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Abstract — The rapid growth of road infrastructure in India
has significantly increased energy consumption, greenhouse
gas emissions, and natural resource use associated with
pavement construction and maintenance. In rural and semi-
urban regions, where road connectivity is expanding rapidly,
the selection of pavement type plays a crucial role in
determining long-term environmental and economic
sustainability. This study presents a comprehensive Life
Cycle Assessment (LCA) of two commonly adopted
pavement systems—rigid (cement concrete) and flexible
(bituminous)—constructed in rural areas of Maharashtra,
India. A cradle-to-grave framework was adopted, covering
material production, transportation, construction, use,
maintenance, and end-of-life stages. Primary data were
collected from two real road projects and combined with
India-specific embodied energy and carbon emission
coefficients to estimate energy consumption, CO: emissions,
and resource utilization per kilometre of road. Results
indicate that although rigid pavements involve relatively
higher initial material-related energy due to cement usage,
their longer design life and minimal maintenance
requirements result in substantially lower annualized energy
consumption and greenhouse gas emissions compared to
flexible pavements. The study concludes that rigid pavements
represent a more sustainable alternative for long-term rural
road development and emphasizes the importance of
integrating LCA-based methodologies into pavement
planning and policy-making.
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I. INTRODUCTION

Transportation infrastructure is a fundamental component of
economic development, social integration, and regional
accessibility. Among different transport modes, roads remain
the most widely used in India, serving as the primary means
for passenger and freight movement. The country possesses
one of the largest road networks globally, with rural roads
forming the backbone of connectivity between villages,
towns, and urban centres. Continuous expansion of this
network has led to increasing demand for construction
materials, energy, and maintenance resources. While road
development provides significant socio-economic benefits, it
also contributes substantially to environmental degradation.
The production of construction materials such as cement,
bitumen, and aggregates is energy-intensive and generates
large quantities of greenhouse gases. In addition, construction
activities, material transportation, and recurring maintenance
operations further increase fuel consumption and emissions.
These impacts are particularly relevant in the context of

India’s commitment to climate change mitigation and
sustainable development [1].

Traditional pavement selection practices in India
often prioritize initial construction cost and ease of execution,
with limited consideration of long-term environmental and
energy implications. However, pavements are long-lived
infrastructure assets whose cumulative impacts extend far
beyond the construction phase. Life Cycle Assessment (LCA)
provides a systematic and quantitative approach to evaluate
these impacts across all stages of a pavement’s life span. By
identifying energy and emission hotspots, LCA enables
engineers and policymakers to compare alternative pavement
technologies on a consistent basis [2].

Pavements are broadly classified into flexible and
rigid systems based on their structural response to traffic
loads. Flexible pavements consist of layered systems using
bituminous binders, allowing stresses to dissipate gradually
with depth. Rigid pavements, constructed using cement
concrete slabs, rely on flexural strength and slab action to
distribute loads over a wider area. Each system has distinct
advantages and limitations in terms of cost, durability,
maintenance, and environmental performance. A
comparative life cycle-based evaluation is therefore essential
to determine the most sustainable option for rural road
applications [3].

The primary objective of this research is to develop
and apply a Life Cycle Assessment framework to compare
the energy use, carbon emissions, and resource consumption
of rigid and flexible pavements used in rural India. Specific
objectives include estimating direct and indirect energy
consumption, quantifying CO:. emissions associated with
construction and maintenance, assessing material resource
requirements, and evaluating long-term sustainability
performance based on design life.

Life Cycle Assessment and Life Cycle Cost
Analysis have been increasingly applied in pavement
engineering to support sustainable infrastructure decision-
making. Numerous studies have compared flexible and rigid
pavements from economic and environmental perspectives,
demonstrating that long-term performance often outweighs
initial construction cost considerations. Several researchers
have reported that rigid pavements, despite higher upfront
costs, tend to offer lower life cycle costs due to reduced
maintenance frequency and longer service life. Studies
conducted in rural and urban contexts in developing countries
highlight the suitability of rigid pavements where
maintenance resources are limited and traffic growth is
uncertain [4].

Environmental LCA studies consistently identify
material production as the dominant contributor to energy use
and greenhouse gas emissions in pavement systems. Cement
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and bitumen have been shown to account for the majority of
embodied energy and carbon emissions. Research focusing
on alternative and recycled materials indicates that partial
replacement of cement with industrial by-products such as fly
ash and ground granulated blast furnace slag can significantly
reduce environmental impacts. Similarly, the use of recycled
asphalt pavement and warm mix asphalt technologies has
been shown to lower energy demand in flexible pavements
[5].

Despite these advances, gaps remain in the literature
regarding region-specific data for Indian conditions,
particularly for rural roads. Many existing studies rely on
generic databases that may not accurately reflect local
construction practices, material sourcing, and transportation
distances. Furthermore, use-phase and maintenance-related
impacts are often excluded or simplified. This study
addresses these gaps by utilizing primary data from actual
rural road projects and applying India-specific coefficients.

