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Abstract. In order to provide more sustainable solutions to the construction of composite truss beams, the present 
work proposes a formulation to optimize dimensional, geometric and topologic parameters aiming to minimize 
CO2 emissions. Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) are used to solve the 
optimization problem considering the choice of steel profiles, characteristic strength of concrete, formwork, 
number of panels and truss total height. The methodology is applied to a problem where three different models of 
truss are considered - Pratt, Howe and Warren - and an analysis of the best solution’s emissions composition is 
made. In conclusion, results shows that the better result to the optimization problem was obtained in the Warren 
model and both optimization algorithm presents consistent solutions. 
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1  Introduction 

Reducing greenhouse gas emissions is one of the greatest challenges on this century [1]. The IPCC’s Sixth 
Assessment Report estimates that the emission of greenhouse gases from human activities is responsible for 
approximately 1.1°C of warming compared to pre-industrial levels and is expected to reach or exceed 1.5°C of 
warming [2]. In 2020, even though the economic activity was severely reduced due to the pandemic, building 
construction demand for steel and cement was still responsible for 3.2 gigatons of CO2 in energy-related emissions 
and, thereby, contributing 10% of global carbon emissions [3]. Therefore, it is essential that actions are taken in 
favor of decreasing greenhouse gas emissions and avoiding even more consequences that arise from global 
warming. 

Many studies have pointed to structural optimization as an option to reduce environmental impact, as it allows 
a more efficient and rational use of construction materials [4-11]. This is mainly because the current dimensioning 
method is usually done by trial-and-error, making the solution’s efficiency depend on the designer's experience or 
at the expense of laborious manual adjustment work [12]. In this way, with the structural optimization, it is possible 
to obtain the combination of parameters that minimizes the impact caused by the construction, which makes the 
process more practical and the structure more economical while still attending security conditions [13]. 

Different methodologies have been employed to measure the environmental impact of buildings, among then 
the Life Cycle Assessment (LCA), which is a method that studies the environmental inputs and outputs related to 
a product or service life-cycle since its production until the end of its service life [14]. A parameter that is often 
used to account this impact on structural optimization of various structures is the CO2 emission, as done by Payá-
Zaforteza et al. [4], García-Segura [15] and Santoro and Kripka [16]. 

Recent studies have been using several different algorithms in the structural optimization, such as Genetic 
Algorithms (GA) and Particle Swarm Optimization (PSO). GA was first proposed by John Holland [17] and is 
based on Darwin's theory of evolution: It starts with an initial population of solutions to the problem and, in each 
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generation, crossings are made from the most fit individuals and mutations are added, simulating natural selection 
and resulting, in the end, on the best solution to the problem [10]. PSO, on the other hand, was first proposed by 
Kennedy and Eberhart [18] and is based on a population of solutions, called particles, that are classified according 
to its fitness. Then, each particle is accelerated towards the best particle and also towards their own best previously 
founded solution. In each interaction, particles approach the best solution from a different direction and will very 
likely find a position, that is, a solution, that is best than the initial one, creating a new best solution to be followed 
in the next interaction. The optimization stops when the maximum number of interactions is reached [19]. 

Several studies have used GA and PSO to optimize a large range of structures, such as reinforced concrete 
[20-22], composite beams [23-25], composite cellular beams [26-27], steel trusses [28-30], etc. However, the 
optimization of composite truss beams is yet to be undertaken. 

Composite trusses are structures composed of a steel truss united by shear connectors to a concrete slab. The 
consideration of the concrete slab as a compressive resistant element provides a significant increase to the flexural 
strength of the beam, since, in general, about 50% of the weight of a truss is resisted by the compressed flange 
[31]. In this way, composite truss beam presents itself as a very economical option, especially in situations where 
it is necessary to overcome spans greater than 20 meters [32]. Another advantage of composite trusses is the fact 
that they are relatively light and allow the passage of complex electrical, ventilating and communication systems, 
while still overcoming building height limitations or allowing the construction of higher beams, which minimizes 
deflection and vibrations [33-34]. 

