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Abstract: This study aims to present a comparative analysis of different optimized solutions for a composite floor
system, considering different beam topologies from the literature and proposed by the present article. To formulate
the problem, both the environmental and the economic impacts of the composite floor system will be addressed,
and the Bonobo Algorithm (BO) will be implemented for optimization. A member element with 2 nodes and 3
degrees of freedom per node has been implemented for structural analysis. Structural verification will be dictated
by the guidelines prescribed by Brazilian standards for tubular structures, steel structures, and composite steel and
concrete structures. The analysis of the solutions will assess the environmental (and economic, if specified) impact
of each composite floor system proposed.
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1 Introduction

The construction industry, responsible for high energy consumption and natural resource use, has been developing
technologies to reduce its environmental impact. In this context, structural system optimization is emerging as an
expanding area of study for proposing more efficient designs, particularly in the pursuit of optimal topology with
reduced material consumption.

Among the tools for optimization, metaheuristic algorithms stand out as iterative methods that are easily
implemented computationally and capable of determining values for multiple variables to minimize an objective
function and find an optimal solution. Among the new metaheuristic algorithms proposed in the literature, the
Bonobo Algorithm (BO), proposed by Das e Pratihar [1], stands out as a robust algorithm for solving problems
with multiple discrete variables. Studies demonstrating the versatility of the algorithm can be found in the works
of Goodarzimehr et al. [2], applied to the optimization of trusses, and Das et al. [3] for the application of the BO
algorithm in the medical field for the development of orthopedic devices, indicating that the BO algorithm was
efficient in obtaining various solutions for different problems compared to other optimization algorithms. Silva et
al. [4] applied the BO to analyze CO; emissions for floor systems with cellular beams. Silva et al. [5S] demonstrated
the efficiency of the BO for the study of composite slabs when comparing the results with the Grey Wolf
Optimization (GWO) algorithm and Particle Swarm Optimization (PSO).

The objective of this work is to perform a comparative analysis between the solutions proposed by Arpini et al.
[6], who used the Genetic Algorithm (GA) to optimize a composite floor system supported by solid web beams;
by Silva et al. [4], who utilized the Bonobo Algorithm (BO) to optimize the same system, but with the use of
cellular beams; and those proposed by this study, which were also optimized using the Bonobo Algorithm, but
with the use of tubular trusses and two different optimization parameter options, allowing for an approach
considering both the environmental and economic aspects of the floor design.

CILAMCE-2024
Proceedings of the joint XLV Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Maceio, Brazil, November 11-14, 2024


mailto:luciano.amorim@edu.ufes.br
mailto:chayana.silva@edu.ufes.br
mailto:sayonara.pinheiro@ufes.br

Luciano D. S. S. Amorim, Chayana G. M. da Silva, Sayonara M. M. Pinheiro, Elcio C. Alves

2 Optimization Formulation Problem

2.1 Objective Function

Optimization can be performed based on two distinct objective functions, aiming to minimize one of two
parameters: CO, emissions (kgCO,) or the structure costs (R$). The objective functions are described, respectively,
in Eq. (1) and Eq. (2):

Min COZ = COZ(formwork) + COZ(conc.slab) + COZ(conc.filled) + COZ(mesh) + COZ(connectorS)
+ COZ(trusses) (1)

Min COST = COST formwork) + COST(conc.stav) + COST(conc fitteay + COST(mesn) )
+ COST(connectars) + COST(tTusses)

Where: COz(formwork) and COST(formwork) refer to the CO, emissions and costs, respectively, generated by the
steel deck formwork; COy(conc.siap) and COST(conc siap) correspond to the CO, emissions and costs, respectively,
generated by the floor slab concrete; COy(conc fittea) and COST(conc rineq)y Tepresent the total CO, emissions and
costs resulting from the concrete filling of the upper chords of the truss, if filling is opted for; CO;pesn) and
COST(mesn) refer to the CO, emissions and costs generated by the reinforcing steel mesh; CO;connectorsy and
COST(connectors) represent the COz emissions and costs generated by the shear connectors used; and COy(rysses)
and COST(¢yysses) correspond to the total CO, emissions and costs generated by the girder, edge and internal truss
profiles. Table 1 represents the CO, emissions and costs of each of the components and materials that compose
the structural system to be optimized.

