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Abstract

The use of Portland cement in concrete production is one of the major contributors of carbon emissions, energy
consumption, and environmental degradation, attributed to the construction industry as a whole. As part of these
initiatives, this study focuses on the environmental benefits and durability improvements obtained by using
Supplementary Cementitious Materials (SCMs), specifically Coal Fly Ash (CFA) and Silica Fume (SF), as
partial replacement of Portland cement in concrete. Aspects of this study were comparative, concerning a Base
Case (100% Portland cement) compared to an Alternative Case (60% Portland cement + 40% supplementary
cementitious materials (SCMs)). The investigation assessed chloride ion diffusion resistance, service life, crack
propagation resistance, and life cycle environmental impacts, including global warming potential,
carcinogenicity, ozone depletion, ecotoxicity, and fossil fuel depletion. The partial replacement of cement with
38.4% coal fly ash and 1.6% silica fume result in remarkable durability properties of concrete, such as a
substantial reduction in the risk of chloride-induced corrosion and environmental sustainability. The model
results showed that the Alternate case had a diffusion coefficient 1.30 times higher, and the service life was 2.18
times higher than the Base case. Notable reduction in life cycle assessment (LCA) appeared with 29.3%, 20.1%,
and 21.6% reduction in CO> emissions, ozone depletion, and fossil fuel depletion respectively. The findings
provide evidence of the environmental benefits of using SCMs in concrete applications, as well as improvements
in durability properties, paving the way for adoption of SCM-based concrete as a sustainable alternative to
conventional concrete while reducing the construction industry's ecological footprint and improving structural
performance.
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1 Introduction

Concrete is the most used construction material, made up of aggregates bonded together by cement. Despite the
vital role, it has some bad press regarding its sustainability. The manufacture of its primary binder, ordinary
Portland cement, constitutes a leading source of CO: emissions and presents serious environmental challenges.
Calcining limestone and fossil fuel burning emissions account for approximately 7% of total anthropogenic CO:
emissions and highlight an urgent need for emission reduction efforts to meet climate targets (Efe Jessa and
Ayodeji Ajidahun, 2024). On average, every ton of clinker produced emits roughly 850 kg of CO: into the
atmosphere (Chen et al., 2015). Contaminants released from cement production impair air quality and exacerbate
environmental problems like acid rain and smog.

Concrete also faces durability challenges due to exposure to harsh environmental conditions such as chloride and
sulphate attacks, and freeze-thaw cycles, leading to premature deterioration, higher maintenance costs, and
resource use. Supplementary Cementitious Materials (SCMs) such as fly ash, slag, silica fume, and metakaolin
increase concrete properties and reduce environmental footprint by recycling industrial by-products when they
are used as partial substitutes for Portland cement. Study shows that the compressive strength of 50% fly ash
concrete mixtures at 28 days was 33% higher than control samples, due to the pozzolanic reaction between
calcium hydroxide and fly ash, yielding calcium-silicate-hydrate (C-S-H) (Ruan and Unluer, 2017). SCMs
significantly increase concrete durability, workability, and strength by minimizing permeability and improving
alkali-silica reactivity and sulfate attack resistance (Juenger et al., 2012).

The study aims to evaluate the potential of Supplementary Cementitious Materials (SCMs) to improve the
environmental efficiency of concrete, without sacrificing its performance, comparing conventional mixtures in
terms of Base Case Scenario (BCS) with SCMs based mix in terms of Alternative Case Scenario (ACS), in
relation to embodied energy, carbon emissions, and the efficiency of transport.
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2 Materials

Material quantities and route details (Google Maps, 2025) of material sources to the batching plant Chittagong
University of Engineering & Technology (CUET) for both Base and Alternate Case are listed in Tables 1 and 2.

