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Abstract: Over the past decade, several types of composite slim floor constructions have been used in
multi-storey buildings in Lithuania. In order to study the efficiency of composite beam application
in steel-framed multi-storey buildings, Thorbeam (A1), Deltabeam (Aj), slim floor beam (A3) and
asymmetric slim floor beam (A4) were chosen and evaluated according to nine assessment criteria
(beam cost (K1), initial preparation on site (Kj), installation time (K3), complexity of installation
technology (K4), labour costs (Ks), fire resistance (K¢), load bearing capacity (Ky), beam versatility
(Kg), and availability of beams (Ky)). First, the significance of the rating criteria was selected and the
order of the ranking criteria was obtained (K;>K7>K3>Kg>K4>Ks5>K;>Kg>Kg) by means of a survey
questionnaire. Second, the beams were ranked according to the points given by the questionnaire
respondents as follows: 160 points were given to A, 144 points to Aj, 129 points to A4, and 111
points to As. Deltabeam is considered to be the most rational alternative of the four beams compared.
Calculations done using the Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS)
analysis method revealed that composite beam A, was the best slim floor structure alternative for an
eight-storey high-rise commercial residential building frame, A; ranked second, A4 ranked third, and
Aj ranked fourth. In addition, the four composite beams were compared to a reinforced concrete beam
(As) according to three assessment criteria (beam cost including installation (C;), beam self-weight
(Cy) and fire resistance (C3)). Deltabeam was found to be efficient for use as a slim floor structure in a
multi-story building due to having the lowest cost, including installation, and self-weight, and the
highest fire resistance compared to other composite beams studied. Although Deltabeams are 1.4
times more expensive than reinforced concrete beams, including installation costs, they save about
2.5% of the building’s height compared to reinforced concrete beams.

Keywords: composite beam; Deltabeam; Thorbeam; slim floor beam; asymmetric slim floor beam;
reinforced concrete beam

1. Introduction

Architects, engineers and project managers face many challenges while implementing a building
project from its conceptual sketch to the ultimate completion. One of the most crucial tasks is to build a
structure of the highest quality in the shortest possible time. A well-defined construction schedule,
modern technologies, materials used and skilled employees help to overcome this challenge. In order
to speed up the building process and at the same time to ensure the quality of construction works, an
exceptional solution has emerged, i.e., composite beams. Due to their fast installation and adaptability
to any architectural solution, composite beams are currently applied worldwide.

Slim floor structures have become popular throughout Europe in recent years due to the possibility
of building a steel-concrete floor construction of minimum depth. Several types of composite slim
floors have been developed with a variety of applications in commercial and residential buildings,
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hospitals, schools, etc. Composite construction is also a common structural solution for multi-storey
buildings in Lithuania. Today, steel construction manufacturers in Europe can offer different types
of slim floor beams to their customers, for example: the Deltabeam, Thorbeam, slim floor beam and
asymmetric slim floor beam. The height and width of the beam can be customized according to
customers’ requirements. Slim floor systems in multi-storey buildings in Lithuania are used due to
several advantages, such as additional room height, a lower number of columns, more architectural
freedom, lower heating and cooling costs, space saving for installations, fast and safe mounting, etc.

Slim floor system is the main term employed to describe a type of floor construction where the key
component is the steel beam contained in the slab and thus determining the depth of the floor deck [1,2].
The advantages of such a system are low floor height, fast construction on site, compatibility with
concrete or steel-framed buildings due to various joining systems, compatibility with prefabricated slab
and cast-in-situ concrete slab, and efficient fire resistance. However, compared to other conventional
steel and composite constructions, the application of the composite slim floor has been limited in many
countries by the lack of design specifications and practical analysis procedures [3]. During the last
decade, attempts have been made to develop computer-based methods to predict the behavior of
composite beams. The development of numerical methods for analysis of reinforced concrete structures
positively influenced the prediction of structural behavior [4].

The use of composite slim floor systems requires good comprehension of the behaviour of all
structural components in the system, of steel-concrete interaction, and of beam-to-column connection.
Researchers Limazie and Chen [3] found out that the thickness and the yielding strength of a steel
bottom flange will affect the strength and stiffness of the beam the most, while the thickness and the
yielding strength of the encased steel web and the strength of the concrete have little influence on
the beam’s strength. The estimation of the flexural stiffness and bending capacity of composite slim
beams is rather complicated due to the influence of many factors, i.e., section dimensions, and the
development of cracks and non-linear characteristics of concrete should be taken into account [5].
According to Dai et al. [6], the recommended optimum dowel pinhole diameter for the described
slim-floor beam system is from 80 to 120 mm. The 100 mm dowel pinhole might allow the beam
system to have the best load-bearing capacity and structural performance regardless of whether rebar
shear connectors are used or not. The author also pointed out that the higher the concrete strength, the
higher the load-bearing capacity the composite beam system may reach. Transverse bars that passed
through the holes in the steel beam web proved to be effective shear connectors and the size of the web
hole affected the overall resistance [7]. The authors Baldassino et al. [8], in their research, highlighted
that creep effects did not influence the ultimate behaviour of the beam with the adopted geometric
layout. Strain measurements recorded across the width of the slab at mid-span revealed that shear-lag
effects played an important role in the flexural response.

