are 
operated remotely from the surface and perform the function of optimizing fluid production and 
improving management to increase the recovery factor, especially in reservoirs that have more 
than one productive zone. However, ICVs have a significant failure rate, especially after ten 
years of operation, because they operate in extreme pressure, load and flow conditions with 
erosive and corrosive components, which justifies and makes it essential to evaluate their 
reliability and useful life in the context of Intelligent Completion (IC) for loss prevention. The 
aim of this article is to apply the Failure Modes, Mechanisms, Effects, and Criticality Analysis 
(FMMECA) methodology to ICVs used in intelligent completion systems for offshore wells. 
Based on ISO 14224 guidelines and Petrobras technical standards N-2781 and N-2782, 132 
failure sequences were identified, with a description of the modes, mechanisms and causes for 
each functional failure of the valve integrated into the system. To assess the risk associated with 
each failure sequence, an adaptation of the FMECA methodology was applied, incorporating 
the failure mechanism as an additional parameter in determining the criticality index and risk 
tolerability. The results highlighted critical failures that require more robust controls, and 
suggested alternative methods to mitigate the probability of occurrence or the severity of the 
failure effects. Therefore, the analysis made a contribution by recommending strategies to 
reduce risks to acceptable levels, promoting a balance between reliability and safety in the 
Intelligent Completion system. 

Keywords: Maintenance. RCM. FMECA. Intelligent Completion. Interval Control Valve. 

 

INTRODUCTION 

Smart completion systems incorporate permanent downhole sensors and interval control valves 
(ICVs) that are actuated from the surface, allowing production and hydrocarbon injection 
activities to be actively monitored, evaluated and managed in real time (Aljubran; HorneE, 
2021). ICVs play a crucial role in improving production performance and controlling fluid flow 
in oil wells, and are a key component for managing operations in intelligent completion systems 
(Yang et al., 2019). The proper adjustment of valve configurations such as Interval Control 
Valves (ICVs) makes it possible to maximize hydrocarbon recovery and improve reservoir flow 
efficiency (GUAN et al., 2020). 

Although real-time monitoring is already a reality in wells operating under intelligent 
completion technologies, there is still much room for improvement if operations and the oil and 
gas industry are to achieve satisfactory levels of safety (Al-Hajji; Onikoyi, 2022). These 
improvements are essential to increase the level of security of monitoring operations and ensure 
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that interventions are targeted based on accurate information (Atamuradov et al., 2017; 
Calabrese et al., 2019; Al-Hajji; Onikoyi, 2022). 

In order to be able to efficiently manage operations and faithfully demonstrate the integrity of 
the completion system, it is essential that a robust set of data and information on parameters 
and variables of interest is collected continuously (Mathew et al., 2012; Chen; Tsui, 2013). 
However, there is a gap regarding how to select the appropriate parameters to manage the asset, 
and this activity is usually based on the empirical knowledge of expert engineers (Zhou et al. 
2023). According to the authors, this creates a need to establish methods that can help these 
experts to more accurately identify the appropriate monitoring and management parameters, in 
order to drastically reduce the volume of data to be monitored and the efforts made. 

Therefore, it is justified to identify the functional failures of the ICV, relating them to the 
potential precursors of failure, so that, in later stages, we can move on to a discussion of which 
parameters and variables are sufficiently representative for monitoring the degradation and 
management models of the specialist team. With this in mind, the aim of this article is to propose 
a mechanism-oriented failure modes, effects and criticality (FMECAM) analysis of the ICV 
based on its functional failures to serve as a support for future work to identify the necessary 
parameters for monitoring and creating failure interpretation rules. 
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ABSTRACT 

Methods for reliability and risk analysis have been developed and explored in recent years. In 
the context of public policy management for the Federal District (DF) of Brazil, a collaboration 
between researchers of the University of Brasília and the Civil Defense of the DF led to the 
development of the MAIS Method - a methodology based exclusively on visual inspection 
parameters to assess the risk of damage to buildings and infrastructure caused by gully erosion. 
The approach involves visual monitoring and the determination of key risk parameters. The 
methodology was applied to a case study in Chácara 74, Sol Nascente (DF), identifying critical 
parameters for gully assessment, such as connection to a community, slope gradient, and gully 
progression. Additionally, the study presents the parameter intervals and the calibration 
process. Ultimately, a reliability level for the analyzed gully was determined as “moderate-
high”. 

