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Abstract

The environmental impact of conventional concrete, primarily due to its high cement content, has prompted the
search for more sustainable alternatives. This study conducts a comprehensive optimization of concrete mix design
utilizing numerical calculation and advanced software tools to enhance sustainability by partially replacing
Ordinary Portland Cement (OPC) with Supplementary Cementitious Materials (SCMs) like fly ash and silica fume
to minimize carbon footprint. Mix design iterations were conducted using Life-365™ and Eco Concrete
Calculation tools, simulating the effects of various SCMs proportions and aggregate sources on concrete durability
and environmental performance. Through simulations and iterative mix design calculation, the optimal
composition was identified as 40% OPC replacement with a blend of 35% fly ash and 5% silica fume. This mix
demonstrated a substantial reduction in carbon footprint and a predicted service life of 42.2 years, over 3.5 longer
than the conventional base mix according to software analysis. To further minimize transportation emissions, a
fine aggregate blend of 70% Sylhet sand and 30% locally sourced sand was selected based on calculation models.
A simplified Life Cycle Assessment (LCA), performed with the Eco Concrete Calculation Tool, indicated a 29.7%
reduction in global warming potential and a 27.1% decrease in fossil fuel depletion and overall, 17.9%
environmental impact reduction compared to the base case. This research shows the potential of computational
methods and software-driven optimization in advancing sustainable concrete technology.

Keywords: Supplementary Cementitious Materials (SCMs), Sustainability, Life Cycle Assessment (LCA), Software
Simulation, Concrete Mix Design.

1 Introduction

Concrete is the most widely used construction material, and over 14 billion tones are produced annually (Li et al.
2022). Concrete normally contains about 12% cement and 80% aggregate by mass (Jittin et al. 2021). Cement
production accounts for 8% of the global emission of greenhouse gases that releases about a ton of CO: into the
environment to produce one ton of cement. Apart from cement, aggregate is also a major component, constituting
about 60%-80 % of the volume of concrete (Tait and Cheung 2016). Globally, a total of 37.5 billion tons of natural
aggregates are extracted annually to manufacture concrete, not only consuming a lot of sand and gravel resources
but also impacting the ecological environment (Abdalgader et al. 2016). The mining process of the natural
aggregates (NAs) production involves heavy equipment and plays a major role in energy consumption. The global
production of aggregates totals approximately 40 billion tons per year (Turk et al. 2024). Increasing the service
life of products is a long-term and easy solution for preserving the earth’s natural resources. Concrete structures
are generally designed for a life span of 50 years, but experience shows that in the coastal environments many
structures begin to deteriorate in 20 to 30 years (Hamada et al. 2024). To ensure the long-term sustainability of
the cement and concrete industry, strategies to reduce net CO: emissions must be considered (Tait et al. 2016).
Several approaches have been developed to lower the carbon footprint and reduce its dependence on the ongoing
extraction of natural resources (Srabony et al. 2024). The use of SCMs is also considered as one of the recognized
and feasible strategies to reduce the environmental impacts of concrete (Lee et al. 2021). Incorporating these
SCMs, like silica fume, fly ash, and ground granulated blast furnace slag (GGBS) into concrete improves
mechanical and durability properties up to a certain extent (Jittin et al. 2021). It has been reported that SCMs can
increase the strength of concrete through reactions between the siliceous and aluminous phase and the calcium
phase (Ruan and Unluer 2017). This study aims to develop an optimized, eco-friendly concrete mix with SCMs
like fly ash, slag, and silica fume using a computational approach, with assurance of strength, workability,
durability, reduced maintenance expense, and less environmental impact compared to normal concrete.
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2 Materials, methods and mix proportion

2.1 Materials

2.1.1 Cement

Cement is the binding material used in building and civil engineering construction (Ravishankara, Daniel, and
Portmann 2009). Locally sourced Portland cement (CEM 1) was used as the reference material. The manufacture
of cement causes a large amount of CO, emissions, causing global warming and climate change. (Sirico et al.
2020). In this study, for the purpose of environmental impact assessment, the cement transportation distance was
considered as 43 kilometers by road, from Royal Cement Limited, Chittagong to the mixing location at CUET.

2.1.2 Supplementary Cementitious Materials (SCMs):

Three SCMs were being analyzed which are silica fume, fly ash and GGBS. Silica fume (SF) is known as the
byproduct of the silicon and ferrosilicon industry. Silica fume transportation distance was considered as 57.5 km
by roadway and 248 km by waterway from Consol Ltd. to mixing plant. Coal fly ash is generated during the
combustion of pulverized coal in coal-fired power stations. It helps to increase the durability properties of concrete
(Lovecchio et al. 2020). The transportation of fly ash from Matarbari Power Plant, Chittagong, with transportation
routes spanning 51.6 km by road along with 92 km by rail. GGBS made from the by-product in the manufacture
of pig iron and the amounts of iron and slag obtained are of the same order (Oner and Akyuz 2007).