For the last two decades, several researchers have studied the fire behaviour of composite
beams [9-16]. In terms of structural performance of a frame or a structure, the connections are
inevitably the most critical parts of the system [9]. The load carrying capacity of the joint is categorized
on the basis of five parameters: the flange width, the web height, the wall thickness and the corners of
the console, and the gap between the beam endplate and the column face [10]. The connections in
composite beams are fully encased in concrete and thus they retain the most of their strength during
fire [11]. The fire resistance of steel beams increases from 60 to 90 min depending on the behaviour of
the connection. Ellobody [12] found that fire resistance due to the use of stainless steel beams increases
with the increase in the load ratios during fire. The predicted temperatures of a composite stainless
steel beam near unexposed surface were considerably lower than the temperatures of a composite
carbon steel beam. Braun et al. [13] proposed a simplified method to calculate the steel temperatures
and bending resistances for slim-floor beam sections. Based on the derived temperature distribution,
the bending resistance for steel and steel-concrete composite cross sections can be calculated for fire
resistance classes R30, R60, R90 and R120. An effective way to improve the fire bending capacity
of slim-floor composite beams is to use retarding materials that delay heat evolution at the bottom
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steel plate [14]. According to authors [15], fire reinforcements in slim-floor beams are very effective in
increasing the fire resistance because fire reinforcements are able to effectively back up the fire-damaged
lower flange. Reinforcing bars combined with lightweight concrete or the increase in the bottom plate’s
thickness may contribute to improving the fire resistance of slim-floor beams [16].

Tests on bare steel and on composite connections [17] showed that the composite connection
behaved as a semi-rigid connection and the bare steel connection behaved as a nominally pinned
connection. A significant contribution of the slim floor to the moment capacity of the shear connection
was observed. Researchers Derkowski and Skalski [18] reported that the change in the static scheme
of a freely supported beam on the three-span continuous beam and the use of post-tensioning made
it possible to finally obtain a ceiling with a thickness of 40 cm, based on the columns arranged in a
grid of 9.00 x 10.20 m. The larger spans of Deltabeams and slightly overdesigned size of hollow core
units in combination with reinforced top concrete membrane give a high enough value of the first
natural frequency of the floor in the range of 4 to 5 Hz and response factors R lower than 1.0 [19]. The
sensitivity of slim floor system to vibration show that Deltabeam slim floors behave as low-frequency
floors and can be used in residential and office buildings. The authors Chen et al. [20] found out that
composite shallow cellular floor beams composed of an asymmetric I section and an inverted T section
behaved elastically when the service limit state was reached and up to the yielding initiation in the
bottom flanges of steel beams.

Kravana and Silih [21] compared the self-manufacturing costs for both types of structures and
found out that composite beams I were economically appropriate at higher values of variable loads,
while composite trusses were viable at lower loads. The comparison, however, was very dependent on
the cost of the steel used.

The literature review revealed that emphasis is placed on the performance of slim floor structures,
the type of composite beams, connections or joining systems, resistance to fire and application in a
wide range of buildings. No emphasis on the need for an assessment criteria system, which would
enable the determination of the choice of available composite beams for construction according to their
advantages, was found. The work presented in this paper aims to find out the efficiency of composite
beam application in multi-storey building frames and the main ranking criteria that determine the
choice of the composite beams examined. In addition, a comparison between the application of
composite beams and reinforced concrete beams in a multi-storey building frame was also performed.

2. Materials and Methods

The literature review showed that the improved efficiency of a building frame with composite
beams is related to the extended span range of the beams, flexible layouts of the space, increased spatial
efficiency with slimmer floor structure, and improved usability with less vertical components. To
analyse the ways of improving the efficiency of the building frame using a slim floor system, four types
of composite beams were selected for the study as alternatives: Deltabeam, Thorbeam, slim floor beam
and asymmetric slim floor beam (Table 1). The effectiveness of composite beams used in multi-storey
buildings was determined according to the algorithm given in Figure 1. A questionnaire survey was
conducted after different types of composite beams were chosen by employing the algorithm. The
aim of the questionnaire was to determine the priority ranking and significance of the evaluation
criteria, which define the choice of composite beams. The evaluation criteria for the survey were
selected based on previous studies summarizing the potential use of composite beams in construction.
The survey respondents were asked to determine the significance of evaluation criteria to obtain the
order of the evaluation criteria. The survey also included questions aimed to collect expert opinions
about the application of composite beams in multi-storey buildings in Lithuania (Table 2). Based
on the literature review, four alternatives of composite beams that can be used in construction as
steel-concrete composite beams were analysed in the survey. The most rational type of the composite
beam was determined from the alternatives compared.
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Figure 1. The algorithm of the efficiency of composite beam application in a multi-storey building frame.
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Table 1. Four types of composite beams chosen for the study.