Keywords: Reliability, risk, gully, multi-factor criteria, monitoring engineering. 

 

INTRODUCTION 

The quantified reliability analysis of complex engineering systems aims to provide a rational 
basis for decisions related to their safe and economical operation (Martin et al., 1983). The 
concept of reliability introduces a distinct approach to safety in engineering, shifting the focus 
from detailed stress calculations and individual member behavior to the quantification of 
uncertainties inherent in structural performance, loading conditions, and material properties. 
Structural reliability analysis and prediction emphasize not only accurate representation of the 
underlying physics but also the development of models that are realistic, sufficiently simple, 
and practical, incorporating probabilistic descriptions of both loads and resistances (Melchers 
& Beck, 2018). This approach operates under the assumption that past performance can inform 
future behavior. Ultimately, it represents a departure from traditional deterministic methods, 
offering a framework that integrates risk, uncertainty, and probabilistic reasoning into 
engineering practice. 

By quantifying the probability of failure and its potential consequences, reliability-based 
methods provide a scientific foundation for risk-informed decision-making and resilience 
planning. Established techniques such as Monte Carlo simulation, the First-Order Reliability 
Method (FORM), and the Second-Order Reliability Method (SORM) are widely accepted by 
the scientific community and are routinely employed to estimate the failure probability of 
systems both in structural engineering and in disaster risk management. 

In addition to ensuring structural safety, reliability analysis plays a critical role in the broader 
context of disaster risk assessment, supporting the evaluation of system vulnerabilities under 
extreme events such as earthquakes, floods, and landslides. Building on these principles and 
addressing the need for mapping and monitoring risk areas in the Federal District (DF), Brazil, 
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the Civil Defense of DF and the University of Brasília (UnB) have established a partnership. 
The initiative aims to identify and assess areas susceptible to environmental hazards, 
particularly those affected by gully erosion. Its goal is to develop a methodology based on 
reliability principles to support decision-making and prioritize interventions. 

A gully is a "small hollow or channel worn in earth or unconsolidated material, as on a hillside, 
by running water and through which water runs only after a rain or the melting of ice or snow; 
it is larger than a rill and smaller than a stream channel” (Ostercamp, 2008). This landform 
develops as a result of the displacement of soil or soft rock particles by concentrated surface 
runoff, which leads to the formation of distinct, narrow incisions. These incisions are typically 
deeper and wider than rills and generally convey water only during and immediately following 
intense rainfall or snowmelt events.  

According to Oliveira et al. (2013), a survey conducted in 2009 identified 1,094 rills and gullies 
throughout the Federal District, occupying an area of 64.88 hectares, which corresponds to 
0.01% of the DF’s surface (Figure 1). Although this is considered a relatively small area, these 
are highly impacted zones that are difficult to restore. This data reinforces the need for the 
partnership established to develop a methodology for assessing environmental risk related to 
gullies. This methodology is intended to be both easy to apply and adaptable to different 
contexts, and it will be explained in the next section 

 
Fonte: Oliveira et. Al., 2013. 

Fig. 1 - Spatial distribution of ravines and gullies present in the Federal District. 

 

Reliability index β 

Due to the complexity involved in obtaining the probability of failure, several analytical 
methods have been developed as alternative ways to evaluate it. Some of these approaches 
use the concept of the reliability index, β. It represents the shortest distance from the origin 
of the standard normal space of the random variables to the performance function. The mean 
of the performance function �(�) is given by the following expression: 

�� = �� − �
                                                           (1)  

Where �� and �
 are the means of capacity and demand, respectively. 

