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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.
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Fig. 2 - Constituents of thermal barrier coatings.
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Fig. 1 - A schematic of aviation GTE showing the hot sections
that require thermal barrier coatings (Credit: Rolls Royce Inc.).
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SEISMIC BEHAVIOUR OF CONCRETE BUILDINGS: FIELDS
LESSONS, STANDARDS AND RESEARCH NEEDS

Humberto S.A. Varum®
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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 °C and tempered at 540 °C 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.
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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 DCS53 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).

 (a) | APPSR | ()

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

When the heat treatment process is quenching at 1050 °C and tempering at 540 °C, 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.
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Fig. 2 - Mechanical properties of the DC53 steel and  Fig. 3 - Comparison of wear resistance of DC53 steel
the HR1 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 DCS53 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 SiO;, 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 ¢ 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 6p
indicates the strengthening of interatomic interaction (Bereka et al., 2021; Onanko et al., 2019;
Onanko et al., 2023).

RESULTS

Elastic, anelastic deformations in SiO», radiation functionalized nanocomposites of multiwalled
carbon nanotubes (MCNT) and polyamide-6 (NH(CH2)sCO), (Figure 1), polyvinylchloride
(C2H3ClI)n, polyethylene (C2H4)n were measured.
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Fig. 1 - llustration of the window for processing data of quasitransversal elastic waves velocity measuring V1 =
782 m/sec in nanocomposite polyamide-6 (NH(CH)sCO), + 0.1% MCNT by impulse phase ultrasonic (US)

method at frequency fL = 0.7 MHz after electron irradiation with dose D.. = 20 Mrad with energy E.. = 2.0 Mev.

Logarithmic decrement of attenuation § = In (%) =In (%) ~ (3.444+0.1) x 1071

Complex elastic modulus E* nanocomposite is equal to the sum of dynamic elastic modulus
E' = 'DV||2 and loss modulus E"" = E'§ (Onanko et al., 2022; Radovenchyk et al., 2021):
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E*=E'(1+6)= lelz(l +6) = pV||2(1 +mQ™), (1)

where ¢ - logarithmic decrement of US attenuation, p - nanocomposite density, V|| - longitudinal
US elastic waves velocity, Q' - internal friction.

CONCLUSIONS

1. After electron irradiation with dose D.. =~ 20 Mrad with energy E.. = 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 1, Debye temperature dp, dynamic elastic
modulus E' = pVHZ, dynamic shear modulus G = pV? 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.
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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/m? (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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Fig. 1 - Geometry of textile.
Table 1 - Property of the textile.
. Nominal Tensile Young’s .
Material \Eviﬁgl]t thicknesses Strength Modulus ][)3231?]/
& [mm] [MPa [GPa] 5
Carbon 348 0.097 3800 225 1.8
Table 2 - Properties of the mortar.
Compressive strength Flexural strength
Mortar [MPa] [MPal
Join mortar 7.82 (0.36%/0.04*%) 1.85 (0.5%/0.26%%)

M1: ready mix mortar

* k%
(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 | Test result by specimen [kN] Mean value Standard Coefficient of
length a b c d [KN] deviation variation
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 P,ﬁax and P,f;-n respectively, where the actual recorded P,ﬁax and
f . .

P, i, 1s 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.

! Rd P, Rd
Specimen Sample Fmax IRd| min IRd| Ns
[kN] [%] [kN] [%]
a 4.49 -7.49 1.28 23.00 9325
b 4.63 -4.53 1.22 17.00 8534
Ch_250_f
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
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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: Vp — detonation velocity, Vp — velocity of plate collision, V¢ — velocity at the collision point, § —
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, FeZr; and Fe; Zr3 (Figure 3).

(b)

Fig. 2 - Morphological changes observed near the bonding zone of ~ Fig. 3 - The changes in concentration of

(carbon steel)/Zr composites manufactured at different detonation Zr and Fe elements inside the melted
velocities: (a) 2200m/s, (b) 2800m/s and (c) 3500m/s. Zone.
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ABSTRACT

The influence of Al-5Ti-B, Al-10Sr and Al-5Mo on the temperature-based parameters of
ADCI12 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 ADCI12
aluminum alloy with 0.04 wt.%Sr addition significantly decreases. The nucleation and growth
temperature of eutectic Al,Cu in ADC12 alloy with 0.1 wt.% Mo addition are the lowest.
Evaluating the solidification structure of ADCI12 aluminum alloy through characteristic
temperature parameters optimizes the effect of trace elements on the microstructure and
properties of ADC12 alloy.

Keywords: ADCI12 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 1, 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 ADCI12 casting
alloy, along with its corresponding first derivative curve (dT/dt) and second derivative curves
(d*T/dt?). The cooling curve shows three main reactions associated with phase formation,
marked by arrows on the curves. Specifically, the solidification process of ADCI12 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 (Tx), minimum temperature (Twm), and growth temperature (Tc).
Specifically, Tn is identified as the intersection point between the zero line and the second
derivative curve when d°T/dt? shifts upward. Tm corresponds to the peak on the d*T/dt? curve,
which aligns with the zero point on the dT/dt curve, indicating the onset of latent heat release.
Tg is determined when the d*T/dt*> curve descends and then rises to intersect the abscissa,
corresponding to another zero point on the dT/dt curve. (Saeed Farahany S, 2014).

Figurel(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 Tc of « -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 a-Al, but produce a greater
effect on the eutectic growth temperature.
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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 « -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 (T1) of
the binders, which in this study are 196°C (Stearic acid and paraffin), 282°C (HDPE and
paraffin) and 232°C (1* Event) and 447°C (2" 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- 1% Event) and 447°C (Ti- 2% 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).

o o Mass loss Mass loss

Composition Stage Ti (°C) Ti (°C) (%) (%) Residue (%)
Event 1 Event 2
Event 1 Evento 2

Zirconia — 40%
Stearic acid — 4% 1 196.0+6.6 44.56+0.58 52.39+2.31
Paraffin — 56%
HDPE - 44%
Paraffin — 56% 1 282.4+9.6 99.99+0.01 0.01£0.01
HDPE - 33%
LDPE - 11% 2 232.4+3.1 446.6£2.6 54.22+0.84 45.78+0.84 0.0120.01
Paraffin — 56%
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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 ourigcos, 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 Maximum Stress Elastic Modulus
(MPa) (MPa) (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 Naz.00Bao.oosOCl 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 CO- 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 Na».99Bao.00sOCI (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™ and a dielectric constant (gr) of 10% 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 Naz 99Bao.00sOCI. 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 kQ 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

31-



Proceedings IRF2025: 8" International Conference on Integrity-Reliability-Failure
Track A - Composite and Advanced Materials

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.

—— Before the experiment
—— After the experiment

20 25 a0
Displacement (mm)

)

Strength (MPa)

—— Before the experiment
—— After the experiment

20 200 400 600 500
Temperature (°C)

Environmental
source chambers

2 u
Strain (%)

(e) (e)

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 315.29 258.26
compressive

Needle-punched
Fiber crack fiber bundle

0° fibers

90° fibers

Substrate  Composite
crack crack

Pores

(a)

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 +——— Aluminum rod
also functioning as power sources, Figure 1. This 5L +——— Na‘-based solid
dual functionality reduces the number of components electrolyte

and overall weight, making them ideal for \

.. . . .. . foil
applications where weight is a critical factor in the Copper foi

[1], [2]. In structural batteries, the function and +———— CFRP shell
efficiency of current collectors are of paramount

importance. Current collectors influence battery

performance significantly by affecting the interface Fig. 1 - Representation of a coaxial structural
connections between electrodes and electrolytes. The ~ Pattery with major components highlighted.
introduction of nanostructured current collectors can enhance these connections, particularly
with solid-state electrolytes, potentially improving efficiency and battery life.
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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®*!, 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/Naz99Bag.00sC10/Inconel625 3D cell containing a chloride-based alkali ferroelectric-
electrolyte, Na2.99Bao.00sCI1O [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 kQ. 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 Um-Scanning Kelvin Probe (SKP) analysis. Then, in the face
of the latter results, the second electrode was chosen. Subsequently, an
Al/Naz 99Bag.00sC10/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/Na.99Ba.00sC10/Inconel 625 3D cell in an Ar filled glove box.

Potential(V)

INCONEL

Fig. 1 - SKP analysis for Al//Inconel showing a potential difference of [l V and Al and Inconel 625 surface
chemical potential in the Standard Hydrogen Electrode (SHE) scale.

WS W B N e .
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Fig. 2 - Al/Naz99Bag.00sC10/Inconel625 3D cell fabricated in an Ar filled glovebox.

1.20 - . - . - 1.050
1481 1.045 ]
1.0
S SERRe < 1.040 J
2 1.051 . o 2 //\\f‘
o ~1 3 : =
£ 1.00 = 1.035 240V, ]
g s 24h
S 0.95 s
N & 1.030 |
0.90 ] ]
0.85] 1 1.0251
0.80 T T T v v 1.020
0 300 600 900 1200 1500 1

240 300
time (hrs)

a) time (hrs) b)

Fig. 3 - Al/Naz.99Bag00sC10/Inconel625 3D cell set to discharge with a 47 kQ 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 kQ
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 (Wojtyta 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.

j/' punch

rivet

punch
stroke (PS)

rivet head

shaft
area

blank
holder

sheet 1

reservoir
area

position (RHP)
penetration

| 4| depth (PD)

piercing
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bulge
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sheet 2

bottom
area

die

a) b)

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/m? 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 ¢)). 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.

PS 1.7 mm 2.2 mm 2.7 mm 3.3 mm 4.2 mm 5.2 mm
;. = - %
x5 6 ) | e - \
o S — ' |

Joining progress
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 Bollhoff GmbH.

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

Stage I I I v \Y 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 40 |50
Actual PS in mm 0.3 0.4 0.7 1.2 1.7 22 2.7 33 42 |52

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.

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

Parameter Unit Value

Acceleration voltage kv 150

Tube current HA 150

Cu-Filter mm 1

X-ray projections 1440

Exposure time ms 500

Voxel size um 16

Magnification 12.5
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.
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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.

No. of No. of Width of

Stage | . PS Force 'RHP . PD layers with | layers with IZ on . BD ' Gap
inmm | inkN | inmm | in mm IFF/ IFF/ RS/DS in mm in mm

FF RS FF DS 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
I 0.7 4.69 3.90 0.12 3/1 3/0 2.0/2.5 0.06 0.25
v 1.2 4.79 4.37 0.65 8/2 7/0 2.4/1.9 0.16 0.28
v 1.7 542 3.87 1.18 9/3 8/0 2.7/1.4 0.12 0.23
VI 22 5.16 343 1.60 9/5 8/0 2.8/2.5 0.24 0.25
VII 2.7 5.02 2.72 2.28 1577 8/0 4.0/2.0 0.34 0.42
VIII 33 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 (AHT = -287 J.g’!) and the
enthalpy value obtained from the cured composite or residual cure (AHR = -9.61 J.g™h)
(Equation 1 and 2).
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Degree of residual healing (%) = (%) * 100 (D)
Degree of cure (%) = 100 — ((ﬁ) % 100) )

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)

Residual .
cv
curing Standard Total curing Degree of | Degree of residual
Samples Mean o (%) enthalpy
enthalpy Deviation (mJ/mg) cure (%) cure (%)
(mJ/mg) &
1 -9.48
2 -9.71 -9.61 0.119 1.24 -287 96.6 34
3 -9.65
REFERENCES

[1] Bandeira CF. Obtaining and characterizing benzoxazine/carbon fiber composites. 2015,
Thesis (PhD in Mechanical Engineering) — UNESP-FEG — Guaratingueta - Brazil, 2015, 206p. (in
Portuguese).

[2] Carvalho JAL. Benzoxazine resin composites / biomass extracted from acai washing
residue: Obtaining and characterization. Dissertation (Professional Master's Degree in
Materials) — UniFOA - Volta Redonda - Brazil, 2019, 103p. (in Portuguese).

[3] Costa ACA. Obtaining and characterization of benzoxazine resin composites reinforced
with macadamia nut shell biomass. Dissertation (Professional Master's Degree in Materials) —
UniFOA - Volta Redonda - Brazil, 2018, 83p. (in Portuguese).