Table 1. Material costs and CO, emissions

Material Characteristic E C.O? Unit Source Cost Unit Source
mission
20 MPa 140.05 463.14
25 MPa 149.26 474.87
30 MPa 157.65 Santoro 491.01 SINAPI
Concrete 35 MPa 171.64  kgCOz/m® and Kripka 504.22 R$/m3 (2023) [9]
40 MPa 182.14 [7] 518.15
45 MPa 194.7 532.09
50 MPa 225.78 546.02
Circular Guimaraes et
profile VMB350 1.12 45 R$/kg al. [10]
MF50/0.80 mm 90.5
MF50/0.95 mm 107.64
?ted deC'k< MFS0/125mm World 14164 '—OCIEJ_"
ormwor . or EEE— m supplier
(280 MPa) _ MF75/0.80 mm kgCOKG g 99 (2024)
MF75/0.95 mm Association 117
MF75/1.25 mm [8] 154.48
Reinforcing SINAPI
Steel Mesh 600 MPa 1.92 10.48 R$/kg (2023) [9]
Connectors (1ﬂ(3159rrnnrrr?) 0.23 kgCOy/m?® 114 R$/unit Cordeiro [11]
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2.2 Design Variables

The design variables of the optimization problem for the composite floor system with composite trusses are
presented in Fig. 1.

Banzo superior
preenchido

\—> /_NXG X1z X7

Figure 1. Design variables of the composite floor system with tubular composite trusses.

Where: x4, x,, x5 represent the circular profiles of the lower chord, upper chord, and diagonals, respectively, of
the internal trusses; x, refers refer to the compressive strength of the concrete (f,;) of the concrete in the slab; x5
is the thickness of the steel formwork; x4: refers to the number of panels; x, corresponds to the height of the
trusses; xg, X13, X17 refer to the f, used in the filling, if any, of the upper chord of the internal truss, edge truss,
and girder, respectively; xo, X109, X1; correspond to the circular profiles of the lower chord, upper chord, and
diagonals, respectively, of the edge trusses; x;, represents the span between internal trusses; x; 4, X1 5, X1 represent
the circular profiles of the lower chord, upper chord, and diagonals, respectively, of the girder.

2.3 Constraints

For the topological optimization, the Ultimate Limit States (ULS) and the Serviceability Limit States (SLS) were
considered, according to the Brazilian standards ABNT NBR 8800:2008 [12] and ABNT NBR 16239:2013 [13],
as described in eq. (3) to eq. (7) in Tab. 2.

Table 2. Constraints imposed on the design of composite slabs with composite trusses.

DESCRICAO RESTRICAO
Axial force in the upper, lower, and Ngg
diagonal chords, and verticals of the c() = N~ 1<0 3)
girder, edge, and internal trusses Rd
. Nsa Nsg 8 Mgy
Combined bending in the upper if ——=202= N Tom. T 1<0
ULS chord of the girder, edge, and C(2) = NRd NRd A/I;d 4
internal trusses if 402 2 4 M _q1<9
Nggq 2Npg Mgy
n 1,
Shear connectors c@)= 2= -1<0 %)
nméx,as
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MSd,composite

Composite section bending c4) = M -1<0 (6)
Rd
. . _ 6Total
SLS Vertical displacement c(5) = -1<0 (7
6Adm

The first constraint C(1) corresponds to the demanding and resistant normal forces for the upper chords, lower
chords, diagonals, and verticals, before and after the curing of concrete in the girder, internal, and edge trusses.
Constraint C(2) relates to the combined verification due to demanding and resistant normal forces and bending
moments, before and after concrete curing, for the upper chords of edge and internal trusses. Constraint C(3)
corresponds to the quantity of shear connectors in the girder, internal, and edge trusses. Constraint C (4) refers to
the limitation of composite trusses bending moments for calculation before and after curing for the composite
section. Constraint C(5) refers to the limitation of imposed displacements.