The reliability index, β, is defined as: 

  � = �

�
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The β index indicates the distance from the average safety margin, since �(�) = 0. Figure 2 
graphically displays the β index in one dimension. The idea behind the β index is that the 
distance from the mean value of G to the limit state surface provides a good measure of the 
system's reliability. This distance is expressed in terms of the standard deviation of G, denoted 
as σ_G (Madsen et al., 1986). 

The target reliability index, βₜ, is considered a control parameter for optimization. This 
parameter reflects the investment of material placed in the structure. The more material that is 
invested in the critical areas, the lower the expected loss. This type of optimization is mostly 
applied when potential economic losses outweigh the risk to human life. When the expected 
loss of life or health is significant, the ideal level of reliability becomes more controversial. 
This often leads to a cost-benefit analysis, where the system's reliability is translated into a cost-
per-life-saved metric. 

 
Fig. 2 - β index. 

 

METHOD OF ASSESSMENT BY INTEGRITY AND SAFETY FOR GULLIES 

Originally developed for the structural evaluation of reinforced concrete buildings, the Method 
of Assessment by Integrity and Safety - MAIS Method - integrates sensorial inspection with 
probabilistic reliability analysis, providing a rapid and practical approach to assessing structural 
condition and safety (Oliveira, 2021). Intended as an initial screening tool to support decision-
making, it functions as a multi-criteria methodology that quantifies degradation based on 
observable parameters. This adaptation integrates both qualitative inspection - through sensorial 
evaluation - and quantitative safety analysis, by incorporating a reliability index into the 
integrity model. 

The Brazilian Standard NBR 16747:2020 – Building Inspection – Guidelines, Terminology and 
Procedures defines sensorial inspection as “Assessment of a product's attributes through the 

sensory organs in order to evoke, measure, analyze, and interpret reactions to the 

characteristics of materials as perceived by the five senses: sight, smell, taste, touch, and 

hearing” (ABNT, 2020). In contemporary contexts, where fast-paced conditions and limited 
time, equipment, or financial resources are common, sensorial inspection offers a fast, 
methodologically grounded, and efficient alternative. It was developed to meet the market 
demand for quick inspections without the use of testing equipment, while still ensuring reliable 
results. This concept is used in MAIS Method, as shown in Figure 3. 
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Fig. 3 - MAIS Methodology for gully. 

The first step of the method is to select and identity the gully to be inspected and its area of 
influence. Once the inspection area of the gully is defined, the in loco sensorial inspection is 
carried out. During this stage, a set of technical parameters related to the gully's morphological 
and environmental characteristics, shown in Table 1, are systematically evaluated. Each 
parameter is associated with a predefined Damage Factor (��), which represents its relative 
importance in the overall degradation process, reflecting the significance of the parameter in 
terms of functionality and risk. Additionally, each parameter is classified into specific intervals 
based on field observations, and an Intensity Factor (��) is assigned accordingly. It represents 
the severity and progression of the damage, capturing the degree of degradation present at the 
time of inspection. This structured approach allows for the consistent quantification of damage 
severity and relevance using observable features. It is time-dependent and context-sensitive, 
requiring the inspector to consider environmental conditions. The inspector assigns a qualitative 
interval to each of the 14 parameters observed in situ. Each interval is associated with an �� 
value, while the corresponding �� is assigned based on the type of damage observed. 

Following a more comprehensive analysis of the gully's behavior and in consultation with 
domain experts, it was determined that the final two parameters: 13) gully progression and 14) 
proximity to the erosive factor - should be assigned greater significance, as they represent the 
primary drivers of structural degradation and associated risk. These are defined as core 
parameters and their damages (�� ��� ��) are directly integrated into the risk formulation. The 
remaining parameters (1 through 12), considered supporting parameters, have their individual 
damage contributions quantified using Heidecke’s damage model, via Equation 1. 

�� = (1,9738 ��² − 1,1187 �� + 0,1513) ∗ ��                                (1)  
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Table 1 - Parameters and intervals for the sensorial inspection of gullies. 