Table 1. Concrete Mix Proportion for Base & Alternate Case Scenario

Alternate Case Scenario
% of Total

Base Case Scenario
% of Total

Materials Weight Amount (Kg) Weight Amount (Kg)
Portland 17.64 410.00 10.59 246.00
Cement
Coal Fly Ash 0.00 0.00 6.77 157.44
. Slag 0.00 0.00 0.00 0.00
Binder —
Silica Fume 0.00 0.00 0.28 6.56
Fine Agg. Crushed Sand 34.42 800.00 34.42 800.00
Coarse Agg. Stone Chips 40.88 950.00 40.88 950.00
Water Tap Water 7.06 164.00 7.06 164.00
Total 100.00 2324.00 100.00 2324.00
Table 2. Route details of material sources (Google Maps, 2025)
Serial . . Distance (km
No Materials Route Details Roadway Railwa(y %Va terway
1 Portland Premier Cement Mills Ltd, Agrabad, 2810
) Cement Chattogram to CUET, Chattogram 4349 )
Payra Coal Power Plant, Kalapara, 15.7
5 Coal Fly Patuakhali, Bangladesh to Payra Port )
’ Ash Payra Port to Chattogram Port 191.20
Chattogram Port to CUET, Chattogram 4349 30.10
3. GGBS 0.00 0.00 0.00
Vista Chemical Batching Plant, Kolkata, 1.60
Silica West Bengal, India to Kolkata Port )
4. Fume Kolkata Port to Chattogram Port 558.90
Chattogram Port to CUET, Chattogram 4349 30.10
Sunamganj to Sunamganj Launch Terminal 0.50
Fine Sunamganj Launch Terminal to Chattogram
Aggregate Port 475.70
Chattogram Port to CUET, Chattogram 4349 30.10
Bholaganj to Mannan Ghat 91.20
Agg:;;te Mannan Ghat to Chattogram Port 410.60
Chattogram Port to CUET, Chattogram 4349 30.10
7. Water 0.00 0.00 0.00
Total 257.50 0.00 1636.40

3 Methodology

The Base Case Scenario (BCS) comprises concrete mix made of 100% Portland Cement as the main binder,
aggregate content consists of Fine and Coarse aggregate, together forming 75% of the weight of concrete, and
Water-Binder Ratio is 0.40 for workability-strength balance. On the other hand, the Alternative case involves
the partial replacement of Portland cement with Supplementary Cementitious Materials in varying percentages
(0-40%) to enhance sustainability. In this study, three Supplementary Cementitious Materials were used in
varying proportions such as Coal Fly Ash (CFA) to develop strength over time and improve long-term durability
properties, Ground Granulated Blast Furnace Slag (GGBS) to enhance sulfate resistance and reduce the
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permeability of the cement paste, and Silica Fume (SF) to refine the pore structure, reduce chloride ingress, and
increase strength. Workflow Diagram of the methodology are indicated in Figure 1.
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Figure 1. Flowchart for the methodology of the study

The various mix combinations, differing in their pollution reduction percentages, are indicated in Table 3, where
combination No. 7, shows optimum result and yielded more durability and lower environmental impacts. This
study eliminates GGBS because it has an indirect environmental association with pig iron production, according
to the LCA database, which accounts for 19.4% of the environmental impact.

Table 3. Combination of concrete mix replacing cement by SCMs

Alternate case (%) Service Life Pollution
(yrs.) Service Crack Reduction
Combine Life  Propagation %
Mixtures Cement Fly =~ GGBS Silica Base Alternate Score Score Alternate
ash Fume Case Case Case
1 60 25 0 15 11.5 119.50 10.39 20.63 0.2
2 60 30 0 10 11.5 66.75 5.80 11.04 5.8
3 60 32 0 8 11.5 52.92 4.60 8.53 8.0
4 60 34 0 6 11.5 41.83 3.64 6.51 10.3
5 60 35 0 5 11.5 37.25 3.24 5.68 11.4
6 60 38 0 2 11.5 26.25 2.28 3.68 14.8
7* 60 38.4 0 1.6 115 25.08 2.18 3.47 15.3
8 60 38.5 0 1.5 115 24.83 2.16 3.51 15.4
9 60 39 0 1 11.5 23.58 2.05 3.20 15.9
10 60 40 0 0 11.5 21.42 1.86 2.90 17.1

3.1 Life Cycle Assessment (LCA)
Life Cycle Assessment (LCA) is performed using The Eco Concrete-Calculation Tool.xlsx (American Concrete
Institute, 2025) to assess the environmental impact of concrete mixtures. Tool details are shown in Table 4.

