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It is with great pride and enthusiasm that I extend my heartfelt 
congratulations on the successful launch of  the inaugural issue of  
Everest Advances in Science and Technology (EAST), a remarkable 
initiative by Everest Engineering College. I am confident that this 
journal is not just a publication and strongly believe that it is a 
reflection of  our commitment to academic excellence, research-driven 
education, and our enduring mission to nurture innovation and critical 
inquiry.

We are in the era where science and technology are rapidly reshaping 
every aspect of  our lives, the role of  academic institutions as knowledge 
generator becomes more vital than ever. EAST is a timely and much-

Message from the CEO

needed platform that brings together the ideas, experiments, and breakthroughs of  both emerging and 
established researchers. It represents the intellectual heartbeat of  our institution and signals our readiness 
to contribute meaningfully the global academic and scientific community.

I would like to express my sincere gratitude to all the editors for their tireless efforts, insightful contributions, 
and unwavering dedication throughout this process. My special thanks go to Er. Narayan Sapkota, whose 
patience and technical expertise brought this journal to life in LaTeX format, and to Er. Anil Thapa for his 
invaluable assistance in managing key administrative tasks behind the scenes.

We have begun our journey of  working together with researchers and academicians inside, and outside 
the college including industrial communities through this first issue of  EAST. I encourage scholars, 
students, faculty members, and industry professionals to actively participate in the growth of  this journal, 
as contributors, reviewers, and readers.

Together, let us continue to build a strong academic research culture that inspires innovation, promotes 
critical thinking, and drives progress.

Arun Kumar Bhandari
Chief  Executive Officer
Everest Engineering College



Message from the Principal 
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It gives me immense pleasure and a profound sense of  pride to present the 
first-ever issue of  Everest Advances in Science and Technology (EAST), the 
official research journal of  Ever-est Engineering College. This publication 
marks a significant milestone in our institutional journey, a bold step toward 
foster-ing a strong culture of  research, innovation, and academic excel-
lence.

The vision behind EAST is to create a vibrant platform where curious minds, 
young researchers, seasoned academics, and industry experts can converge 
to share knowledge, challenge conventions, and push the boundaries of  
science and technology. In today’s rapidly advancing world, it is imperative 
that educational institutions not only dissem-inate knowledge but also 

actively contribute to its creation. EAST is our humble yet ambitious response to this call.

This inaugural issue brings together a diverse range of  scholarly articles, reflecting the interdisciplinary spirit 
we aim to nurture. We are committed to upholding the highest standards of  academic integrity, peer review, 
and editorial excellence in every issue.

I extend my heartfelt thanks to our editorial board, reviewers, faculty, student researchers, and contributors 
who have made this publication possible. Your dedication has laid the foundation for what we hope will 
become a journal of  national and international repute.

A special note of  appreciation goes to Er. Narayan Sapkota, for meticulously converting the document into 
LaTeX format; a time-consuming yet essential task, and to Er. Anil Thapa, for his invaluable support in 
administrative coordination.

As we embark on this new academic endeavor, I warmly invite scholars, students, and professionals across 
the scientific and engineering spectrum to engage with EAST; as readers, contributors, and collaborators.

Let this be the beginning of  a legacy in scientific thought, innovation, and discovery.

Prof. Dr. Hari Krishna Shrestha 
Principal & Editor-in-Chief 
Everest Advances in Science and Technology (EAST) 
Everest Engineering College
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Carbon Footprint Estimation in Road
Construction: A Case Study of Pokhara-Mugling