Alternatives Description Principle Scheme

A “Thorbeam” is a thin slab conception created in Scandinavia;
1 it consists of two channel sections welded to a flat plate.
i/ 1\

A “Deltabeam” is a composite beam system created in Finland;

2 it consists of a steel web section welded to a flat plate.
“Slim floor beam” is a solution invented by the British
Az Construction Institute; it consists of a universal steel column
section welded to a steel plate.

“Asymmetric slim floor beam” is also a British invention
consisting of an asymmetric hot-rolled steel beam.

- H

Table 2. Initial information presented to the interviewees of the survey.

Evaluation in Points

Optimization Direction of Criteria (from 1 to 10)

Z
o

Evaluation Criteria

Min Max

K1, Beam cost, EUR
K2, Initial preparation on site, points
K3, Installation time, hours
K4, Complexity of installation
technology, points
K5, Labour costs, hours
K6, Fire resistance, min
K7, Load bearing capacity, points
K8, Beam versatility, points
K9, Availability of beams, points

O 0N ONUl R WN =
X X X X X

X X X X

The efficiency of composite beam application in multi-storey steel-framed buildings was measured
using the following evaluation criteria:

Kj—Beam cost, EUR. Manufacturer’s price for a beam depending on the technical parameters of
a building;

Ky—Initial preparation on site, points. Additional work/equipment required prior to beam
installation, i.e., installation of additional formwork, hoists/towers, welding equipment, preparation of
beam supporting constructions (cleaning, extra concreting), selection of installation specialists, etc.;

Ks;—Installation time, hours. A period of time, during which the construction is fully assembled
(excluding finishing works), i.e., from the beginning of beam installation until the moment when the
beam can perform its main supporting function;

K4—Complexity of installation technology, points. The complexity of installation is influenced by
the primary preparation on site. If the site needs more preparation works and beam installation requires
more specific knowledge (special instructions from the manufacturer) then the beam’s installation
becomes a relatively complicated process;

Ks—Labour costs, hours. The number of man-hours necessary for the beam’s installation
(excluding finishing works);

K¢—Fire resistance, min. Fire resistance defines how a construction product can withstand the
determined loads during a specified period of time;

K7—Load bearing capacity, points. A relative value calculated in points by the method of
comparison between the cross-section of the beam (it is possible to define the type or form of the
profile) and the bearing capacity of the beam, i.e., what weight (and additional forces) the beam can
withstand during the period of operation;
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Kg—Beam versatility, points. The applicability of the beam in buildings of sophisticated
architectural forms, i.e., large span, curved or otherwise complex forms of the building facade
with pre-attached formworks, etc.

Kg9—Availability of beams, points. Beam supply in the European market, i.e., how many different
companies can manufacture and supply the beams of the same type.

Firstly, the interviewees were asked to determine the significance of the evaluation criteria (Table 2).
The significance of each criterion could be minimized or maximized by scoring the criteria from 1 to 10.
The respondents had a possibility to choose one of the options: 1, 2—an insignificant criterion; 3, 4—a
criterion of low significance; 5, 6—a criterion of moderate significance; 7, 8—a significant criterion; 9,
10—a very significant criterion. The criteria that received the biggest number of points were the most
important according to the respondents. The significance of the criteria was ranked by calculating the
points given by the survey respondents.

Secondly, the respondents were asked to answer the following questions: Which beam has the
lowest price? Which beam has the highest load-bearing capacity? Which beam is the most likely to be
installed? Each question had to be scored from 5 to 1, where 5 points were given to the beam that had
the most positive answer to the question asked.