[4] Rezende MC.; Costa ML.; Botelho EC. Structural composites: technology and practice. 1%
ed. -Sao Paulo: Artlibre Editora, 2011(in Portuguese).

-34-



Proceedings IRF2025: 8™ 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

PAPER REF: 22568

GEOMECHANICAL BEHAVIOR OF OIL SHALES FROM ARARIPE
BASIN, BRAZIL

José Agnelo Soares'™, Anne Beatrice Guedes Sobrinho!, Juliana Targino Batista!

"LabPetro, Department of Mining and Geology, Federal University of Campina Grande, Brazil
®Email: jose.agnelo@professor.ufcg.edu.br

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.

Fig. 1 - Petrographic thin sections of shales samples. A) MPB; B) Campevi; C) Royal.
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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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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
Campevi B 8.8 4,0 3,9 0,13
Triaxial Campevi C 2,8 2,2 1,1 0,29
Campevi F 2,8 2,3 1,1 0,30
Campevi | 3,0
o Campevi 2 4,0 .
Uniaxial Not applicable
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.
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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 la-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 Al-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 Al
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 Al-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 6] 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.

Weight release system

Guided drop weight
'— ——— Force Sensor
— Rigid impactor

¥ Remote Laser
Measuring System

Composite plate
— — mounting system

Anti rebound system
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Fig. 3 - Visual inspection images showing damage area evolution.
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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
Al 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 [60°/-60°]
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 [60°/-60°] 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 I 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 [60°-60°] 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 [60°/-60°] 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 TiO», 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. [Lapcik, 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.

Impact energy 0.5 [J] impact energy 1 [J]
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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 TiO», which with a 5 percent share at an
impact energy of 0.5] 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 TiO,, 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/m? and a saturation of 370 g/m? 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 A (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 O 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.
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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 (tgd) 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.

EPULENGE - SPUaseGE

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

Tab. 1. — Comparison of selected mechanical properties

Charpy 1rnpac2t strength Energy absorbed Flexural modulus Compresion modulus
[(kV/m ] ] [MPa] [MPal
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 SKY?2 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

Front
Spar

Rear
Spar

OF8 OF7

(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.

Reading
Data Raw

Data Processing Flow

Damage Threshold
Index Level

( )
Time domain Acquisition
(Strain in dt)
& J
Data Filtering Data Cross Damage
(spike and NaN value) Correlation Identification
= D
(Strain in dx)
\_ ),
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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).

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

-79-



Proceedings IRF2025: 8" International Conference on Integrity-Reliability-Failure
Track A - Composite and Advanced Materials

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 (Anténio,
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. 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 (Lagoda 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

0, = a’fN}’ (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
K= 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

-87-



Proceedings IRF2025: 8™ International Conference on Integrity-Reliability-Failure
Track B - Fatigue and Fracture Mechanics

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
o's,MPa | m R? Ki(10% | o's,MPa | m R? K«(10%)
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
1000 — 1000 —
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b Un-notched b Un-notched
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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 A11050 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 Wohler 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 ki is given by:
d 2.67

k, = 2.654
H 20

(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, k¢ 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%.
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Fig. 1 - Numerical evaluation of stress field and stress concentration factor k; 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 k¢. 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.
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Fig. 2 . Wohler 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 y"
phase, at the same time, the localizing plastic deformation and reducing crack deflection. The
accelerated coarsening y" 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 °C, 700 °C and 730 °C
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 °C and (b) 700 °C for 1000 h without or with stress.
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Fig. 2.- Morphologies (a) and size (b) of y” 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 °C 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 y" phase from the cutting to the
by-pass where there is a critical size of y" phase during ageing. However, the FCGR of alloys
aged at 700 °Cfor 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 o
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. TrSko 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, i1) 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.

REFERENCES

[1] J. Barralis, L. Castex, G. Maeder. Précontraintes et traitements superficiels. Techniques de
I’Ingénieur, 1999.

[2] D. W. Hammond, S. A. Meguid. Crack propagation in the presence of shot-peening
residual stresses. Engineering Fracture Mechanics, vol. 37, no 2, pp. 373-387, 1990.

[3] K. Takahashi, H. Osedo, T. Suzuki, S. Fukuda. Fatigue strength improvement of an
aluminum alloy with a crack-like surface defect using shot peening and cavitation peening.
Engineering Fracture Mechanics, vol. 193, 2018.

[4] L. Trsko, M. Guagliano, O. Bokuvka, F. Novy. Fatigue life of AW 7075 Aluminium Alloy
after Severe Shot Peening Treatment with Different Intensities. Procedia Engineering, vol. 74,
pp. 246-252, 2014.

-94-



Proceedings IRF2025: 8™ 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

PAPER REF: 22274

CRACK PLANES AFTER IMPACT TREATMENT OF 6XXX
ALUMINUM ALLOYS

Joanna Malecka™, Marta Kurek, Aleksander Hebda, Stawomir Malys, Tadeusz Lagoda

Faculty of Mechanical Engineering, Opole University of Technology, Opole, Poland
®Email: j.malecka@po.edu.pl

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 (Lagoda 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

(b)

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

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

Alumiium alloy larger famplel” fmaller fample[
6060-T6 (AIMgSi0.5) 455.42 332.69
6060-T64 (AIMgSi0.5) 577.44 430.71
6063-T6 (AIMgSi0.7) 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 ) 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)sCO)x,
polyvinylchloride (C2H3Cl),, polyethylene (C2Ha), were represented.
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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 § = In (%) =In (?) ~ 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):

05(¥) = Cipa(¥) (%), (1

where o;; (7), ekl(Y) - tensors of strains and deformations at point x; C; jkl(Y) - tensor of
elastic constants at this point.

CONCLUSION

The value of internal friction background Qg ! after mechanical treatments, temperature
describes the changes of the elastic stress o; fields in concrete, nanocomposite.
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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.

-90.



Proceedings IRF2025: 8™ International Conference on Integrity-Reliability-Failure
Track B - Fatigue and Fracture Mechanics

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.

Before Topology Optimization Numerical Simulation After Topology Optimization

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/N;
means same fatigue damage (where, n; stands for the action number of cyclic stress s;, NV; stands
for the fatigue life under cyclic stress s;), no matter of the cyclic stress level. In other words,
fatigue damage produced by 7n 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 1/N;=1 (D

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 s; is denoted by Ng ;.
If the fatigue life under the cyclic stress s; follows the Weibull distribution W(7;, ) (#7; and
are the scale parameter and shape parameter, respectively), the relationship between the survival
probability R and the associated fatigue life Ng; is

R = e~ WNri/m)Fi
or

NR,l' = 77i (_lnR)l/ﬁi

According to the conventional damage equivalence concept and the P-S-N equation, n; cycles
of s; being equivalent to n; cycles of s; means

n, I Np,=n;IN

R,j
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ie.
_ _ 1/B;-11B,

I’lj - I’li (,7] //71)( ln(R))

Since
(A
P(N. <n)=1l-e "
_ (AP (=R A
PN, <n,(,17)(~In(R)"" ") =1-¢ "

Therefore

P(Nl- < nl.) = P(Nj <n, (/7j /”i)(_ln(R))l//i,—l//s;)

if and only if 5 =4.
where, N; and N; are the life random variables under the cyclic stress s; and s;, 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 n; cycles

of si does not equal to that caused by n, (77, / ni)(—ln(R))l/ﬂ i~V (i.e. the equivalent cycle number

n; converted according to the conventional damage equivalence concept) cycles of s;, 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.

n = Ng 2)

where, n stands for cycle number of cyclic stress, Ng 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:
P(n<N)<R 3)

1.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
P(n/N <1) <R 4)
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i.e. fatigue is defined to occur when the probability that fatigue damage (n/N, arandom 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 N; in the Miner’s rule (Eq.1) as a random
variable:

Pz 1/N; <1 <R )

Such a fatigue criterion is difficult to apply since it is difficult to obtain the probability density
function (pdf) of the fatigue damage 1/N..
Median life based fatigue damage and probabilistic fatigue criterion

An easy-to-use probabilistic fatigue criterion can be established based on the median life v , by
definingn/ 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
Pn<N)=P(=<—=
( )= P( iy N)
the probabilistic fatigue criterion can be expressed as

P(D< A) <R (6)

where, D =n/ N stands for the fatigue damage produced by n cycles of cyclic stress s, A= 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:

B _n

F(n) ='6;7n—ﬁe W )
“(yp

F(n)=1-¢ " 8)

where, n stands for fatigue life; Sand 77 stand for the shape parameter and the scale parameter
of the Weibull distribution, respectively.

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

A =N./N, )

i i i
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where, N, stands for the fatigue life random variable under cyclic stresss,, ¥, stands for the
median of the life random variable v, .

Obviously, the pdf f(J) and the cdf F(J) of the critical damage random variable 4 can be derived
from Eq.7, Eq.8 and Eq.9:

13]\_]/?5/?—1 - oy
e '

f(0)= (10)
(N3 s
F()=1-¢ " (11D
As N =n1n(2)"#?, Eq.10 and Eq.11 can be rewritten, respectively as:
£()= Bin(2)5" e (12)
F(8)=1-e">" (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 Sis the same as that of the
life distribution, the scale parameter is In(2)""#. 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 (77, 5) (Where 77; is the
scale parameter, £ is the shape parameter, and the subscript i indicates that the associated cyclic
stress 1is i), the critical fatigue damage 4; is also a Weibull-distributed random variable:
A, ~W(In(2)™#, B). The damage & produced by n; cycles of cyclic stress s; equals to n, /N,
and the failure probability caused by n; cycles of cyclic stress s;is P(n, > N,) =1-¢ """ " that
is the probability of the stress cycle number n; exceeding the fatigue life random variable N;,

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

is greater than the critical damage random variable 4i , i.e. P(6 > A) =1—¢ "N

Obviously, the failure probability characterized by critical fatigue damage distribution (denoted
by Pp) and that characterized by fatigue life distribution (denoted by Py) is equal, i.e.
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— 1 _ ~lnQ)(n/N)A
P,=1-e

=1 = o M@/, )
- 1 — e_(n,'/r],‘)ﬂi
= PN
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 n;—; under stress level s;, equivalent to n; cycles of
stress s; (i.e. ni—;j cycles of s; is equivalent to n; cycles of stress s; in sense of fatigue damage and
fatigue probability), should be figured out as below.

If n; cycles of stress s; is equivalent to n; cycles of stress s;, then the respective failure
probabilities are equal, i.e.

B; '
—(n./In)H"7 —(n.In 5%
| (nj/n;) =l-¢ (m 117;)

or

< VB -
1 = o @/} T = /N, )i

Therefore, with respect to the cyclic stress s;, the cycle number equivalent to n; cycles of stress
si equals to

1

- x M B! B;
=N (14)

and the corresponding fatigue damage is

D, =lci=( Loy (15)

1—]

=
=

J i

For a two-level cyclic stress block containing n; cycles of s; and n2 cycles of sz, the cumulative
fatigue damage with respect to the cyclic stress level of s> equals to

Dy, = = (L 4 2 (16)
2 1 2

It means that the fatigue damagen, / N, related to the critical damage 4; is equivalent to the

fatigue damage (n, / N,)”'* related to the critical damage 4.
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Therefore, the probabilistic fatigue damage accumulation rule can be expressed as

n n
P(2)A% + 2 <A )<R 17

(( Nl) N, 2) (17)

For a multi-level stress history (n1, s7) - (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 (n;, s7) -
(n2, s2) - (n3, s3) as an example, n; cycles of s; and n2 cycles of sz are equivalent to n;2 -3 cycles
of s3, n;2 -3 can be determined by failure probability equivalence principle as

n_,*n, )ﬁz/ﬁa :N ((i)ﬁl/ﬁZ +&)[;2/,33
o2 2 (= —

N,y =Ny (=%
1,2-3 3( N2 Nl N2

Similarly,

= n n n
Mos.s = M(((ﬁ)‘w’z +72>"2"’~* +73>"~*’f’4
1 2 3

Mo n-)on —

— n n n
Nn(((Tl)B]/ﬁz +TZ)52//33 +...+ _n—l ),E,,_l/ﬂ”
N, N,

n-1

For a n-level stress history containing n; cycles of s; (i=1,2,...,n), the probabilistic fatigue
damage accumulation rule can be expressed as (ref. Eq.17)

P(((()P e 2 yPilB

SN N, (18)
+LyflB oy < A V<R
N N

n-1

since the cumulative fatigue damage caused by all the >n; (i=1,2,...,n) stress cycles is

n n n n
Dy, = (.()AP + 2P 4 4 2eyflbe 4 1 19
I (((Nl) Nz) N-l) 5 (19)

n n

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 n; cycles of s; (i=1,2,...,n)
associated with survival probability R can be obtained by the following equations:
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~In(2)(

e " =R (20)

M2 on T g,
N

or

n +n

1,2,4“,(n—i)ﬂn n B, - 21)
( N, ) In(2) (
N, = an. (22)
i=1
For the typical situation of n;=1 (i=1,2,..., n),
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

_ln(z)(nll...,.(fl)an +1)/;n

case, i.e. all the ni’s equal to 1, and e " =R.

