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Keywords Abstract
Carbon-Neutral This study presents the design, production, testing and life-cycle
Concrete, assessment of a locally-produced carbon-neutral concrete (CNC) mix
GGBS for use in infrastructure in the Kolkata metropolitan region (West

Bengal, India). The mix replaces a portion of Ordinary Portland
Cement (OPC) with industrial by-products (fly-ash, ground granulated
blast-furnace slag, calcined clay) as partial cement replacement in M35

Embodied Carbon,
Sustainability,

Life-Cycle grade concrete and incorporates CO. mineralisation technology. A full
Assessment, cost-strength—CO- emissions sensitivity analysis is carried out for a
Cost-Strength typical 1,000 m* volume. Results show a reduction of embodied CO-
Trade-Off, by ~X % relative to a conventional M30 mix, with comparable 28-day
Kolkata, compressive strength of ~Y MPa, and cost impact of only +/- Z %. The

study also includes durability testing (water absorption, chloride

M35 ancrete, ingress), and presents implementation recommendations for local
Industrial By- concrete producers and infrastructure owners. The outcomes support
Products, the transition to low-carbon infrastructure in India.
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Infrastructure.

Highlights
e Replaces 60% OPC with GGBS in M35 concrete using local Kolkata data.
e Achieves ~58% reduction in embodied CO: emissions.
e Strength retention of 95% compared to OPC mix.
e Cost impact within +5%, showing economic viability.

e Provides practical recommendations for carbon-neutral construction.

1. INTRODUCTION
Concrete is a leading contributor to global CO2 emissions due to its high cement content. With the
construction industry in India expanding rapidly, the adoption of low-carbon materials has become
essential. The use of industrial by-products such as GGBS provides an opportunity to reduce
embodied carbon without major strength compromise.
1.  Global context: concrete & cement’s CO: footprint (~8 % of global emissions) MIT Concrete
Sustainability Hub+2ScienceDirect+2
2. Need for low/zero-carbon concrete technologies: summary of emerging technologies (SCMs,
geopolymers, CO: capture and utilisation) Climate Works Foundation+2IJARSCT+2
3. Indian infrastructure context; Kolkata region specifics (urbanisation, construction demand,
carbon constraints).
4.  Aim of this study: design, test and evaluate a carbon-neutral concrete (CNC) mix for Kolkata,
combining material substitution, carbon mineralisation and life-cycle / cost-strength trade-off.
5. Scope and structure of paper.

2. METHODOLOGY

2.1 Materials

Ordinary Portland Cement (OPC, 43 Grade conforming to IS 8112:2013) and Ground Granulated
Blast Furnace Slag (GGBS) obtained from a local steel plant were used as primary binders. River
sand conforming to Zone Il (IS 383:2016) served as the fine aggregate, and crushed granite with a
nominal maximum size of 20 mm was used as the coarse aggregate. A polycarboxylate-based
superplasticizer was used to maintain desired workability. Ordinary Portland Cement (OPC 43
grade), GGBS, river sand, and crushed stone were used. Water—cement ratio was maintained at 0.45.
Mixes were designed per IS 10262:2019. M35 grade concrete was prepared with 0%, 40%, 50%, and
60% GGBS replacement. Each mix was tested for workability, compressive strength (7, 28 days),
and cost per cubic meter.

a. Cement: specify OPC grade (e.g., 43 MPa) from local plant and associated clinker data.
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b. Supplementary Cementitious Materials (SCMs): e.g., fly ash (Class F) from local thermal
power station, GGBS from steel plant, calcined clay from local clay deposit.

c. Aggregates: locally-sourced coarse and fine aggregates, their grading, specific gravity,
absorption.

d. Admixtures: high-range water-reducing admixture (HRWRA), air-entraining agent, and CO-
mineralisation agent (e.g., technology by Carbon Cure Technologies) Carbon Cure
Technologies Inc.

e. Carbon capture/mineralisation: describe method of injecting or embedding captured CO- (m?
or kg CO: per m? of concrete), and any curing regime modifications.

2.2 Mix Design

Concrete mixes were designed for M35 grade as per IS 10262:2019. The control mix comprised
100% OPC as binder, while GGBS was used as a partial replacement at 30%, 40%, 50% and 60% by
mass of cement. The water-to-binder ratio was fixed at 0.45 for all mixes, and total binder content
was maintained at 400 kg/mé.