II. METHODOLOGY

A. LCA Framework

This study adopts a process-based Life Cycle Assessment
methodology consistent with ISO 14040 and ISO 14044
standards. A cradle-to-grave system boundary was defined,
encompassing - material - production,  transportation,
construction, use, maintenance, and end-of-life stages [6-9].
The functional unit selected for comparison is one kilometre
of rural road constructed and maintained over its respective
design life. Pavement life cycle stages are shown in Fig.1.
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Fig. 1: Pavement life-cycle stages.

B. Data Collection

Primary data were collected through field visits to selected
road projects in Maharashtra. Information was obtained from
contractors, site engineers, and project records, covering
material quantities, energy and fuel consumption, equipment
usage, transportation distances, and construction practices.
Secondary data, including embodied energy and carbon
coefficients, were obtained from Indian and international
literature.

C. Energy and Emission Estimation

Energy consumption was categorized into direct and indirect
components. Direct energy included fuel and electricity used
during construction and maintenance activities. Indirect
energy comprised embodied energy associated with material
production and transportation. Carbon dioxide emissions
were calculated using India-specific emission factors for fuels
and materials. Embodied energy and CO2 emissions are
found out on the basis of Table 1

Embodied Embodied
Material Used Energy Carbon
Coefficient Coefficient (kg
MJ/kg) CO2/kg)
Coarse aggregate 0.083 0.005
Fine aggregate 0.083 0.005
Soil 0.450 0.024
Cement 5.50 0.950
Brick 3.0 0.240
Reinforcement 20.1 1.456
B'1tumen/cat101.nc 510 0.550
bitumen emulsion
Diesel 35.8 3.222
Timber 30.8 1.8
Kerosene 36.108 2.898

Table 1: Coefficients for calculation of embodied energy
and CO2 emissions [10-12]

D. Economic Assessment

Life cycle costs were evaluated using the Net Present Value
method, considering construction and maintenance costs over
the analysis period. A discount rate of 10% was adopted in
line with national guidelines.

III. CASE STUDY DESCRIPTION

Two rural road projects in Maharashtra were selected for
detailed analysis. The rigid pavement project involved the
construction of a cement concrete road with a design life of
30 years and minimal maintenance requirements. The flexible
pavement project comprised a bituminous road designed for
a 10-year service life, requiring periodic resurfacing. Basic
data for both types of roads (rigid and flexible) are presented
in Table 2.

Project 1 — Project 2 —
Sr.No | Parameter Rigid Flexible
Pavement Pavement
(Concrete) (Bituminous)
Reconstruction
Proiect Construction of | of approach road
1 Tiile Rural Concrete | to WTP Shahad
Road & resurfacing of
internal roads.
Shembavan? Mharal GP to
. Boudhawadi, .
2 Location WTP premises,
Sangmeshwar,
. Shahad
Ratnagiri
3 Execution | Apr 2023 —Jun | Feb 2021 — May
Period 2023 2021

All rights reserved by www.ijsrd.com 16




Life Cycle Assessment of Flexible and Rigid Pavements in Maharashtra — A Case Study

(IJSRD/Vol. 13/Issue 11/2026/004)

M/s Sahyadri . .. Flexible
Piyara Rigid
5 Contractor | Infrastructure Construction Pavement Pavement Pavement
Works 8 . (GSB + WMM
Type (Cast-in-place
6 Road 0.17 km 0.145 km concrete) TBM+
Length ) ' SDBC)
Table 2: Basic data for the selected project 9 Design Life 30 years 10 years
. The projects ‘dlffered in geometry, material 10 Nature qf Greenfield Greenfield
composition, construction technology, and resource Construction
consumption. These differences provided a realistic basis for Conventional
; . Manual cast- o
comparing the life cycle performance of the two pavement Technology . bituminous
. o . 11 in-place, on- . .
systems under typical rural conditions. The brief data for the Used e mixi laying with
roject is presented below (Table 3): stie mixing manual rollers

Table 5: Overall summary of energy and carbon emission
(rigid pavement)
Embodied Energy and Carbon Emissions for rigid
pavement are presented in Table 6 and the overall summary

