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Abstract
In an epoch defined by an increasing emphasis on environmental sustainability, the construction industry stands at a crucial 
juncture, where innovation and informed decision-making are imperative. This study investigates the intricate interplay 
between structural design parameters and environmental sustainability in concrete slab construction. Focusing on span 
length, live load variations, and the inclusion of secondary beams, this study seeks to establish a delicate equilibrium for 
achieving optimal structural efficiency while minimising the environmental impact. Analysis of span length reveals, as would 
be expected, that the minimum slab thickness meeting the deflection criteria increases proportionally with span length, 
demanding careful consideration in project-specific scenarios. Live load investigations highlight the sensitivity of slab design 
to external loading conditions, with increased live loads correlating with greater demand for steel reinforcement, deflection, 
and minimum slab thickness. The inclusion of secondary beams, while consistently reducing the required reinforcement 
and enhancing the deflection performance, has a marginal impact on the embodied carbon. This research contributes to the 
growing knowledge at the intersection of structural engineering and sustainability, guiding decision-makers toward informed 
choices for optimised, environmentally conscious structural solutions in the construction industry.

Keywords Sustainable construction · Embodied carbon · Built environment · Climate change · Concrete structures

Introduction

In the face of formidable challenges confronting soci-
ety, including the pressing issues of climate change and 
resource scarcity, the research community plays a vital role 
in seeking solutions that lay the groundwork for sustain-
able societal development. The consensus in sustainability 

discourse underscores the need to holistically address the 
interconnected triad of society, economy, and the environ-
ment (David & Ayyub, 2017). The heart of this triad lies 
in the construction sector, a linchpin of societal progress. 
This sector not only shapes the physical landscape of infra-
structure and buildings, which in turn underpin our daily 
activities, but also has substantial economic influence, 
with global annual expenditures exceeding $10 trillion in 
construction-related goods and services (McKinsey, 2017). 
However, alongside its societal and economic significance, 
the construction sector generates significant environmental 
concerns (Sjostrom & Bakens, 1999).

Among these concerns, the emission of greenhouse gases 
and their contribution to global warming are of paramount 
importance. Recent estimates suggest that the construc-
tion sector accounts for more than 20% of total  CO2 emis-
sions attributed to global economic activities (Huang et al., 
2018). Approximately half of this proportion is associated 
with building construction (GABC, 2020). In light of the 
Paris Agreement on Climate Change, which calls for limit-
ing global warming to 2°C compared to preindustrial levels, 
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there is a limited carbon budget for the twenty-first century, 
equivalent to less than 30 years of current global emissions 
(Kriegler et al., 2014), and approximately 35% of the emis-
sion budget required for building essential infrastructure 
in developing countries (Müller et al., 2013). To align the 
global construction sector with the goals of this agreement, 
worldwide commitments to decarbonize buildings and infra-
structure must increase both in scale and pace.

This commitment extends to the structural engineering 
profession, which plays a pivotal role in shaping the built 
environment’s environmental footprint. Over the past 
decades, numerous strategies, methods, and tools have 
emerged to assess the environmental sustainability of 
structures (Ding, 2008; Pomponi & Moncaster, 2016; 
Eberhardt et  al., 2019; KC and Gautam, 2021), often 
grounded in Life Cycle Assessment (LCA). Despite 
substantial standardization efforts, such as those by CEN 
(2010), and the availability of Environmental Product 
Declarations (EPD), practical doubts persist regarding 
the implementation of LCA procedures and associated 
uncertainties (De Wolf et  al., 2017; Dong et  al., 2018; 
Hawkins et al., 2021; Saxe et al., 2020). These doubts have 
hindered the broader acceptance and application of LCA. 
Embodied carbon emissions encompass an all-encompassing 
quantification of the environmental impacts spanning 
various phases of construction, from raw material extraction 
and manufacturing to transportation, construction, ongoing 
upkeep, and ultimate decommissioning and disposal stages 
(Hammond & Jones, 2008; Gibbon et al., 2022).

