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Abstract. In recent decades, the pursuit of more cost-effective and environmentally sustainable
construction methods has become increasingly important to lower expenses in the construction sector and
reduce greenhouse gas emissions. Among the available alternatives, composite floor systems with tubular
truss configurations stand out as a promising solution due to their ability to cover larger spans while using
less steel compared to conventional systems. This study proposes the formulation of a topological
optimization model for composite floor systems consisting of tubular trusses and steel deck slabs with
additional reinforcement, taking floor vibration effects into account. The optimization focused on
minimizing both CO: emissions and the overall costs of the floor system. To solve the problem, the Particle
Swarm Optimization (PSO) algorithm was applied. The proposed approach was validated by comparison
with examples from the literature that adopted different beam configurations. The findings revealed that
using concrete-filled tubular trusses can significantly reduce emissions and costs. The most efficient
solutions involved slabs with added reinforcement and upper chords filled with high-strength concrete
(above 35 MPa), which contributed minimally to the system’s environmental impact and total cost.
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1 Introduction

With the advancement of the construction sector worldwide and the need to reduce greenhouse gas
emissions from this industry due to the high consumption of steel and concrete, the search for
environmentally and economically friendly structural systems has become necessary. Despite its
socioeconomic benefits, in 2019 the construction industry was responsible for emitting 12 GtCO:-eq,
representing 21% of global greenhouse gas emissions. Additionally, in 2021, the sector accounted for 31%
of global energy demand (Calvin et al. [1], [IPCC [2]). Previous studies indicate that the environmental
impacts caused by the construction sector (Bilec et al. [3]; Gongalves and Haddad [4]; Lassio et al. [5];
Singh et al. [6]) have driven the pursuit of sustainable systems within the industry and among professionals
in the field (Barba et al. [7]; Bissoli-Dalvi [8]).

Despite the progress made in proposed solutions using solid-web beams, Silva et al. [9] point out that
studies on systems composed of tubular trussed beams remain limited. Floor systems composed of tubular
trussed beams have the advantage of spanning longer distances at a lower cost than other beam typologies,
as noted by Amorin et al. [10].

The literature still lacks optimization studies that integrate cost and CO: emission analyses for floor
systems, especially those employing tubular trusses with concrete-filled top chords, while also considering
the effects of floor vibration and the optimization of composite steel-concrete slabs. So far, no studies have
been found that simultaneously address all these aspects. In light of this gap, the present work aims to
formulate the structural optimization problem for these systems, incorporating the possibility of concrete
filling in the top chord and the effects of vibration due to human walking. The proposed optimization
problem considers as objective functions the minimization of both floor costs and CO: emissions. To solve
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this problem, the Particle Swarm Optimization (PSO) algorithm was employed and implemented with the
adaptive penalty method (APM), as proposed by Barbosa and Lemonge [11].

2 The Optimization Problem Formulation

The design variables of the optimization problem are presented in Figure 1, where X1, X7, X11 represent
upper chord of secondary, girder and edge trusses, respectively; X», Xs, X2 represent lower chord of
secondary, girder and edge trusses, respectively; X3, Xo, X3 represent diagonals of secondary, girder and
edge trusses, respectively; x4 represents the truss height; xs and x4 represent the number of panels of
secondary and edge trusses; Xe, X10, X14 represent the filled concrete of of secondary, girder and edge trusses,
respectively; x6 represents the choose of steel deck formwork; x;7 the number of secondary beams; X3
represents the choose of slab’s fu; x19 additional reinforcement; x»o the thickness of concrete slab and x»;
the steel deck thickness.

Fig. 1. Design Variables of Composite Floor with Composite.

The objective of the problem is to minimize the environmental impacts (CO- emissions) or the economic
impacts (final costs), separately, characterizing a single-objective problem. With this purpose, the
Equations (1) and (2) present the objective functions for minimizing CO. emissions and costs, respectively,
to the floors with composite trussed beams and composite slabs.