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.
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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:

S(n)) =P(N; >n;) =1-F(n,) (D
f(n) = AlimOP (ne < N, <n.+ An.)/An, 2)
ne—
h(n,) = AlimOP (n. < N. <n, + An,|N. > n.)/An, 3)
Ne—>

where S(n,) is the survival function, f(n,) is the probability density function, and h(n,) is the
hazard rate function. Additionally, N, is the number of cycles to failure, n. is the number of
applied stress cycles, and F(n.) 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 n.
(Nabizadeh et al., 2020). The conditional survival function (CS), expressed as Equation 4.

1 0<n.<ng

CS(ng,nes) =1 Sne) 4)
— ne>n
S(nes) cTe

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).

s, = it

total

y1/3 &)

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, A1Sil0Mg, 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 A1Si10Mg
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. ¢) Fabrication process-related
parameters: growth directions of 45° and 90°, surface conditions (as-built roughness and
machined surfaces with Ra < 0.2 pm), 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 AISi10Mg 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 Wohler (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.

250 130

~. Heat treatment: HT22 120 °\ve O Growth: 90° (dashed line)
~o Growth: 90°
200 < N
> Surface: machined (Ra < 0.2) > @0
6 110 ~
N = 10° cycles N

@ Growth: 45° (cont. line)
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& 90

80
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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: Wohler diagram,
HT?22 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 AKy,. 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 (Hiibner 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 (Oberg, 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 M1

The microstructure was analyzed with respect to graphite morphology and distribution (graphite
diameter dg, mean distance A, shape factor f), and pearlite/ferrite distribution in the matrix
(relative area of the Bull’s-eye ferrite Ag). 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.

graphite nodule
ferritic phase

Fig. 1 - Schematic hollow rotor shaft with regions Fig. 2 - Microstructural parameters of
of higher/lower (red/blue) temperatures during the graphite nodules (dg, 4, f) and the
casting. matrix (Ag).

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 B =
25 mm and W = 50 mm were used. For position RA, single-edge notched bending (SEB)
specimens with dimension B = 10 mm and W = 20 mm were applied in 3-point bending
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mode. In each case, the crack opening displacement (COD) 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 Kj. or Kj. 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 AK,;, was identified. Furthermore,
the fatigue crack growth behavior at different stress ratios was comprehensively modeled by
the NASGRO equation (Forman, Mettu 1992):

mem _AKg\P
2 o ((g) -AK> % (1)
(1- K. )

RESULTS AND DISCUSSION

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

b

o” & Ml teyis = 4800 s
LY T N o

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 (f = 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 dg and A4 at high
solidification times. Similarly, f and A 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 tg,};4. Consequently, a linear extrapolation from measurements at low solidification
times is not acceptable.

a b
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60 | % ds E - a 110
e 3 —40.7 80 - § A |
| o
Z 50 % | - & . ] 2
(6] < - 45 <
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Fig. 4 - Effect of solidification time tg.;q on microstructural parameters. (a) Graphite diameter d; and
shape factor f, (b) Mean distance A and area of ferrite Ag.

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.
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Fig. 5 - (a) Stress/strain curves for selected positions and temperatures. Curves for position MI were
shifted. (b) Effect of tg,;q on characteristics of the tensile tests. Data points for A (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 (Rp,) has increased with decreasing temperature. However, due to

embrittlement of the matrix, the ultimate tensile strength (R,,) and fracture elongation (4) were
reduced with decreasing temperature.
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The effect of tsy)q is shown in Figure 5b. While Ry, is less affected by tsqjiq, Ry and A are
significantly reduced with increasing tg,;q.- This behavior was explained by the coarsened
graphite nodules which are more degenerated (lower f) and are more heterogeneously
distributed. The heterogenous distribution is demonstrated by the large scatter bars of A at
position ML

Quasi-static fracture toughness: Depending on the material behavior, see Figure 6a, the plane-
strain fracture toughness K. or the fracture toughness K , which is equivalent to the critical J
integral at unstable fracture (J.), 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.

a . . b 50 . , : . .
significant o MO RA SH*
20 B g . 7 = KJC (20 °C)
pop-in E 40l _
pd partial S {
= unloading =
o 10 | =, 30} ]
< Kic (40 °C)
— MO 20°C 3 ¢ i ;
— MO -40 °C X 20+ |
0 . . . | | | |
0.0 0.1 0.2 0 ] 5 5 -
COD/ mm tagig / kS

Fig. 6 - (a) Selected force/displacement curves for position MO. Curve at —40 °C was shifted; (b) Effect
of tg.;q and testing temperature on the fracture toughness characteristics. Position SH* has nearly the
same tgg)iq as position MI.

At a low testing temperature of —40 °C, plane-strain fracture toughness K;. 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 tg,;q 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 da/dN-AK curves used for measuring the
fatigue crack threshold AKy, at position MO and different stress ratios R. Figure 8b shows the
effects of tgy;q and R on AKy,.

2 102f RZ°05 -0 ©--05 41@9‘9 ] b ) ' ' ' '
= o 8 w  20F 1
310 1 € .
E & 15 ¢ £ ]
< 100k i 3
Z ~
Ke) < 10} . 2
4
S10'f 1 3
10_2 MO 5_ .I 1 .I i
5 10 50 0 1 4 5

AK / MPa m%®

Fig. 8 - (a) da/dN-AK curves for different stress ratios R at position MO at ambient temperature.
At least 4 samples per R. (b) Fatigue threshold AKj, for different microstructures and stress ratios.
Position SH* has a slightly lower tg;q than position MI.

At all sampling positions, higher mean stresses, i.e. higher R, result in lower values of AKy,.
This behavior is typical, not only for the present nodular cast iron, and is explained by crack
closure effects at negative R(Elber 1970). In contrast, AKy, 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 R, 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 (Hiibner et al. 2023).

At the position RA and at stress ratio R = —1, which is most relevant for practical application
of the hollow rotor shaft, the slightly lower values of AK};, were measured. Hence, samples from
this reference position can be used to conservatively estimate AKy, for the whole component.

With the NASGRO equation (Equation 1), the da/dN-AK curves for all stress ratios R were
modelled. The suitability of this approach was demonstrated in Figure 9 for positions MO and
MI. Similarly to AKy,, it can be observed that the effect of different solidifications times is
relatively weak.

a T b T T T
— 10%F i = 10°F 1
= S
o °
g 10'F {1 € 10'F 3
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Z 10%%F {1 Z 10°% 3
5 g
107 1 107" ¢ 1
MO MI
-2 1 1 1 -2 I 1 I
10 5 10 50 10 5 10 50
AK / MPa m%° AK / MPa m%°

Fig. 9 - da/dN-AK curves at positions (a) MO and (b) MI at ambient temperature. Lines represent the
NASGRO description. Colors represent different stress ratios R, see Figure 8.

The coefficients needed in Equation 1 are given in Table indicate the small effect of tgg;q.
Depending on the stress ratio R, the respective value for AK,, must be used, Figure 8b. K. used
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in Equation 1 was essentially set to Kj. (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.

.. Ceym /1072 nm/
Position MPavin MeM f p q K./ MPavm
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 da/dN-AK 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 AKy,.
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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.

3

P d 3 2
P(r) = 3C,= n - [2 (1) -3 (f) + 1]
u\d, +2(S0D) tan > a a

(1

In Equation (1) P(r) is impact pressure across the radial impact zone, ¢, is the wave velocity,
d,, is the nozzle diameter, r is the variable radius impact zone, P; is the supply pressure, SOD
is the stand-off distance, u is the nozzle feed rate, a is the jet angle and a is the contact area
radius. The assembly presented in Figure 1 better illustrates the variables of equation (1)
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Fig. 1 - (a) Water Jet Peening Schematic (Mahmoudi A.H et al, 2020). (b) & (c) WIP 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.
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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.

REFERENCES

[1] Kunaporn, S., Ramulu, M. and Hashish, M. (2005) Mathematical Modeling of Ultra-High-
Pressure Waterjet Peening. Journal of Engineering Materials and Technology 127 (2), pp. 186-
191.

[2] Leach, S.J. and Walker, C.L. (1966) A discussion on deformation of solids by the impact
of liquids Philosophical Transactions of the Royal Society of London. Series A, Mathematical
and Physical Sciences. 260 (1110), pp. 295-310.

[4] Mahmoudi, A.H., Jamali, A.M., Salahi, F. and Khajeian, A. (2020) Effects of water jet
peening on residual stresses, roughness, and fatigue. Surface Engineering. 37 (8), pp. 972-981.

[8] Ramulu, M., Kunaporn, S., Arola, D., Hashish, M. and Hopkins, J. (1999) Waterjet
Machining and Peening of Metals. Journal of Pressure Vessel Technology. 122 (1), pp. 90-95.

-124-



Proceedings IRF2025: 8™ International Conference on Integrity-Reliability-Failure
In Engineering, Materials, Manufacturing and Biomechanics. Porto 15-18 July 2025
DOI: hitps://doi.org/10.24840/978-972-752-323-8

PAPER REF: 22426

OPTIMIZING THE FRACTURE TOUGHNESS OF POLYMER
CONCRETE WITH VARIABLE MIXTURES BY TAGUCHI METHOD

MRM. Aliha'®, Daniel Pietras®, Hossein Parsania’, Rasoul Ghayomian!, Somayeh Moshatghi!,
Camellia Rafiei!, Rafiee!, T. Sadowski’

'Welding and Joining Research Centre, Iran University of Science and Technology (IUST)Tehran, Iran.
“Department of Solid Mechanics, Lublin University of Technology, Lublin, Poland
®"Email: mrm_aliha@iust.ac.ir

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 Ki.. 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 K. 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 L.32 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.

_ 3PS

Kie T 2tw? VraY, ( ) (M
where P is the critical applied load to the SBB sample, ¢ is the thickness of sample and Y1 is
the geometry factor that depends on the crack length ratio and loading span ratio. For the tested
SBB samples of this research Y1 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.m®°. 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) (Moés
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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u =%y N; (0)[u; + Hx)a; + Xga=1 Fy (x)bf*] (1
Here, N;(x) is the nodal shape function, u; is the nodal DOF, Heaviside function H(x) along

with discontinuity-related nodal DOF a; capture the crack path. Additionally, crack tip
enrichment function F,(x) and nodal enriched DOF b;* represent the crack tip behavior.

Crack tip enrichment term
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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:

S = 473 x 10717 g2 47K 250t 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.

Damage Damage
Local of the test . .
Experimental Method Virtual Method
LDO1 SPECIAL TRACKS (TATUI) 0,00773 0,008
LD02 SPECIAL TRACKS (TATUI) 0,00048 0,00079
LD04 SPECIAL TRACKS (TATUI) 0,00043 0,003

Cumulative damage rati
8.000e-03 1

7.213-03
6.426e-03 _|
5.630-03 _
4.853¢-03
4.066e-03
3.279¢-03 |
2.492-03 _
1.705e-03
9.184e-04 I
1.316e-04 |

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.

\

) e 155)

- e —.