Numerous research endeavours have focused on 
mitigating embodied carbon in reinforced concrete slabs, 
with numerous studies investigating methods to optimize 
costs and embodied energy. Sahab et al., (2005) conducted 
a comprehensive study on cost optimization in flat slabs, 
considering three critical variables: column layout, slab 
thickness, and reinforcement design. Their research 
underscored the pivotal role of optimizing column layout, 
which could yield substantial cost savings. Additionally, 
their work emphasized the feasibility of increasing 
reinforcement ratios to reduce slab thickness, particularly 
in designs governed by deflection criteria, resulting in an 
overall cost reduction.

Goodchild et al., (2009) developed a set of design charts 
for slabs and other reinforced concrete frame elements, 
offering insights into the minimum cost considerations for 
various spans. The charts were generated using a series of 
parametric designs. In their research, they meticulously 
controlled deflections according to the Eurocode 2 guidelines 
(CEN, 2014), thereby establishing adjusted span-to-depth 
ratios. Notably, their findings indicated that increasing the 
reinforcement to further reduce the allowable slab thickness 
could contribute to overall cost reduction. Ferreiro-Cabello 
et al., (2016) embarked on a study involving flat slabs with 

varying thickness for different column grids. Their research 
highlighted the significance of reducing spans as a means 
of minimising embodied carbon. Moreover, their work 
demonstrated that designs with the lowest embodied carbon 
approached the minimum feasible slab thickness, indicating 
a delicate trade-off between slab depth and reinforcement 
content. Eleftheriadis et al., (2018) employed a BIM-based 
genetic algorithm to optimize flat slabs, wherein they 
systematically varied the dimensions and reinforcement 
of slabs and columns, along with the column layout. Their 
investigation led to the conclusion that designs with the least 
embodied carbon leaned towards shorter column spacing 
and thinner slabs. This study also observed that increasing 
the slab thickness to reduce the reinforcement ratio could 
effectively diminish the overall embodied carbon content.

Bechmann and Weidner, (2021) compared a standard 
multi-storey concrete building with optimized concrete 
and a hybrid timber tower, each with 29 floors. The 
optimized concrete building included a specific concrete 
mix, specifically adjusted structural systems, and material 
manufacturing. The hybrid timber building was designed 
with a foundation, underground levels, and a stiffening 
core made of concrete, while the slabs of all upper floors 
featured 200 mm timber panels with 100 mm concrete 
topping slabs. The results of this study revealed the potential 
for substantial reductions in carbon emissions, with the 
selection of hybrid timber over conventional concrete design 
leading to emissions reductions of up to 78%. Additionally, 
it was observed that a concrete optimization approach could 
considerably reduce carbon emissions by 47%.

The evaluation of construction sustainability necessitates 
a comprehensive examination of its environmental 
impact throughout the various stages of its life cycle, 
as standardized by BS EN 15978(2011). According to 
this norm, stages A1–A3, collectively referred to as 
'cradle-to-gate,' encompass the Product stage, involving 
activities such as raw material procurement, material 
transportation, and manufacturing (Gibbon et al., 2022). 
Notably, the London Energy Transformation Initiative, 
(2020) underscores a substantial proportion of embodied 
carbon, often accounting for up to 50% of the entire life 
cycle carbon footprint, in contrast to the relatively smaller 
contribution of the construction phase, which typically 
constitutes approximately 5% of the total. Researchers 
including Sansom and Pope, (2012), Wen et al., (2015), and 
Gan et al., (2017), also explored embodied carbon across 
the life cycle in various case studies and, consistently 
found that transportation and construction activities 
collectively account for a contribution within the range of 
1–15%. Thus, ‘cradle-to-gate’ embodied carbon serves as a 
performance indicator, allowing a focused examination of 
the environmental implications associated with variations 
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in concrete grade and slab thickness while maintaining a 
constant construction method.