COZ = C02(slab) + C02(conc_up_sec) + COZ(steel_trusses) + COZ(Steel_deck) (1)
+ COZ(additionalreinf) + COZ(connector) + COZ(conc_up_girder) + COZ(mesh)
COST = COST(slab) + COST(Conc_up_sec) + COST(steel_trusses) + COST(steel_deck) (2)

+ COST(additionalremf) + COST(Conc_up_girder) + COST(mesh)

The variables COZ(slab)l COZ(conC_up_sec)! COZ(steel_trusses) ' COZ(steel_deck)l COZ(additional_reinf)’
CO(connector)r COz(conc_up_girdery aNd COy(mesny refer the emission and the variables COST(gqp),
COST(conc_up_sec)’ COST(steel_trusses) | COST(steel_deck) ' COST(additional_reinf)! COST(connector) '
COST conc_up_girder) aNd COSTmeqpy refer, respectively, to the costs of the slab concrete, the infill concrete
of the upper chord of the secondary trusses (internal and edge), the profiles of the internal, edge, and main
trusses, the steel formwork, the additional reinforcement, the shear connectors, the infill concrete of the
upper chord of the main trusses, and the crack control mesh. The Table 1 shows all the adopted design
constraints.

Table 1. Constraints

Description Constraints
Normal and compressive Nea ps
force on the upper chord of N— -1<0 3)
the trusses ¢Rd
ELU
Normal and compressive Neg pi
force on the lower chord of ——-1<0 4
the trusses t.Rd
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Normal and compressive Nea am
force on the diagonals of the ———-1<0 (5)
trusses Nera
N, N, 8 M.
' . . lf Sd,ac > 02 = Sd,ac e Sd,ac -1 < 0
Combined bending in the Rd Npa 9 Mgy ©6)
hord of the t N, N, M
upper chord of the trusses if saac oo -, Vsdac | Msaac
Nrq 2 Ngq Mgq
Neotal,
Shear connectors 120 (7)
Niméx,cs
Bending momegt of Msq composite _1<0 ®)
composite section Mgy
. Mdy
Bending moment +——1=<0 )
Mgy
o Vsa
Longitudinal shear -1<0 (10)
Vira
. Vsa
Vertical shear -1<0 (11)
Vv,Rd
1)
Vertical displacement “rotal_1<o0 (12)
Adm
Ap
ELS Peak acceleration -1<0 (13)
ap,lim
Response Factor -1<0 (14)
max

The emission and costs parameters of each material adopted in the problem contained in
Silva's [12] master's dissertation.

3 Numerical Results

The example proposed by Poitras et al. [13] features a composite floor system with dimensions of 10 m x
12 m, with secondary beams (internal and edge beams) arranged in the direction of the longer span, as
shown in Figure 3. The loading conditions adopted as design parameters were 1.6 kN/m? for dead loads and
4.8 kN/m? for live loads. To account for loads from adjacent spans and external walls, additional line loads
were applied to the edge beams and girders: 4 kN/m (dead and live loads) on the edge beams, and 12 kN/m
(dead load) and 20 kN/m (live load) on the main beams. Poitras et al. [13] analyzed the vibration behavior
of the composite slab system supported by solid-web beams, considering only the cost objective function.
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Fig. 2 Solution presented by Poitras et al. [13] via PSO.
Source: Poitras et al. [13].

In this example, the composite slab system supported by composite tubular trusses was analyzed using
both the cost objective function and the CO: emission objective function, considering the top chord as a
hollow steel tube filled with concrete. The final geometries are presented in Table 2.

Table 2. Final Geometries

Description

Cost Optimization

CO; Emission Optimization

CHT -
Manufacturer’s
composite slab

CHT - Optimized
composite slab

CCFT -
Manufacturer’s
composite slab
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CCFT — Optimized
composite slab

Note: In the CHT solution, the top chord of the truss is not filled with concrete. In the CCFT solution, the top chord is
filled with concrete. The “Manufacturer’s composite slab” refers to the configuration provided by the supplier, while
the “Optimized composite slab” refers to a configuration obtained through optimization procedures.

It can be observed that, for the solutions with the top chord filled with concrete, the concrete strengths
reached the maximum value for the edge truss when optimizing the slab and the cost. The use of concrete-
filled steel tubes allowed for a reduction in their dimensions, minimizing both CO: emissions and the total
cost of the structure when compared to the results of Poitras et al. [13], even with truss heights around 1.50
m, as presented in Table 3.

Table 3. Profiles of the truss beams from the optimal solutions and Poitras et al. [13].