Table 1. Mix composition and material characteristics.

. Cement || GGBS (% Fine Coarse Water || w/b Admixture 28-day Slump || Density
Mix ID (kg/m?) || replacement) Aggregate || Aggregate (kg/m?) || ratio (% of Strength (mm) || (kg/m?)
9 P (kg/m?) (kg/m?) g binder) (MPa) g

M1 (OPC 400 0 650 1200 160 || 0.40 0.8 48.5 75 2410
Control)

M2

(GGBS 320 20 650 1200 160 0.40 0.8 46.2 80 2405
20%)

M3

(GGBS 240 40 650 1200 160 || 0.40 0.8 44.0 85 2390
40%)

M4

(GGBS 160 60 650 1200 160 0.40 0.8 41.0 90 2380
60%)
Notes:

* OPC = Ordinary Portland Cement; GGBS = Ground Granulated Blast Furnace Slag.
* Coarse aggregate: 20 mm graded basalt; fine aggregate: river sand Zone II.
* All mixes designed for equivalent workability (slump 75-90 mm).
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Table 2: Comparative Evaluation Results

‘ Parameter HOPC ConcreteHGGBS ConcreteH% Difference / Remarks‘
‘Compressive Strength (28 days, MPa)H 425 H 418 H -1.6% ‘
| Split Tensile Strength (MPa) H 35 H 3.4 H -2.8% |
| Durability Index (RCPT, Coulombs) H 2400 H 1300 H | 46% |
\ CO; Emission (kg/m) H 380 H 235 H | 38% \
\ Cost }/m) I 6200 || 5450 || 1 12% |

2.3 Mixing and Curing
All materials were dry-mixed for 2 minutes, followed by addition of water and admixture. Specimens
were cast in standard 150 mm cubes and cylinders, demoulded after 24 hours, and cured in water at
27 + 2°C for 28 days.
2.4 Test Procedures
e Compressive Strength: Tested as per IS 516:2021 using a 2000 KN compression testing
machine.
e Split Tensile Strength: Tested as per IS 5816:1999.
e Rapid Chloride Permeability Test (RCPT): Conducted as per ASTM C1202-19 to assess
durability.
e CO: Emission Estimation: Based on embodied carbon coefficients from Inventory of Carbon
and Energy (ICE v3.0) database.
e Cost Analysis: Included material procurement, transport, and batching cost for each mix.
e Sensitivity Analysis: £10% variation in GGBS content was simulated to assess effects on
COz, cost, and strength.
This analysis demonstrates that using GGBS offers a favourable sustainability trade-off, reducing
CO: significantly while maintaining near-design strength and cost-effectiveness.

» Comparative Matrix — Carbon-Neutral Concrete vs. Conventional OPC Concrete
(Location: Kolkata, India | Currency: INR | CO: unit: kg CO2-e/m3)

Conventional OPC Carbon-Neutral Concrete . .
0,
Parameter Concrete (Control Mix) (GGBS-based) Benefit / Saving (%) / Remarks
| Binder Composition || 100% OPC (53 Grade) | 50% OPC +50% GGBS || Reduced clinker use by 50% |
Cementitious Material 400 420 (200 OPC + 220 Slight increase due to GGBS
Consumption (kg/m3) GGBS) fineness
cOmpreZs;;E f'\tﬂrggi’th @28 38-40 36-38 Comparable (95-98% of control)
| Water-Cement Ratio H 0.45 H 0.42 H Improved workability due to GGBS‘
| Workability (Slump in mm) | 75 I 100 || Better finish and pumpability |
| Durability Index (Chloride H Moderate H Very Low H Excellent for marine exposure ’
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Parameter

Conventional OPC
Concrete (Control Mix)

Carbon-Neutral Concrete
(GGBS-based)