Despite the increasing importance of sustainable 
construction practices, there remains a limited body of 
literature specifically addressing the embodied carbon 
implications in concrete slabs, especially when secondary 
beams are introduced. The majority of existing studies often 
generalize their findings to broader structural elements or 
focus on isolated aspects of construction materials. This 
research, however, homes in on the nuanced environmental 
impact of concrete slabs, considering various parameters 
such as span variations, live loads, and the incorporation 
of secondary beams. This specificity allows for a more 
detailed and targeted analysis of the factors influencing 
embodied carbon in concrete slabs, contributing a unique 
perspective to the existing body of knowledge. This study 
aims to contribute to the development of more sustainable 
construction practices in the structural engineering field. 
This study not only seeks to identify carbon-efficient choices 
for concrete slabs, but also provides insights into the broader 
discourse on sustainable building design and construction 
within the context of a rapidly changing world.

Methodology

Two-way concrete slabs were designed on beams configured 
as 3 × 3 bays, as shown in Fig. 1. The design simulations 
adhered to the specific parameter characteristics of the office 
building context. Gravity loads were considered according to 
the guidelines provided by ASCE/SEI 7-16 (ASCE, 2016). 
This encompassed accounting for the dead load, which 

includes the self-weight of the structure and a superimposed 
dead load of 2 kN/m2, along with a live load of 2.5 kN/m2. 
The structural analysis employed the ultimate combination, 
incorporating a load factor of 1.2 for the dead load and 1.6 
for the live load, utilizing the well-established commercial 
finite element software package ETABS(CSI, 2023).

A concrete grade of K350, characterised by a compressive 
strength of 28 MPa was used. The steel reinforcement 
followed the specifications of BjTS 420A, featuring a 
yield strength of 420 MPa. This study established a range 
for the slab thickness, varying between a minimum of 120 
mm and a maximum of 210 mm. This variation enabled 
a comprehensive analysis of the embodied carbon in 
reinforced concrete slabs of different thicknesses. Once 
the slab thickness was set within the specified range, the 
reinforcement was determined based on flexure and aligned 
with the guidelines provided by ACI 318-19 (ACI, 2019). 
The designs for both the bottom and top reinforcements were 
consistent. This alignment with industry standards maintains 
the structural integrity, reflecting practical construction 
scenarios.

The design process involves a meticulous assessment of 
the structural components and anticipated loads, ensuring 
that the designed slabs satisfy the specified long-term 
deflection limits (ACI, 2019). Compliance with the L/240 
limit, where “L” represents the span of the slab, is essential 
not only for structural stability but also for meeting occupant 
comfort and serviceability requirements. The long-term 
deflection analysis incorporates the impact of cracking 
and the presence of reinforcement on the stiffness of the 
structural members. The effective moment of inertia, Ie is 
determined using Equation 1.

Fig. 1  Generic building floor 
plan and section
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where Ma represents maximum moment due to service load, 
Ig is the moment of inertia of gross section, Icr is the moment 
of inertia of cracked section (assumed as 0.25Ig), and Mcr is 
cracking moment obtained from Equation 2.

where fr signifies the modulus of rupture of concrete and 
yt is the distance from centroidal axis of gross section. 
Additionally, the time-dependent deflection resulting due 
to creep and shrinkage is determined as the product of the 
immediate deflection caused by sustained load and the 
factor, λΔ.

where ξ is considered as 2, and ρ’ represents ratio of 
compression reinforcement at midspan.