$,=50 mm $,-50 mm

2R=150 mm

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 n input variables and m neurons in the hidden layer, the predicted output
¥ can be expressed as:

9= (T, wig(Zi, wjix; + b;) + bo)

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.

y=0.76866 x + 0.10833
R2=0.77923

Train Data (1)

1

0 20 40 60 80 100 120

Fig. 2 - Neural network train.
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ABSTRACT

The effect of pre-cleaning methods (ethanol ultrasonic cleaning and Ar/O> 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/O, 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/Oz 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.

e
electroplated Ag Ar/O, plasma
OFHC Cu ethanol
as-received Ag coated Cu ultrasonic cleaning plasma treatment

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/Oz 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.

non-cleaned ultrasonic cleaning plasmatreatment

p .
B .

chip/Ag paste
bondinginterface N &

Ag sintered layer

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/O> 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.

non-cleaned ultrasonic cleaning plasmatreatment
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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/O; 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 (Garcia 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 2a and the parallelism between the
flattened surfaces (Wang et al. 2004; Huang et al. 2015; Lin et al. 2016; Pourya and Mehrnoosh
2016; Garcia 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:

309 +0,<0 (D

Being gy and o, 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 g, = g and o,, = 0. Consequently, the equivalent Griffith stress can
be calculated using the following equation:

(o, - Uy)z

a 8(0x + ay)

(2)

O =

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 o, anday, , respectively. Hence, the stress field along the vertical radius of the
specimen due to uniformly distributed stress along the contact is expressed as:

Pcosa P B, B;

%% = Rt nRtsina (A_1 tht A_3 * C3) 3
Pcosa P B4 Bs

% = nRt  mRt sina(A_l_ G +A_3_ C3) )

Where P is the applied load, a 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.:
A; = (Rcosa +71)? + (Rsina)?
A; = (Rcosa —1)% + (Rsina)?
B; = (Rcosa +r)Rsina (5)

B; = (Rcosa —r)Rsina

0
I

—arctan (Rsina /(R cosa + 1))

C; = —arctan (Rsina /(Rcosa — 1))
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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 2a =
30°. To do so, a series of simulations were conducted using the material properties listed in
Table 1, with contact angles of 20°, 25° and 30°. 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 u=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 Thickness Young’s Modulus Poisson’s
D (mm) t (mm) E (GPa) coefficient
v(ue/pe)
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.

20 =20° 20 =25° 20 =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 2a =
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.

30
=~ 20.=-82.368r0l + 30.222
<28 e R2=1
% .
%” 26 °
g
224 °
3
=
£22
i °
20

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Tolerance of parallelism 7o/ (mm)

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 o value corrected by equation
6:

2a = —82.368tol + 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 30° 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 (2o = 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 20=30° and considering parallelism deviations with the
theoretical model proposed for both cases, with and without tolerance correction.

|UG —0g FEM|
0, = - -
Tolerance of | o1 10ad P | 2@ from FEM %Error p 100
parallelism . A G FEM .
(mm) (N) simulation (°) e For corrected 2a with
mm For 2a = 30
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 (Sarag 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 um was coated on the surface. At selected
fatigue intervals, the sample was unloaded, and an area of 1 X 1 mm? (0.1 mm behind and 0.9
mm 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.
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The in-plane strains &x, &y, and )&y 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., £,, = —(&xx + &y, ), While the out of plane shear strains, €,, 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

2
Eeff = \/5 (Em,n X sm,n) mn=123 (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 FIPe, surface
roughness FIPr,, and combined FIP., were calculated for each subset to construct the FIP maps.
FIP. was calculated by multiplying FIPr. and FIP. 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 FIPe and FIPRra. In contrast,
FIP. 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.

CDI,
80 Percentile

90 Percentile
= 95 Percentile

(a) (b) (c)

Fig. 1 - the predicted crack path based on (a) FIP, (b) FIPg, and (c) FIP, 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 (o;r) 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] mm?. 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 232.2%129HV 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, 0;,., and is described by
equation (1).

937.45—omax)

N = e( 35.2 (D)

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.

HV+27

OLFp = 1.1 —( area)1/6

(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 (opr) 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 a=0.226+HVx10“* in both cases.

_ ~ (HV+120) 1-R\“
our = G rems X ( 2 ) (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].
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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.

Predict model Predict model Predict model Experimental Experimental
Material | Nrnon corr [CYcles] Nr corr [cycles] o r[MPa] o r[MPa] Nr [cycles]
C=143 | C=156 | C=143 | C=1.56 | C=1.43 | C=1.56 | Noncorr. | 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.
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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.
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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, N.. The parameters that
are analyzed include the hardening factor, K’, Young's modulus, E, fatigue limit of stress and
strain, oy and g, 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, oy, €, b and c, are required in the Coffin-Manson model.

N, is calculated from a 10° 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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Pr = N, — Ny (D

The failure probability is calculated by adopting the desired number of CT usage cycles, Ny,
ranging from 1 to 10 operating cycles. The results are shown in Figure 2 (b).

Gooseneck /Z\

Support-ring

Gooseneck

\R4,=1700 mm

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

Specimen tension bonding test Tension failure for different densities

Stress [MPa]

s B
Distance [mm]

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.

Impacted specimen Numerical simulation

Test setup

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 O 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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Tread ring &

Wheel . . . . .
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.
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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 (#y), end plate length (L), and edge distances (e;) 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).

} M16 10.9 HV —{ F=—10mm

45 7
e | e (alll

45 12 [ [
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—=! =qQ [ Y I 1, .
sl 10 30

(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 C; + 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 Jy, 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 &y/4, until the elastic displacement oy is reached. After that,
there are three cycles for each displacement incremented with (2 + 2n)x &y, 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 (C; + 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).
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Table 1 - Summary of experimental program.

Loading
T-stub Cyclic Monotonic
M +
C +
C4dy+M 4><dy +
Coay+M 6xd, +
Csay+M 8xd, +
Cioay+tM 10xdy +
14 14
12 12 !
1 Continue the 1 Monotonic loading
10 | same cyclic 10 1 until failure of the
] | pattern until 3 | specimen
| failure of the '
=) | specimen <) '
5 6 5 5 6 |
4 5 4 5
2 : 2 |
0 0
Cycle Cycle
(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 1* 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 (C; + M).

T-stub Fyveraee [kN] dy™e¢ [mm] | P2 [kN] | d®°" [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
Caay+tM 167.22 3.14 231.80 21.80 Bolt
Ceay+M 201.87 5.62 239.23 24.80 Bolt, end plate**
Cgay+M 193.25 8.80 236.15 30.10 End plate
CioaytM - - - - End plate
Notes:
* Deformation corresponding to peak capacity
** One specimen with bolt fracture, one with end plate fracture

(b)

© (d)
Fig. 3 - Failure modes: a) monotonic; b) cyclic; ¢) C4dy+M; d) Cody+M; e) C8dy+M; f) C10dy+M.
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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., C4ay + M and Ceay + 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., Cgdy
+ M and Ciogy + 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.
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Fig. 5 - Experimental force-displacement curves: (a) cyclic response; (b) monotonic vs

backbone curve, 1% cycle.
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Fig. 6 - Experimental force-displacement curves: a) Csay+M; b) Ceay+M; ¢) Csay+M; d) Ciogy+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.

N

L .. 9pc . _ %p_._ Opc .

) Oyl 0 Oult ¢
(a) (b)
300
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‘M.»
5 —M/1
S 100
A~ —C4Dy+M
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0
0 5 10 15 20 25 30

Displacement, mm

(©

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 Ratiq N Normali.zed plasti.c
[kN/m] damaged/initial deformation capacity
Initial (intact), M 110 000 16.0
Damaged Caay+M 53 000 0.48 6.9
Damaged Ceqy+M 29 450 0.27 4.4
Damaged Cgqy+M 21 931* 0.19%* 3.4%
Damaged Cioay+M - - -
*data are for specimen Cgqgy+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 (Cagay, Cedy) 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 (Csday, Ciody), 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 b 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

Uy +Upcos (b¥) + Uy cos (2bW) + Usy, cos (3bW) + - - -

== +Vp sin (W) + Vap, sin (2bW) + Vap sin (36W) + - - - 1)

in which U and V 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 b. Using the same methodology for lateral and longitudinal loads, equations

X= -

N|—

b > [Pmb—1+ Trmp—1 + Prp1 — Trnpt1] cosmb¥
m=1

b

[Qmb—1 — Smb—1 + Qmb+1 + Smpt1] sinmbW¥ 2
1

N~

108

m

and

Y = +%b > [Smb—1 — Qmb—1 + Smp+1 + Qmb+1] cosmb¥

m=1

+%b Zl [Pmb—l + Tmb—l . Pmb—H + Tmb-l—l] sin mbW (3)
can be achieved. Both longitudinal (X) and lateral (Y) are dependant on the Fourier constants
P, T, Q and S, but this time the trigonometric functions contains the m integer that when
combined to the Fourier constants depending on mb — 1 or mb + 1 leads to forces only
appearing at frequencies multiples of (mb — 1) or (mb + 1). This mathematical model can be
summarised at Table 1, also presented at Prouty (1993), in which (2 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.
Frequency of Load Frequencies Transmitted to the Fuselage
Acting on the Hub b=2 b=3 b=4 b=5
‘ 12 -
| 20 [ 20 -
Vertical Loads 3Q - 3Q -
| 10 [ 19 E 10 -
‘ 50 - - - 5Q
| 12 | 20 B
2Q - 3Q -
Longitudinal and Lateral Loads | 3Q | 2Q e 192 - 1Q -
1Q - 3Q - 5Q
| 5Q | 1Qe 60 69 1Q -

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 Ziirich, 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.
Validation Vibration Samples (Time Domain) Validation Vibration Samples (Frequency Domain)

5.00 020 0.04
— Faulty 3.50 — Faulty —— Faulty

P Do N

— Faulty

—— Healthy 075 — Healthy — Healthy | 005 — Healthy

Magnitude
Amplitude

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Frequency (Hz)

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 & Kukieta (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.

Neurons Learning Rate Decay L2 Penalization Description
5e-5 le-3 Se-4 Small network with lower LR
128 le-4 le-3 Se-4 Small network with moderate LR
Se-4 le-3 Se-4 Small network with higher LR
5e-5 le-3 Se-4 Medium network with lower LR
256 le-4 le-3 Se-4 Medium network with moderate LR
Se-4 le-3 Se-4 Medium network with higher LR
5e-5 le-3 Se-4 Big network with lower LR
512 le-4 le-3 Se-4 Big network with moderate LR
Se-4 le-3 Se-4 Big network with higher LR
5e-5 le-3 Se-4 Large network with lower LR
1028 le-4 le-3 Se-4 Large network with moderate LR
Se-4 le-3 Se-4 Large network with higher LR
Input Layer Hidden Layer Output Layer Output

Size: (Samples x Neurons) Size: (Neurons x Neurons) Size: (Neurons x 2)
L2 Regularization L2 Regularization
Dropout 25% Dropout 25%

Size: (2x 1)

Anomaly

0000

O-000
O-000

Y outputs-weights + bias—ReLU Y outputs-weights + bias—>Softmax
Y outputs-weights + bias—RelLU

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.

Mixed Samples \ Separated Samples
Vertical + Lateral Axis Vertical Lateral
Training Validation Training Validation Training Validation
544 358 186

179 Healthy )

1702 93 Healthy
179 Anomalous

1000 74 Healthy
93 Anomalous

702
74 Anomalous

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.

Actual negative

Actual positive

True negative (TN): The
network predicts a healthy

False negative (FN): The
network predicts a healthy

S A status when the helicopter is | status when the helicopter
healthy has one or more anomalies
it ).
Fulss itive (FP): True positive (’I"l ):
I ; The  network  predicts
- e The network predicts an
Predicted positive an anomaly status when the
anomaly status when the -
5 : helicopter has one or more
helicopter is healthy :
anomalies
Accuracy = L CEU R “)
TP+TN+FN+FP
TPR = —— (5)
TP+FN
FPR = —~ 6)
FP+TN
F1Score = —— 7
2-TP+FN+FP
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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.

Mixed Raw Data Analysis
Training with Validation Samples and Validating with Healthy Samples
Learning Rates Se-5 le-4 Se-4
Neurons | Phase | Accuracy Loss | Accuracy Loss | Accuracy Loss
128 Training 0.9540 0.3954 | 09577 02112 | 09779 0.1236
Validation | 0.8143  0.6582 | 0.8514 0.4940 | 0.6398 1.4643
256 Training 09577 03105 | 09596 0.1527 | 09871 0.1104
Validation | 0.8519  0.5190 | 0.8261 0.4448 | 0.6627 1.0618
512 Training 0.9577 0.3269 | 0.9743 0.1562 | 0.8125 1.5800
Validation | 0.8114  0.5314 | 0.7068 0.8965 | 0.4483 4.1297
1024 Training 0.9632 0.5370 | 0.9816 0.2086 | 0.9798 0.2547
Validation | 0.8237 0.4670 | 0.6651 1.2395| 0.6357 1.9275

Table 6 - Results for raw data as input in the mixed data analysis.
Results for the 5-fold cross validation.