The composite slab is composed of a metallic formwork covered with a layer of concrete and a reinforcing 
mesh to absorb concrete’s retraction stresses on its upper part. The shape of the truss can consist of different types 
of profiles, such as tubular, double angles brackets, etc. and follow different assembly models, like Pratt, Howe 
and Warren. The dimensions, geometry and topology of a truss significantly influence the distribution of forces in 
each bar and, consequently, the total weight of the structure. Studies, such as Kaveh and Ahmadi [35] and Tarabay 
and Lima [36], indicated that the best solutions are found in the simultaneous optimization of these three 
parameters and Muller and Klashorst [37] corroborate with then, showing an average economy of 22% in 
comparison to the dimensional-only optimization. 

Therefore, the present work proposes a program that performs the topological optimization of a composite 
truss beam, considering the current safety verifications and aiming to find the solution that causes minimum 
environmental impact, through different metaheuristic algorithms - GA and PSO. 

2  Formulation and implementation of the optimization problem 

The developed program is implemented with the software Matlab 2016a [38] and considers a simply 
supported composite truss beam of steel and concrete. The truss is entirely made out of double angle brackets and 
is attached to the composite slab by stud bolt shear connectors on its upper chord. For the problem’s geometric, 
material and loading parameters, the program seeks the combination of variables that provides the minimum CO2 
emission and still meets the ultimate security and serviceability criteria. 

Seven variables are considered in this study: steel profile of the upper chord (𝑥𝑥1), steel profile of the lower 
chord (𝑥𝑥2), steel profile of the web members (𝑥𝑥3), characteristic strength of the concrete slab (𝑥𝑥4), decking profile 
(𝑥𝑥5), number of panels (𝑥𝑥6)  and truss total height (𝑥𝑥7). 

The first three variables represent the choice of steel profile used in each element of the truss. This choice is 
made from the options found on a commercial catalog of structural angle-shaped profiles [39] and, thereafter, its 
properties are taken into account for the structural verification and CO2 emission. 𝑥𝑥4 varies between commercial 
strength values, ranging from 5 to 5 MPa, between 20MPa - the minimum compressive strength prescribed by 
ABNT NBR 6118:2014 [40] for structural elements - and 50 MPa. 𝑥𝑥5 represents the choice of formwork to the 
concrete slab and is chosen amongst the options contained on a commercial catalog [41]. 𝑥𝑥6 represents the number 
of panels of the truss and it varies from 1 to the number that provides a minimum panel length of 50 cm. Finally, 
𝑥𝑥7 represents the total height of the truss and varies from 50cm to one eighth of the span. Furthermore, the total 
number of shear connectors is determined in a way that assures total interaction between truss and slab and also 
meets the spacing limits prescribed by ABNT NBR 8800:2008 [42]. Fig. 1 shows an example of composite trussed 
beam and indicates the variables considered in the program. 
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Fig. 1 Variables of the composite trussed beam considered in the program. 

Therefore, the function to be minimized is shown in Eq. 1. 

𝐶𝐶𝐶𝐶2,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶2,𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡  + 𝐶𝐶𝐶𝐶2,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑡𝑡𝑠𝑠 + 𝐶𝐶𝐶𝐶2,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐 + 𝐶𝐶𝐶𝐶2,𝑓𝑓𝑡𝑡𝑐𝑐𝑓𝑓𝑓𝑓𝑡𝑡𝑐𝑐𝑓𝑓 + 𝐶𝐶𝐶𝐶2,𝑓𝑓𝑠𝑠𝑠𝑠ℎ  (1) 

Where: 

𝐶𝐶𝐶𝐶2,𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡 = 𝐸𝐸𝑠𝑠 ⋅ (∑𝐿𝐿𝑢𝑢 ⋅ 𝐴𝐴𝑢𝑢 + ∑𝐿𝐿𝑡𝑡 ⋅ 𝐴𝐴𝑡𝑡 + ∑𝐿𝐿𝑓𝑓𝑓𝑓 ⋅ 𝐴𝐴𝑓𝑓𝑓𝑓) ⋅ 𝜌𝜌𝑠𝑠 (2) 

𝐶𝐶𝐶𝐶2,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑡𝑡𝑠𝑠 =  𝐸𝐸𝑐𝑐 ⋅ 𝑏𝑏𝑠𝑠 ⋅  𝐿𝐿 ⋅  ℎ𝑠𝑠𝑒𝑒  (3) 

