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Abstract- This study assesses green concrete made by replacing Ordinary Portland Cement (OPC) with Ground

Granulated Blast Furnace Slag (GGBS) and Fly Ash. Experimental tests and life cycle analysis using SimaPro v9 and
Ecoinvent show the mixes meet M30 compressive strength while cutting CO, emissions, acidification, and resource
depletion. Reduced clinker use lowers embodied energy and costs, enhancing economic feasibility. Findings align with
global research, confirming technical reliability and sustainability.
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I. INTRODUCTION

Context and Motivation

Construction is responsible for about 32% of global
natural resource extraction and over 35% of
greenhouse gas emissions, largely due to cement
production in concrete.(W. Michael et & al. 2016).
Innovations in green concrete, including recycled
aggregates and industrial by-products, are central to
meeting international sustainability targets.( S. John,
G. 2023) Recent LCA studies worldwide underscore
the pressing need to evaluate not just cradle-to-gate
(production) impacts but full lifecycle impacts,
including building use and end-of-life scenarios.

Research Problem
Traditional assessments focus mainly on the
production phase, while broader environmental
categories (acidification, toxicity, resource use) and
social aspects (human health, circular economy) are
frequently omitted.

Objectives

Quantify and compare structural, environmental, and
cost performance of traditional and SCM-based
concrete via LCA and LCCA. Place the results in
context with international benchmarking studies.
Guide the adoption of green concrete mixtures for
sustainable practices

Paper Contributions

This study combines a rigorous experimental
program with comprehensive LCA/LCCA digital
modeling, covering multiple impact categories. The
findings are contextualized against recent global
research, and practical recommendations for
industry are provided.

II. BACKGROUND AND LITERATURE
REVIEW

Life Cycle Assessment (LCA) in Civil Engineering
LCA has become the preferred scientific method to
holistically analyze construction material
environmental impacts. Modern LCA methodology
follows I1SO 14040/44 and includes four essential
stages: goal and scope definition; inventory analysis
(LCD); (Panahandeh.2021). impact assessment
(LCIA);( . Del, M. N 2017) and interpretation. Global
reviews show that attributional LCA (examining the
actual environmental footprint) is particularly
suitable for concrete studies, whereas consequential
LCA is used for policy-based decisions.

Green Concrete: SCMs and Circular Economy

Green concrete leverages not only SCMs (GGBS, fly
ash, recycled aggregate) but also promotes the
circular economy by repurposing waste and
reducing landfill disposal. (B. Baitollah, 2023) Peer-
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reviewed comparative LCAs demonstrate that
replacing natural aggregates and clinker can lower
global warming potential (GWP) by up to 35%.( N.
Bairagi 2019).

Recent International LCA Findings

A growing body of evidence supports LCA for
optimizing green mix designs: (Knoeri et al.2023)
demonstrated 30% lower environmental impact in
recycled concrete mixes compared to conventional
concrete. A 35% reduction in environmental impact
from transporting RCA versus NCA. (Yazdanbakhsh
et al.2023). Life «cycle impact assessments
increasingly include toxicity, human health, and
land-use effects (J. Turk, Z. Coti¢ 2015).

Integration of LCA and LCCA

Lifecycle cost assessment (LCCA) is critical to
practical adoption, showing that green concretes can
match or lower the total cost of ownership.( J. Turk,
Z. Cotic¢ 2015).

I1l. MATERIALS AND METHODOLOGY

Experimental Design and Data Collection

e Concrete Mixes and Testing

Following IS codes, three M30-grade mix types were
studied:

Traditional OPC (control)

GGBS-based (partial OPC replacement)

Fly Ash-based (partial OPC replacement)

All mixes were cast in 150 mm cubes, cured, and
tested for compressive strength at 7, 14, and 28 days,
in accordance with IS 516.

Materials
Table | details all input materials.
Material Description
OPC 53 IS 12269
Sand Zone I1, river
Aggregate 20 mm granite
GGBS IS 12089
Fly Ash IS 3812, Class F
Water Potable

Mix Proportions
Table Il summarizes composition by mass.

Traditional | 350 — 750 1200
GGBS 210 140 750 1200
Fly Ash 245 105 750 1200

Mix OPC | GGBS/Fly | Fine Coarse

Ash Agg. | Agg.

LCA and LCCA Modeling

LCA Framework

Functional Unit: 1 m? of concrete

System Boundary: Cradle-to-gate (raw extraction
through batching)

LCA Model: SimaPro v9, using Ecoinvent datasets
and IMPACT 2002+ for mid-/end-point indicators

LCl capture all energy and material flows with special
attention to SCM production, transport, and mixing.(
S. G. Al-Ghamdi,2017).