Mixed Raw Data Analysis

Performance for the 5-fold Cross Validation

Neurons

LR

Phase

Accuracy

Loss

128

Se-5

Training
Validation

0.9701£0.0052
0.871240.0435

0.3867+0.0131
0.3275+0.0793

le-4

Training
Validation

0.9858+0.0023
0.8271+0.0452

0.2672+0.0121
0.452540.2547

Se-4

Training
Validation

0.9890+0.0130
0.7554+0.0250

0.2040+0.0384
0.9045+0.3564

256

Se-5

Training
Validation

0.9867+0.0034
0.8934+0.0190

0.6325+0.0304
0.3405+0.1230

le-4

Training
Validation

0.9917+0.0034
0.8106+0.0323

0.4873+0.0407
0.5351+0.2843

Se-4

Training
Validation

0.9894+0.0037
0.7297+0.0466

0.4382+0.0259
1.2104+0.5583

512

Se-5

Training
Validation

0.9894+0.0011
0.8805+0.0279

1.2248+0.0392
0.4258+0.2514

le-4

Training
Validation

0.9968+0.0031
0.8124+0.0281

1.0158+0.0846
0.6575+0.2806

Se-4

Training
Validation

0.9508+0.0692
0.7021+0.0452

1.1874+0.6858
2.46030.9509

1024

Se-5

Training
Validation

0.9963+0.0018
0.8822+0.0320

2.4953+0.1375
0.4057+0.2627

le-4

Training
Validation

0.9981+0.0009
0.8088+0.0379

1.8880+0.3314
0.6674+0.3301

Se-4

Training
Validation

0.9972+0.0023
0.7408-+0.0485

2.0934+0.3448

2.7375+0.9370
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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.

Mixed FFT Data Analysis
Training with Validation Samples and Validating with Healthy Samples
Learning Rates Se-5 le-4 Se-4
Neurons | Phase |Accuracy Loss | Accuracy Loss | Accuracy Loss
128 Training 0.8033 0.6701 | 0.8290 0.5588 | 0.9081 0.3312
Validation | 0.5229  0.6977 | 0.6298 0.6982 | 0.9677 0.2663
256 Training 0.8199  0.6094 | 09080 04723 | 09191 0.3088
Validation | 0.5329 0.7121 | 0.8355 0.5990 | 0.9841 0.2236
512 Training 0.8915 0.5462| 0.8952 0.3936 | 0.9228 0.2887
Validation | 0.8038 0.6171 | 09336 0.3718| 09818 0.1903
1024 Training 0.8897 05173 | 09044 0.3640 | 0.9301 0.2623
Validation | 09177 04258 | 09530 03103 | 09771 0.1414

Table 8 - Results for FFT data as input in the mixed data analysis.
Results for the 5-fold cross validation.

Mixed FFT Data Analysis
Performance for the 5-fold Cross Validation

Neurons

LR

Phase

Accuracy

Loss

128

Se-5

Training
Validation

0.9159+0.0058
0.9173£0.0367

0.4719+0.0060
0.4367+0.0243

le-4

Training
Validation

0.9342+0.0070
0.9228+0.0243

0.2858+0.0143
0.2556+0.0280

Se-4

Training
Validation

0.9370+0.0068
0.9301+0.0221

0.1583+0.0125
0.140140.0361

256

Se-5

Training
Validation

0.9357+0.0062
0.9265+0.0278

0.37514+0.0132
0.3096+0.0253

le-4

Training
Validation

0.9375+0.0067
0.9302+0.0256

0.2031+0.0098
0.1747+0.0295

Se-4

Training
Validation

0.9389+0.0053
0.9320+0.0221

0.1264+0.0088
0.1143+0.0264

512

Se-5

Training
Validation

0.9361+0.0053
0.9246+0.0242

0.3110+0.0082
0.193140.0281

le-4

Training
Validation

0.9375+0.0067
0.9320+0.0221

0.1843+0.0086
0.154040.0320

Se-4

Training
Validation

0.9858+0.0057
0.9651+0.0134

0.1063+0.0077
0.0986+0.0296

1024

Se-5

Training
Validation

0.9375+0.0067
0.9320+0.0221

0.372740.0090
0.1596+0.0317

le-4

Training
Validation

0.9375+0.0067
0.9320+0.0221

0.174440.0068
0.1346+0.0280

Se-4

Training
Validation

0.9885+0.0175
0.9724+0.0083

0.112440.0403

0.1108+0.0454
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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.

Separated FFT Data Analysis
Training with Validation Samples and Validating with Healthy Samples
Learning Rates Se-5 le-4 Se-4
Neurons | Category | Phase | Accuracy Loss | Accuracy Loss | Accuracy Loss

Vertical Training 0.8743  0.7100 | 0.8575 0.6299 | 0.8855 0.3633

128 Validation | 0.8870 0.6897 | 0.6510 0.6876 | 0.9730 0.3159
Lateral Training | 0.8602 0.7549 | 0.8065 0.6745| 0.9731 0.2279
Validation | 0.7322  0.6926 | 0.5570 0.6975 | 0.9473  0.2581

Vertical Training | 0.8743 0.7081 | 0.8799 0.5325| 0.8855 0.3533

256 Validation | 0.6470  0.6903 | 0.6880 0.6768 | 0.9780  0.2859
Tatenl Training | 0.7312 0.8012 | 0.8978 0.6030 | 0.9892 0.1502
Validation | 0.3461 0.7016 | 0.7236  0.6841 | 0.9530 0.1766

Vertical Training | 0.8631 0.6765 | 0.8855 0.4507 | 0.8883 0.3380

512 Validation | 0.6360 0.6909 | 0.8990 0.5108 | 0.9720 0.2901
{ateral Training 0.7742 0.8759| 09731 0.5295| 0.9946 0.1224
Validation | 0.4330 0.7161 | 0.8718 0.5687 | 0.9801 0.1081

Vertical Training | 0.8799  0.6992 | 0.8827 0.4227 | 0.8855 0.3333

1024 Validation | 0.8210  0.5934 | 0.9680 0.3531 | 0.9750 0.2739
Lateral Training 09516 1.0566 | 09731 0.4505 1.0000  0.0988
Validation | 0.8077 0.6494 [ 0.9430 0.2869 | 0.9858  0.0930

Table 10 - Results for FFT data as input in the separated data analysis. Results for the 5-fold cross validation.

Separated FFT Data Analysis
Performance for the 5-fold Cross Validation
Vertical Lateral
Neurons | LR Phase Accuracy Loss Accuracy Loss

5e.5 Training | 0.8037+0.0400 | 0.5590+0.0094 (| 0.5027+0.0045 | 0.6630+0.0064
Validation | 0.7708=+0.0782 | 0.5165+0.0197 || 0.5000+0.0121 | 0.5781+0.0177

128 ik Training | 0.9043+0.0073 | 0.3990+0.0048 (| 0.9032+0.0371 | 0.4783+0.0128
Validation | 0.8993+0.0328 | 0.3804+0.0361 || 0.8711+0.0307 | 0.4280+0.0226

Se-4 Training | 0.9050+0.0085 | 0.214540.0074 || 1.0000=0.0000 | 0.0716+0.0046
Validation | 0.8937+0.0344 | 0.2078+0.0512 || 0.9946+-0.0108 | 0.0513+0.0055

5e.5 Training | 0.9050+0.0085 | 0.5128+0.0070 (| 0.7607+0.0729 | 0.6470+0.0063
Validation | 0.9021£0.0312 | 0.4299+0.0296 || 0.7798+0.0724 | 0.4845-0.0250

256 _— Training | 0.9036+0.0083 | 0.2945+0.0102 (| 0.9973+0.0033 | 0.3449+0.0144
Validation | 0.8797+0.0389 | 0.2670+0.0352 || 0.9841+0.0211 | 0.2608+0.0318

Se-4 Training | 0.9078+0.0069 | 0.1769+0.0041 (| 1.0000+0.0000 | 0.0429+0.0012
Validation | 0.8965+0.0331 | 0.1813£0.0513 || 1.0000+0.0000 | 0.0240+0.0047

5e.5 Training | 0.9015+0.0065 | 0.4788+0.0135 [ 0.9865+0.0085 | 0.6515+0.0144
Validation | 0.8853+0.0331 | 0.3111+£0.0308 || 0.9733+0.0166 | 0.3343+0.0344

512 Yica Training | 0.9050+0.0085 | 0.2630+0.0087 {| 1.0000+0.0000 | 0.255140.0092
Validation | 0.8881+0.0313 | 0.2223+0.0407 || 1.0000+0.0000 | 0.1143-+0.0208

Se-d Training | 0.9329+0.0173 | 0.1602+0.0151 {| 1.0000+0.0000 | 0.0347+0.0012
Validation | 0.9272+0.0491 | 0.1512+0.0255 || 1.000020.0000 | 0.01660.0052

50.5 Training | 0.9043+0.0091 | 0.5674+0.0101 {| 1.0000+0.0000 | 0.786140.0101
Validation | 0.8853+0.0292 | 0.2334+0.0372 || 0.9946+0.0108 | 0.1562+0.0254

1024 | 1e4 Training | 0.9050+0.0085 | 0.2765+0.0071 || 1.0000£0.0000 | 0.2991+0.0049
Validation | 0.8909+0.0262 | 0.2088+0.0373 || 1.0000+0.0000 | 0.0505+0.0052

Se-d Training | 0.9623+0.0465 | 0.182440.0697 || 1.0000+0.0000 | 0.0278+0.0009
Validation | 0.9217+0.0440 | 0.1755+0.0382 || 1.0000+:0.0000 | 0.0121+0.0054
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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.

Analysis Validation Newrons LR TPR (%) FPR (%) AUC (%) F1(%)
Mixed Raw H.O. 256 S5e-5 - 14.81 - -
Mixed Raw H. 0. 128 le-4 - 14.86 - -
Mixed Raw K-Fold 256 S5e-5 92264379 13.62+6.26 96924060 89.67+1.78
Mixed Raw K-Fold 1024 5e-5 94474235 18074761 97.58+0.75 89.01+2.82
Mixed FFT H.O. 256 S5e-4 - 1.59 - -
Mixed FFT H. 0. 512 Se-4 - 1.82 - -
Mixed FFT K-Fold 1024 Se-4 94841218 037074 99.26+1.09 97.16+1.01
Mixed FFT K-Fold 512 S5e-4  93.02+2.71 0.004+0.00 99554059 96361163

Sep. Vert. FFT H. 0. 256 Se-4 - 2.20 - -
Sep. Vert. FFT H. O. 1024 Se-4 - 2.50 - -
Sep. Lat. FFT H. 0. 1024 Se-4 - 1.42 - -
Sep. Lat. FFT H. O. 512 Se-4 - 1.99 - -
Sep. Vert. FFT  K-Fold 512 S5e-4 835474968 0.00+0.00 99494045 91.87+6.43
Sep. Vert. FFT  K-Fold 1024  S5e-4 84384868 0.00+0.00 9887+0.88 91.294573
Sep. Lat. FFT K-Fold 1024 Se-4  100.00+£0.00 0.004+0.00 100.00£0.00 100.00£0.00
Sep. Lat. FFT K-Fold 512 Se-4  100.00£0.00 0.00£0.00 100.00+0.00 100.00+£0.00

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, 9101 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 Vs, see Figure 1.

The optimization problem consists in finding the parameters A and D1 giving a residual velocity
Vies 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 Vs, see Figure
2.
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Starting points for checking
convergence on the curve and the
precision of the methods (ISIGHT).

1

A [MPa)

D1[-]
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 Vies. 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.