 
 

Item Parameters
Damage Factor 

(Fd) 
Intervals

Intensity Factor 
(Fi)

V 0,35

U 0,65

0 - 30% 0,35

> 30% - 60% 0,65

> 60% - 90% 0,85

> 90% 1

Nonexistent 0

Small (up to 5 cm) 0,35

Medium (> 5 cm to 30 cm) 0,65

Large (> 30 cm) 1

Slightly sloped (up to 5°) 0

Moderately sloped (> 5° – 15°) 0,65

Sloped (> 15° – 25°) 0,85

Steep (> 25°) 1

Polygonal 0,35
Branched 0,65
Bifurcated 0,85

Linear 1
forestry 0

Natural vegetation 0
Agriculture and pasture 0,65

Exposed soil 0,85
Urban area 1

High 0,35
Medium 0,65

Low 0,85
Good 0,35

Medium 0,85
Poor 1

Daily 0

Two or three times a week 0

Weekly 0,35

Fortnightly or less 0,65

Good 0,35

Medium 0,85

Poor 1
Good 0,35

Medium 0,85
Poor 1

None 0
Low 0,65

Medium 0,85
High 1

Reduced 0
Stationary 0

Slow 0,65
Fast 1

> 100 m 0,35
> 50 m - 100 m 0,65
> 20 m - 50 m 0,85

up to 20 m 1

1 Cross-section 0,35

2 Gully's slope 0,65

3 Shallow gully size 0,85

14
Proximity to 

erosive factor
--

5 Plan view shape 0,35

6
Land use and 

cover
1

Presence of 
debris

0,6512

13 Gully progression --

8

4
Upstream ground 

slope
1

7 Building standard 0,65

Sewage system 
quality

0,35

9
Garbage 
collection 
frequency

0,35

10 Paving quality 0,35

11
Drainage system 

quality
0,35
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Heidecke’s degradation model was selected because it reflects the progressive behavior 
observed in most natural deterioration processes. This formulation captures an initially slow 
degradation phase - the initiation phase - followed by an accelerated loss of integrity - the 
propagation phase - once a critical threshold is reached, as proposed by Tuutti (1982). The 3D 
graphic in Figure 4 illustrates the behavior described by this equation, highlighting both phases. 
Although it is challenging to pinpoint the exact critical point, it is evident that the propagation 
phase has greater significance than the initiation phase, since the initial degradation occurs 
slowly and its effects are less pronounced. Therefore, the scale adopted for the parameters in 
this study was calibrated to the following discrete values: (0; 0.35; 0.65; 0.85; 1.0), which 
captures the transition into the propagation phase and emphasizes its importance.  

 

 
Fig. 4 - Heidecke's integrity model. 

 

 
To mitigate the subjectivity inherent to human inspection and incorporate a safety margin, the 
MAIS method was expanded to include probabilistic risk analysis, resulting in a combined 
integrity-reliability indicator. The reliability, %, is defined as the complement of the probability 
of failure, &' , that is as shown on Equation 1: 

% = 1 −  &'                                                               (1) 

The reliability index (β) by MAIS method is computed by the following equations: 

C = 1 −  )*��+á�  -1 + ∑ /01/02á32045
∑ /02045

6 7 +
�+1�8  7 β:;'<                             (2) 

β+=�> = C7β:;'                                                (3) 

where:  

��  Individual damage of each parameter; 

��+á�  Maximum individual damage among the parameters; 

? Number of parameters; 

β+=�> Approximate Reliability index of MAIS method; 

β:;'  Reference reliability index. 
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The direct, linear coupling between the integrity and the reliability index is grounded in the 
assumption of a proportional interdependence between gully integrity and structural safety. In 
this formulation, a reduction in physical integrity corresponds directly to a decrease in 
reliability. The adoption of a linear relationship facilitates computational simplicity, enhances 
methodological transparency and eliminates the need for empirically defined correction 
functions. Given that the reliability index (β) is statistically robust - being derived from 
probabilistic frameworks such as First-Order Reliability Method (FORM) or Monte Carlo 
simulations - it provides a suitable scalar for transforming qualitative integrity assessments into 
a quantitative measure of structural safety.  

