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Abstract: Civil construction is one of the main contributors to the emission of CO2 in the atmosphere. In the 

pursuit of more environmentally friendly structures, evaluating the emission of gases generated by civil 

construction, particularly in the manufacturing process of composite slabs, is of paramount importance. Composite 

slabs are typically analyzed as a succession of simply supported spans; however, due to the construction method, 

these structures are actually built as continuous. Considering the continuity of the slabs in composite steel and 

concrete systems can lead to a more optimized structural design. The aim of this paper is to determine optimal 

solutions for continuous composite slabs in terms of CO2 emissions. The constraints of the optimization problem 

are based on the design criteria of Brazilian Standards, and the solution to the optimization problem was obtained 

using Particle Swarm Optimization. As result, the algorithm selected slabs with thinner steel formwork, lower 

concrete cover, and lower rates of negative and additional positive reinforcement. Additionally, it chosen concrete 

with intermediate compressive strength and a rate of negative reinforcement close to lower bound. The CO2 

emissions resulting from steel formwork and concrete were the most influential variables in the final problem 

solution. 

Keywords: continuous composite slabs; optimization; particle swarm algorithm; additional reinforcement; 

negative reinforcement. 

1  Introduction 

Achieving the perfect balance between performance and sustainability is crucial in today's civil construction 

industry. This is particularly important as civil construction stands as one of the leading contributors to CO2 

emissions in the economic sector. Consequently, extensive research has been conducted to explore methods of 

minimizing greenhouse gas emissions, aiming for enhanced environmental performance. Composite slabs 

represent structural elements replete with numerous advantages. These advantages include self-support during 

concreting, ease of installation, and a reduction in the formwork needed for construction. In recent years, 

continuous composite slabs have been studied as exemplified in research by ABAS et al. [1], TIAN et al. [2], 

Bolina et al. [3] and ZHANG et al. [4]. Many authors have used optimization to find the best solutions with an 

emphasis on economy and sustainability. The use of metaheuristic algorithm as Particle Swarm Optimization 

(PSO) proposed by Kennedy and Eberhart [5], is widely adopted due to its ease of implementation and good 

performance. Authors like Poitras et al. [6], Lin et al. [7] and Vosoughi and Gerist [8] have employed PSO as their 

chosen optimization algorithm.  

The study of continuous composite slabs is a recently emerging research area, and the analysis of their optimization 

with a focus on environmental impact promises to yield significant benefits for the civil construction industry. 

Consequently, this research presents the formulation of the optimization problem for continuous composite slabs, 

taking into account their environmental impacts by evaluating CO2 emission during the manufacturing process. 

Additionally, this study evaluates the use of additional positive reinforcement based on research by Grossi et al. 

[9], as well as determining the required negative reinforcement ratio in the vicinity of the supports. 
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2  Optimization Problem Formulation 

2.1 Design Variables 

The design variables considered in the optimization problem include the following: the thickness of the concrete 

above the formwork (𝑥1 = 𝑡𝑐), the characteristic compressive strength of concrete (𝑥2 = 𝑓𝑐𝑘), the thickness of the 

steel formwork (x3=tf), the additional positive reinforcement ratio (𝑥4 = 𝜌𝑅), the type of steel formwork according 

to the manufacturer (𝑥5), the negative reinforcement ratio (𝑥6 = 𝜌𝑁𝑅), and the diameter of the negative 

reinforcement (𝑥7 = 𝜌𝜙𝑁𝑅). Figure 1 illustrates the composite slab with the design variables indicated, and Fig. 2 

represents the formwork analyzed in this study, Polydeck 59S. 

 

Figure 1. Continuous composite slab with its variables. 

 

Figure 2. Steel forms Polydeck 59S [10]. 

2.2 Objective Function 

To discover the optimal solution with regards to the environmental impacts associated with the construction of 

continuous composite slabs, the objective function is employed as per eq. 1. This function aims to yield the 

outcome with the lowest total CO2 emissions, derived from the emission of each component of the composite slab. 