2.1.3 Fine Aggregate

Fine aggregates consist of natural sand or any crushed stone particles that are %4 or smaller (Li et al. 2016). A
fineness modulus (FM) in the range of 2.5 to 3.5 is recommended for high-strength concrete (Ma et al. 2004). In
Bangladesh, sand with a higher fineness modulus (FM) is primarily found in Sylhet. However, transporting sand
from Sylhet to a long distance has a significant environmental impact. To optimize concrete mix, a blend of 70%
Sylhet sand and 30% locally sourced sand was adopted.
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Figure 1. PSD Curve for mixed sand having Sylhet Sand (70%) with Local Sand (30%)

The fineness modulus of Sylhet sand is around 2.7, while that of the local sand is 2.15 and the fineness modulus
of combined sand is obtained 2.52. The gradation curve for the mixed sand (70% sylhet sand and 30% local sand)
is presented in figure 1 and checked against ASTM C33 standards. This combination enhances sustainability and
minimizing riverbed depletion in Sylhet. The transportation routes for Sylhet sand cover 460 km by road, while
the local sand travels 7 km by road and 14 km by water.

2.1.4 Coarse Aggregates

The aggregate most of which are retained on the 4.75 mm IS sieve are termed as coarse aggregate (Gupta et al.
2021). The distance of natural crushed coarse aggregates was used from Bholaganj, Sylhet to mixing plant. The
total distance via road transport is 30.2km, and the railway route covers around 630km.

2.2 Methods

The objective was to formulate a sustainable M20 concrete mix with a mix ratio of 1:1.5:3 using SCMs and locally
sourced materials to compare the environmental impact and service life with the traditional concrete. Through an
iterative process using Life-365™ and Eco Concrete Calculation tools, different trial mixes were evaluated to
determine the most effective combination of materials. Mix design iterations were conducted to simulate the effects
of various SCMs proportions and location of materials sourcing on concrete durability and environmental
performance. For determining the service life, the Life-365™ software was used and the optimization of mix was
conducted variably distributing the SCMs like coal fly ash, GGBS, and silica fume. While the Eco Concrete
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Calculation Tool assessed the Environmental Impact Reduction (EIR) based on the specific location scenario. Two
concrete alternatives were adopted to compare the service life and environmental impact; one is Base-Case
Scenario (BCS) and other one is Alternative-Case Scenario (ACS). The BCS representing the conventional
concrete mix design on the other hand ACS was formulated with the various percentage of SCMs. The service
life score was obtained by the equation 1, while equation 2 was used to calculate EIR (%). For the mix design the
water to binder ratio was adopted as 0.4 to produce 1m? of concrete. In the iteration process a fixed 40%
replacement of cement by various SCMs was adopted to determine the service life and environmental impact.

Service Life S _ Service Life of ACS .
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Figure 2. General outline of the methodology
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Figure 3. Trend of service life with SF, FA and GGBS

All the figures in this section represent software iterated results evaluating the impact of various SCMs
combinations. Firstly, GGBS was included in the trials to evaluate its performance. However, its environmental
impact improvement was minimal, and it had an adverse effect on durability shown in Figure 3. Also, Figure 5.
shows that varying GGBS content, even in combination with fly ash, has minimal effect on both EIR and service
life, as evidenced by the nearly parallel trend lines. As a result, GGBS was excluded from the final optimization
process due to its limited contribution to performance enhancement. Based on these observations, further trials
were conducted using different combinations of fly ash and silica fume.
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Figure 6. Trend of EIR and service life (yrs) for silica fume and fly ash at 0% GGBS
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Figure 7. Potential Environmental Impact with respect to cement for per kg of materials used

Figure 4 shows that increasing fly ash content, alongside moderate use of silica fume, leads to a rapid improvement
in service life while moderately reducing EIR. In contrast, Figure 3 and 5 shows that higher proportions of silica
fume significantly enhance service life but sharply decrease EIR due to its high Global Warming Potential. Beyond
5% silica fume, the decrease rate of EIR is pretty sharp. This finding underscores the need for careful proportioning
to achieve both durability and environmental goals. Also, while silica fume improves concrete strength and
durability, its excessive use poses serious environmental concerns (Oner and Akyuz 2007). As seen in Figure 7, it
has significantly higher carcinogenic toxicity (430%) and ecotoxicity (370%) compared to cement. Therefore,
despite performance benefits, large-scale use of silica fume is not environmentally sustainable, and alternatives
like fly ash are more eco-friendly choices. Thus, the optimum silica fume content was identified as 5% and the
optimum mix design was identified at alternatives no 6 in Figure 6, yielding a service life of 42.25 years and an
EIR of 17.9% which consisting 35% of fly ash and 5% of silica fume shown in figure 6, representing an effective
balance between durability and sustainability.
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2.3 Mix proportion