𝐶𝐶𝐶𝐶2,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐 = 𝐸𝐸𝑠𝑠 ⋅ 𝑛𝑛𝑠𝑠𝑐𝑐 ⋅ 𝐴𝐴𝑠𝑠𝑐𝑐 ⋅  𝐿𝐿𝑐𝑐 ⋅ 𝜌𝜌𝑠𝑠 (4) 

𝐶𝐶𝐶𝐶2,𝑓𝑓𝑡𝑡𝑐𝑐𝑓𝑓𝑓𝑓𝑡𝑡𝑐𝑐𝑓𝑓 = 𝐸𝐸𝑓𝑓 ⋅ 𝐿𝐿 ⋅ 𝑏𝑏𝑠𝑠 ⋅ 𝐶𝐶𝑓𝑓 (5) 

𝐶𝐶𝐶𝐶2,𝑓𝑓𝑠𝑠𝑠𝑠ℎ = 𝐸𝐸𝑓𝑓 ⋅ 𝐿𝐿 ⋅ 𝑏𝑏𝑠𝑠 ⋅ 𝐶𝐶𝑓𝑓 (6) 

 
Where 𝐶𝐶𝐶𝐶2,t𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the total emission of 𝐶𝐶𝐶𝐶2 of the whole composite truss; 𝐶𝐶𝐶𝐶2,𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡 , 𝐶𝐶𝐶𝐶2,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑡𝑡𝑠𝑠, 

𝐶𝐶𝐶𝐶2,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐 , 𝐶𝐶𝐶𝐶2,𝑓𝑓𝑡𝑡𝑐𝑐𝑓𝑓𝑓𝑓𝑡𝑡𝑐𝑐𝑓𝑓, 𝐶𝐶𝐶𝐶2,𝑓𝑓𝑠𝑠𝑠𝑠ℎ  are the total emissions of 𝐶𝐶𝐶𝐶2 of the steel, concrete, connectors, formwork 
and mesh, respectively; 𝐸𝐸𝑠𝑠 is the emission of 𝐶𝐶𝐶𝐶2 per unit mass of produced steel, taken as 1.116 𝑘𝑘𝑘𝑘𝐶𝐶𝐶𝐶2/𝑘𝑘𝑘𝑘 [16]; 
𝐿𝐿𝑢𝑢, 𝐿𝐿𝑡𝑡 and 𝐿𝐿𝑓𝑓𝑓𝑓 are the lengths of each upper chord, lower chord and web members of the truss, respectively; 𝐴𝐴𝑢𝑢, 
𝐴𝐴𝑡𝑡 and 𝐴𝐴𝑓𝑓𝑓𝑓 are the areas of each upper chord, lower chord and web members of the truss, respectively; 𝜌𝜌𝑠𝑠 is the 
specific mass of steel, taken as 7850kg/m³; 𝐸𝐸𝑐𝑐 the emission of 𝐶𝐶𝐶𝐶2 per unit volume of concrete with the 
corresponding characteristic strength, taken from Santoro and Kripka [16];  𝑏𝑏𝑠𝑠 is the effective width of the concrete 
slab; 𝐿𝐿 the length of the beam;  ℎ𝑠𝑠𝑒𝑒  the equivalent thickness of concrete layer, given by the geometry of the steel 
formwork; 𝑛𝑛𝑠𝑠𝑐𝑐  is the number of shear connectors on the beam, which is determined to guarantee total interaction 
between truss and slab; 𝐴𝐴𝑠𝑠𝑐𝑐 and 𝐿𝐿𝑐𝑐 are the area and length of the shear connectors, respectively; 𝐸𝐸𝑓𝑓 is the unitary 
emission of 𝐶𝐶𝐶𝐶2 per unit mass of steel to the formwork, taken as 2.638 𝑘𝑘𝑘𝑘𝐶𝐶𝐶𝐶2/𝑘𝑘𝑘𝑘 [43]; 𝐶𝐶𝑓𝑓 is the mass of steel of 
a square meter of formwork; 𝐸𝐸𝑓𝑓 is the unitary emission of 𝐶𝐶𝐶𝐶2 per unit mass of steel to the reinforcing mesh, 
taken as 1.924 𝑘𝑘𝑘𝑘𝐶𝐶𝐶𝐶2/𝑘𝑘𝑘𝑘 [43]; 𝐶𝐶𝑓𝑓 is the mass of mesh in a square meter of slab. 