𝑀𝑖𝑛 𝐶𝑂2 = 𝐸𝑚Sd + 𝐸𝑚C + 𝐸𝑚R + 𝐸𝑚w + 𝐸𝑚NR + 𝐸𝑚𝐶𝑟  (1) 

where 𝐸𝑚Sd, 𝐸𝑚C, 𝐸𝑚R, 𝐸𝑚W, 𝐸𝑚NR and 𝐸𝑚Cr correspond to CO2 emissions, measured in kgCO2, originating 

from steel formwork, concrete, additional positive reinforcement, shrinkage-induced cracking, negative 

reinforcement, and cracking reinforcement, respectively. The CO2 emission values for concrete and steel were 

proposed by Santoro e Kripka [11] and Worldsteel Association [12], respectively, and are detailed in Tab. 1. 

Table 1. CO2 emission in concrete production 

Component Strength CO2 Emission (kgCO2/m³) Source 

Concrete 

20 MPa 129.85 

Santoro and Kripka 

[11] 

25 MPa 142.71 

30 MPa 153.68 

35 MPa 163.25 

40 MPa 171.73 

45 MPa 189.60 

50 MPa 199.72 

Steel formwork 280 MPa 2.6380 

Worldsteel 

Association [12] 

Additional 

reinforcement 

600 MPa 1.9240 

Wire mesh 

Cracking 

reinforcement 

Negative bending 

reinforcement 
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2.3 Constraints 

Eight design constraints were defined based on the sizing criteria established by ABNT NBR 8800 [13], which are 

as follows:  

𝐶(1) ∶  
𝑀𝑆𝑑

+

𝑀𝑅𝑑
+ − 1  ≤  0                                       

(1) 𝐶(5) ∶  
𝑀𝑆𝑑

−

𝑀𝑅𝑑
− − 1  ≤  0                                      (5) 

𝐶(2) ∶  
𝑉𝑆𝑑

𝑉𝑣,𝑅𝑑
− 1 ≤ 0                                       (2) 𝐶(6) ∶  

𝑒𝑠𝑝𝑁𝑅

𝑒𝑠𝑝𝑚á𝑥
− 1 ≤ 0                                   (6) 

𝐶(3) ∶  
𝑉𝑆𝑑

𝑉𝑙,𝑅𝑑
− 1 ≤ 0                                       (3) 𝐶(7) ∶  1 −

𝑒𝑠𝑝𝑁𝑅

𝑒𝑠𝑝𝑚𝑖𝑛
 ≤ 0                                   (7) 

𝐶(4) ∶  
𝛿

𝛿𝑚á𝑥
− 1 ≤ 0                                       (4) 𝐶(8) ∶  1 −

ф𝑁𝑅
𝑡𝑐

8⁄
 ≤ 0                                       (8) 

The constraints pertain to the limit states concerning positive bending moment, 𝐶(1), vertical shear, 𝐶(2), and 

longitudinal shear, 𝐶(3). Constraint 𝐶(4) ensures compliance with the excessive deflection service limit state, 

while 𝐶(5) monitors limit states associated with negative bending moment. The spacing of the negative 

reinforcement bars is assessed against the maximum and minimum allowable spacing in constraints 𝐶(6) and 

𝐶(7), respectively. Finally, constraint 𝐶(8).guarantees that the maximum diameter limit for this reinforcement is 

upheld. 

3  Results and Discussions 

In this study, continuous composite slabs were constructed using a steel formwork, specifically Polydeck 59S from 

the Perfilor catalog [10]. The analysis was conducted with 2 spans, each measuring 3.4 m, and the loads were 

defined as per the manufacturer’s specifications. The material properties were as follows: the modulus of elasticity 

of steel (𝐸a) was 200 GPa, the specific mass of steel was 7850 kg/m³, and the strength weighting factor were 1.4 

for concrete (𝛾c), 1.15 for steel formwork (𝛾a), 1.15 for reinforcement (𝛾sl) and 1.43 for longitudinal shear 

strength(𝛾sl). In the optimization problem, the design variables were considered as discrete, and the define ranges 

for each variable were as follows: 𝑡𝑐 ranged from 51 to 191 mm, with increment of 10 mm; the 𝑓𝑐𝑘  ranged from 

20 to 50 MPa with an increment of 5 MPa; three options for 𝑡𝑓 were considered: 0.8 mm, 0.95 mm and 1.25 mm; 

𝜌𝑅 varied from 0% to 0.25%, with an increment of 0.05%; 𝜌𝑁𝑅 ranged from 0.15% to 4%, with increment of 

0.05%; and five possibilities for the diameter of the welded cracking reinforcement, denoted as ф𝑁𝑅, with values 

of 3.8, 4.2, 5, 6.3 and 8 mm. Tab. 2 presents the load cases that were analyzed. These values were utilized to 

optimize the composite slabs based on CO2 emissions. 