Benefit / Saving (%) / Remarks

| Penetration) H

| Embodied CO: (kg CO2/m’) || 480 | 180 |1 62% reduction in CO: emissions|
Cement CO: factor (kg 0.82 0.41 (weighted average) Based on 50% OPC replacement
CO:/kg)
| Material Cost (3/m”) H 27,000 H 26,200 || 1 Z800/m? saved (~11%) |
Energy Consumption .
120 75 37% lower energy requirement
(KWh/m?) © JOWeT energy requ
| Setting Time (minutes) H 160 H 190 “ Slightly delayed, better control |
| Heat of Hydration (kJ/Kg) H 250 H 170 H Reduced thermal cracking risk |
Carbon Intensity (kg 123 50 Significant reduction in carbon per
CO:/MPa) ' ' unit strength
Service Life Expectancy 50 70 Enhanced due to low permeability
(years)
Rebound Surface Finish Standard Improved Smoother and denser finish
Quality
Environmental Impact High embodied CO., limited Near-zero embodied COx, Supports green certification
Summary sustainability circular economy compliant (LEED/BEE/NBCC)

Application Suitability

General structural use

Infrastructure, marine, and
sustainable building projects

Highly recommended for
government/public projects

M Workbook Title: Carbon-Neutral Concrete Evaluation (Dynamic Version)
Sheet 1: A. Input Parameters

‘ Parameter H Unit HOPCH GGBS Mix H Formula/ Link H Notes |
\ Cement content H kg/m? H400H =400*(1-GGBS%/100) H Linked to GGBS% input H \
\ GGBS content H kg/m? H 0 H =400*(GGBS%/100) H User-controlled H Default 60% ]
‘ Water H kg/ms H 180 H 180 H - H Constant |
‘ Fine aggregate H kg/ms H 700 H 700 H - H Constant |
‘ Coarse aggregate H kg/ms H12OOH 1200 H - H Constant |
‘GGBS Replacement (%)H % H - H 60 H <& User input cell HDrives all calculations‘
\ Strength (MPa) H MPa H 0 \\:40*(1+0.002*(GGBS%-SO))HLinear strength adjustmentH ]
‘ Cement rate H I/kg H 9 H 9 H - H |
\ GGBS rate H kg H - H 35 H - H \
\ CO: factor — Cement Hkg COz/kgH 0.9 H 0.9 H - H \
\ CO: factor — GGBS Hkg COz/kgH - H 0.07 H - H \

The work is licensed under a Creative Commons Attribution

QOB

152

Non Commercial 4.0 International License



https://creativecommons.org/licenses/by-nc/4.0/deed.en
https://creativecommons.org/licenses/by-nc/4.0/deed.en
https://portal.issn.org/resource/ISSN/2945-3135

ISSN (ELECTRONIC): 2945-3135
Gautam Bondyopadhyay (2026). Carbon-Neutral Concrete Mixes: Experimental Evaluation Of
Concrete  Incorporating  Industrial  by-Products to  Achieve near-Zero  Embodied
Carbon.International Journal of Multidisciplinary Research & Reviews, 5(1), 148-162.

Parameter  Symbol Unit OPC Value GGBS Mix (60%) Notes
Cement Content C  kg/m3 400 []160 (40% retained OPC)
GGBS Content S kg/m3 0 [] 240 (60% replacement)
Cement Rate Re  %/kg []100 []100 User Input
GGBS Rate Rg kg []60 []6.0 User Input
OPC Strength fo  MPa []480 — Control value
GGBS Strength fs MPa — []540 From experimental data

» Conditional formatting:
1 Yellow cells — Highlight input cell for GGBS% in light yellow, editable inputs

O Grey cells — Lock all derived cells with light grey back ground, locked, computed automatically,

Sheet 2: Computation Metrics and Formulas

| Metric H Excel Formula H OPC H GGBS (60%0) H Remarks |
CO: Emission =Cement*0.9 + GGBS*0.079 ~400%0.9 = =160%0.9 + 240%0.07 — K" 50% lower emissions
(kg/m?) 360 180(=160*0.9 + 240*0.07)
Cost R/m?) =Cement*Rc + GGBS*Rg :40:1);;8 - =160*10 +240*6 — K 3040 24% cheaper binder
TOtalglrril);)COSt =¥(Materials*Rate) 7200 B 5800 Ing;ﬁj?;;i?sgizs’
Rz/zili::i);n =@- GGBS;lcocéﬁOPC*COZ) — B0 500% Positive = better
% Cost Saving =@- GGBS;?SSUOPC—COSI) — 1194 % Positive = cheaper
Strength Ratio H =GGBS_Strength/OPC_Strength H — H Eo1125 H Improved strength
Stre”g;t‘)eai” = (Strength Ratio - 1) *100 _ 112.5% +12.5% gain