In the present study, the adopted reference reliability index  (�:;') is 4.0, in accordance with 
the recommendations of fib Bulletin 62 (2010) and aligned with the values prescribed for new 
structures classified under Consequence Class 3 (CC3) – High consequence class – in the 
Eurocode framework (CEN, 2002), as presented in Table 2.  

Table 2 - Reference reliability index. 

 
 

Accordingly, the classification of this result, after the reliability index is integrated with the 
findings of the sensorial inspection, is presented in Table 3, which is an adapted version of the 
risk matrix previously shown in Table 4. 

Table 3 - Risk Matrix – Severity × Probability. 

 

β                         
New

β              
Repaired

β                
Existing

WN WD WN
CC0 1 year 3.3 2.3 2.8

CC1 – Low** 15 years 3.3 2.3 2.8

CC2 – Medium** 15 years 3.8 2.8 3.3

CC3 – High** 15 years 4.3 3.3 3.8

Notes:
1. Classes 0 and 1 (CC0 and CC1) – applied only in situations where there is no risk to human life.
2. WN – Wind non-dominant forces
3. WD – Wind dominant forces

5. ** Classified based on the provisions of Annex C of Eurocode (EN 1990) (CEN, 2002).

Minimum 
Reference Period

Consequence Class

4. In this case, the reliability index (β) represents the minimum level for human safety under the 
given circumstances and consequence classes.
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Table 4 - Risk Matrix – Severity × Probability. 

 
 

 

CASE STUDY 

Based on the analysis of the Zoning of Geological Risk Areas in Brasília – Federal District (DF) 
report (SGB, 2022) and the Activity Reports issued by the Government of the Federal District 
(GDF) in 2015 and 2023, which address geological and environmental risks in various regions, 
the implementation of the monitoring project prototype was decided for Chácara 36 situated in 
Administrative Region XXXII – Sol Nascente/Pôr do Sol. These locations were selected due to 
their high risk of flash floods and erosion (gullies), as well as their distinct socio-environmental 
characteristics. Figure 5 provides an overview of the location of these areas in relation to the 
Sol Nascente Administrative Region. 

   
Fig. 5 - Chácara 36 Field visit (31/01/2024). 

According to the Technical Report by the State Secretariat of Public Security of the Federal 
District (GDF, 2023), Chácara 36 lies on a slope, with its lower end below street level. The area 
shows signs of severe gully in sandy, low-cohesion soils, indicating high soil vulnerability. 
Combined with the lack of drainage, waste accumulation, poor vehicle access, and unregulated 
growth, the region faces increased risks of flooding, landslides, and sheet erosion, with no 

Nível
Very High 0 to 0.24

High > 0.24 to 0.68
Moderate-High > 0.68 to 1,80

Moderate > 1.80 to 3,41
Low > 3.41 to 3,72

Very Low > 3.72 to 4

VERY DANGEROUS ZONE
Confiabilidade

VERY SAFE ZONE
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mitigation measures in place. Therefore, the selection of Chácara 36 as the implementation site 
for the monitoring project prototype is both strategic and necessary. The proposed methodology 
is crucial for the assessment of the numerous gullies present in the Federal District and for 
providing technical support to civil defense actions. 

Studies using drone technology made it possible to identify that, during a field visit conducted 
on May 25, 2024, the gully had an area of 409 m² and a perimeter of 106 m. Figure 5 presents 
aerial images captured on that day. In August 2024, a technical visit was conducted to carry out 
the sensorial inspection of the area and the application of the MAIS Method. The evaluation 
and the results of which are presented in Error! Reference source not found.Table 5. 

Table 5 - Gully Assessment – Chácara 36. 

 
 
After the evaluation, the result indicated that the gully presents a risk level of 1.47, which 
corresponds to a “moderate-high” level according to the risk matrix. The result is considered 
accurate, as the situation is dangerous; however, since there has been no progression, the Civil 
Defense should monitor its development. There is no immediate need to evacuate the area. The 
population must remain alert and leave in case of rainfall, but a full evacuation is not currently 
necessary. 