FINAL

pROFILE ~ OBJECTIVE SLABDESIGN INTERIORTRUSSS ~ EDGE TRUSS GIRDER TRUSS N°. Evissios  FINAL COST
FUNCTION METHOD PROFILE (mm) ~ PROFILE (mm) PROFILE (mm) HEIGHT PANELS (kaCOy) (BRL)
- ”
oty peo | Solidveb  cosT ot W610x52 W610x52 W610x140 - - 17322 10661189
TC73.0x5.0 TC73.0x3.6 TC73.0x5.0 4
MANUF TC60.3x4.5 TC73.0x3.6 TC114.3x5.0 150 7 7574.77 46059.14
co, TC38.1x4.0 TC38.1x4.0 TC889x4.0 S
TC114.3x4.0 TC101.6x4.0 TC114.3x4.0
oT TC88.9x4.0 TC101.6x4.0 TC101.6x6.4 150 5 7557.66 45700.59
Tubular TC48.3x4.0 TC48.3x36 TC889x3.6 .
Profile (CHT) TC1143x4.0 TC73.0x4.0 TC101.6 x4.0
MANUF TC88.9x36 TC88.9x3.6 TC114.3x5.6 150 6 7535.09 45506.38
TC48.3x4.0 TC48.3x3.6 TC60.3x5.6
cosT "
TC73.0x5.0 TC88.9x3.6 TC73.0x45
oT TC101.6 x4.0 TC101.6 x40 TC1143x5.6 150 5 8509.94 45048.47
TC48.3x45 TC48.3x4.0 TC101.6 x4.0
TC 101.6 x4.0 TC73.0x3.6 TC73.0x45 T
Authors - PSO TC60.3x3.6 TC334x32 TC101.6x4.0
MANUF TC483x3.6 TC483x3.6 TC 88.9x4.0 150 4 7432.49 44331.87
co, fck = 35 MPa fck = 25 MPa fck =35 MPa .
TC88.9x36 TC73.0x4.0 TC73.0x6.4
oT TC889x36 TC334x32 TC101.6x45 145 4 7104.87 41797.67
Tubular TC60.3x3.6 TC483x40 TC73.0x45
profile fck = 40 MPa fck = 30 MPa fck = 30 MPa ,
(e Tekanss  TOmAxss TCiAsnA0
L3 X 4 X 3 X
AT TC48.3x5.0 TC48.3x45 TC889x3.6 & S =82 CeEl
cosT fck = 40 MPa fck = 30 MPa fck = 20 MPa .
TC889x4.0 TC88.9x4.0 TC73.0x5.6
TC101.6 x4.0 TC334x32 TC1143x4.0
or TC48.3x5.0 TC60.3x3.6 TC73.0x45 150 8 758248 38278.26
fck = 20 MPa fck = 45 MPa fck =50 MPa
LEGEND: CHT CHT: Hollow Circular Profile
CCFT Concrete-Filled Circular Tube
Cco2 Objective Function for CO, Emission Minimization
COST Objective Function for Cost Minimization
MANUF Manufacturer Slab
oT Slab Designed According to ABNT NBR 8800:2024

Tables 4 and 5 present the final configurations of the slab and the corresponding floor,
respectively, for the solutions obtained using the slabs provided by the manufacturer and for the solutions
in which the slabs were optimized.

When comparing the optimized solutions with the solution proposed by Poitras et al. [13], a
significant reduction in the thickness of the concrete topping of the slab is observed. On the other hand, the
number of secondary beams increased, consequently reducing the spacing between beams in all analyzed
cases.

CILAMCE-2025
Proceedings of the joint XLVI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Vitdria, Brazil, November 24-27, 2025



Analysis of the Cost and CO, Emission in the Optimum Design of Trussed Composite Floor System Considering Floor Vibrations

Table 4. Comparative analysis of the solutions with the manufacturer’s composite slab

Poitras et al. Author (2025) Author (2025)
Data Unit (2011) MANUF - CHT MANUF - CCFT
PSO co2 COST co2 COST
Total Slab Height cm 19 11 11 11 11
Concrete Topping Thickness cm 11.4 6 6 6 6
f... of concrete slab MPa 2 20 20 25 25
Steel formwork - PC 2432 MF 50 MF 50 MF 50 MF 50
Steel Formwork Thickness 0.91 0.8 0.8 0.8 0.8
Maximum Span of Steel Formwork m 3.33 2 25 2 25