Road, Nepal

SABHYATA KHANAL1∗, ROBERT DONGOL2

Abstract. Road construction is a significant contributor to greenhouse gas emissions
within the transport sector. This study attempted to quantify the Green House Gases
(GHGs) emission of Pokhara - Mugling Road using Life Cycle Assessment (LCA). A
Gate-to-Gate LCA was conducted to quantify emissions. Sensitivity analyses were con-
ducted to assess the differential impacts of bitumen and aggregate on emissions during
construction. The Relative Importance Index (RII) was calculated by distributing a
questionnaire to experts and environmental safeguard specialists to gather insights on
the most suitable mitigation measures for reducing emissions in Nepals’ road sector. The
findings revealed that the total carbon equivalent emissions from the construction of the
Pokhara - Mugling Road amounted to 33.73 kilotons of CO2e. Notably, 60.78% of these
emissions were attributed to the materials used in the construction process. Fuel con-
sumption by the Hot Mix Asphalt (HMA) plant contributed 70% of the emissions from
the total fuel consumption, surpassing the emissions from all other plants and equip-
ment involved in the pavement construction. Sensitivity analysis results indicated that
changes in bitumen content have a more significant effect on GHG emissions compared to
variations in aggregate. This suggests that the construction of a national highway sub-
stantially contributes to carbon emissions, and therefore, requires careful consideration
to minimize its environmental footprint. Based on the RII analysis, optimizing construc-
tion and quality management plans is essential for reducing greenhouse gas emissions in
road construction. Equally important is using electricity as a fuel source for heating in
asphalt production can lower emissions compared to traditional fossil fuels. Implement-
ing warm mix or cold asphalt technologies and incorporating recycled materials such
as Reclaimed Asphalt Pavement (RAP) and crumb rubber in asphalt mixtures can sig-
nificantly reduce emissions. Transitioning to low-emission equipment, including electric
or biodiesel-powered machinery, and adopting alternative energy sources such as natural
gas or biomass-based fuels in asphalt plants also can minimize the environmental impact.
By integrating these sustainable practices, road construction in Nepal can significantly
decrease its contribution to greenhouse gas emissions.

Keywords: Gate to Gate, Green House Gas, Hot Mix Asphalt, Life Cycle Assessment.
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1. Introduction

Global warming is causing more frequent extreme weather events and the ongoing melting
of the polar ice caps, which is being caused by an increase in greenhouse gas emissions. As
a result of these negative effects of global warming, it is now urgently necessary to control
and reduce greenhouse gas emissions in order to protect human life [1, 2, 3]. One of the
primary global sources of carbon emissions is the road transportation sector [4]. Therefore,
reducing the carbon emissions produced during construction is a crucial area for research
to combat global warming. Infrastructure construction projects, especially road construc-
tion, are responsible for significant emissions [5]. Over the course of their entire life cycle,
including the manufacturing of raw materials, building, operation, maintenance, and road
repair, road infrastructure produces significant amounts of greenhouse gases (GHGs) [6, 7].
By 2050, it is anticipated that more than 25 million kilometers (a 60% increase from 2010)
of new roads will have been constructed worldwide, 90% of which is anticipated to be
constructed in the developing nations[8]. The World Bank study estimates that in 2018,
around 17% of global greenhouse gas emissions came from the transport sector. Over the
past 50 years, transport emissions have grown faster than nearly any other sector. If no
measures are taken, these emissions are expected to rise by 60% by 2050 [9].

Nepal is among the most vulnerable nations to climate change and is at significant risk,
due to its delicate topography, peoples’ climate sensitive and subsistence lifestyles, and
their limited potential for adaptation [10]. Despite its insignificant emissions, Nepal is
committed to accelerating climate action while upholding the common but distinct obli-
gations and unique capacities set forth in the Paris Agreement. Nepal’s Nationally Deter-
mined Contribution (NDC) 3.0, submitted to the UNFCCC Secretariat in 2025, aims to
reduce net GHG emissions by 8,866.53 Gg CO2e (17.12%) by 2030 and 16,627.80 Gg CO2

(26.79%) by 2035 through the implementation of quantified mitigation targets. Of the to-
tal expected reductions, the energy sector is projected to contribute around 53%, with the
transport subsector accounting for 16% of the reduction by 2030 [11]. Nepal is committed
to its long-term climate goals, based on recent reports from the Intergovernmental Panel
on Climate Change (IPCC) and other scientific evidences. Nepal is strategically address-
ing climate change, aiming to achieve minimal or zero emissions and attain sustainable
net-zero emissions by 2045 [10]. In Nepal, energy sector has a major share in the GHG
emission among all other sectors (about 65% of the total emission of the year 2022 includ-
ing removals from the land use sector). Of 25.014 Gg CO2 equivalent GHG emissions from
the energy sector, 19.04% is contributed by transport sub-sector [12]. Thus, to check the
adverse environmental impacts and to help the country achieve net zero emission goals,
transportation sector which contributes significantly to Nepal’s GHGs emission, should
be given due consideration. Reducing the environmental impact of the road sector has
become international as well as national concern.