Environmental Indicators

The study assesses multiple categories per popular
international convention:

Global Warming Potential (GWP)

Acidification Potential

Resource Depletion (mineral and energy)

Human Health and Toxicity (where data is available)

Life Cycle Cost Model

The LCCA includes all direct input costs (raw,
transport, processing) and operational/maintenance
costs associated with durability. All parameters were
confirmed with market surveys and supplier data
(Table 11).

IV. RESULTS

Mechanical Properties

All mixes achieved M30 standards. OPC mixes
provided the highest early strength (average 33-34
MPa at 28 days), while GGBS and FA mixes reached
adequate strengths (30-32 MPa), with slower early-
age development. Enhanced durability was noted for
mixes with SCMs, consistent with international
findings.

Environmental Impact Assessment
LCA Results Overview
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Table Il LCA Result Overview
Mix GWP Acidification | Resource
(kgCOs.- Depletion
eq/md)
Traditional | 330 High High
GGBS- 230 Moderate Low
based
Fly Ash 240 Moderate Low

SCM-based mixes reduced GWP by nearly 30%—a
result mirrored in global meta-analyses. Acidification
and resource depletion also improved, confirming
broader sustainability benefits.

Detailed Environmental Indicators
Where data permits, results can
disaggregated:

Toxicity Potential (kg 1,4-DCB-Eq): Lower for SCM
mixes

Land Use, PM2.5: Both improved in green concrete
scenarios

be further

Life Cycle Cost Results
Table IV Life Cycle Cost Result

Component | OPC | GGBS Fly Ash | %
Rm* | R/m?) R®R/m?) Saving

) S
(SCMs

)

Raw 4000 | 3500 3400 12—
15%
Cement/SC | 2500/ | 1800/80 | 1700/70 | +SCM
M 0 0 0 cost, —
overall

Energy 600 500 480 15—
20%

Maintenanc | 3000 | 2000 2100 30-
e 35%
Total 13000 | 11150 10980 15—
18%

Consistent with Abbas et al., local/by-product SCM
use lowered lifecycle costs despite higher
procurement or transport per unit.

Comparison with Recent Literature

Peer-reviewed work shows analogous reductions in
both CO, and lifecycle costs as reported here,
especially with partial OPC replacement by GGBS or
fly ash. Specific additions (recycled powders, slags,

RCP) further enhance these environmental outcomes
in recent studies.

V. DISCUSSION

Environmental and Mechanical Trade-offs

While OPC mixes reach strength targets fastest, their
environmental impact is highest. SCM mixes not only
meet structural needs but also realize substantial
eco-benefits (lower GWP, toxicity, acidification, and
land use), as highlighted in other international LCA
studies. Proper curing controls any modest lag in
early strength.

Human Health and Resource Sustainability
Lower toxic emissions (e.g., PM2.5, 1,4-DCB) improve
indoor/outdoor air quality and overall occupational
safety. SCMs also reduce pressure on finite mineral
resources—a critical global issue.

Industrial Adoption Challenges

Widespread adoption faces challenges: data
uncertainty in LCA models, local variations in SCM
availability, technical guidelines, and quality control.
International benchmarking, such as the LEED v4
credit system, further motivates material innovation
and LCA-integrated design.

Recommendations and Future Research

Expand LCA scope to cradle-to-grave for more
comprehensive impact coverage

Validate durability benefits in long-term field studies
Develop open LCA inventory databases relevant to
emerging economies

Encourage policy and benchmarking based on total
lifecycle sustainability

VI. CONCLUSION

This study substantiates that green concrete mixes
using SCMs deliver substantial mechanical,
environmental, and economic advantages. A 30%
reduction in carbon emissions and 15-18% cost
savings were evident, in alignment with the latest
worldwide research. Comprehensive LCAs using
industry-standard tools should be mandated for
sustainable  project delivery and  material
certification.



Sakshi Pazai, International Journal of Science, Engineering and Technology,

2025, 13:5

Acknowledgements

| would like to express my sincere gratitude to Dr.
Ketan Salunkhe and Sachin Pagar Sir for their
invaluable guidance, encouragement, and technical
support throughout the course of this research. Their
expertise and insightful suggestions greatly
contributed to the quality and completion of this
work. | also extend my heartfelt thanks to the Civil
Engineering Department of Sapkal Knowledge Hub
for providing the necessary facilities, resources, and
a collaborative environment that enabled the
successful execution of this study. Their continuous
support and motivation have been instrumental in
achieving the objectives of this paper.