This study comprehensively investigated the embodied 
carbon in concrete slabs, emphasizing diverse layout 
configurations and considering the influence of secondary 
beams. The distribution of columns within the structural 
framework adhered to a grid pattern with dimensions of 10 x 
10, 8 × 8, and 6 x 6 m. These grid layouts were deliberately 
chosen to align with common column arrangements 
encountered in practical construction scenarios. 
Additionally, this study introduces an additional variation 
by exploring the impact of different live load values on the 
structural design. Three distinct live load scenarios were 
considered: 2.5 kN/m2, 5 kN/m2, and 7.5 kN/m2. This 
variation aims to assess how varying live loads contribute 
to changes in structural performance and embodied carbon, 
thereby providing valuable insights into the adaptability 
of slab designs to different usage conditions. Furthermore, 
the investigation extends to the presence or absence of 
secondary beams in the structural design. The inclusion of 
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this factor allows for a thorough examination of its effects 
on both the structural performance and embodied carbon 
footprint of the concrete slabs. A comprehensive exploration 
of these variations will contribute to a holistic understanding 
of the factors influencing embodied carbon in concrete slabs, 
offering valuable insights for sustainable and efficient design 
practices in the construction industry.

The estimation of embodied carbon in reinforced concrete 
slabs follows the 'cradle-to-gate’ framework, spanning 
stages A1–A3, as per BS EN 15978 (2011). This approach 
thoroughly evaluates the environmental impact throughout 
the life cycle of concrete slabs, from the raw material 
extraction (cradle) to the factory gate (gate). Equation 4 was 
adopted to determine the quantity of the embodied carbon 
in  kgCO2e.

The carbon factors used for this assessment are obtained 
from an inventory of carbon and energy using circular 
ecology, as outlined by Hammond and Jones, (2008). The 
following representative values for environmental impact 
were adopted:

• Reinforcing steel: 1.99 kg  CO2e/kg
• Concrete grade K350: 0.126 kg  CO2e/kg

These factors form the basis for quantitatively evaluat-
ing embodied carbon in concrete slabs, providing insights 
into the environmental implications of the selected materials 
and design parameters. The utilization of recognized data 
sources ensures the reliability and relevance of assessments 
within the broader context of sustainability considerations in 
construction. To enhance the clarity of our methodology, a 
graphical representation is provided in Fig. 2, illustrating the 
key steps and parameters involved in our adopted approach.

(4)

Embodied Carbon (kgCO2e)

=
∑

Material quantity (kg) x Carbon factor (kgCO2e∕kg)

Fig. 2  Flow chart of methodology
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Results and discussion

Span length effect on embodied carbon

This section examines the impact of span variations on the 
performance and embodied carbon of concrete slabs, with a 
particular focus on the real-world applicability of the design 
results. Figure 3 presents the results for required steel rein-
forcements at different spans, offering a detailed analysis 
of the corresponding reinforcement values measured in 
kilograms per cubic meter (kg/m3). This comprehensive 
examination provides valuable insights into both structural 
considerations and environmental implications.

The examination of concrete slabs with varying 
thicknesses across different spans revealed a consistent 
and significant inverse relationship between slab thickness 
and required steel reinforcement. This finding holds true 
for spans of 6 m, 8 m, and 10 m, aligning with established 
principles in structural engineering. As slabs become thicker, 
the demand for reinforcing steel decreases proportionally, 
thereby showcasing the inherent load-bearing capacity of 
thicker slabs. The coherence between the design results and 
established engineering principles affirms the real-world 
applicability of our approach. This also serves as an implicit 
validation, reinforcing the reliability and practical utility 
of our design configurations within the broader context of 
structural engineering.

The influence of span length on structural design is further 
emphasized by the observed variation in required steel 
reinforcement density. Longer spans showcase a decreasing 
trend in reinforcement density, indicating an opportunity for 
designers to optimize material usage in larger structures. 
This valuable insight not only contributes to structural 
efficiency but also underscores the potential for minimizing 
the environmental and economic impact associated with 
steel reinforcement in real-world construction scenarios.

The examination of long-term deflection for concrete 
slabs with varying spans and thicknesses provides critical 
insights into the structural behaviour and performance of 
these elements. Figure 4 shows the nuanced relationship 
between slab characteristics and deflection. Similarly, there 
is a clear inverse relationship between slab thickness and 
long-term deflection across all spans (6 m, 8 m, and 10 m). 
Thicker slabs consistently exhibited lower deflection values, 
emphasizing the importance of slab thickness in controlling 
long-term deflection.