Based on the comprehensive evaluation of service life and environmental impact through iterative analysis using

Life-365™ and the Eco Concrete Calculation Tool, the optimum mix design was finalized. The adopted concrete
mix design is presented in Table 1below.

Table 1: Adopted Concrete mix design in BCS and ACS

Materials Type BCS (kg) Total unit wt. (%). ACS (kg) Total unit wt. (%).
Cement (OPC Type-01) 375 17.04 225 10.23
Coal Fly Ash 0 0 131.25 5.96
GGBS 0 0 0 0.00
Silica Fume 0 0 18.75 0.85
Fine Aggregate (Sylhet) 563 25.59 394 17.9
Fine Aggregate (Local) 0 0 169 7.68
Coarse Aggregate 1112 50.54 1112 50.55
Water 150 6.81 150 9.09
Unit Weight (kg/m?®) 2200 100 2200 100

3 Result

The service life comparison between the Base-Case Scenario (BCS) and Alternative-Case Scenario (ACS) using
Life-365™: The BCS, with conventional concrete, achieved a service life of only 12 years, while the ACS,
incorporating 35% fly ash and 5% silica fume, extended the service life to 42.25 years shown in Figure 8, primarily
due to the refined microstructure and enhanced resistance to chloride penetration offered by the SCMs (Thomas,

2007; Ait-Mokhtar et al., 2013) This highlights the significant durability improvement achieved through the
optimized use of SCMs.
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Figure 8. Service life result obtained from Life365™ software for BCS and ACS.

Table 2 represents the environmental impact comparison between the BCS and the ACS. The ACS, achieved
notable reductions across most impact categories. Specifically, global warming potential decreased by 29.2%,
fossil fuel depletion by 26.1%, and ozone depletion by 24.9%. These findings align with previous studies
highlighting the substantial energy use reductions possible through cement substitution with industrial by-products
(Kumar, Kumar, and Mehrotra 2007). However, a slight increase of 1.1% in carcinogenic impacts was observed.
The average environmental impact reduction (EIR) was calculated as 17.9%, demonstrating the ACS’s improved
sustainability performance over the conventional mix. This is further supported by Figure 9, which visually
compares the environmental impact categories between BCS and ACS. The ACS consistently shows lower values
in key categories such as global warming, ecotoxicity, and fossil fuel depletion. Despite the slight increase in
carcinogenic impact, the ACS demonstrates a more sustainable and durable concrete mix design.

Table 2: Details of potential environmental impact course and variation

. . Base-Case Alternative-Case Environmental
Impact Categories Units . - .
Scenario Scenario Impact Reduction
Global warming kg CO2eq 403.240 285.326 29.2%
Carcinogenic CTUh 6.59E-06 6.67E-06 -1.1%
Ozone depletion kg CFC-11eq 2.86E-05 2.15E-05 24.9%
Ecotoxicity CTUe 1023.869 915.987 10.5%
Fossil fuel depletion MJ 259.682 191.786 26.1%

Average: 17.9%
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Figure 9. Comparison of environmental impacts between Alternative-Case scenario Base-Case scenario

4 Conclusion

This study demonstrates a computationally driven methodology to develop a sustainable concrete mix by partially
replacing cement with supplementary cementitious materials (SCMs). Through iterative simulations Using a
combination of Life-365™ and the Eco Concrete Calculation Tool, various mix designs were iteratively assessed
for their service life and environmental performance. Among different SCMs, GGBS was found to have limited
effectiveness and was therefore excluded from the final mix. The optimum combination was identified as 35% fly
ash and 5% silica fume. This mix achieved a significantly extended service life of 42.25 years which is 3.5 times
longer compared conventional concrete. In addition to durability improvements, the optimized mix demonstrated
a notable reduction in overall environmental impact. The modified concrete mix achieved an average
environmental impact reduction of 17.9%, with significant decreases in global warming potential, fossil fuel use,
and ozone depletion. This computational approach confirms that targeted SCMs use, supported by performance-
based tools, can guide the development of more sustainable concrete mix designs in modern construction.
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