An 8-storey steel-framed commercial building (Figure 2) with an area of almost 5000 square meters
was selected for the study to determine the efficiency of composite beam application [22]. The total
height of the building is 31.5 m (the height of the first floor is 4.55 m, the height of other floors is 3.85 m),
the width is 24 m, and the length is 25 m. The height of the concrete floor slabs is 200 mm. Hollow-core
concrete slabs of 9.8 m in length are rested on one side of the beam shelf and hollow-core concrete
slabs of 6.8 m in length are rested on the other side of the beam shelf. The selected 5.4-m-long beam is
located in the middle of the seventh floor of the building. In the first case, the frame of the building
consisted of composite columns, composite beams and hollow-core concrete slabs (Section 3.1). In the
second case, the frame of the building consisted of composite columns, reinforced concrete beams and
hollow-core concrete slabs (Section 3.2). The floor structure can be composed either of precast units,
hollow-core concrete slabs with or without a concrete topping [23], or of deeply profiled steel decking
and cast-in-place concrete [24]. Composite beams selected for the researched structure have shelves
on both sides, on which hollow-core slabs are rested. After the installation, the inside of the beam
(Deltabeam), gaps between the beams (Thorbeam, asymmetric slim floor beam, slim floor beam), and
hollow-core slabs are filled completely with concrete mix on site. The concrete mix used to fill the
beams and hollow-core slabs makes a composite structure after the setting of concrete and acquires the
necessary strength. Hollow-core concrete slabs used in construction reduce the need of formwork.
The cavities in hollow-core slabs reduce the amount of concrete used, and, consequently, reduce the
weight of the concrete floor slab. All of the aforementioned factors make the construction lighter and
reduce the foundation dimensions necessary to bear the loads. A reinforced concrete beam chosen for
comparison also has two shelves, on which a hollow-core slab is rested.

All the composite beams researched (Deltabeam, Thorbeam, asymmetric slim floor beam and
slim floor beam) with composite columns in the researched building are joined by bolts, whereas a
reinforced concrete beam is joined to composite columns using a PCs® (column cantilever) and a
PC® (beam pads) cantilever joining system. During the installation of hollow-core slabs, all loads are
transferred to the beam through beam shelves. Support is vital in order to protect the beams from
rotating in support points. Both beams and hollow-core slabs are installed with the help of a crane
using additional tools.
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Figure 2. The view of an 8-storey high-rise commercial building (a) and the selected beam location in

the building (b).

The following software programmes were used for composite beam design in this research
(Table 3): SCIA Engineer [25] was used for alternative A, Peikko Designer [26] was used for alternative
Aj, and a designing tool, CoSFB v1.6, developed by ArcelorMittal was also used [27].

Table 3. Calculation scheme and initial data for beam design.

. The Calculation Scheme is Created - . .
Cross-Section According to the Selected Object Initial Data for Calculation Designed Beam

Bottom plate—15 mm
thickness, webs—8 mm
thickness; top plate—25 mm
thickness.

Structure name—beam of 5.4 m in length.
Structure type—single span.

5400 mm Loads on beam: temporary load—4.2
kN/m, permanent load—26.6 kN/m,
variable load—24.9 kN/m. Profile—D20-300.
Structure name—slab (left) of 9.8 m in

i \
£
length, slab (right) of 6.8 m in length. . .
| Structure type—hollow-core concrete slab Main profile—HEB160,

/ of 200 mm in height. bottom plate—10 x 360 mm.

—y I / Main profile—IPE300 O,
I bottom plate—10 X 360 mm.

125 200 125

Note: The reinforced concrete beam was not designed. The preliminary measurements of the beam are chosen as
per manufacturer’s recommendations.

A software programme of LLC Sistela was used for the estimation of construction works. The cost
price also included additional materials, i.e., concrete mix required for concreting works, equipment
necessary for the installation and labour costs for carrying out the above-mentioned works.

The rational option of the four alternative solutions (A;—Ay) analysed according to nine rating
criteria was determined using the Technique for Order Preference by Similarity to an Ideal Solution
(TOPSIS) method. This multi-criteria decision making method was chosen due to the concept that the
selected alternative should have the shortest distance from the positive ideal solution and the longest
distance from the negative-ideal solution [28]. The selected values of criteria (K;—Kgy) that describe
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the options of the selected types of composite beams are presented in the initial Matrix P of alternative
solutions (Table 6).

3. Results and Discussion

3.1. Comparison of Composite Beams

Firstly, the significance of the evaluation criteria was determined by means of the questionnaire.
The priority ranking and importance of the criteria resulting from the survey is given in Table 4. As the
questions were abstract, employees holding different positions in a company were asked to fill in the
questionnaire. In total, 11 respondents participated in the survey: six design engineers (55% of all
the respondents); three managers (27% of the respondents); other employees—a company manager
and a project manager (18% of the respondents). All respondents were acquainted with the four
composite beams analysed in the questionnaire. The most significant criteria for design engineers
were the bearing capacity and fire resistance. Managers placed importance on the installation time and
complexity of the installation. A company manager and a project manager considered the beam’s price
and its installation costs to be the most relevant.

Table 4. Importance and order of criteria.