The influence of span length on deflection was evident. 
Longer spans generally result in higher deflections, 
highlighting the importance of considering span length in 
the design process. The observed trends underscore the need 
for careful consideration of the structural requirements and 
appropriate design measures for longer spans. The deflection 
values were compared against the specified deflection limits 
(25 mm, 29 mm, and 33 mm for spans 6 m, 8 m, and 10 m, 
respectively). The analysis of various span lengths revealed 
critical observations regarding the deflection criteria. 
For a span of 6 m, the study indicated that a minimum 

Fig. 3  Required rebar at different spans

Fig. 4  Long-term deflection at different spans

Fig. 5  Embodied carbon at different spans
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slab thickness of 140 mm is necessary to ensure that the 
deflection remains within the acceptable limit. Similarly, 
for spans of 8 m and 10 m, the identified minimum slab 
thicknesses were 160 mm and 200 mm, respectively. These 
findings emphasize the direct relationship between span 
length and structural demands placed the on slab thickness.

Figure 5 shows a discernible relationship between the 
slab thickness and embodied carbon for all spans. It can 
be seen that thicker slabs are generally associated with 
higher embodied carbon values, despite a reduction in the 
required steel, highlighting the crucial role of concrete slabs 
in influencing the overall environmental impact of struc-
tural systems. The data indicated that the embodied carbon 
in concrete slabs is a significant contributor to the overall 
environmental impact of the structural system. While the 
reduction in the required steel in thicker slabs is advanta-
geous from a material use perspective, the increased con-
crete volume contributes substantially to the overall embod-
ied carbon. This phenomenon underscores the complexity of 
the relationship between structural elements and embodied 
carbon, which necessitates a nuanced understanding of sus-
tainable design considerations.

Variations in embodied carbon were observed across 
all three spans (6 m, 8 m, and 10 m). While there is no 
consistent trend across all thicknesses, the data suggest that 
span length may influence embodied carbon, indicating 
a need for careful consideration of environmental impact 
alongside structural design decisions. Substantial differences 
in embodied carbon can be seen for thinner slabs. With 
reduced concrete volume, alterations in the composition of 
materials, such as cement content and steel reinforcement, 
can lead to more pronounced variations in embodied carbon. 
Conversely, the observed similarity in the embodied carbon 
values for thicker slabs suggests a potential convergence of 
environmental impact as the concrete volume increases. This 
is possibly due to a saturation point where the incremental 
increase in concrete volume has a diminishing effect on the 
overall embodied carbon.

Live load impact on embodied carbon

In this section, the impact of live load (LL) is investigated 
on concrete slabs with a span of 8 m. The analysis of the 
impact of different live loads on the required steel reinforce-
ment offers insightful observations that can inform structural 
engineering practices. Notably, there is a consistent trend 
across varying live loads—2.5 kN/m2, 5 kN/m2, and 7.5 kN/
m2—indicating a uniform influence on steel requirements 
for each slab thickness category as shown in Figure 6. This 
suggests the robustness of the relationship between the live 
load and steel demand within the studied variations.

It can be seen that thicker slabs consistently exhibit lower 
demands for steel, while thinner slabs require a higher steel 

content to meet the structural requirements. This finding 
aligns with established engineering principles and reinforces 
the importance of considering the slab thickness as a critical 
factor in design optimization. As the live load magnitude 
increased, the study revealed a corresponding trend of 
higher steel requirements across all slab thicknesses. This 
aligns with engineering expectations because increased 
live loads typically induce higher stresses on the structure, 
necessitating additional reinforcement for structural 
integrity.