3 Results and Discussions

In the study conducted by Arpini et al. [6], an optimization of the composite floor system with dimensions of 7.50
m x 7.50 m, supported by full web beams, was proposed using a Genetic Algorithm (GA). Silva et al. [4] proposed
an alternative solution for the span using the same floor system but supported by cellular beams and optimized via
the Bonobo Algorithm (BO). Both studies aimed at minimizing CO, emissions from the structural system, as
shown in eq. (1), while this study proposes solutions through optimization for both emissions and cost
minimization. The steel considered for the beams in all solutions was ASTM GR 42 steel with a yield strength (f;)
of 345 MPa, and for the formwork, according to the Metform catalog [14], galvanized steel ASTM A653 with f,
of 280 MPa was used. The loading considered in the floor system includes the self-weight of the slab and beams,
along with an accidental load of 5 kN/m?. The optimal topological configurations of the floor system, considering
the differences in proposed profiles in each study, are represented in Fig. 2. This study will analyze floors with
circular hollow tubes (CHT) and trusses with the upper chord filled with concrete (CCFT).

(a) Full-web Beam — Arpini et al. [6]

(c) CHT (CO;, Emissions Min.) — Authors (2024) (d) CCFT (CO; Emissions Min.) — Authors (2024)
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(e) CHT (Cost Min.) — Authors (2024)

(f) CCFT (Cost Min.) — Authors (2024)
Figure 2. Final topologies

Regarding the number of beams, the proposal by Arpini et al. [6] features five secondary beams, whereas the
topologies proposed by Silva et al. [4] and this study feature only four beams, all with symmetric spacing between
them. Regarding the beam topologies, it is also observed that the truss height (0.9 m) is greater in all cases
compared to the height of the solid-web beam proposed by Arpini et al. [6] and the cellular beam proposed by
Silva et al. [4]. All six solutions share the same characteristics for slab elements: MF 50 formwork with a thickness
of 0.95 mm, 6 cm concrete cover, f of 25 MPa, and reinforcing steel mesh Q-75 (93.8-150x150). The
characteristics of the steel profiles for the six optimal solutions are detailed in Tab. 3 below.

Table 3. Steel Profiles

Shape of Al Min Edge Truss Internal Truss Girder Profile Height N°
profile g ' Profile(mm) Profile (mm) (mm) (cm)  Panels
Arpinietal.  Full web
(2022) [6] Profile GA CO: W310x21 W310x21 VS450x51 -- --
Silvaetal.
(2024) [4] Cellular BO CO2 W150x13 W310x23.8 W310x28.3 -- --
LC: TC38.1x3.6 LC: TC48.3x4.5 LC: TC48.3x3.6
CO2  UC: TC73.0x3.6 UC: TC48.3x3.6 UC: TC88.9x4.0 90 6
-:;Ub?_llar BO WM: TC33.4x3.2 WM: TC48.3x4.0 WM: TC33.4x3.6
(éOH'T'; LC:TC38.1x40  LC:TC60.3x45  LC: TC48.3x3.6
Cost UC:TC48.3x45 UC:TC101.6x4.0  UC: TC88.9x4.0 90 9
Authors WM: TC33.4x3.2 WM: TC38.1x3.2 WM: TC33.4 x3.6
(2024) LC: TC33.4x3.2 LC: TC48.3x4.5 LC: TC42.2x4.0
co UC: TC33.4x3.2 UC: TC48.3x3.6 UC: TC60.3x4.0 9 3
2
WM: TC33.4x3.2 WM: TC48.3x4.0 WM: TC38.1x3.6
Tubular for: 50 MPa for: 30 MPa fer: 25 MPa
Profile ~ BO LC: TC33.4x3.2  LC:TC48.3x45  LC:TC42.2x3.6
(CCFT) UC: TC33.4x3.2 UC: TC48.3x3.6 UC: TC60.3x3.6
Cost 90 2