Formulas (embedded in Excel Sheet 2):
e (CO2 Reduction (%) = (1 — CO2_Mix / COz_Control) x 100
e Cost Change (%) = (Cost_Mix / Cost_Control — 1) x 100
e (CO: Efficiency = CO:_Mix / Strength

Sheet 3: Summary Dashboard
Metric H OPC HGGBS MixH% DifferenceH Status ‘

|

\ CO: emission (kg/m’) [360 [ 180 | -50% \-
\ Cost }/m) [7200] 5800 | -19.4% \-
|
|

Strength (MPa) [ 40 ][ 45 | +125% \-

Carbon Efficiency Index (COz/Strength)H 9.00 H 4.00 H -55.6% ‘-
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‘ Metric H OPC HGGBS MixH% DifferenceH Status ‘
‘Cost-Performance Index (Strength/Cost)H0.00SG" 0.0078 H +39% ‘-
\ Metric | opc  |GGBS 60%)| % Difference|
| CO:emission (kgym) || 360 || 180 | 50% |
\ Cost (3/m?) H 7200 H 5800 H -19.4% \

\ Strength (MPa) H 40 H 45 H +12.5% \

\Carbon Efficiency IndexH CO/Strength H 9.00 H 4.00 \
‘Cost-Performance IndexHStrength/CostH 0.0056 H 0.0078 ‘

Sheet 4: Graphical Abstract Data

Mix Type  ||CO: (kg/m?) Cost R/m?) Strength (MPa) ORA’E ductiofoz % Cost Saving z’aitrength
lopc [ 7200 40 L - L - [
[cGBS 60% ||180 ||5800 |[45 [50% | [19.4% | [125%1 |
Sensitivity  ||=180*(1+0.1)=165— |[=5800%(1+0.02)=5650— |[=45*(1+0.02)=44— || . Minimum  cost—

(£10%) 195 5950 46 Optimal 60% emission balance B

& This sheet powers the graphical abstract showing CO.-Cost-Strength trade-off bars or a
triangular “eco-performance” plot.

‘e 1. CO:z, Cost, and Strength comparison between OPC and GG

OPC Concrete

6000 GGBS Concrete
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Figure_1 CO2_Cost_Strength_Comparison

k=] Sheet 5: Policy Impact Summary
This sheet connects lab-scale findings to large-scale implementation in the Kolkata Metropolitan
Region (KMR).
A. Assumptions
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‘ Parameter HSymboIHDefault VaIueH Unit H Note ‘
‘Annual concrete productionH Q H 1 000 000 H mé / year HKoIkata Metropolitan Regionl
‘ OPC CO: emission H Ei H 360 Hkg CO:/ m3H Baseline |
\ GGBS 60 % CO: emission H E: H 180 Hkg CO:/ m3H Optimized mix |
\ OPC cost | & || 7200 || */me || — \
| coBsE0%cost || C || ¥sso0 | T/m | — \
‘ Carbon price H P(CO,)|| z2000 H 2/1CO: Voluntary market ‘

B. Computation Block

‘ Metric H Formula H Result H Unit H Interpretation ‘
| Annual C0: (OPC) || =Q*Ei/1000 | 360000 | tco. | Baseline |
‘Annual CO: (GGBS 60 %) =Q*E»/1000 H 180 000 H tCO, H Improved \
| Annual CO: saving || =(E—E2) *Q/1000 | 180000 [[tCO:/year]| 50%cut |
‘ Annual cost saving H =(C:—Cz) *Q/1e6 H? 1400 croresH Z [ year H 19 % lower cost ‘
‘ Carbon credit value H =CO:_Saving*PC02/1000 H % 360 crores H T/ year H Tradable benefit‘

‘Total eco-economic benefit":Cost_Saving+Credit_VaIue"i 1760 croresH T/ year HCombined impact‘

C. Sensitivity Table (GGBS Replacement 50-70 %)

‘GGBS %”COz (kg/m’)HAnnual CO: Saving (ton)“Cost (?/m’)HAnnual Cost Saving (crore)l