Figure 7 shows a clear correlation between the increas-
ing live loads and higher deflections across all slab thick-
nesses. The results consistently demonstrated that as the 
live load increases, the deflections of the concrete slabs also 
increased. The results also highlight the direct impact of 
live load on the minimum slab thickness required to meet 
deflection criteria. As the magnitude of live load increases, 

Fig. 6  Required rebar at different live loads

Fig. 7  Long-term deflection at different live loads



3661Asian Journal of Civil Engineering (2024) 25:3655–3664 

the minimum acceptable slab thickness also increases. For 
instance, with a live load of 2.5 kN/m2, a minimum thick-
ness of 160 mm was sufficient to meet the deflection limits. 
However, for a live load of 5 kN/m2, the minimum thickness 
increased to 170 mm, and further increased to 190 mm for a 
live load of 7.5 kN/m2.

The impact of varying live loads on the embodied carbon 
of the concrete slabs is shown in Figure 8. A discernible 
pattern emerges as the live load magnitude increases from 
2.5 to 7.5 kN/m2, revealing a consistent rise in embodied 
carbon across different slab thicknesses. This correlation 
underscores the direct influence of the live load on the envi-
ronmental impact of the structure. While live loads are con-
ventionally considered in structural design, this emphasizes 
the broader implications for sustainability.

The results highlight a crucial dual consideration 
in engineering design: live loads that not only dictate 
structural requirements but also contribute significantly 
to the embodied carbon of the structure. This dual impact 
necessitates an integrated design approach, in which 
structural performance and environmental sustainability 
are carefully balanced. Engineers must be cognizant of 
the environmental consequences associated with higher 
live loads, fostering a paradigm shift towards holistic and 
sustainable design practices.

These findings have implications for the broader 
discourse on sustainable construction. The observed 
increase in embodied carbon with higher live loads 
prompted a reconsideration of design strategies. 
Engineers are encouraged to explore alternative materials, 
innovative structural systems, and advanced construction 
methodologies to mitigate their environmental impacts. 
This approach aligns with contemporary sustainability goals, 
encouraging a comprehensive view of structural engineering 

that prioritizes both performance and environmental 
responsibility.

Secondary beam impact on embodied carbon

This section focuses on exploring the effects of the 
presence or absence of secondary beams on both structural 
performance and embodied carbon. In this study, a 
span length of 8 m was selected as a representative 
value commonly encountered in practical construction 
scenarios.  A single secondary beam measuring 30 cm 
by 60 cm was placed at the midpoint of each direction, 
resulting 4 m by 4 m slab panels. This configuration allowed 
for systematic examination of how the introduction of 
secondary beams influences the structural performance and 
environmental footprint of the concrete slabs.

The examination of the required rebar for different slab 
thicknesses, both with and without secondary beams, as 
shown in Figure 9, provides valuable insights into the struc-
tural behaviour and efficiency of concrete slabs. Across vari-
ous thicknesses, the inclusion of secondary beams consist-
ently led to a substantial reduction in the required amount 
of reinforcement, ranging from approximately 50 to 70%. 
It can be observed that the secondary beams significantly 
contribute to the load distribution and overall stability. This 
improvement in structural efficiency can be attributed to the 
effective load-carrying capacity of the slab when the second-
ary beams are integrated. Consequently, the reduced need for 
additional reinforcement indicates a structural system that 
efficiently distributes loads.

The disparities in the required reinforcement between 
slabs with and without secondary beams were more 
pronounced in thinner slabs, whereas the differences 
diminished as the slab thickness increased. For thinner 
slabs, the impact of secondary beams on the required rebar 

Fig. 8  Embodied carbon at different live loads Fig. 9  Required rebar with and without secondary beams
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is substantial. The inclusion of the secondary beams led 
to a significant reduction in the amount of reinforcement 
required. This phenomenon can be attributed to the enhanced 
load distribution capabilities of the secondary beams. The 
beams effectively contribute to the load-carrying capacity 
of the slab, resulting in reduced stress on the individual 
elements and, consequently, a diminished need for additional 
reinforcement. Conversely, as the slab thickness increased, 
the influence of the secondary beams on the required rebar 
became less pronounced. The diminishing effect suggests 
that for thicker slabs, the inherent structural strength and 
stiffness of the slab itself play a more dominant role in 
determining the required reinforcement. In these cases, the 
contribution of secondary beams to the load distribution 
becomes relatively less significant compared to the overall 
capacity of the thicker slab.