WM: TC33.4x3.2
for: 25 MPa

WM: TC 48.3x4.0
£t 30 MPa

WM: TC 33.4x3.6
it 50 MPa

Table 3 highlights the differences in solutions found by the BO algorithm for circular profile trusses when using
objective functions for cost and CO; emissions, particularly concerning the number of panels, as discussed earlier,
and the concrete strength classes for the upper chord filling in CCFT. Additionally, for CHT, the emissions-
minimizing optimization found a lower number of panels compared to cost optimization, while the opposite
occurred for CCFT. The emissions optimization obtained the highest value for the f,; of the concrete filling in the
edge trusses and the lowest for the girder, while cost optimization found the opposite. In this analysis, Tab. 4
presents the final CO, emissions and final costs (when calculated) for each proposed optimal solution. For the ratio
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between normalized solutions, CO, emissions were considered as the comparison parameter. Figure 3 shows the
convergence progress of the solutions for each of the four optimal solutions proposed in this study.

Table 4. Comparative analysis of CO2 emissions and costs

. . . Ratio between
Shape of profile Algorithm CO2 emissions Cost normalized solutions (CO2)
Arpini et al. : 0
(2022) [6] Full web Profile GA 4062.5 - 100%
Silvaet al. Cellular BO 3488.9 - 85.88%
(2024) [4] . .
M31.88:6 ] 131412 78.49%
Tubular Profile (Minimized)
(CHT) BO
3240.6 13350.7 79.77%
Authors (Minimized)
(2024)
2985.5 12501.8 73.49%
. (Minimized)
Tubular Profile BO
(CeFD 2054.8 12466.4 72.73%
' (Minimized) 7
= =C0; Emission (CO,) = =CO;Emission (Cost) = =Cost{COy) Cost (Cost) = =CO0; Emissien {CO;) = =CO, Emission {(Cost) = =Cost (CO,} Cost (Cost)
7750 32500 6000 - 26000
7000 _! 30000 5500 :1 24000
5250 _ 27500 5000 "I 22000
- w5 i:
) i N 5 Daoo - 20000
Soemse L 22500 £ = . L:-
g ! -1 B 5300 )1 TT-e, 18000 3
g 4000 U= L0000 S F STt 2
H :. I‘*f:: _____ _3 .E 000 1 T T Tmmea e 16000 E
§ 3250 I|_ “““ LT IIIIIITIII I I T I T T T 17500 & BNZEIIEI :.I i
g 2500 = 15000 g wo e I 14000
1750 T E R TRy 12500 w T 12000
1000 0 100 200 300 400 500 600 00 10000 1000 L 100 200 300 400 500 800 700 o000
(a) CHT - BO (b) CCFT-BO

Figure 3. Optimization problem evolution.

By analyzing Tab. 4, it is observed that the solutions using tubular profile trusses showed a reduction in CO,
emissions ranging from 20.2% to 27.3% compared to the solid-web profile solution proposed by Arpini et al. [6],
and a reduction from 7.1% to 15.3% compared to the solution using cellular beams proposed by the study of Silva
et al. [4]. The effectiveness of filling the upper chord of the trusses in reducing CO, emissions and the cost
generated by the structure is also noteworthy, with both CCFT solutions showing lower emissions and costs than
the CHT solutions. Regarding optimization, it is evident that for CHT, optimization using CO, emissions as the
parameter to be minimized found a better solution than optimization using costs, while the opposite occurred for
CCFT. This result suggests a difference in the effectiveness of the objective function for different proposed
problems, encouraging the possibility of implementing a multi-objective optimization, with simultaneous
minimization of two or more parameters in the search for solutions.

4 Conclusions

Based on the results obtained, a considerable improvement in the performance of the structure is observed, whether
in environmental or economic aspects, when using tubular composite trusses compared to full web profiles and
cellular beams. Additionally, the effectiveness of filling the upper chord with concrete is evident in accentuating
this improvement. Regarding the objective functions, it is noted that optimization by minimizing CO; emissions
and minimizing costs converges to similar solutions, suggesting the possibility of future implementation of multi-
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objective optimization by mutually complementing these minimizations.
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