. - Optimization Direction of Criteria Total Amount of Importance of Priority Ranking
No. Evaluation Criteria . Points by Survey Criteria by Survey by Survey
Min Max
1. K7, Beam cost, EUR X 101 14.87 1
2. Ky, Initial preparation on site, points X 78 11.49 7
3. K3, Installation time, hours X 86 12.67 3
4 K4, Complexity of in§tallation % 8 12,08 5
technology, points
5. Ks, Labour costs, hours X 79 11.63 6
6. K, Fire resistance, min X 84 12.37 4
7. K7, Load bearing capacity, points X 97 14.29 2
8. Ky, Beam versatility, points X 66 9.72 8
9. Ko, Availability of beams, points X 6 0.88 9
Total sum 679 100.00

Secondly, the respondents were also asked to answer the questions given in Section 2. The analysis
of the questionnaire items showed that the respondents attributed the lowest cost to the composite
Deltabeam, whereas the composite Slim floor beam was the most expensive (Table 5). According to the
respondents, it would take the shortest time to install a composite Deltabeam, whereas a slim floor
beam would take the longest time to install. The respondents considered the composite Deltabeam
to have the biggest bearing capacity, whereas the asymmetric slim floor beam was seen to have the
lowest capacity. The calculation of the points given by the respondents produced the following results:
Deltabeam received 160 points, Thorbeam got 144 points, asymmetric slim floor beam got 129 points,
and slim floor beam got 111 points. The beam that was valued the highest is considered to be the
most rational option from the compared beam alternatives. The respondents regarded the cost of a
composite beam to be the most essential criterion.

Table 5. The initial Matrix P of alternative solutions.

Criteria

Ky K> K3 Ky Ks Ke Ky Ks Ko

Options
Aq 303 31 050 22 150 60 30 22 55
A, 291 22 030 37 090 180 55 52 35
Az 339 48 060 45 1.80 90 44 42 33
Ay 207 53 055 50 1.65 90 25 38 31
Optimization direction Min Min Min Min Min Max Max Max Max
Best value 207 22 030 22 090 180 55 52 55

Importance of criteria g, % 14.87 1149 1267 12.08 11.63 1237 1429 9.72 0.88
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The rational option was found by means of the TOPSIS method. The initial Matrix P of alternative
solutions with criteria optima (Max or Min) and the best value (x*j) are presented in Table 5.

The normalized Matrix P calculated from the Equation (1) is presented in Table 6. The data in
the initial matrix P are expressed in different units of measurement and thus cannot be compared.
Therefore, the initial Matrix P must be normalised to obtain non-dimensional values.

Xij . .
xij:+,1:1,m;]:1,n 1)
) 2
Li1%;

Table 6. Normalized Matrix P.

Criteria
K1 K> K; K4 Ks Ke K7 Ks Ko
Option

Ay 0.524 0.383 0.499 0275  0.499 0.263 0.373 0275  0.693
A; 0.503 0.272 0300  0.463  0.300 0.788 0.683 0.650  0.441
Aj 0.586 0.593 0.599 0.563  0.599 0394 0546 0525 0416
Ay 0.358 0.654  0.549 0.626  0.549 039 0310 0475 0.391

Here: x;—i—line, and j—column of Matrix.

After the normalization of the initial Matrix P, a weighted normalized Matrix P* of alternative
solutions is created (Table 7). To this end, the normalized Matrix P is multiplied by the vector of criteria
importance (see q;—q9 above) according to Equation (2):

P = [P] x [q] @)

Table 7. Weighted normalized Matrix P* of alternative solutions.

Criteria
K1 K> K; K4 Ks Ke Ky Ks Ko
Option

Ay 0.078 0.044  0.063 0.033  0.058 0.032 0.053 0.027  0.006
Aj 0.075 0.031 0.038  0.056  0.035 0.097  0.098 0.063  0.004
Aj 0.087  0.068 0.076  0.068  0.070 0.049 0.078  0.051 0.004
Ay 0.053 0.075 0.070  0.076  0.064 0.049 0.044 0.046  0.003

The best case a* (the best value) and the worst case a~ (the worst value) are found from Equations
(3) and (4) accordingly:

at = {[(maxixi]-/j € ]), (min]-xi]-/j € ]')]/i = L_m} = {uf;a;;a;} 3)
a = {[(min,-xi]-/j € ]), (max]-xi]-/j € ]‘)]/i = L_m} = {a[;a;;a;} (4)

Distances between the real option a; and the best case a*, as well as between the real option a; and
the worst case a™ are computed from Equations (5) and (6):

M, i=1m (5)

Il
=
3

, 1

(6)

n
L= Yl -a
j=1
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Then, criterion Kp;;, showing the relative proximity of the compared alternatives to the ideal
alternative, is calculated. The calculated value of criterion Kp; is used to prioritise the alternatives
compared. In our case, the alternative with the highest Kp;; value is the best. Finally, the efficiency
value Nj of the alternatives compared is calculated from Equation (7):

Ly
Pa—
L™ +L;

Kpit = i=1m )

The computation results are presented in Table 8.