REFERENCES

1. W. Michael, & M. C. Wai. (2016). A comparative
cradle-to-gate life cycle assessment of three
concrete mix designs. International Journal of
Life Cycle Assessment.

2. S.John, G.-J. Jasper, & Pemberton. (2023). Life
cycle assessment research trends and
implications: A bibliometric analysis.
Sustainability, 15(18).

3. M. F. Anna, S.-B. Davide, & E. G.-Muifia. (2020).
Social life-cycle assessment: A review by
bibliometric analysis. Sustainability, 12(15).

4. K. A,T.P., &Panahandeh. (2021). Environmental
life cycle assessment of concrete with different
mixed designs. International Journal of
Construction Management, 21.

5. Guciute. (2011). Life cycle cost analysis of asphalt
and concrete pavements. PhD Thesis.

6. P. Del, M. N. Bharat, P. A. Angela, B. Andrew, E.
Erik, & B. E. Tuncer. (2017). Life-cycle benefits of
recycled material in highway construction.
Transportation Research Record, 2628, 1-8.

7. B. Baitollah, F. C. Niyousha, A. R. Muhammad, &
Lehner. (2023). Investigating the effects of
concrete mix design on the environmental
impacts of reinforced concrete structures.
Buildings, 13(5), 1313.

8. C. M. Miguel, & Aguirre. (2012). On process
optimization considering L. methodology.
Journal of Environmental Management, 96(1).

0.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dekker. (2022). Meta-comparisons: How to
compare methods for LCA. International Journal
of Life Cycle Assessment, 27(4).

J. Turk, Z. Coti¢, A. Mladenovi¢, & A. Sajna.
(2015). Environmental evaluation of green
concretes versus conventional concrete by
means of LCA. Waste Management, 45, 194-205.
T. Garcia-Segura, V. Yepes, & J. Alcala. (2017).
Life cycle greenhouse gas emissions of blended
cement concrete including carbonation and
durability. Journal of Cleaner Production, 152,
806-816.

IS 456:2000. (2000). Plain and Reinforced
Concrete — Code of Practice. Bureau of Indian
Standards, New Delhi.

IS 383:2016. (2016). Coarse and Fine Aggregates
for Concrete — Specification. Bureau of Indian
Standards, New Delhi.

IS 8112:1989. (1989). Ordinary Portland Cement,
43 Grade - Specification. Bureau of Indian
Standards, New Delhi.

IS 3812:2013. (2013). Pulverised Fuel Ash -
Specification for Use as Pozzolana in Cement,
Cement Mortar and Concrete. Bureau of Indian
Standards, New Delhi.

IS 12089:1987. (1987). Specification for
Granulated Slag for the Manufacture of Portland
Slag Cement. Bureau of Indian Standards, New
Delhi.

IS 516:1959. (1959). Methods of Tests for
Strength of Concrete. Bureau of Indian
Standards, New Delhi.

G. S. Asiedu, & K. Adhikari. (2019). A review on
life cycle cost analysis of buildings. Journal of
Building Engineering, 26, 1-12.

N. Bairagi, S. Maity, & M. Bairagi. (2019).
Properties of concrete with recycled aggregates:
A review. International Journal of Civil
Engineering and Technology, 10(7), 166-175.

F. Colangelo, A. Petrillo, R. Cioffi, C. Borrelli, & A.
Forcina. (2018). Life cycle assessment of recycled
concretes: A case study in southern Italy. Science
of the Total Environment, 615, 1506-1517.

ISO 14040:2006. (2006). Environmental
management—Life cycle assessment—
Principles and  framework. International
Organization for Standardization.



Sakshi Pazai, International Journal of Science, Engineering and Technology,
2025, 13:5

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

W. Klopffer. (2014). Introducing Life Cycle
Assessment in Background and Future Prospects
in Life Cycle Assessment. In LCA Compendium.
W. Klopffer, & B. Grahl. (2014). Life Cycle
Assessment (LCA). Wiley-VCH Verlag GmbH,
Germany.

U.S. Environmental Protection Agency (EPA).
(2006). Life Cycle Assessment: Principles and
Practice.

J. B. Guinée, et al. (2011). Life cycle assessment:
Past, present, and future. Environmental Science
& Technology, 45(1), 90-96.

Jensen, et al. (1997). Life Cycle Assessment: A

guide to approaches, experiences and
information sources. European Environment
Agency, 6.

M. Goedkoop, A. De Schyver, M. Oele, S. Durksz,
& D. De Roest. (2008). Introduction to LCA with
SimaPro 7. PRé Consultants Netherlands,
Version 7, 1-88.