Table 2. Load cases analyzed. 

Load case kN/m² Load case kN/m² 
Load 

case 
kN/m² 

Load 

case 
kN/m² 

Load 

case 
kN/m² 

Load 

case 
kN/m² 

1 4.45 9 8.62 17 4.87 25 4.51 33 10.48 41 7.36 

2 5.16 10 3.34 18 10.81 26 5.8 34 5.22 42 12.06 

3 7.14 11 4.26 19 4.04 27 9.43 35 6.74 43 5.94 

4 2.88 12 9.35 20 5.18 28 4.75 36 11.00 44 7.68 

5 5.69 13 3.57 21 11.55 29 6.11 37 5.46 45 12.58 

6 7.89 14 4.57 22 4.27 30 9.96 38 7.05 - - 

7 3.11 15 10.08 23 5.49 31 4.98 39 11.53 - - 

8 6.21 16 3.8 24 12.29 32 6.42 40 5.7 - - 
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As an example, Tab. 3 presents the optimal solution that was found, along with the corresponding result from the 

manufacturer's catalog for load case 42. 

Table 3. Comparing the manufacturer's result to the optimized solution 

Solution Properties 

 ht 

(mm) 
hf 

tc 

(mm) 

tf 

(mm) 

fck 

(MPa) 

ρR 

(%) 
ρNR 

Load 

(kN/m²) 

Manufacturer 240 59 181 1.25 20 0 TS246 12.06 

Authors PSO 150 59 91 0.8 40 0.15 0.4% 12.06 

Solution CO2 Emission 

 Formwork  Concrete  
Addition 

reinforcement  

Wire 

mesh  

Negative 

reinforcement  

Cracking 

Reinforcement  
Total  

Manufacturer/ 

Optimization 

Manufacturer 

(kgCO2) 
256.34 182.78 0 28.78 8.63 0 476.53 

140 % 
Authors PSO 

(kgCO2) 
163.96 136.94 14.02 15.83 10.32 0 341.07 

According to Tab. 3, it is evident that, for equivalent load levels, the manufacturer's total CO2 emissions were 40% 

higher than those of the optimized solution. It is worth noting that the optimized solution employed a steel 

formwork with a thickness of 0.8 mm, which happened to be the most significant contributor to the overall CO2 

emissions. Additionally, the optimized solution utilized concrete with a strength of 40 MPa and reduced the 

thickness of the concrete layer. It also incorporated additional positive reinforcement at a rate of 0.15% and 

negative reinforcement at 0.4%. These choices underscore the advantages of using reinforcement elements to 

enhance the slab's load-bearing capacity with minimal impact on CO2 emissions. Many components contributing 

to the total CO2 emissions of the slab were effectively reduced. Specifically, the emissions per element in the 

manufacturer's solution were 56.3% higher for the formwork, 33.5% for the concrete, and 81.8% for cracking 

reinforcement. In contrast, the negative reinforcement in the manufacturer's design was 16.3% less than that in the 

optimization algorithm. Figure 3 illustrates the ratio between the CO2 emissions of the manufacturer's solutions 

and the optimized ones, emphasizing the significant reductions achieved through the optimization process. 