Table 4. Information on Life Cycle Assessment Tool

Excel file Eco Concrete-Calculation Tool.xlsx
Database Ecolnvent 3.1
Assessment method TRACI 2.1
Developed by the student chapter ACI sharebrooke

In the LCA, study focus on the extraction of raw materials and their transportation to the batching plant at
CUET. The central committee has already established values for electrical and thermal energy related to Coal
Fly-ash, Ground Granulated Blast-furnace Slag, and Silica fume. These energy values and transportation data
significantly impact the final LCA score. The production of electrical and thermal energy, along with the
extraction and processing of materials, contributes to environmental impacts across five categories: global
warming, carcinogenic effects, ozone depletion, eco-toxicity, and fossil fuel depletion.

3.2 Service Lives Analysis

(Life-365™, 2024) assessed concrete durability in chloride exposure environments for a 200 mm thick slab with
a 50 mm clear cover, covering 5 square meters, and a concrete volume of 1 cubic meter in the marine spray zone
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and identifying Key West, Florida, as the most similar location to Chattogram (World Meteorological
Organization, 2025) shown in Figure 2.

AVERAGE TEMPERATURE

—#—Chattogram  —#—Key West Miami Tampa  —¥—West Palm Beach
35
30
g 25
20
e 15
= 10
5
0
) 2 4 6 8 10 12 14
MONTHS

Figure 2. Average Temperature: Chattogram vs. Florida City World Meteorological Organization, 2025)

4 Results and Discussion

Chloride ion diffusion and durability properties of concrete in both Base case and Alternate case scenario are
showing in Figure 3.
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Outer Dimension : 200.00 mm
Clear Cover : 50.00 mm

Max Surface Concentration: 1.000 % wt. conc.

Time to buildup : 10 years

Location : Florida, KEY WEST
Exposure Type : Marine spray zone

Concrete Mixes

Name User? w/cm SCMs Inhib. Barrier Reinf.

Base case No 0.4 <none> <none> Black Steel

Alternative 1 Yes 0.4 <none> <none> Black Steel
Diffusion Properties & Service Lives

Name D28 m Ct (% wt. conc.) Init. Prop. Service Life

Base case 7.94e-12 0.2 0.05 5.50 yrs 6.00 yrs 11.50 yrs

Alternative 1 6.10e-12 0.5072000000000001 0.05 19.08 yrs 6.00 yrs 25.08 yrs

Figure 3. Concrete mix and diffusion properties & service life for both case scenario
4.1 Chloride Ion Diffusion
Diffusion of chloride ions is the steady-state movement of chloride ions throughout concrete’s pore structure,
leading to corrosion of steel reinforcements and structural degradation. In the Base and Alternate case scenario,
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the chloride diffusion coefficient was found to be 7.94E-12 m*/sec and 6.10E-12 m?/sec, respectively, indicating
that SCMs give almost 1.30 times resistance to chloride penetration as compared with the Base case concrete,
which can be referred from Table 5 and using Equation No. (1).

Chloride ion Diffusion Coefficient for Base Case Scenario (D

Resistance to chloride ion penetration = —— — - -
Chloride ion Diffusion Coefficient for Alternate Case Scenario

Table 5. Chloride Ion Resistance in Both Case

Chloride ion Diffusion Resistance to chloride ion
Coefficient (m?/sec) penetration
Base case Scenario 7.94E-12 3
Alternate Case Scenario 6.10E-12 1.30

4.2 Durability of Concrete

Concrete durability is all about how concrete resists various environments and service conditions while
maintaining its desired engineering properties over its intended service life. Crack propagation initiation in the
Alternate case occurred in 19.08 years in contrast to 5.5 years in the Base case, and the crack propagation score
is about 3.47 can be found in Table 6 using Equation No. (2).