Q-75 (©3.8- | Q-75 (83.8-| Q-75 (03.8- | Q-75 (e3.8-

Crack Control Mesh - - 150 x 150) | 150% 150) | 150 % 150) | 150 % 150)
Number of Beams un 4 & 5 6 5
Beam spacing m 333 2 25 2 25
Total Number of Edge Truss Connectors un 55 12 10 12 10
Total Number of Internal Truss Connectors| un 64 25 25 25 25
Total Number of Main Truss Connectors un 64 84 84 B4 84

Table 5. Comparative analysis of the solutions with optimized composite slabs

Poitras et al. Author (2025) Author (2025)
Data Unit (2011) OT - CHT OT - CCFT
PsoO coz COST co2 COST
Total Slab Height cm 19 10 125 10 10
Concrete Topping Thickness cm 11.4 5 7.5 5 5
f.. of concrete slab MPa 20 20 35 25 35
Steel formwork -- PC 2432 MF 50 MF 50 MEF 50 MF 50
Steel Formwork Thickness 091 0.8 0.8 0.8 0.8
Maximum Span of Steel Formwork m 3.33 25 2.5 2.5 2.5

Q-75(@3.8 - |Q-75 (93.8-|Q-75 (93.8- | Q75 (83.8-

Crack Control Mesh - ;
rack Controt Aes 150 % 150) | 150 % 150)| 150 = 150) | 150 = 150)

Number of Beams un 4 5 5 5 5
Beam spacing m 3.33 25 25 25 25
Total Number of Edge Truss Connectors un 55 15 10 15 30
Total Number of Internal Truss Connectors un 64 30 20 30 30
Total Number of Main Truss Connectors un 64 63 78 63 25
Additional Reinforcement (%) - 0.0005 0.0015 0.0005 0.001

Comparing Table 4 and Table 5, it can be noted that, for the CO. emission minimization objective,
there was a reduction of 1 cm in the concrete topping thickness when the optimization of the composite
slab was also considered. Conversely, concrete topping thicknesses of approximately 8 cm were obtained
for CHT and CCFT profiles for the cost minimization objective. Furthermore, similar results were observed
across the different cases. It is worth noting that the slab optimization did not lead to significant
improvements in the reduction of CO2 emissions or the costs of the composite slab, although it resulted in
higher computational cost (processing time). Figures 3 and 4 present the normalized solutions for the
emission and cost optimization cases, respectively, compared with the solution proposed by Poitras et al.
[13].

It is observed that, even when considering the vibration analysis, the composite floor system with
tubular composite trusses shows a significant reduction (around 48%) in final CO: emissions for the case
involving trusses with a concrete-filled tube as the top chord, an optimized composite slab, and CO-
emissions minimization (model OT CCFT CO,). The other floor systems also exhibited reductions in CO:
emissions, with values ranging from 38% (minimum) to 46% (maximum). Figure 5 presents the
convergence history of the analyzed problems.

As shown in the convergence history in Figure 5, the cost and CO- emissions minimization functions exhibit
parallel behavior across the scenarios analyzed without presenting any conflict between them. This
indicates that, in a future multi-objective optimization of the system, a third objective function would be
necessary to promote effective competition between the criteria.
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OT-CHT-COST  OT-CCFT-CO;  OT- CCFT-COST

Fig. 3 Normalized total CO: emissions relative to the results of Poitras et al. [13]

Poitras et al. (2011) MANUF - CHT - €0z MANUF - CHT - COST MANUF - CCFT - CORMANUF - CCFT - COST  OF - €HT - €02 OT-CHT-COST  OT- CCFT-CO;  OT - CCFT - COST

Fig. 4 Normalized solutions for total cost relative to the results of Poitras et al. [13]
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Fig. 5 Convergence History

4 Concluding Remarks

Based on the analyses, it can be concluded that the use of reinforcement bars in the slab and the use of filled
tubes were the most effective solutions for the problem analyzed. It was observed that the reductions in the
final solutions were over 40% in CO: emissions and over 50% in costs. This significant difference is
possibly because the authors of the proposed problem did not optimize the number of secondary beams, as
well as the formwork thickness and the concrete cover of the slab, which have a considerable impact on the
final solution. Finally, it can be observed that the cost and emission functions exhibit a proportional
behavior, indicating the need to introduce a third function for a possible analysis of the problem, considering
a multi-objective optimization.
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