Furthermore, not only the optimal solution must be the one who provides de lowest CO2 emission, it must 
also meet the criteria of ultimate limit states (ULS) and serviceability limit states (SLS). To this end, the Brazilian 
standardization [42] defines verifications that need to be met, as shown in Eq. 7 to 12. 

1 −
𝑁𝑁𝑅𝑅𝑅𝑅,𝑢𝑢

𝑁𝑁𝑆𝑆𝑅𝑅,𝑢𝑢
≤ 0 (7) 

1 −
𝑁𝑁𝑅𝑅𝑅𝑅,𝑡𝑡

𝑁𝑁𝑆𝑆𝑅𝑅,𝑡𝑡
≤ 0 (8) 
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1 −
𝑁𝑁𝑅𝑅𝑅𝑅,𝑓𝑓𝑓𝑓

𝑁𝑁𝑆𝑆𝑅𝑅,𝑓𝑓𝑓𝑓
≤ 0 (9) 

1 −
𝑀𝑀𝑅𝑅𝑅𝑅

𝑀𝑀𝑆𝑆𝑅𝑅
≤ 0 (10) 

⎩
⎪
⎨

⎪
⎧1 − �

𝑁𝑁𝑅𝑅𝑅𝑅,𝑢𝑢

𝑁𝑁𝑆𝑆𝑅𝑅,𝑢𝑢
+

8
9
𝑀𝑀𝑅𝑅𝑅𝑅

𝑀𝑀𝑆𝑆𝑅𝑅
� ≤ 0, 𝑖𝑖𝑖𝑖   

𝑁𝑁𝑅𝑅𝑅𝑅,𝑢𝑢

𝑁𝑁𝑆𝑆𝑅𝑅,𝑢𝑢
≥ 0.2

1 − �
𝑁𝑁𝑅𝑅𝑅𝑅,𝑢𝑢

2𝑁𝑁𝑆𝑆𝑅𝑅,𝑢𝑢
+
𝑀𝑀𝑅𝑅𝑅𝑅

𝑀𝑀𝑆𝑆𝑅𝑅
� ≤ 0, 𝑖𝑖𝑖𝑖   

𝑁𝑁𝑅𝑅𝑅𝑅,𝑢𝑢

𝑁𝑁𝑆𝑆𝑅𝑅,𝑢𝑢
< 0.2

 (11) 

1 −
𝛿𝛿
𝛿𝛿𝑡𝑡𝑙𝑙𝑓𝑓

≤ 0  (12) 

 
Where 𝑁𝑁𝑅𝑅𝑅𝑅,𝑢𝑢, 𝑁𝑁𝑅𝑅𝑅𝑅,𝑡𝑡  and 𝑁𝑁𝑅𝑅𝑅𝑅,𝑅𝑅𝑓𝑓 are the axial resistance of the upper chord, lower chord and web members, 

respectively; 𝑁𝑁𝑆𝑆𝑅𝑅,𝑢𝑢, 𝑁𝑁𝑆𝑆𝑅𝑅,𝑡𝑡 and 𝑁𝑁𝑆𝑆𝑅𝑅,𝑅𝑅𝑓𝑓 are the axial forces acting on the upper chord, lower chord and web members, 
respectively; 𝑀𝑀𝑅𝑅𝑅𝑅 and 𝑀𝑀𝑆𝑆𝑅𝑅 are the bending moment resistance and the acting bending moment on the composite 
section; 𝛿𝛿 is the maximum deflection on the beam; and 𝛿𝛿𝑡𝑡𝑙𝑙𝑓𝑓 is the limit deflection. 

At last, the PSO algorithm considered the Adaptive Penalty Method (APM) proposed by Barbosa and 
Lemonge [29], using 100 individuals and a limit of 100 interactions with tolerance of 10-9. As for the GA, the 
program considered the native algorithm available in Matlab 2016a [38]. 