Initiation of Crack Propagation for Alternate Case Scenario )

Crack propagation score = — - -
Initiation of Crack Propagation for Base Case Scenario

The service life in the Base and Alternate case scenarios was 11.50 years and 25.08 years, respectively. This
suggests that SCMs provide a life that is nearly 2.18 years longer than the Base case stated in Table 6 using
Equation No. (3).

L Service Lives for Alternate Case Scenario 3)
Service Live score =

Service Lives for Base Case Scenario

Table 6. Service lives and Crack propagation in concrete mix

Initiation of Crack Crack Service Lives Service
Propagation Propagation (yrs) Live Score
(yrs) Score
Base case Scenario 5.50 11.50
Alternate Case Scenario 19.08 3.47 25.08 2.18

4.3 Life Cycle Assessment
Table 7,8 and 9 are showing the potential environmental impact of concrete mix for both Base case and Alternate
case scenario.

Table 7. Potential Environmental Impacts in Base Case Scenario

Potential Environmental Impact

Materials Amount Global Carcinogeni Ozone Ecotoxicity Fossil fuel
warming c depletion depletion
(Kg/m?) (kg CO; eq) (CTU) (kg CFC- (CTUe) M)
1leq)
Portland 410 372.157 4.40E-06 1.53E-05 504.721 141.936
Cement
Fine Agg. 800 10.377 4.41E-07 2.46E-06 64.749 20.602
Coarse Agg. 950 27.221 1.31E-06 6.09E-06 240.458 54.676
Water 164 0.028 2.21E-08 3.35E-09 29.356 0.027
Total 2324 409.784 6.18E-06 2.38E-05 839.284 217.241

Table 8. Potential Environmental Impacts in Alternate Case Scenario

Potential Environmental Impact
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Materials Amount Global Carcinogenic Ozone Ecotoxicity Fossil fuel
warming depletion depletion
(Kg/m® (kg CO, eq) (CTU) (kg CFC-1leq) (CTUe) M)
Portland Cement 246 223.294 2.64E-06 9.17E-06 302.832 85.162
Coal Fly Ash 157,44 25.170 1.44E-06 1.04E-07 131.480 7.855
GGBS 0.00 0.00 0.00 0.00 0.00 0.00
Silica Fume 6.56 3.580 3.00E-07 2.80E-07 28.724 1.979
Fine Agg. 800 10.377 4.41E-07 2.46E-06 64.749 20.602
Coarse Agg. 950 27.221 1.31E-06 6.09E-06 240.458 54.676
Water 164 0.028 2.21E-08 3.35E-09 29.356 0.027
Total 2324 289.671 6.16E-06 1.90E-05 797.600 170.301
Table 9. Details of the potential environmental impact scores and variation
Impact categories Units Base Case Alternative Case Potential Environmental
Scenario Scenario Impact reduction
Global warming kg CO; eq 409.784 289.671 29.3%
Carcinogenic CTUh 6.18E-06 6.16E-06 0.3%
Ozone depletion kg CFC- lleq 2.38E-05 1.90E-05 20.1%
Ecotoxicity CTUe 839.284 797.600 5.0%
Fossil fuel depletion MJ 217.241 170.301 21.6%
Average 153 %

5 Conclusion

The study evaluates the significance of Supplementary Cementitious Materials (SCMs), specifically Coal Fly
Ash (CFA) and Silica Fume (SF), and shows that 40% replacement of cement with 38.4% coal fly ash and 1.6%
silica fume yielded more durability and lower environmental impacts, relative to the Base Case where only
cement was used. The concrete’s durability, service life, and crack propagation initiation resistance improved by
1.30, 2.18, and 3.47 times, respectively, compared to the Base case. The Alternate case has reduced global
warming potential by 29.30% through lower CO. emissions, while cement-related health hazards, ozone
depletion potential, ecotoxicity impact, and fossil fuel depletion reduced by 0.3%, 20.1%, 5.0% and 21.6%,
respectively. These improvements yield a 15.3% reduction in the average environmental impact of concrete
production. Therefore, the use of Supplementary Cementitious Materials (SCMs) in concrete helped mitigate
transportation-related environmental concerns.
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