The construction sector is recognized as one of the leading contributors to environmental
pollution. Traditional construction practices and management struggle to address emerg-
ing challenges including carbon emissions. These challenges underscore the necessity for
professionals to reevaluate and enhance construction processes and technologies. This
highlights the significant potential of the construction sector in advancing sustainable de-
velopment, addressing economic, social, and environmental concerns. Embracing sustain-
able construction practices offers the opportunity to reduce overall energy consumption,
maximize the utilization of renewable energy sources, minimize waste generation, conserve
water resources, reduce vulnerability to flooding, decrease harmful emissions into water,
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air, and soil, and mitigate noise and light pollution[13]. While there has been consider-
able focus on new construction materials and technologies, there has been relatively little
attention given to the examination of the construction phase itself. This phase warrants
closer examination to determine if improved construction process management can in-
deed result in reduced GHG emissions from projects. Upon close monitoring of several
highway construction projects, it becomes evident that inadequate management practices
during the construction phase are causing a notable increase in GHG emissions associated
with these projects [14].The essential goal for achieving sustainable infrastructure project
construction lies in finding a crucial balance between economic considerations and the
potential for emissions reduction [15].

2. Literature Review

2.1. Global Warming Potential. Greenhouse gas emissions are quantified using the
unit of carbon dioxide equivalents (CO2e) [16]. A key impact category to consider in these
analyses is the Global Warming Potential (GWP). The GWP outlined by the IPCC in the
2014 Climate Change Comprehensive Report was used to determine the ratio of various
greenhouse gases to equivalent carbon dioxide. According to this report, the GWP of CO2

is 1, CH4 (methane) is 25, and N2O (nitrous oxide) is 298 [17].

2.2. Carbon Emission Factors. As defined by Environmental Protection Agency (EPA)
AP-42 (Compilation of Air Pollutant Emission Factors), an emission factor represents a
value that correlates the quantity of a pollutant released into the atmosphere with the
activity that generates it [18]. Emission factors translate activity data, such as material
usage, production volumes, or energy consumption, into corresponding emission estimates.
The list of carbon emission factor as obtained from various literature are shown in Table
1.

Table 1. CO2 Emission Factors for Different Construction Materials and Fuel

Component Value Unit Source
Sand 0.0025 kgCO2/kg [19]
Aggregate 0.0028 kgCO2e/kg [19]
Bitumen 0.426 kgCO2e/kg [19]
Cement 0.8207 kgCO2e/kg [19]
Fuel (Diesel) 2.71 kgCO2e/liter [20]

2.3. LCA in Evaluating Environmental Impact. Given the importance of carbon
footprint due to global warming, it’s crucial to understand that a lower carbon footprint
doesn’t necessarily mean better environmental performance. Therefore, it’s recommended
to conduct carbon footprint studies alongside broader tools like LCA (Life Cycle Assess-
ment) for a more comprehensive evaluation [21]. LCA and CF may appear similar, but
the key difference is that CF evaluates using a single indicator, whereas LCA considers
multiple indicators to assess environmental impacts [22]. LCA is gaining popularity as a
tool to analyze the environmental effects of construction activities and identify strategies
for impact reduction [23].

LCA in the field of transportation offers a thorough method for assessing the full envi-
ronmental impact of a specific product (like a ton of aggregate) or more intricate systems
(such as a transportation facility). It evaluates key environmental inputs and outputs
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throughout the product’s life cycle, from the production of raw materials to its eventual
disposal [24]. The life cycle of the product begins with the acquisition of raw materials,
progresses through various distinct phases (such as material processing, production, and
usage), and ends at the end-of-life (EOL) stage.