Downhill Simplex (DS) vs NLPQLP (NLPQLP) vs Hooke Jeeves (HJ)

635
630
625
620
615

SP#1 SP#2 SP#3 SP #4

Reisudal Velocity [m/s]

Starting points (Simulation)

EmDS mmNLPQLP mmH) —ABAQUS [Reference]

Downhill Simplex (DS) vs NLPQLP (NLPQLP) vs Hooke Jeeves (HJ)

S LN el w Ll

SP#1 SP#2 SP#3 SP #4

Number of It

Starting points (Simulation)
mmDS ®mNLPQLP mmH) —ABAQUS [Reference]

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 20" 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.

() (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.

L EG E N D T Harizontal (y) direction

Vertical (z) direction

ZABl MAJER —>» Horizontal (x) direction VAJNORSKA
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f il T T T T 1
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‘ | Ethetnet |
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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.

Measurements (month/ year) and air temperature
MI\(I)(]))E 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

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).
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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 Integrita 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. Strojnicky ¢asopis - 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.

-185-



Proceedings IRF2025: 8™ International Conference on Integrity-Reliability-Failure
Track C - Structural Dynamics

[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.

-186-



Proceedings IRF2025: 8™ 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

PAPER REEF: 22435

TRANSPORTATION OF SMALL PARTS ON A PLATFORM EXCITED
IN TWO PERPENDICULAR HORIZONTAL DIRECTIONS BY
SINUSOIDAL VAWES WITH A PHASE SHIFT

Kristina Liutkauskiené'™, Ramiinas Cesnavi¢ius', Sigitas Kilikevi¢ius?
b b

"Department of Mechanical Engineering, Kaunas University of Technology, Kaunas, Lithuania
2Department of Transport Engineering, Kaunas University of Technology, Kaunas, Lithuania
®Email: kristina.liutkauskiene @ktu. It

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 y and i is origin of immovable base coordinate system 2. The
coordinate system of the moving platform is named 2, 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 Ad.

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:
{)( = X, + Asin(wt) 0
Y =Yy + Asin(wt — 1)

where ¢ is excitation time, A is the excitation amplitude in xand y directions, w is the frequency
of excitation, and 7 is the phase shift between the harmonic waves along the x and y axes (in
this case it is equal 7 = /2 for circular motion), yoand 1o - 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:

o 2 . _ kgx

X = Aw” sin( wt) Neeek o
oo 2 o __kgy

y = Aw* sin(wt + 1) Nk

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:

v = Ad/At 3)

where Ad is the distance and At is the travel time. The equations of motion express the position
and velocity vectors of the part with respect to the coordinate system 2.
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RESULTS OF SIMULATION

In order to study the influence of the input parameters p, ®, 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/s>.

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.

o |
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(a) (b
Fig. 2 - Trajectory of movement of the part on the platform, when u = 0.15, A = 0.001 m, @ = 300 rad/s, v = 7/2:
(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 Ak < 2-107* 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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Fig. 3 - Average transportation velocity depending on: (a) excitation amplitude, where x = 0.15; (b) excitation
frequency w, where ¢ = 0.15; (c) friction coefficient u, where w = 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.

_d*G _16,44-80-103_6131v )
~ 8:m-D3 8-7-1193 " "mm (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).
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N
keg =4 -k=4-61,3=245,2% (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.

keq rad
Wy = W = 8,627 (3)
f=-—=137Hz (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).
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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):

Atop  Mins\yw w
PI = [(max G2, My x (CR)™ (1)
Where, CR is the cost ratio, Awp and Aay represent the maximum displacement at the top of the
equipment and its allowable value, respectively. Mins and Man are the maximum bending
moment at the base of the insulator and its allowable value (according to IEEE-693),
respectively. wi and w» 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

Damper Type FVD | FVD | FSD | FSD | WRI | WRI | RFD | RFD | TADAS | TADAS
P M (top) | (base) | (top) | (base) | (top) | (base) | (top) | (base) (top) (base)
PI 0.72 ] 0.76 | 046 | 0.57 | 0.55 | 0.59 0.3 0.43 0.47 0.61

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.
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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 Aratjo 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 | Experimental Frequencies | Relative error
(Hz) (Hz) (%)
1 12.22 12.12 0.82
2 50.68 53.48 5.23
3 63.72 61.15 4.2
4 99.43 96.12 344
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 Aratijo 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.

REFERENCES

[1] Aragjo, D. C. et al. Modal identification of a wind turbine. Procedia Engineering. Elsevier
Ltd, 2016.

[2] Awada, A.; Younes, R.; Ilinca, A. Review of vibration control methods for wind turbines.
Energies, v. 14, n. 11, pp. 1-25, jun. 2021.

[3] He, J.; Fu, Z.-F. Modal analysis. 2. ed. Oxford: Butterworth-Heinemann, 2001.

-197-



Proceedings IRF2025: 8™ International Conference on Integrity-Reliability-Failure
Track C - Structural Dynamics

[4] Moraes, L. F. B. Modeling and analysis of a horizontal axis wind turbine subject to the
action of turbulent winds. Dissertation (Master in Mechanical Engineering) — State University
of Campinas, Campinas, 2019.

[5] Xu, Ziyang et al. A state-of-the-art review of the vibration and noise of wind turbine
drivetrains. Sustainable Energy Technologies and Assessments, v. 48, 2021.

-198-



TRACK - D: Mechanical Design and Prototyping

Mechanical Design

Product Development

3-D Printing and Additive Manufacturing
Fastening and Joining Technologies
Prototyping

Design of Sensors and Actuators
Design for Manufacturing

Eco-Design

Conversion Technologies

Case Studies






Proceedings IRF2025: 8™ 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

PAPER REF: 22254

PREDICTION OF CENTRAL BURSTING IN AXISYMMETRIC
EXTRUSION PROCESS THROUGH DIES OF ARBITRARY SHAPE

Amir Parghazeh (Amir Armani)!®, Yaser Khaledi?, Soroush khaledi*

"Mechanical Engineering, Faculty of Engineering, Razi University, Kermanshah, Iran
2Civil Engineering, Azad university of Mahabad, Iran

3Biomedical Engineering, Tabriz university, Iran

“Email: Parghazeh@gmail.com

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 1is 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.

Initial Design Product ‘ @
Specification Engineering Engineering o o O
Direct Direct o o o 0 @ 1 Onm
e e
— — 00000
Reverse (__ )| Reverse o o O o
Modifications Modifications
Alterations Alterations o o o O o
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
Ryl 385.87

Ry2 405.45

Flx 559.35

Fly 385.87

F1 679.53

F3y -318.58

Fdy 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/mm? 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.

FOS
11,040,972
l 9,937,022
| 881,0m

. 7929125

L 6625175

L 55,227
_am7amr

. 3313328

. 2209379

. 1.105,230
1,481

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 21431 gr 225.14 gr
Maximum tension 208 MPa 256 MPa 43.56 MPa
Maximum 0.22 mm 0.208 mm 0.162 mm
displacement
Deformation 0.00157 0.00145 0.00048
Safety factor 0.265 0.354 1.266

Generation using Al

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 Al-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 Al

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 Al

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 Al optimization.

Fig. 12 - The best option con own optimization. Fig. 13 - The best option con Al optimization.

Figure 14 details the best option with topological optimization.

f f

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, Ecoflex™ 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 52°C 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).

@ o

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 ¢. Then the same
equations are rewritten for a next time step 7+At 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 (Mikelt, 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).
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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 6,, 65, 6, and ys

.. (L1cosB; + L cos0, + Lysinb; = x,

(On x — axis): {Lg sinf@s; — L, sin@, = x4 — X5 M
.\ (Lisin8; — L,sinB, + Lycos 053 =y,

(Ony — axis): {y4 — Lz cos0; —Lycos0, =ys 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:

{XSlide (01,02,05,04,..) = f(61,0,,03,0,,..)
Ysiige(01,02,03,0,,..) = fy(91: 6, 03,04,..)

Here (64, 6,05, 0,,..) 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 7. It can be checked what happens if an increment in time, as t+ 4 ¢; 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 At:

OXsiide 0Xstide 0Xslide
AXSlide(eli 92,03, 94_,..) = (#lld)t X Ael + (#)t X A92 + (#lsd)t X A03+

3)
0Yslide 0Yslide 9Yslide
AYSlide(eli 92, 93,04,..) = (ﬂ)t X A91 + (ﬁ)t X A92 + (%)t X A03+

691 2 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 Az. This

methodology allows the evaluation of increments 46; during time step ¢ for a time increment
At

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:

* 01 has a prescribed time dependent law, so it is not an unknown

* Bearing 4 has prescribed coordinates; respectively x; and x, are given values and do
not change with time

* Bearing slide 5 has a prescribed value on x-axis (it is guided laterally); so x5 is known.
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Unknown ys can be obtained after knowing 0 2, 8 3and 6 4

Next using incremental procedure in Equations (1, 2) new Equations (3, 4) are obtained:

(On x — axis)
Ll COS(Ql + Agl) + Lz COS(QZ + Agz) + L3 Sin( 93 + A93) = .X4 + Ax4

(zero)

L3 Sln( 93 + A93) - L4_ Sln( 94 + A94_) = X4 — Xg + Ax4_ - Axs (4)
(zero)  (Zero)
(On y — axis)
Ll Sln( 91 + Agl) - Lz Sln( 92 + Aez) + L3 COS(93 + A93) = y4 + Ay4
(zero)

Yo+ Ay, — Lzcos(0;+ A03) — Lycos(0, + A46,) = ys + Ays )

(Zero)
It is recalled that values of x4, y, and x5 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:

sin(0 + 40) =sinBcos A0 + cosOsinAl = sinf + cos 6 40
sin(0 + 40) = cosOcos A0 —sinfBsinAl = cosf —sin6 A0

The results lea to a first order Taylor expansion of incremented trigonometric functions as
follows:

sin(0 + A40) = sin 0 + cos 6 A6
cos(6 + A0) = cos 0 —sin0 A0

If time is included as independent variable, equivalent expressions can be obtained:

Sin(Bespe) = sinb, + cosb, x 0, At

coS(O;44¢) = c0sO, — sinb, x 0, At
It can be understood that a next time step, t + At , can result in updating the current system
state (at time t) 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:

—L,sinf, Lscos0; 0 07746, —L,sin 6, A6,
0 LycosB3; —LycosB, 0 |)A65( _ 0 6
—L,cos0, —Ljsin0, 0 01)464( | Lycos6, 46, ©)
0 L sin 6, Lysinf6, —11\Aysg 0

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
L, =0.1m
L, =0.5m
L; =0.5m
L, =0.5m

Initial values, increment considered is /10
0:=-3.1415927 6,=0.08728
05;=0.17456 0,= - 0.15
46,=0.3141592700 Ays=0

Table 1 - Slide displacement values in m.

0 Ays
/10 0
2m/10 0.012
3n/10 0.024
41 /10 0.025
Smt/10 0.006
6m/10 -0.015
71 /10 -0.025
8m/10 -0.024
91t /10 -0.015

T -0.005

The code used allows to calculate with different increments. Figure 3 shows the displacements
obtained with increment defined as 7 /20.

0.0251

\/‘T
—0.025

Fig. 3 - Slide displacement ys obtained (in m).

—o.00d S~— —

Fig. 4 - Respective slide velocities obtained.
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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.

Parameters Airbus Kzo* Hesa Ababil-3* Yarara* Rheinmeta 11 Luna* UAVOS Sitaria*
Gross Weight, kg 161 123 40.5 110 45
Wingspan, m 3.42 5 3.98 5.3 5.16
Maximum Speed, km/h 220 200 166.68 153 140
Maximum Speed, m/s 61.11 55.56 46.30 42.50 38.89
Maximum Speed, Mach 0.18 0.16 0.13 0.12 0.11
Range, km 140 100 50 100 120

* 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.

Mission Profile Consideration

1 Flight Maximum Velocity 45 n/s
2 Flight Maximum velocity 216 km/h
3 Flight Maximum velocity 0.13 Mach
4 Gross Weight 80 kg
5 Range 80 km

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.

1 Type Monoplane

2 Location Mid Wing

3 Airfoil NACA2412

4 Wingspan (b) 3.16 m
5 Tip Chord (CT) 0.79 m
6 Root Chord (CR) 0.79 m
7 Mean Aerodynamic Chord M.A.C (C) 0.79 m
8 Area of the Wing (S) 2.50 m2
9 Aspect Ratio (AR) 4.00

10 Taper Ratio (A) 1

11 Wing Loading (W/S) 171.68 N/m2
12 Volume of the Wing (Volwing) 0.16 m3

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.