Table 8. The most rational option obtained by means of the TOPSIS method.

opiens 17 1 Ky " Rmkieel e Voo
Aq 0.051 0.056 0.524 2 79.65
Ay 0.039 0.075 0.657 1 100.00
Az 0.091 0.029 0.244 4 37.16
Ay 0.062 0.054 0.467 3 70.97

Composite beam A; as slim floor structure evaluated using the TOPSIS method and using nine
evaluation criteria was found to be the most rational alternative for composite beams in the steel-frame
of an eight-storey high-rise commercial residential building (efficiency value (N;) ~ 100%). Deltabeam
stands out from the other composite beams according to the best value of evaluation criteria: initial
preparation on site (K2), installation time (K3), labour costs (K5), fire resistance (K6), load bearing
capacity (K7) and versatility beam (K8). Alternative A, namely the Thorbeam with efficiency value
(N;) = 79.65%, ranked second. Alternative Ay, the asymmetric slim floor beam with efficiency value
(Nj) = 70.97% ranked third, and alternative As, the slim floor beam with efficiency value (N;) = 37.16%
ranked fourth. The method described above can be used to find the optimum solution of composite
beams for an eight-storey high-rise commercial building according to the selected criteria.

3.2. Comparison of Composite Beams to Reinforced Concrete Beams

The application possibilities and the main advantages of composite beams as compared to
conventional reinforced concrete beams were also analysed. Such beams are widely applied on
construction sites in multi-storey buildings in Lithuania. The alternatives were evaluated according
to the following rating criteria: the calculated values of beam cost including installation (C;), beam
self-weight (C;), and fire resistance (C3). The comparison of cost, self-weight, and fire resistance of the
selected beams is summarized in Table 9.

The cost of materials including installation were compared based on construction market prices
in Lithuania. The costs of material, welding and installation costs, excluding anti-corrosion resistant
painting and fire resistant-painting, were calculated from the economical aspect. According to the
calculations, the cost of sheet steel is 0.62 Eur/kg, and the fully burdened labour rate is 25 Eur/hour. The
accepted norm for Thorbeam and Deltabeam installation and welding is 5.1 h, whereas the installation
time of slim floor beams and asymmetric slim floor beams is 2.55 h. The linear weight of every beam
and the total weight were evaluated in calculating the cost of the beam. According to Kravana and
Silih [21], the economic comparison between beam and trusses was made based on the following
criteria: self-manufacturing costs of material, sheet-iron cutting, welding, anti-corrosion resistant
painting, fire resistant-painting, paneling and erection costs.
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Table 9. The comparison of cost, weight and fire resistance of the selected beams.

Rating Criteria C;—Beam

Rating Criteria C,—Beam Cost

Rating Criteria C3—Fire

Alternatives Self-Weight including Installation Resistance
The required fire resistance up
Designed beam is given in Material cost: to 60 min of steel beams with
Table 3. The sheets are welded 283 kg x 0.62 Eur/kg = 175.46 Eur; flange th1c1.<ness up to 15 mm
together by a4 welding seam, Labour costs: can be achieved by installing
Aq total length of the seam is 5.4 m 51 h x 25 Bur/h = 12'7 50 Eur: Paroc EPS 17 Boards below the
x4 =21.6m. ’ - Lo ! flange extending 50 mm beyond
Cost price of the beam:
The calculated weight of the the edge on each side of the
- 175.46 Eur + 127.50 Eur = 302.96 Eur. .
beam is ~ 283 kg. flange width.
Fire resistance R60.
. . A designed number of fire
264 ke X Olz/lza glrllr?i(coft'l 63.68 Bur: reinforcement is installed inside
Designed beam is given in J Labour CESIS. ’ ” thebeam in a factory. High fire
Ay Table 3. The calculated weight of 51hx 25 Eurh = 1 2'7 50 Eur: resistance up to R180 is achieved
the beam ~ 264 kg. ' Cost price of qu be.am‘ ! due to fire reinforcement and
163.68 Eur + 12750 Eur = 291.18 By, <oncrete filling of the beam.
Fire resistance R180.
The combination of a beam and
Material cost: a hollow-core slab ensures
- . construction protection
Designed beam is given in 382.65 kg Xl?aliﬁ?z/é(sgt; 275.51Eur; corresponding to the
As Table 3. The calculated weight of 2.55 h x 25 Eur/h = 63 75 Eur: requirements up to the R90 fire
the beam ~ 383 kg. ’ Cost price of t}:e be'arn' ! resistance class. For this reason,
27551 Eur + 63.75 Eur = 339.26 Eur. additional passive fire
protection is not necessary.
Fire resistance R90.
The combination of a beam and
Material cost: a hollow-core slab ensures
Designed beam is given in 419 kg x 0.72 Eur/kg = 301.68 Eur; CZE?;ZSCZEEigrOttht?\Zn
A Table 3. The calculated weight of Labour costs: requirem npt) tgth R90 fir
4 the beam ~ 337 kg (without 2.55 h x 25 Eur/h = 63.75 Eur; r:g‘sltaiceed:SZPFsr theis reasi;
cutting the shelf ~ 419 kg). Cost price of the beam: additi nal. assive fir ’
301.68 Eur + 63.75 Eur = 365.43 Eur. -onia passive fire
protection is not necessary.
Fire resistance R90.
As reinforced concrete
The area of the beam ; . . . .
cross-section is 0.085 m?; length manufacturers claim, the cost price  Fire resistance class determined
s 54 m: Volume.is 54 ><, 0.085= of the beams of such type is about by the manufacturer is up to R90
As o3 y o 450 Eur/m3. The cost of the when the protective concrete