3  Results and discussions 

In order to verify the developed program, the solutions obtained by the optimization via GA and via PSO for 
a problem were analyzed considering three truss models: Pratt, Howe and Warren. The problem in question is a 
secondary beam with 24 meters of span, spaced 2 meters from the nearest beam and considered shored. As for the 
loading, the building is considered residential with high-floors, just as described in ABNT NBR 6120:2019 [44]. 
The dead and live load factor were considered as 1.35 and 1.5, respectively. The concrete is composed of gneiss 
aggregate and that the steel profiles are made of ASTM A572-42 steel with yield strength of 345 MPa and modulus 
of elasticity of 200 GPa. 

The optimization was performed 50 times for each algorithm in order to ensure that the solutions found were 
not local minima. The results are shown in Table 1 and the topology of each model of truss is shown in Fig. 2. 

Table 1. Optimization results. 

Algorithm Truss 
Model 

Lower Chord 
(mm) 

Upper Chord 
(mm) 

Web Members 
(mm) N° Panels Height 

(cm) 

GA 
Pratt 2L 63.50 x 8.78 2L 101.6 x 14.57 2L 76.20 x 5.52 14 170 cm 

Howe 2L 76.20 x 9.07 2L 88.90 x 12.58 2L 76.20 x 5.52 20 170 cm 
Warren 2L 76.20 x 7.29 2L 101.6 x 14.57 2L 76.20 x 5.52 12 205 cm 

PSO 
Pratt 2L 63.50 x 8.78 2L 101.6 x 14.57 2L 76.20 x 5.52 14 170 cm 

Howe 2L 76.20 x 9.07 2L 88.90 x 12.58 2L 76.20 x 5.52 20 170 cm 
Warren 2L 63.50 x 7.44 2L 101.6 x 14.57 2L 76.20 x 5.52 12 200 cm 

 
In all cases, the choice of the characteristic strength of the concrete slab resulted in 20 MPa, the minimum 

possible value. The choice of formwork was also unanimous in the MF50 option with 11cm hight, 0.8mm of width 
and reinforcing mesh of ϕ3.8cm x ϕ3.8cm, 15cm x 15cm, the minimum possible admissible one for a floor beam. 
This is probably because of the low distance between beams and loading. 
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Figure 2. Truss topology of each solution. 

From Tab. 1 it can be observed that the solutions provided by GA and PSO converge to the same solution in 
all cases, except in the Warren model. In the Warren model, however, the difference between the two solutions is 
basically the choice of the lower chord profile and a slight change in the height of the truss, which generates a 
difference lower than 0.2% in the total emission, as shown in Fig. 3. The convergence of the two algorithms 
confirms the accuracy of the solutions presented and, although there were differences in one case, they were not 
significative. 

 

Figure 3. CO2 Emissions of each solution. 
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The most economical solution was provided by the Warren model, with 3675.9 kgCO2, followed by Pratt, 
with 3738.6 kgCO2, and the least economical was Howe, with 3871.0 kgCO2. It can be seen, therefore, that the 
Warren model caused more than 5% less emissions in relation to the Howe model, being the most adequate for 
this problem. On average, 53.1% of emissions come from truss profiles, 14.2% from concrete emissions, 1.5% 
from shear connector emissions, 28.2% from formwork emissions and 3.0% from reinforcing mesh emissions. 
Also, from the truss profiles emission, an average of 22.4% comes from the profiles of the lower chords, 37.2% 
from the upper chords and 40.4% from the web members. 

As shown in Fig. 4, the most restrictive criterion, in all cases, was axial stress (Eq.8) and combined bending 
(Eq. 11) in the upper chord. 

 

Figure 4. Relation between Design and Resistant Efforts. 

4  Conclusion 

This paper sought to propose a formulation to the topological structural optimization of a composite truss 
with the objective of minimizing its environmental impact. Two different heuristic algorithms were used and three 
models were considered in and example and it was concluded that:  
• Both algorithms provided coherent results, being equal or very similar in all cases; 
• The Warren model was more than 5% more economic than the Howe model for the problem in question; 
• The larger amount of CO2 produced by the beam was due to the steel profile, followed by the formwork and 

concrete slab. 
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