 

CONCLUSIONS 

The MAIS Method demonstrates significant potential as a rapid and practical tool for assessing 
gully-related environmental risks. Its integration of sensorial inspection with reliability analysis 
provides an innovative, low-cost approach that is particularly suitable for regions facing urgent 
and resource-limited risk scenarios. The method's ability to translate qualitative field 

Item Parameters Intervals
Damage 

U 0,09
> 30% - 60% 0,17

Small (up to 5 cm) 0,00
Sloped (> 15° – 25°) 1,00

Linear 0,35
Urban area 1,00

Low 0,41
Poor 0,35

Fortnightly or less 0,09
Poor 0,35
Poor 0,35
High 0,65

Reduced 0,00
up to 20 m 1,00

Integrity adjacent factors (Int₁) 0,06
Integrity gully advancement (Int₂) 1,00

Integrity proximity to erosive factor (Int₃) 0,00
Integrity (Int) 0,37

Reference beta (βref) 4,00
Sensorial beta (βsensorial) 1,47

14 Proximity to erosive 

12 Presence of debris
13 Gully progression

10 Paving quality
11 Drainage system quality

8 Sewage system quality
9 Garbage collection 

6 Land use and cover
7 Building standard

4 Upstream ground slope
5 Plan view shape

2 Gully's slope
3 Shallow gully size

1 Cross-section

(@A, @B and @C )
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observations into quantifiable indicators supports more structured and informed decision-
making, as evidenced by its application in Chácara 36. The resulting classification of a 
“moderate-high” risk level shows that the methodology can effectively identify and 
communicate critical risk conditions. 

Nonetheless, while the results confirm the method's overall validity and usefulness, further 
calibration is recommended to enhance its precision and generalizability. The weights and 
intervals used in the risk formulation, especially for core parameters, should be refined through 
additional case studies and longitudinal monitoring. Expanding its application across a broader 
range of environmental and socio-urban contexts will help ensure the robustness and scalability 
of the methodology, reinforcing its role as a decision-support tool for civil defense and public 
policy. 
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ABSTRACT 

Bridges are key components of transportation infrastructures, and any interruption in their 
serviceability can cause serious environmental, social, and economic issues. Reinforced 
concrete (RC) bridge piers undergo permanent deformation due to the severe damage in the 
plastic hinge region, primarily caused by the fixed-base condition. Despite their satisfactory 
seismic performance, which allows them to withstand lateral deformation without significant 
reductions in strength, ductility, or stiffness, the permanent damage often demands 
reconstruction. Over time, ageing factors, such as corrosion, lead to a significant reduction in 
strength, ductility, and lateral stiffness, intensifying the damage sustained by the piers, which 
in turn, increases the likelihood of the reconstruction after a seismic event [1]. 

Keywords: Corrosion, machine learning, concrete bridge, post-earthquake repairability. 

 

INTRODUCTION 

The corrosion-induced deterioration includes a reduction of the cross-sectional area and 
mechanical properties of the steel reinforcing bars, as well as a decrease in the compressive 
strength of the concrete [2]. As shown in Figure 1, this deterioration manifests visually through 
the formation of cracks on the concrete surface and degradation of the concrete cover, which 
increases the risk of moisture and corrosive substances penetrating the structure. The 
degradation of reinforcing steel also deteriorates concrete confinement and the bond between 
the reinforcements and concrete. Additionally, these corrosion-induced degradations affect the 
failure mode of reinforced concrete piers and can lead to shear-associated failures, even in 
ductile-designed structures [3]. Ultimately, the consequences of corrosion can compromise the 
safety and longevity of reinforced concrete infrastructure. 

 
Fig. 1 - The impact of corrosion of the reinforcing bars on the formation of cracks and the reduction in 

mechanical properties of concrete bridge piers. 
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Machine learning (ML) methods can effectively tackle challenges and limitations in structural 
and earthquake engineering problems. ML algorithms provide powerful tools for solving 
problems as an alternative to traditional experimental and numerical tests with minimal human 
intervention. Moreover, ML predictive models estimate new points or find patterns in data 
without necessitating a deep understanding of the physical laws and theories behind the 
phenomena, provided that a comprehensive and relevant database is prepared [4]. 