0.459 m3; weight is 2000 x 0.459
=918 kg (reinforced concrete
density 2000 kg/m?3).

researched reinforced concrete beam
is—450 Eur/m® x 0.459 m® = 206.55
Eur.

layer’s thickness is 55 mm.
Fire resistance R90.

Composite beams without additional fire resistance chosen for the research have a rather high fire
resistance duration: composite Deltabeam up to 180 min. [29], composite slim floor beam up to 90
min. [30], asymmetric slim floor beam up to 90 min. [30], and composite Thorbeam up to 60 min. [31].
The fire resistance duration of reinforced concrete beams used for the comparison is up to 90 min. [32]
when the thickness of the protective concrete layer is up to 55 mm.

The comparison of composite beams and reinforced concrete beam according to the cost, self-weight
and fire resistance is presented in Figure 3. From Figure 3, we can see that it is practical to use Deltabeams
for a slim floor structure in a multi-storey building due to the lowest cost of the beam including
installation, the lowest self-weight and the highest fire resistance compared to the researched composite
beams. However, Deltabeams are 1.4 times more expensive than reinforced concrete beams.
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Figure 3. Comparison of composite beams to reinforced concrete beam.

The priority ranking by the lowest cost of beams is as follows: reinforced concrete beam (As),
Deltabeam (A;), Thorbeam (A1), slim floor beam (A3) and asymmetric slim floor beam (Ay4). The fact
that a reinforced concrete beam is cheaper than a composite beam puts it at an advantage. However,
according to the authors of [33], the cost is not practical due to precast concrete, delivery and storing,
compared to the composite beam. Slim floor structures generate less waste as only prefabricated
elements have to be installed on the construction site. Beams can be lifted and moved using ordinary
lifting equipment, cranes or forklifts. Fast installation of composite beams reduces crane or forklift
operating costs.

The priority ranking by the lowest self-weight of beams is as follows: Deltabeam (A;), Thorbeam
(A1), asymmetric slim floor beam (Ay), slim floor beam (A3) and reinforced concrete beam (As). The
weight of the beam depends on the bearing capacity. In this research based on the selected multi-storey
building (Figure 2), temporary, permanent and variable loads were equal for all types of beams (Table 3).
A specific amount of materials is used to manufacture beams referring to the loads of concrete floor
slabs. The self-weight of reinforced concrete beams is not practical in terms of transportation and
storage of the beams on site as well as installation compared to composite beams. Composite beams
can be stored on the erected floor slab of the building during construction. A composite beam with
lower self-weight is easier and safer to install on the construction site. It requires a lower capacity
crane. The weight of a composite beam is not sufficient to stabilize the frame during the installation of
hollow-core slabs, therefore, all beams must be fixed prior to the installation of slabs.

According to priority ranking, Deltabeam (A;) has the highest fire resistance, slim floor beam (Aj3),
asymmetric slim floor (A4) and reinforced concrete beams (As) have the same fire resistance rating, and
Thorbeam (A1) has the lowest fire resistance (Table 9). Asymmetric slim floor beam can achieve a 60
min fire resistance without any additional measures, provided the moment-resistant beam-to-column
connection is designed reliably [34]. The composite slim floor beam can be used without any additional
measures if the fire load density is less than 1100 MJ/m?, which is rarely exceeded in office and
residential buildings. Thermal predictions for protected slim floors show that temperatures in the steel
section remain within 400 °C for 60 min of fire exposure [35]. Lower temperatures in the steel part of
protected slim floor improve its fire resistance as the protected slim floors offer a fire resistance of more
than 120 min. Slim floor systems with symmetric and asymmetric beam cross-sections subjected to fire
offer very significant potential advantages compared to conventional composite floors [36].