 

Figure 3. Ratio between issuance of CO2 - Manufacturer's solution / Optimized solution for span 3.4 m 

As illustrated in Fig. 3, the optimal solutions generally outperformed the manufacturer’s proposed solutions, with 

just two exceptions. In these cases, the algorithm considers as the best solution the use of a concrete with 𝑓𝑐𝑘 

equivalent to 35 and 30 MPa, which offer greater durability compared to the concrete of 20 MPa. It is worth noting 

that the manufacturer's catalog specifies an 𝑓𝑐𝑘 value of 22 MPa, but for the emissions analysis it was considered 

an 𝑓𝑐𝑘 of 20 MPa, as the associated CO2 emissions for this 𝑓𝑐𝑘  value were provided and documented in Tab. 1.  

It is evident that for higher load values, the optimization yielded superior results compared to those offered by the 

manufacturer, demonstrating its efficiency in handling higher load situations. Additionally, Fig. 3 illustrates that 
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the manufacturer's emissions are up to 40% higher than those determined by the algorithm. Figure 4 provides a 

breakdown of the CO2 emissions associated with each component of the continuous composite slab. 

 

Figure 4. CO2 emission per component of the Polydeck 59S with a span of 3.4 m 

As Fig. 4 illustrates, the slab formwork was the element with the greatest contribution to the total CO2 emission 

of the structure, followed by the concrete, cracking reinforcement, negative reinforcement and addition 

reinforcement. It is important to observe that the positive reinforcement addition has its importance, by helping to 

reduce the thickness of the formwork and the overall CO2 emission of the structure. Figure 5 provides an overview 

of the optimization constraints, with the dimensioning of the slabs primarily governed by criteria such as 

longitudinal shear force and the negative bending moment. 

 

Figure 5. Analysis of constraints for continuous slabs and spans of 3.4 m 

Figures 6 to 11 present an analysis of the parameters that had the most significant impacted on the optimization of 

the proposed problem, including the thickness of the concrete cover, formwork, positive and negative 

reinforcement ratio, characteristic strength of concrete and negative reinforcement diameter. 

As show in Fig. 6, it is clear that the most commonly concrete cover height was 51 mm. This selection aligns with 

the goal of minimizing the concrete volume since it represents the smallest volume among the available options. 

Notably, the formwork thickness remained constant at 0.8 mm across all load cases. Recognizing that this 

component substantially contributes to CO2 emissions, our optimization solution was designed to prioritize 

reducing formwork thickness while still meeting the problem's constraints. This approach ultimately led to minimal 

utilization of steel formwork volume, as depicted in Fig. 7. 
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Figure 6. Concrete cover height 

 

Figure 7. Thickness of steel formwork 

 

Figure 8. Selected positive reinforcement rate 

 

Figure 9. Characteristic strength of concrete 

 

Figure 10. Negative reinforcement rate selected 

 

Figure 11. Negative reinforcement diameter 

Figure 8 reveals that the algorithm excluded additional positive reinforcement in 62.2% of cases due to the 

redistribution of positive moments, reducing the need for extra positive reinforcement and formwork alone can 

withstand the stresses. While this choice has a limited impact on CO2 emissions, it enhances the flexural strength 

of the slab without requiring thicker steel formwork, as illustrated. As shown in Fig. 9, the most frequently chosen 

characteristic concrete strength was 35 MPa. When we compare this with Fig. 6, it becomes evident that the 

preference for smaller concrete covers necessitated the use of higher fck values. Intermediate values were selected 

to ensure that the concrete could withstand compression forces without significantly increasing CO2 emissions. In 

Fig. 10 and 11, it is worth noting that the most commonly used negative reinforcement rate was 0.5%, paired with 

a steel bar diameter of 6.3 mm. The choice of a 6.3 mm diameter aligns with the maximum diameter criteria 

determined by the concrete cover. 

4  Conclusions 

After analysis results, it becomes evident that 40% of these solutions featured the lowest possible concrete cover 

height, which stood at 51 mm. This specific configuration consistently yielded lower CO2 emissions. It's worth 

noting that all optimal solutions employed the thinnest steel formwork, measuring 0.8 mm, due to its lower weight 

and subsequently reduced CO2 emissions. In 38.8% of cases, additional reinforcement was incorporated, leading 

to both a decrease in CO2 emissions and an enhancement of the composite slab's structural integrity. In conclusion, 

our research's formulation and algorithm delivered optimized results that outperformed those of the manufacturer 

while adhering to the same design criteria and technical standards. 
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