S. No Analytical Result Numerical Result
Lift Co-efficient (CL) 0.101179 0.1604
Drag Co-efficient (CD) 0.018824 0.0195

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.

Ansys by T Ansys

2024 R2 2024 R2

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 FSIis 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.

a)

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.

a)

)

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
Tteration 1 Shell, two ribs 14.793
Iteration 2 60 Aluminium Alloy 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

-228-



Proceedings IRF2025: 8™ International Conference on Integrity-Reliability-Failure
Track D - Mechanical Design and Prototyping

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 UAV's, 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, Al and
robots somehow had gotten intertwined into a perceived systems where Al 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 Al and robotics, and a platform
for advanced robotics and Al research”. (https://www.hansonrobotics.com/sophia/ retrieved on
15 December 2024). Will Als 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-Al interaction, reliability and trust.

INTRODUCTION

Opportunity to find answers to the question of interacting with ‘formless’ Al 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 Als. This takes one to the question on
how should/could humans interact with omnipresent Als if and when the Als evolve into
omnipresent entities.

SIMULATING DESIRED COMMUNICATION THROUGH EXPERIMENTS.

The authors are at present testing their proposal for a ‘natural communication” with omnipresent
Al through simulation of an autonomous vehicle, testing both the emerging capabilities of Open
Als 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 Al which can interact directly with human users and with the
anticipation of omnipresent Als 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
Als. 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 Als.
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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.
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Fig. 1 - Left: Interim storage at Ascé (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 pum, 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 (Figurel).
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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 e. 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 SiO; 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% SiO- particles. It is hypothesized that
the addition of SiO; 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
Si0O> in the dust was larger than that of clean grease. Assuming a wear tolerance life L,, = 340
um 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 SiO> (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 %
Si02 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 % SiO; particles. However, the grease with 0.2 wt % SiO» 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.
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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).

Micro-switeh
activation lever

Indicator spring
Guide cap
Positioning mechanism —

Micro-switch

Activation wire

Fuse element 2 "

\

Fuse —

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,
F =F (u, th, fy,t,7,h) (1)

where u, 14, (,,t,r 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).

' Prescribed manufacturing procedure

(a)

Influence of initial position of the
activator spring

Influence of friction coefficient

FiM

Micro-switch

activation lever

Position 2 Position 3

s
5 mm Activator spring Position 1
1 2 3 4
il
® (d)
,_J—. * A
- Estimated | 8
S, Mises [MPa] reliability for
) = activation of the | -
739 = micro-switch g
35? Guide cap =0 =
370
246

) 01 0.2 0.3 0.4 0.5 0.6
Jﬂ x FIx]

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.

7

The contacts between the parts allowed for the transfer of normal and tangential loads with
prescribed coefficients of friction in prescribed range between 4,4, =0.1and 4,4, =0.4.

Elastoplastic material properties of a r=0.11 mm 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, yield stress o, =1114 MPa and tangential modulus
E, =1292 MPa. 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
u=0.76 mm, « =3.0 mm and u = 3.5 mm, 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 £/, i, =0.4 to 4, 1, =0.1, 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 R, is calculated with respect to the observed indicator spring force at position

3, F,,as

R =|f(F)dF 2)

s

where the probability density function of the micro-switch activation force f (F ) is described

by a two-parametric Weibull distribution function f (F ) =f, (F ,0, ,6’) with parameters
€=0.22 N and B=11.5, then a value R, =1 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
(Mufioz 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

Easily separate a product into

Disassemblability and components, enabling repair, | (Mesa, Gonzalez-Quiroga, 2023)
Reassemblability refurbish, remanufacture and | (Mesa, 2023)

upgrade

Ensure a product lasts, allowing it | (Mesa, Gonzélez-Quiroga, 2023)
Durability/Longevity to be reused and having multiple | (Paul et al., 2024)

lifetimes (Mesa, 2023)

Allow components to be added, | (Mesa, Gonzdlez-Quiroga, 2023)
Modularity removed or exchanged to modify a | (Paul et al., 2024)

product’s functionality (Mesa, 2023)

Allow individual parts
Identifiability (components, - fasteners) and | b 1oy 2004

function and condition (wear,
contamination) to be determined

Facilitate the separation of
components from the rest of the
product by having fasteners and
Accessibility components accessible, to loosen | (Paul et al., 2024)
connections during disassembly —
position, depth, arrangement and
orientation are critical factors

Ensure the required
Manageability disassembly/reassembly tasks are | (Paul et al., 2024)
based on human body capacity

Use standard parts and low

diversity (few materials and low (Paul et al., 2024)

Standardization model diversity) as well as
standardizing fasteners, tools and (Mesa, 2023)
components

Make it easy to components from
Separability each other (eg: detach fasteners | (Paul et al., 2024)
from components)

Have products suited for cleaning,
Cleanability resistant to chemicals and high | (Paul et al., 2024)
temperatures
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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 (Figurel). Initially, there was a
systematic literature review on the relevant topics, which led to the formulation of the respective
research question.

Phase A Phase B Phase C
Brainstorming
activities
Literature Review > Research ., Architectureand _ Methodology . ClleSMytﬂ;tlﬂl
Questions concept definition development pre-validation
Brainstorming

activities

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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ReDesignFX
Scenario A (New Scenario B
Product Redesign) (instance-based)
Specifications
Product (Series of)
Product (Series of)
Requisites; Gocs to Engincering

Specifications. Dept.

Design New Version/New
Model

Design-for-X

Circular Economy R's

Designed for R-Extension
Strategies:

« Design-for-Disassembly;
«Design-for-Retrofit/Upgrade;
+Design-for-Repair;

« Design-for-Refurbish;
«Design-for-Remanufacturing;
« Design-for-Maintenance;
«Design-for-EOL;

Specifications

Design
Assessment/Verification

Designed new Modules or
Systems:

« Design-for-Disassembly;
«Design-for-Reuse;

+ Design-for-Repair;

« Design-for-Retrofit/Upgrade;
* Design-for-Remanufacturing;
+ Design-for-Maintenance;
«Design-for-EOL;

«Design-for-Recycling *Design-for-Recycling

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 (Varady 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; Muioz 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).

£

(©) (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.

Cartesian Robot
Machine
. Product |
[
l | | l
Trar:;izrsal Vertical Axis Wrist Extraction Axis
| System1 | L System2 | L System3 | L _| System4

Belt Driven
Mechanism

| Module2.1 | L[| Module22 | L Module2.3 |

Balance Bar Servo Motor

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:

(1)  Using only irreversible joints;

(i1)) Using a mix of reversible and irreversible;

(i11) Using only reversible joints;
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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);

(11)) 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;
(i1)) Mix of standard and specialized equipment and tools;
(ii1)) 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:

(1)  Spare parts very low availability — very low access to spare parts, that are no more
produced or very hard to reach.

(i1)) Spare parts low availability — low access to spare parts, that are no more produced
or hard to reach.

(i11) 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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(1i1)) Medium material parts robustness — Medium material strength or durability in the
context of repairability.

(ii1)) 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.

(1) Very low information availability — very low access to product information and its
parts, either in digital or non-digital format.

(i1)) Low information availability — low access to product information and its parts,
either in digital or non-digital format.

(i11) 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
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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.

ReDesignFX Scorecard Modular Product-System Breakdown
Product Modules (Mi.j) » M2.1 M2.2 M2.3 Belt Driven SYSTEM 2
¥ Design Variable (DV k) Balance Bar Servomotor Mechanism Vertical Axis
Xdmension: | NEHectNEness| | 336 | [ ome  J|[_e7% ]
Disansmbly Efficiency | 100% || 82% || 100w ||| 94w |

- Joint / Union Type | _l 100% || 100% |

- Standard tools use | | 100% | | 100% | | 100% | | 100% |
. IE Joint / Union Type | | Design Fail | | 67% | | 100% | | 83% |
(2]
g IE Components accessibility | | Design Fail I I 80% | | Design Fail | | 80% |
e
i | DV3 Standard tools use | | 100% | | 100% | | 100% | | 100% |

Effectiveness Legend I:I 100% - <100%
Efficiency Legend |:, 100-90% - <40%
R

Fig. 6 - Design-for-Disassembly performance of current (reversed engineered) robot machine design.

ReDesignFX Scorecard Modular Product-System Breakdown
Product Modules (Mi.j) » M2.1 M2.2 M2.3 Belt Driven SYSTEM 2
¥ Design Variable (DV k) Balance Bar Servomotor Mechanism Vertical Axis
AR Efficiency \ 60% ] I 91% l ‘ 80%

Ease of disassembly (DfD) ‘ _ 100% _
Availability of spare parts ‘ [ 100% ] _ _
Material robustness ‘ — ’ 100% I [ 100% }
Repair information ‘ _ _ —

’D\H Ease of disassembly (DfD) ‘ ‘ Design Fail ‘ ‘ 82% ‘ ‘ Design Fail ‘ ‘ 82% ‘
g ‘DVZ Availability of spare parts ‘ { 60% ] ‘ Design Fail ‘ ‘ Design Fail ‘ I 60% ‘
% ‘D\ﬂ% Material robustness ‘ ‘ Design Fail ‘ [ 100% ‘ { 100% ‘ [ ‘
ID\M Repair information ‘ ‘ Design Fail ‘ ‘ Design Fail ‘ ‘ 60% J l 60% ‘

Effectiveness Legend 100% - <100%
Efficiency Legend [:100—90% - <40%

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.

ReDesignFX Scorecard

Modular Product-System Breakdown

Product Modules (Mi.j) > M2.1 M2.2 M2.3 Belt Driven SYSTEM 2
4 Design Variable (DV k) Balance Bar Servomotor Mechanism Vertical Axis
S Eion: e 100 [ 100% [ 100% . 100%
Disassembly Efficiency | 93% | 93% | 93% | 93%
o v Joint / Union Type | | 100% || 100 || 100% | 100%
% |‘DV2 Components accessibility | | 100% ‘ ‘ 100% ‘ ‘ 100% ‘ 100%
& B  sencaroosuse | [ 100 [ 100 [ 100% | 100%
- ‘D\ﬁ Joint / Union Type ‘ ‘ 100% H 100% H 100% ‘ 100%
o
2
g ‘sz Components accessibility ‘ ‘ 80% ‘ ‘ 80% ‘ ‘ 80% ‘ 80%
e
.
"" ‘DV:! Standard tools use ‘ ‘ 100% H 100% H 100% ‘ 100%
Effectiveness Legend I:lmo% - <100%
Efficiency Legend |:|100—90% - <40%

Fig. 8 - Design-for-Disassembly performance of redesigned robot machine design.

ReDesignFX Scorecard Modular Product-System Breakdown
Product Modules (Mi.j) > M2.1 M2.2 M2.3 Belt Driven SYSTEM 2

¥ Design Variable (DV k) Balance Bar Servomotor Mechanism Vertical Axis

X dimension: _ ‘ 1o0% ‘ ‘ ohse ‘ ‘ o ‘ ‘ il ‘

Eopatr Efficiency ‘ 93% ‘ ‘ 93% ‘ ‘ 93% ‘ ‘ 93% ‘

'.:in’i;ﬂj Ease of disassembly (DTD) ‘ ‘ 100% ‘ | 100% ‘ ‘ 100% | | 100% ‘
g ’m Availability of spare parts ‘ ‘ 100% ‘ | 100% ‘ ‘ 100% | | 100% ‘
% ova Material robustess ‘ ‘ 100% ‘ | 100% ‘ [ 100% | | 100% ‘

‘w& Repair information ‘ ‘ 100% ‘ | 100% ‘ ‘ 100% | | 100% ‘

‘DVI Ease of disassembly (DfD) ‘ ‘ 93% H 93% H 93% | | 93% ‘
; ‘ DvV2 Availability of spare parts ‘ ‘ 80% ‘ I 100% ‘ ‘ 80% | | 87% ‘
-
7]
E [ow Materiatrobustress | | 100% || 100% || 100w ||| 100w |
w

‘ Dva Repair information ‘ ‘ 100% ‘ | 80% ‘ ‘ 100% | | 93% ‘

Effectiveness Legend l:lml)% - <100%
Efficiency Legend I:lmo—so% - <40%

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 M?2.2). 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):

S 2
L, = (Z+r—rcosa)2+(X—E—rsina) (1a)

S 2
L, = (z+r—rcosa)2+(X+E—rsina) (1b)

where: tana = X/z; X=x,-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; Xo 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 to is time zero; t;, 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).