The height of the selected eight-storey commercial building with the slim floor system applied
would be 31.5 m (Figure 2). If reinforced concrete beams are chosen, in order to maintain the same
height of the premises, the height of the building would increase by approximately 0.8 m. In this
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case, the application of the slim floor system would save about 2.5% of the building height, which
would make about 500 cubic meters. It is known that slim floor systems make it possible to reduce
the floor-to-floor height. Thus, buildings with slim floor systems require less finishing materials
due to the smaller volume of the building and would have lower heating and air conditioning costs.
The saved space between storeys reduces the total need for vertical elements and constructions, e.g.,
columns, walls, finishing, elevators, stairs, various channels and pipelines. Engineering networks are
installed directly on the slim floor structure without additional bypasses. It contributes to sustainable
development. In limited city areas for new constructions, the floor-to-floor height is a significant factor
in residential buildings [23].

In the future, extra evaluation criteria relating to beam transportation cost, crane operating
cost and storage possibility on site could be included in the proposed algorithm when comparing a
composite beam to a reinforced concrete beam. For steel construction manufacturing, extra assessment
criteria that may support the reduction in the environmental footprint could be included in the
algorithm when comparing different types of composite beams. In a circular economy, materials
should be recycled at the end of the product lifecycle. The life cycle assessment in the design stage
of composite beams analyses the environmental footprint of the building in the construction and
operations phases. Composite beams, which are made from recycled steel, have lower CO, emission
compared to standard steel beams. The environmental impacts are presented in composite beam
manufacturers’ environmental product declarations (EPD), for example Deltabeam Green EPD. Such
beams contribute to sustainable development.

4. Conclusions

The efficiency of composite beam application in steel-framed multi-storey buildings is solved by
means of the algorithm proposed in the study, which delivers efficiency rating criteria of compared
beams and reveals effective solutions of composite beams. The algorithm was developed by using
a survey questionnaire to obtain the significance of the rating criteria selected and the order of the
importance of ranking criteria. The survey questionnaire was also used to obtain the most rational
option from the compared beam alternatives based on the respondents” answers to questions. The
rational option from the analysed alternative solutions according to the chosen rating criteria was
determined using the TOPSIS method. Prior to starting the detailed design works of the building,
investors are offered to perform an economic-technical analysis of the alternatives of the building
frame. In this way, they can choose a rational solution of the building frame. This analysis could be
carried out according to the research algorithm proposed in the study.

According to the results of this study the following main conclusions were drawn:

1. First, from the results of the survey with civil engineers, the following priority ranking
and significance of the selected rating criteria was obtained: 14.87%—beam cost (Kj);
14.29%—load bearing capacity (Ky); 12.67%—installation time (K3); 12.37%—fire resistance (Ks);
12.08%—complexity of installation technology (K4); 11.63%—labour costs (Ks); 11.49%—initial
preparation on site (Kj); 11.49%—beam versatility (Kg) and 0.88%—availability of beams (Ky).
Second, the following scoring of alternatives was obtained from respondents’ answers to questions:
alternative A, received 160 points, A; received 144 points, A4 received 129 points, A3 received
111 points. Deltabeam (A;) is considered to be the most rational option from the compared
beam alternatives. The respondents regarded the cost of a composite beam to be the most
essential criterion.

2. The analysis done using the TOPSIS method and nine rating criteria (K1—XKg) showed that the
composite Deltabeam is the most rational alternative for a Slim floor structure in a steel-framed
eight-storey high-rise commercial residential building (efficiency value (N;) = 100%). The efficiency
value of Thorbeam (Aj;) was approx. 79.65%, of asymmetric slim floor beam (A4) approx. 70.97%,
and of slim floor beam (A3) approx. 37.16%. Deltabeam stands out from the other composite
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beams for the best value of evaluation criteria: initial preparation on site (K2), installation time
(K3), labour costs (K5), fire resistance (K6), load bearing capacity (K7) and beam versatility (K8).

3. The application of Deltabeam as a slim floor structure in a multi-storey building is practical due
to the lowest cost of the beam including installation, self-weight and the highest fire resistance
compared to the other composite beams researched. Deltabeams are 1.4 times more expensive
than reinforced concrete beams, including installation costs, but they save about 2.5% of the
building’s height compared to reinforced concrete beams. The height of the selected eight-storey
building would increase by approximately 0.8 m if reinforced concrete beams are applied. This
should be taken into account when economic-technical analysis of the building frame alternatives
is conducted.
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