 

RESULTS 

In this paper, a comprehensive database that includes data, as input features, regarding 
geometrical, material, detailing, loading conditions, and corrosion-related parameters from a 
large number of experiments which performed cyclic load tests on corroded RC bridge piers is 
gathered. The outputs of the database comprise residual strength and residual drift ratio, which 
are essential for evaluating the post-earthquake repairability of corroded RC piers. Five 
machine learning models – linear regression, decision tree, support vector regression, K-nearest 
neighbors, and bagging regression – are employed for data fitting. Bayesian search is used for 
hyperparameter optimization. R-squared and root mean squared error metrics are utilized as 
metrics considered for selecting the most accurate model. 
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ABSTRACT 

This study investigates the acoustoelastic response of concrete elements under flexural loading 
by determining acoustoelastic coefficients for stress estimation. Ultrasonic pulse velocity 
(UPV) measurements were conducted in both tensile and compressive zones, revealing a linear 
variation with applied stress, an increase in the compression zone and a decrease in the tension 
zone. The acoustoelastic coefficients were determined using linear curve fitting of the relative 
velocity variation as a function of stress. The derived coefficients provide a quantitative 
framework for non-destructive stress assessment in concrete structures, enhancing the 
reliability of ultrasonic techniques for structural health monitoring. 

Keywords: Acoustoelastic effect, stress level, UPV, flexural loading, SHM. 

 

INTRODUCTION 

Since the development of the theory of acoustoelasticity, the majority of research on concrete 
has been conducted under uniaxial compressive loading conditions[1,2,3]. To quantify this 
behavior, acoustoelastic coefficients are determined using linear curve fitting of the relative 
velocity variation as a function of applied stress. The linearized form [4]: 

DE0F
E0FG

= H��I�J + %     (1) 

Equation (1) is used to determine the coefficient , which characterizes the stress sensitivity of 
UPV. To extend the scope of acoustoelasticity to flexural loading conditions, the present 
investigation adopts a similar approach to evaluate its feasibility in such scenarios. In the past 
research have been carried out and wave velocity variation for flexural loading has been 
investigated in tension zone  [5].  

 

Fig. 1 - A schematic diagram showing transducer arrangement for propagation of longitudinal wave (LW) in 
compression zone (top) and tension zone (bottom) in a concrete specimen.  
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In the present study, two ultrasonic pulse analyzers were employed one dedicated to the tension 
zone and the other to the compression zone to measure ultrasonic pulse velocity in both regions 
independently. An extended experimental consisting CTM with 100 kN flexural attachment 
was used to apply flexural load (Figure 1). Pulse analysis was done using Proceq PL200. The 
loading conditions used were an incremental flexural load with a load step of 1 kN was used. 
This load step was selected on hit and trail basis depending uspon cube test and 4-point bend 
test conducted on 100x100x500 (mm) beams. The specimens were loaded to a stress level of 
50-60 % of the ultimate compressive strength, this stress level was selected to avoid any 
observable mechanical damage to the specimen, to transducers and other equipment.  
 
RESULTS AND CONCLUSIONS 

Ultrasonic pulse velocity (UPV) exhibited stress-dependent behaviour under flexural loading, 
with distinct trends in the compression and tension zones. In the compression zone (upper beam 
region), UPV increased linearly with stress, consistent with acoustoelastic responses observed 
under uniaxial compression. In contrast, the tension zone (lower region) showed a linear 
decrease in velocity, with a higher magnitude of relative variation compared to compression. 