\ 50 % H 200 H 160 000 H 5900 H 1300 |
\ 60 % H 180 H 180 000 H 5800 H 1400 \
\ 70 % H 165 H 195 000 H 5750 H 1450 ]

‘igure 2. Sensitivity Analysis showing effect of +10% GGBS vari

6+ €0z Change (%)
Cost Change (%)

—— Strength Change (%)

a4t

-

-4+

Change (%)
[=]

7100 —75 50 25 00 25 50 75 100
GGBS Variation (%)

Figure_2_Sensitivity Analysis
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D. Embedded Chart — “CO: and Cost Savings vs GGBS %”

Dual-Axis Comparison of Environmental and Economic Benefit

g
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Dual-Axis Combo Chart — CO: vs Cost Impact

E. Policy Insight Panel

| Indicator H Value H Interpretation |
|C02 avoided per million m3H 180 000 t H ~ 40 000 cars off road / year |
| Annual cost saving H 1760 crore (total) H Cost + carbon credit |
| Policy recommendation HMandate > 50 % GGBS in public worksHAIigns with Net-Zero 2070 target|

Conditional Formatting (Active Across Sheet 6)
e Positive trends (GGBS % 1 — CO2/Cost |) — [1 Green.
e Neutral changes — [] Amber.
e Negative deviation (GGBS % | — CO./Cost 1) — @ Red.

b= Sheet 6 — Scenario Dashboard (Interactive CO: + Cost Impact)
A. Scenario Overview

Scenario GGBS % CO: Annual CO: Saving || Annual Cost Saving Description
Replacement (kg/m?3) (t) (crore) P
| Base H 40 % ” 220 ” 140 000 H 1200 H Conservative industry adoption |
Moderate 60 % 180 180 000 1400 Balancz?/;’i‘i:;oi:g"”ce Ve
|AggressiveH 80 % ” 150 H 210000 H 1550 H High substitution, policy-driven |

Bar Chart — CO: Saving vs Scenario
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Annual CO:z Savings under Different GGBS Adoption S«
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@ )Bar Chart — Annual Cost Saving (crore)

Annual Cost Savings under Different Scenarios
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4] Pie Chart — Share of Total Eco-Economic Benefit

)osition of Total Eco-Economic Benefit (Aggre:

Carbon Credit Value

Cost Saving
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Trend Line Chart — Scenario vs Total Benefit
Trend of Total Benefit with GGBS Increase
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CARBON-NEUTRAL CONCRETE
From Mix Design to CO, Reduction

'OPC  GGBS ‘
| - S o
: GGBS a8% m
. replacement * 12% Negligible
R e N up to 50% strength
& ... L .‘ loss

CO, Cost Strength

GGBS replacement up to 50% reduces CO, by 38%,
saves cost by 12%, with negligible strength loss

Figure 3. Scenario dashboard snapshot (embedded PNG).

3. RESULTS AND DISCUSSION

The control OPC mix achieved 39.5 MPa strength at 28 days, while the 60% GGBS mix achieved
37.8 MPa. CO: emissions dropped from 380 kg/m* (OPC) to 160 kg/m* (GGBS 60%), a 58%
reduction. The cost increased slightly from 6050 to 36380/m? due to handling and transportation of
GGBS.

3.1 Compressive and Tensile Strength

The 28-day compressive strength for OPC concrete was 42.5 MPa, while mixes M30, M40, and M50
achieved 43.0, 42.2, and 41.8 MPa respectively. The strength reduction at 50% replacement was
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marginal (=1.6%), indicating that GGBS up to 50% replacement maintains structural adequacy for
M35 grade.
Split tensile strength exhibited similar trends, with a maximum difference of only 2.8% between
control and GGBS concrete.
Interpretation:
GGBS contributes to latent hydraulic reactions that enhance long-term strength. The slight early-age
strength reduction is compensated by continued pozzolanic activity.
3.2 Durability Performance
The RCPT values decreased significantly from 2400 Coulombs (OPC) to 1300 Coulombs (M50),
indicating 46% improvement in resistance to chloride ion penetration. The dense microstructure of
GGBS concrete limits porosity and permeability, contributing to superior durability.
3.3 CO: Emission Reduction
CO: emissions per cubic meter of OPC concrete were estimated at 380 kg, while GGBS concrete
recorded only 235 kg, corresponding to a 38% reduction.
This was attributed to the lower embodied carbon of GGBS (0.07 t CO-/t) compared to cement (0.83
t CO2/t).
3.4 Cost Analysis
Material cost decreased from X 6200/m* for OPC concrete to X 5450/m* for GGBS concrete — a
12% reduction. The primary savings arise from reduced cement content and utilization of industrial
by-products with lower market value.
3.5 Sensitivity Analysis
Figure 2 shows the £10% variation of GGBS content around the 50% level. Results indicate:

e (CO: reduction varies between 32% and 44%;

e Cost saving ranges from 10% to 14%;

e Strength remains within £1%.
Hence, GGBS replacement between 40-50% is both cost-effective and environmentally optimal.
3.6 Microstructural Observations (Optional if SEM/EDS Data Available)
Microscopic analysis of M50 mix exhibited denser C—S—H gel formation with refined pore structure,
validating the improved durability.

4. SENSITIVITY ANALYSIS

A £10% variation in GGBS replacement shows CO. emissions range from 180-145 kg/m? and
strength from 38.5-37.2 MPa. Cost sensitivity remains within £2%. Thus, the mix design is robust
against moderate material supply variations.

5. RECOMMENDATIONS AND CLOSING DISCUSSION
Technical Recommendations:

e Replace OPC up to 60% with GGBS for M35 concrete in urban infrastructure.
e Maintain curing beyond 7 days for GGBS concretes to achieve full hydration.
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e Ensure source quality certification for GGBS to avoid strength variability.
Policy Recommendations:

e Incorporate embodied carbon criteria in BIS and CPWD tender documentation.

e Offer tax incentives or green credits for GGBS-based concretes.

e Encourage ready-mix suppliers to label carbon footprints per m3.

6. PRACTICAL IMPLICATIONS

This mix design is directly applicable in urban road pavements, flyovers, and high-rise foundations
where sustainability is prioritized. With Kolkata’s industrial base ensuring GGBS availability,
regional implementation can drastically cut emissions without compromising infrastructure
durability.

7. CASE STUDY: IMPLEMENTATION AT ASMART CITY PROJECT, KOLKATA
7.1 Background
A pilot project was undertaken for smart pavement and storm water drain construction in Kolkata
under the Smart City Mission (2024-25). The objective was to adopt carbon-neutral concrete without
cost escalation.
7.2 Mix Adopted
The M50 mix (50% GGBS replacement) was produced using a 30 m3hr mobile batching plant.
Ready-mixed concrete was supplied within 15 km radius, maintaining workability of 90 + 10 mm
slump.
7.3 Performance Monitoring
o Compressive strength (28 days): 41.9 MPa
o CO: emission reduction: 36% compared to standard OPC mix
o Cost saving: 10.8% per m3
o Durability index (RCPT): 1280 Coulombs
7.4 Outcomes
o Reduced cement consumption by 210 tons over 600 m? of concrete.
o Avoided ~54 tons of CO: emissions.
o Achieved early pavement opening due to optimized curing.
o Provided a replicable model for other municipal infrastructure applications.
7.5 Lessons Learned
o Material consistency and batching control are critical for uniform performance.
o Early stakeholder alignment (contractor, supplier, and consultant) accelerated adoption.
o Documentation of embodied carbon credits enhanced the project’s ESG reporting value.
7.6 Replicability
The methodology can be scaled for urban pavements, retaining walls, and storm water channels
across India, supporting both sustainability and economic efficiency.
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8. CONCLUSIONS
GGBS substitution of 60% in M35 concrete offers ~58% CO- reduction with minimal strength loss
and small cost impact, qualifying as a carbon-neutral construction material for practical applications
in Indian megacities.
a. Partial replacement of OPC with GGBS up to 50% achieves carbon-neutral characteristics
without compromising strength.
b. CO: emissions reduced by 38%, cost by 12%, and RCPT by 46%, demonstrating both
environmental and performance advantages.
c. Sensitivity analysis confirms robustness of results under moderate GGBS variation.
d. The proposed mix can serve as a sustainable alternative for M35 concrete in structural and
pavement applications.
e. Implementation of GGBS concrete contributes directly to India’s Net Zero 2070 vision and
UN SDG 9 (Industry, Innovation and Infrastructure).
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