V4z2+52
by —ty = Ve (2)
Ly+L
ti—to === 3)
N

Substituting Eq. (1) and Eq. (2) into Equation (3) results in producing Eq. (4).

S . 2 s . 2
(z+r-rcosa)?+(X—-=-rsina) +_ [(z+r-rcos a)?+(X+=—rsina
2 2

ti = (tp = to) Ve

tty @

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)

Two-way
travel time

Depth

l¢

Hyperbolic
reflection

(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:

ti ~ Ax*+ Bx3 +Cx*+ Dx +E ®)
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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 x, coordinate
represents the horizontal position of the rebar, whereas t, corresponds to its depth. The peak
coordinates (tp and X;) can be identified by solving the first derivative of Equation (5).

dat;
—=0 6
— (6)
Distance (mm)
0 20 40 60 20 100 120
1.5
1.595
2
=
o 205
E
A o I |
215 |
_— y=-1.323E-09%" + 2.645E-07x% + 7.490E-05x%> - B.813E-03x + 2.158E+00
- R? = 1.000E+00
—e— Parabolic shape = = = Poly. (Parabolicshape)

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).
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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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Table 1 - Rebar diameters and depths for S1 slab.
Rebar Designed depth Calculated Diameter/ Depth
No./Diameter (mm) diameter/depth differences (%)
(mm) (mm)

#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.

Horizontal Distance (mm)

Fig. 8 - Radargram of the real bridge beam.
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Diameter (mm)
Fig. 9 - R? 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 x 24 x 30 inches (length x width x 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 (W5x19). 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 3x3 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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Fig. 3 - Three-dimensional view of testing system.

Table 1 - Threaded rods’ properties.

Properties Value
Diameter (in.) 1.0
Cross section area (in.?) 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

8-node solid elements \I

“ Interface elements l

Supports

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.
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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 O 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.
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Fig. 6 - Comparison of forces in the rods (a-b).
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ABSTRACT

This paper presents a routine for damage detection based on Artificial Neural Networks
(ANNSs). 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 (ANNSs).

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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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 (fiaamaged mode1). Table 1 shows a
comparison between the numerical and experimental frequencies from second test (fiest2).

Table 1 - Comparison between the numerical (damaged model) and experimental frequencies from test 2.

Experimental flexural mode shape frest2 (Hz) Jfdamaged model (HZ) Difference (%)
1 1.616 1.612 0.25]
2nd 3.284 3.225 1.80 |
3w 5.405 5.453 0.89 1
4t 8.408 8.367 049 ]

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.
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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 $eleTag $Nodel ... $Node8 $A $SE $G $Iz $g $p $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
P (kg/m?) 7850
Ldamage micro (M) 0.003
A (m?) 0.0018
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O O O Q O O O O O Epring (Pa) 6.67TE+8
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Fig. 1 - Location of micro-damaged elements along girder span.
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Fig. 2 - Plot of B 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 1is 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 DSO 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.
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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 facade, 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 facade. 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/m>. 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.

(b) (©)
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 Sao 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 Sao
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 Sdo 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 Sao 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
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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 Sao 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 Sdo 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%, tollowed 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- 1950- 1960- 1980- 1990- 2000- 2006- 2009-
1940 1949 1959 1979 1989 1999 2005 2008 2010
14.6 2.0 52 11.8 11.8 10.2 8.6 22 0.4

The residential building stock in Sao 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.

200
174
77
a1
. .
0 1 2 3 4 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; D
Unknown
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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.

.. Year of construction of the buildings / o
Type of resisting Nature of last Rehabilitation or ¢ Vulnerability
System Strengthening class
Reinforced concrete / | Before 1959 C
Metallic
From 1960 to 1979 B
From 1980 A
Stone masonry with Before 1959 D
ithout tar;
o Withoutmortar; From 1960 to 1979 D
Unknown
From 1980 D
Stone masonry with Reinforcement of structure with braces A
or without mortar; Reinforcement of structure with walls”
Unknown reinforcement

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
—=<9 A
s
9<—<15 B
s
h
15<—<20 ¢
s
—> 20 b

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
Between two buildings of A
equal size
Between two larger B
buildings
Between two smaller

Single-family row house buildings D
Between two unequal- C
sized buildings
1 smaller building C
1 larger building B

Single-family isolated dwelling house A

Single-family connected house

Table 8 - P6 Horizontal diaphragms.

Horizontal diaphragms Vulrg;&slsility
Solid slab
Slight slab
Flat slab
Metallic A
Mixed
Slab
Wood floor structure C
Unknown
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 B
roof
Slab + Roof with more than two parts C
A, B, C + Predominant type of
resistant structure (Stone masonry, D
metallic)
Flexible roofing system + Roof with C
more than two parts

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
Oorl A
2 B
3 C
4or5 D

Finally, the vulnerability index was determined.

Table 11 - Vulnerability index.

Class C,; Weight | Vulnerability index
Parameters 8
A |B |C |D pi Ip*:zcvixpi
i=1
1. Structural building system
P1 Type of resisting system 0 5 20 |50 1.50

P2 Quality of the resisting

0 5 20 | 50 2.50
system

P3 Maximum slenderness of

. 0 5 20 | 50 0.75
resisting walls

P4 Number of floors 0 5 20 | 50 1.50 0<I,” <5375

2. Interaction

Normalized index

P5 Household position 0 5 20 | 50 1.50 0<1l, <100
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 I,
Very low 0-20
Low 20-40
High 40-60
Very high >60
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The mean damage grade (MDG, up) of a building subjected to a certain seismic intensity, /,
according to the macroseismic scale, can be calculated as below (Ferreira et al., 2008):

Up = 2.5(1 + tanh(I + 6.25V; — 13.1)/2.3) (1)
with V;j given by [3]
V' =0.592 + 0.0057 x I, (2)

and the vulnerability index I, 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.

268

ll-lll

<30 33-40 40-43 43-30 50-33 33-30

Vulnerability index
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 Sdo 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 Sao 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 up=1 and up=2 for moderate to high intensities (/=VII
and /=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 pp=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% (D0S5) 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
x 50 mm x 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.

. Cement | Sand | Water Silica D-GSH Sul?e.r ) Water-to-
Mixes (%) (%) (%) fume (% by sand weight) Plasticizer 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

w
o

- —5%SF
Time o ~—0.3% D-GSH
Date Syrup N, Atmosphere 240 —0.5%D-GsH
a
Date coated sand E 30
Date based graphene -0';,'
sandhybrid (DGSH) | o)
2 20
"
g
£ 10
]
Q
0
0.00 0.02 0.04 0.06 0.08
0.3% D-GSH 0.5% D-GSH Strain (mm/mm)

(b) (c)
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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o

() (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 °C, close to the presented solution by the authors [7] of
20-911°C. 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. Temperatures in cross-section,
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Fig. 2 - Thermal model in unprotected connection, results and temperature calculation.

-297-



Proceedings IRF2025: 8™ International Conference on Integrity-Reliability-Failure
Track E - Civil Engineering Applications

Mechanical model. Mechanical model.
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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.

MPa MPa

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. Temperatures in cross-section,
(Red — gypsum, Blue — wood, Violet — steel) 1800s 3600s

| 4

3D protected model (V4 mesh) Temperatures in the connection, 3600s

20
122.556I
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532. 77[11
635.333)

20 - 943°C
Temperatures in wood material, 1800s Temperatures in wood material, 3600s

44,444

206,667

WI

20 - 300°C

Temperatures in steel dowels, 1800s Temperatures in steel dowels, 3600s

NSNS A

:aa.?sal

41.6 - 183.8°C

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
1000

900 T

800 m—
L0 T E— 5l I A S D— L
600 -
500 s
400 | ¢

300 |

200

Temperature, °C

100

0 10 20 30 40 50 60 seeeee

Time, min
~ =TopWood unprotected - = ExternalDowel unprotected = =InsideDowel unprotected

20 - 300°C

——TopWood_protected ——ExternalDowel _protected ~ ——InsideDowel protected

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 °C. 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 °C and the gypsum temperature is still below the
degradation temperature of 700 °C in the material [14]. Inside the connection, the temperature
is less than 100 °C in the protected connection compared to the unprotected connection, which
is more than 200 °C. 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
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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.

-303-



Proceedings IRF2025: 8™ International Conference on Integrity-Reliability-Failure
Track E - Civil Engineering Applications

pprox1mate tower

‘ / t ollapsed area |

\ _p.proximate pool dec_k‘

: .collapsed area - @

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 (Vq) divided by punching shear capacity (V.) 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)

Va / Vc(ACI 318)

0.77

0.74

V4 / 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 p-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.

Yellow regions : Aggregates
Green regions : Cement
Blue regions : Voids

Black regions : Voids
White regions : Other materials

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 alocal 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].

1 di(tx) .

TR Veu (t,x) =qinQ

u (.,0) = (1)
d, (t,x)

udt lt—0 =10

u (x, t) |SQ =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 u,,¢ and the synthetic seismograms Uy,¢q, both measured at receiver locations.

T

minJ = jj (Uprea (€, t, X) — Upps(t, x))?8 (x — x,)dxdt
Q
0

1 d*Upreq(t,x)
C? dt?
Uprea(-,0) =0 (2)
dupred(t' x)

dt
upred(x: t)ldﬂ =0

Cnin < ¢ < Cpax (Equation 2)

— VUprea(t,x) = q in Q

|t—0 =0
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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:

L (upred (c;t,x),c, /11,, /12,/13,/14,) =

f f (upred(C; t,X) — Upps (L, X))Z(S(x — x,)dxdt +
Q
0

T

1 d? upred(t x) dupred(t' x)
jf (Cz e — VUpreq(t,x) + n——— 4 dxdt +
0

- fOT fﬂ Azupred(orx)dxdt - fOT fg /13
J— ATF G

dupred(t x)

T
le—o dxdt — [ [, Uprea(t, X)dxdt =

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
variablesuy,.q and design variable c to be equal to zero.

aL aJ r OF

L upred (upred (C; ¢, X), o Al,' 12,13,14;) = aupred - aupred — A GUpred =0 (4 a)
oL _ 9] oF
L (Uprea(cit, ), 6,41, 243 48) = 5= = === A" —=10 (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)):

1 d?2,(t,x)
2 dt?
M(T,x)=0
A2, (¢, x)

dt
1 (T,x) s =0 (5)

- Vz/ll(t’x) = Upred — Uobs

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  with an initial estimate ¢ =
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 dpeq
represents the receiver values for the initial model. In this work, the values of dobs d ;s and
dpreq Were very close to zero.

Consequently, the objective function ( d,ps — dpred)zreached 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 O 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 (Vp) widely reported in specialized literature: Vp = 5.5 Km\s for
igneous/metamorphic rocks, such as granite, and Vp = 3.3 Kms 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.

Nfonte =1

Nrecep tor=5

Domain dimension.

Shape = (101,101)
Spacing= (0.01, 0.01) cm
Origin= (0., 0.)

Time

TO = 0
Ty = 0.9 (milissegundos)

Frequéncia Ricker

FO =30Hz

Domain velocity (high velocity contrast).

Viocha = 5.5 km™1
Vfratura =03 km_l

Domain Types and Fracture

Circular inclusion, Fracture Vertical and Fracture

horizontal

Table 2 - Simulated models and dimensions of their internal structures.

Vhom (km s™1) Viet (km s™)
X=1cm; Y=20cm 5.5 and 0.3
X=20cm; Y=1cm 5.5and 0.3

Model and Dimensions

Model 1 (Horizontal Fracture)
Model 2 (Vertical Fracture)

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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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
Im x Im, 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.
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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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Fig. 4 - Model 2: Vertical Fracture. (a) True model with sources and receivers, (b) initial
model, and (c) result of FWI inversion.
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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°C rise in temperature increases
wind speed by an average of 8.6 m/s, and a 4°C 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 Al, 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 42
the SPSMI1 specimen

are shown in Figures.1 J__
and 2, respectively.

These figures show that
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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 x 2-face width 17mm x height 8