 
Fig. 2 - Velocity variation with stress and determination of acoustoelastic coefficients using linear curve fitting 

Across different concrete mix designs, UPV trends remained predominantly linear, except in 
cases where microcracking introduced anomalies. On average, the compression zone exhibited 
a 2.5% velocity increase, indicating a stiffening effect, while the tension zone showed a 4% 
decrease, aligning with acoustoelastic principles. As shown in figure 2 Acoustoelastic constants 
were determined for all the specimens. 
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ABSTRACT 

In the era of Industry 4.0, every manufacturing industry is striving to improve its production 
process, reduce wastage and increase productivity. To achieve this goal, a well-established 
system of Total Productive Maintenance (TPM) has been widely adopted. TPM focuses on 
keeping all equipment in top working condition without breakdowns and also without delays in 
all manufacturing processes. Industrial Internet of Things (IIoT) systems can be successfully 
used to create effective smart factories (manufacturing facilities) in which higher levels of 
efficiency can be reached which is the ultimate goal of TPM program. In this context, this article 
presents a literature review on the application of IIoT technologies in different manufacturing 
systems for productivity improvement, particularly in maintenance of the equipments. Firstly 
we present an overview of the principal concepts and technologies of Industry 4.0. Then the 
maintenance management and various maintenance strategies adopted for the upkeep of the 
equipments are presented mainly focussing on predictive maintenance. After that, the Predictive 
Maintenance (PdM), which uses Industrial Internet of Things (IIoT) to detect any potential 
problems in the machines and equipments before they occur is dealt with in detail. As the main 
contributions, this study discusses the current trends, challenges and limitations in the 
application of IIoT technologies in today’s industry. We concluded that the advanced 
technologies in Industry 4.0 renders for the development of smart factories contributing to 
revolutionizing manufacturing by increasing flexibility, enhancing machine downtime, costs, 
control and quality of production.  

Keywords: Predictive Maintenance, TPM, IIoT, Industry 4.0 

 

INTRODUCTION 

Industry 4.0 has introduced a new era for manufacturing industries, where the Industrial Internet 
of Things (IIoT) is playing a crucial role in enhancing the quality and maintenance of 
manufacturing systems. Every manufacturing industry is striving to improve its production 
process, reduce wastage and increase productivity. By adopting the cutting-edge technologies 
and methodologies, manufacturing companies can achieve significant improvements in 
productivity, efficiency, and profitability. Quality related waste can be minimized by 
identifying root causes and implementing corrective actions. Through TPM and Predictive 
Maintenance, industries can optimize their processes and minimize quality-related errors. Apart 
from visible losses, there are also concealed losses that affect the profitability of the company. 
The implementation of Industry 4.0 concepts can help in identifying these concealed losses and 
taking corrective measures to prevent them. 
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The use of IoT-based solutions in the industrial setting is considered very promising by the 
research community and the industry. The notion that Manufacturing industry needs to 
transform into predictive manufacturing has motivated our study. To facilitate the development 
of systems that help in realizing the integration of Industry 4.0 technologies in conventional 
TPM operations to leverage the benefits of TPM programs in the manufacturing systems, there 
is a need for a detailed review providing broader insight and knowledge into the domain of 
Industry 4.0. The present paper reviews literature on various Industry 4.0 technologies currently 
in use in industrial tasks and how they can offer new opportunities for management strategies. 
This analysis also provides broader insight and knowledge of the recent trends and existing 
challenges, highlighting key aspects occurring in the implementation of IoT technologies in a 
smart factory.  

The paper also examined the various predictive maintenance practices within an I4.0 
environment. It also envisioned the possibility of adopting different information and 
communication technologies (ICTs) in various industrial operations and to help diagnose 
mechanical and electrical failures, so that organizations could establish more assertive 
corrective interventions and preventive planning while providing real-time information to 
managers. The paper is organized as follows: Section 2 illustrates the background, providing 
an overview of the main aspects of Industry 4.0 and Total Productive Maintenance; Section 3 
illustrates the importance the maintenance management, digitalization of maintenance and the 
various maintenance strategies adopted. Section 4 contains the discussion on current practices, 
key drivers, benefits, challenges and limitations in implementation of Industry 4.0; Finally, in 
Section 5 the conclusions of the study are provided.  

 
Fig. 1 - IoT for Predictive Maintenance. 
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