Project 1 — Project 2 — Table 3: Data for the project
Sr.No Parameter Rigid Flexible
Pavement Pavement IV. RESULTS AND DISCUSSION
(Concrete) (Bltumlnou.s) The results of the Life Cycle Assessment reveal significant
. Reconstruction differences in energy use, carbon emissions, and resource
Construction of approach consumption between rigid and flexible pavements. Material
1 Project Title gf Rural road to WTP production emerged as the most energy-intensive stage for
oncrete Shahafi & both systems. In rigid pavements, cement accounted for the
Road 'resurfacmg of largest share of embodied energy and emissions, while in
internal roads. flexible pavements, bitumen dominated due to its petroleum-
Shembavane Mbharal GP to based origin.
2 Location Boudhawadi, WTP Transportation impacts were influenced by material
Sangmeshwar, premises, quantities and sourcing distances. Flexible pavements
- Ratnagirt Shahad required larger volumes of aggregates and bituminous
3 Execgtlon Apr 2023 — Feb 2021 — materials, resulting in higher diesel consumption and
Period Jun 2023 May 2021 associated emissions. Construction-stage energy use was also
) Gram Maharashtra substantially higher for flexible pavements due to bitumen
4 Implementing | Panchayat & State Water heating and multiple compaction operations.
Agency Zilla Parlghad Supply Dept. When normalized over the respective design lives,
Ratnagiri rigid pavements exhibited significantly lower annualized
M/s Sahyadri Piyara energy consumption and COz emissions. The long service life
5 Contractor | Infrastructure | = = . and reduced maintenance needs of rigid pavements offset
Works their higher initial material impacts, making them more
6 Road Length 0.17 km 0.145 km sustainable over time. Embodied Energy and Carbon
Carriageway 3.0m+0.5m Emissions for rigid pavement are presented in Table 4 and the
7 Width should'ers 5.5m overall summary for energy and carbon emission for rigid
each side pavement is presented in Table 5.
Material Quantity Energy Coeff Embodied Energy Carbon Coeff CO: Emission
(kg) MJ/kg) MJ) (kg/kg) (kg)
Cement 3,250 5.50 17,875.00 0.950 3,087.50
Coarse 48,000 0.083 3,984.00 0.005 240.00
Aggregate
Fine Aggregate 19,200 0.083 1,593.60 0.005 96.00
Murum 45,000 0.450 20,250.00 0.024 1,080.00
Local Soil 22,500 0.450 10,125.00 0.024 540.00
Total — — 53,827.60 MJ — 5,043.50 kg CO2
Table 4. Embodied Energy and Carbon Emissions — Material Production (Rigid Pavement)
Stage Energy (MJ) CO: (kg) for energy and carbon emission for rigid pavement is
Material Production 53,827.6 5,043.5 presented in Table 7. The data for flexible pavement
Transportation — 150.68 (bituminous road in Shahad, Maharashtra) is presented
Construction 1,433.57 203.42 below:
Total 55,261.17 MJ | 5,397.60 kg CO:
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Table 7: Overall summary of energy and carbon emission
(flexible pavement)

V. CONCLUSIONS

This study demonstrates that rigid pavements offer superior
environmental and economic performance compared to
flexible pavements for rural road applications in India.
Although rigid pavements involve higher initial embodied
energy due to cement usage, their longer design life and
minimal maintenance requirements result in substantially
lower annualized energy consumption and carbon emissions.

The embodied energy and associated carbon
emissions of the rigid pavement were estimated at 55,261.17
MJ and 5,397.60 kg of CO-, respectively, whereas the flexible
pavement exhibited substantially greater impacts, with values
reaching 3,787,550.97 MJ of energy consumption and
111,791.48 kg of CO: emissions. Although cement
manufacture contributes to a higher initial energy demand in
rigid pavements, their extended service life of 30 years results
in markedly improved sustainability performance. On an
annualized basis, the rigid pavement released approximately
0.18 tonnes of CO2 per year, in contrast to about 11.18 tonnes
per year for the flexible pavement, which has a design life of
only 10 years. These results clearly demonstrate that, when
evaluated over the full life cycle, rigid pavements offer
superior energy efficiency and reduced environmental
burden, making them a more sustainable option for long-term
rural road infrastructure.

A. Recommendations

—  Promote the use of rigid pavements in rural and semi-
urban road networks to enhance long-term sustainability
and significantly lower life-cycle greenhouse gas
emissions.

— Utilize industrial by-products such as fly ash, ground
granulated blast furnace slag, and silica fume as partial
replacements in concrete to decrease embodied energy
and carbon intensity.

—  Give preference to locally sourced construction materials
in order to reduce transportation distances, fuel
consumption, and associated emissions.

(1]

(2]

(3]

(7]

(8]

Material Quantity Energy Coeff Embodied Energy Carbon Coeff CO: Emission
(kg) (MJ/kg) MJ) (kg/kg) (kg)
GSB 180,000 0.083 14,940.00 0.005 900.00
WMM 136,000 0.083 11,288.00 0.005 680.00
B‘;}ﬁe“ 44,200 51.0 2,254,200.00 0.550 24,310.00
Soil /
3,150,000 0.450 1,417,500.00 0.024 75,600.00
Murum
Total - — 3,697,928.00 MJ — 101,490.00 ke
CO:
Table 6: Embodied Energy and Carbon Emissions — Material Production (Flexible Pavement)
Stage Energy (MJ) CO: (kg) — Support the recycling and reuse of construction and
Materigl 3.697.928.0 101,490.0 demolition waste, including reclaimed asphalt pavement
Production and processed concrete aggregates, to conserve natural
Transportation — 2,115.30 resources.
Construction 89,622.97 8,186.18 — Incorporate Life Cycle Assessment—based evaluation
3,787,550.97 111,791.48 kg tools into pavement planning and design so that
Total MJ CO: environmental impacts are assessed alongside economic

and structural performance.

Employ energy-efficient construction machinery and
adopt optimized construction scheduling to minimize on-
site fuel and electricity usage.
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