Furthermore, the inclusion of secondary beams had a 
profound effect on the deflection behaviour of the slabs. 

The deflection decreased significantly when the second-
ary beams were introduced into the structural system, as 
shown in Fig. 10. This reduction is particularly noteworthy 
because it results in all slab thicknesses satisfying the speci-
fied deflection limit. The improved deflection performance 
of secondary beams indicates their crucial role in enhancing 
the overall structural stability and serviceability of concrete 
slabs.

Figure 11 presents valuable insights into the influence of 
the secondary beams on the embodied carbon of concrete 
slabs of various thicknesses. The results indicate a striking 
similarity in the embodied carbon values between designs 
with and without secondary beams. Across various slab 
thicknesses, the impact of secondary beams on embodied 
carbon appeared to be marginal, suggesting that their inclu-
sion may not significantly influence the overall environmen-
tal footprint.

The close resemblance in embodied carbon values 
prompts consideration of potential implications for design 
decisions. While secondary beams contribute to structural 
stability, the observed similarity implies that their 
environmental impact might be outweighed by other factors, 
such as the overall material composition or construction 
processes. The near equivalence in embodied carbon 
between designs with and without secondary beams raises 
intriguing questions regarding their necessity in the context 
of environmental sustainability. This observation prompts a 
re-evaluation of design priorities and the need for a nuanced, 
context-specific approach to achieve optimal outcomes.

Conclusions

This study has undertaken a comprehensive exploration 
of the environmental implications embedded in the design 
choices of two-way concrete slabs, shedding light on the 
key considerations for sustainable structural engineering. 
The investigation of span length, live load, and the 
inclusion of secondary beams yielded nuanced results that 
have implications for both engineering and environmental 
considerations.

The following conclusions can be drawn from this study.

• The impact of the span length on slab design is 
evident, with thicker slabs generally requiring less steel 
reinforcement and exhibiting lower deflections. However, 
it is noteworthy that the minimum slab thickness to 
meet the deflection criteria increases with the span 
length—140 mm for 6 m span, 160 mm for 8 m span, and 
200 mm for 10 m span. This emphasizes the importance 
of tailoring the slab thickness to specific project 
requirements, striking a balance between structural 
efficiency and material use.

Fig. 10  Long-term deflection of slab with and without secondary 
beams

Fig. 11  Embodied carbon with and without secondary beams
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• Live load considerations highlight the sensitivity of slab 
design to external loading conditions. As the live load 
increases, so does the required steel reinforcement and 
deflection. The minimum slab thickness also rises with 
higher live loads—160 mm for 2.5 kN/m2, 170 mm for 5 
kN/m2, and 190 mm for 7.5 kN/m2. This highlights the 
need for meticulous load analysis and consideration of 
intended use when designing concrete slabs

• The inclusion of secondary beams presents a compelling 
trade-off between the structural efficiency and embodied 
carbon. Although secondary beams consistently lead 
to a substantial reduction in the required reinforcement 
and improvements in deflection performance, the impact 
on embodied carbon is marginal. This finding suggests 
that from an environmental standpoint, the inclusion of 
secondary beams may not significantly influence the 
overall carbon footprint of concrete structures.

This study contributes to the growing body of 
knowledge on the intersection of structural engineering 
and sustainability. This underscores the need for a holistic 
approach to concrete slab design that consider not only 
structural efficiency but also environmental impact. As the 
construction industry strives for more sustainable practices, 
these findings serve as a foundation for future research 
and guide decision makers in making informed choices for 
optimized and environmentally conscious structural design.
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