PRé Consultants. (2008). SimaPro 7: Database
Manual. Methods Library, 1-52.

J. C. Bare, P. Hofstetter, D. W. Pennington, & H.
A. Udo de Haes. (2000). Life cycle impact
assessment workshop summary. Midpoints
versus endpoints: The sacrifices and benefits.
International Journal of Life Cycle Assessment.
O. Jolliet, et al. (2003). IMPACT 2002+: A New Life
Cycle Impact Assessment Methodology.
International Journal of Life Cycle Assessment.
B. Soust-Verdaguer, C. Llatas, & A. Garcia-
Martinez. (2017). Critical review of BIM-based
LCA method to buildings. Energy and Buildings,
136, 110-120.

S. G. Al-Ghamdi, & M. M. Bilec. (2017). Green
Building Rating Systems and Whole-Building Life
Cycle Assessment: Comparative Study of the
Existing Assessment Tools. Journal of
Architectural Engineering, 23(1), 04016015-1-
04016015-9.

J. W. Abair. (2008). Green Buildings: What It
Means To Be 'Green’ and the Evolution of Green
Building Laws. Urban Lawyer, 30(4), 623-628.

M. Bittencourt, E. K. Yanful, D. Velasquez, & A. E.
Jungles. (2012). Post Occupancy Life Cycle
Analysis of a Green Building Energy
Consumption at the University of Western
Ontario in London-Canada. International Journal

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

of  Environmental, Chemical, Ecological,
Geological and Geophysical Engineering, 6(7),
428-436.

J. Zuo, & Z. Zhao. (2014). Green building
research—Current status and future agenda: A
review. Renewable and Sustainable Energy
Reviews, 30, 271-281.

USGBC. (2003). Building momentum: National
trends and prospects for high-performance
green buildings. U.S. Green Building Council,
November.

S. Kubba. (2012). Green Concepts and
Vocabulary. In Handbook of Green Building
Design and Construction, 21-59.

J. Yudelson. (2008). The Green
Revolution.

W. O. Collinge, et al. (2015). Integrating Life
Cycle Assessment with Green Building and
Product Rating Systems: North American
Perspective. Procedia Engineering, 118, 662—-669.
O. Awadh. (2017). Sustainability and green
building rating systems: LEED, BREEAM, GSAS
and Estidama critical analysis. Journal of Building
Engineering, 11(March), 25-29.

D. T. Doan, A. Ghaffarianhoseini, N. Naismith, T.
Zhang, A. Ghaffarianhoseini, & J. Tookey. (2017).
A critical comparison of green building rating
systems. Building and Environment, 123, 243-
260.

M. Xiaoping, L. Huimin, & L. Qiming. (2009). A
comparison study of mainstream
sustainable/green building rating tools in the
world. In Proceedings of the International
Conference on Management and Service
Science MASS 2009, 1-5.

US. Green Building Council. (2009). LEED
Reference Guide for Green Building Design and
Construction. USGBC.

USGBC. (2013). LEED v4 Reference Guide for
Building Design and Construction. U.S. Green
Building Council.

C. K. Anand, & B. Amor. (2017). Recent
developments, future challenges and new
research directions in LCA of buildings: A critical
review. Renewable and Sustainable Energy
Reviews, 67, 408-416.

J. O'Connnor, J. Meil, S. Baer, & C. Koffler. (2012).
LCA in construction: status, impact, and

Building



Sakshi Pazai, International Journal of Science, Engineering and Technology,
2025, 13:5

limitations. Athena Sustainable Materials
Institute.

47. Y. Lessard, C. Anand, P. Blanchet, C. Frenette, &
B. Amor. (2017). LEED v4: Where Are We Now?
Critical Assessment through the LCA of an Office
Building Using a Low Impact Energy
Consumption Mix. Journal of Industrial Ecology,
22(5), 1105-1116.

48. H. Dekkiche, & A. Taileb. (2016). The Importance
of Integrating LCA into the LEED Rating System.
Procedia Engineering, 145, 844-851.

49. O. Ortiz, F. Castells, & G. Sonnemann. (2009).
Sustainability in the construction industry: A
review of recent developments based on LCA.
Construction and Building Materials, 23(1), 28—
39.

50. Zabalza Bribian, A. Aranda Usén, & S. Scarpellini.
(2009). Life cycle assessment in buildings: State-
of-the-art and simplified LCA methodology as a
complement for building certification. Building
and Environment, 44(12), 2510-2520.