2.4. Relevant Studies. Several studies have focused on methods for calculating carbon
emissions in road construction and have explored various measures to mitigate these emis-
sions. The GHGs emissions related to transportation infrastructure are calculated widely
using the LCA method [25]. Horvath et al. [26] studied the environmental consequences
of asphalt and steel-reinforced pavements in United States. LCA conducted in this study
suggested that asphalt pavements can be a more environmentally sustainable option when
they are effectively recycled. White et al. [19] examined various pavement types’ carbon
emissions throughout road material production and construction; and developed a carbon
emission calculation model that took into account calculation parameters such as road
width, material properties, road thickness, and service life. Santos et al. [27] used LCA
model to investigate the effects of in-place recycling procedures on the construction and
repair of pavement. And found a 75% reduction in environmental impacts during raw ma-
terial extraction and mixture production was achieved by opting for recycling-based main-
tenance and rehabilitation (M&R) activities instead of traditional reconstruction meth-
ods. Barandica et al. [28] evaluated the GHG emissions of Spanish road constructions
throughout the entire life cycle. Their results showed emissions range from 8,880 to 50,300
t CO2e/km, mainly from construction activities, with the maintenance stage playing a mi-
nor role. Earthworks dominate emission in construction stage (60–85%), driven primarily
by off-road machinery (61.5–84.9%), followed by material-related emissions (9.5–32.9%).
Kim et al. [29] calculated the GHG emissions from the production of the materials used
in road construction. Wang et al. [30] described that the majority of CO2 emissions from
highway construction comes from the production of raw materials. Results indicated that,
mixture mixing phase generates the highest GHG emissions, contributing approximately
54% of the total, while the production of raw material is the second highest. In asphalt
course construction, 95.04% of emissions came from mixture mixing, and 2.38% from raw
material and mixture transportation, excluding raw material manufacturing. Peng et al.
[31] calculated the GHG emissions from asphalt roadways, using LCA method. The re-
sults showed that road length, type, material use, and technology are key factors in high
GHG emissions. Asphalt roads emit 39–63% less GHG than cement roads. Ma et al.
[32] studied the construction of asphalt-paved highways into three layers asphalt course,
cement stabilized aggregate base and cement stabilized gravel sub base based on the life
cycle inventory method. The results indicate that the mixture mixing phase generates the
highest greenhouse gas emissions, accounting for approximately 54% of the total, followed
by the raw material production phase as the second largest contributor.

Noland and Hanson (2015) carried out an in-depth life-cycle assessment of greenhouse gas
emissions for highway re-construction project in New Jersey. Their study took into ac-
count the emissions from material extraction, construction, and maintenance phases [33].
A study by Gulotta et al. [34] in Italy, which analyzed the life cycle of various pavement
technologies for urban roads, found that material production is responsible for more than
60% of the total carbon emissions. This analysis considered all stages; extraction of ma-
terial, construction, maintenance, and end-of-life. Huang et al. [35] developed a life cycle
assessment tool specifically for evaluating the construction and maintenance of asphalt
pavements in UK. Their study utilized this tool to assess the environmental consequences
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of asphalt pavement construction. A study considering the key impact categories – hu-
man health, ecosystem quality, and resource consumption – found that the total impact
value for rigid pavement is 78.90 kPt, which is 45% of the 175.50 kPt impact for flexible
pavement. This indicated that rigid pavement is more sustainable in long term [36].

A study in [37] found that bitumen contributed between 38% and 39% of the total GHG
emissions, taking into account the stages of raw material extraction and the construction
and the operation of the Hot Mix Asphalt (HMA) plant was the largest contributor to
GHG emissions; also, the study found that the energy used to operate the plant was
insignificant, primarily due to the use of renewable energy. A study in [38] found that
asphalt production at the plant is the most energy-intensive process. A study conducted
in expressway construction in China found that the aggregate and asphalt heating are
the main sources of energy consumption and can be lowered by utilizing natural gas [4].
A case study in China by [15] examined seven stages of road construction, finding that
subgrade construction contributed the most emissions than pavement construction.

As discussed in [39], the carbon emission from asphalt pavement on a second-class road
considering the material usage, construction, maintenance, and renovation phases was
found to be 1,754 tons per kilometer. As discussed in [40], four different pavement struc-
tures were responsible for 121.86, 116.66, 104.54, and 100.59 tons of CO2e emission from 1
km of road, during the stages of extraction, production, transportation, and construction.
The different pavement structures constituted: aggregates, bitumen, and cement; aggre-
gates, bitumen, and polymer-modified asphalt; aggregates and bitumen; and aggregates
with recycled asphalt, respectively. Similarly, a study in [32] assessed and calculated emis-
sions, considering various phases such as raw material production, mixing, transportation,
laying, compacting, and curing. The total CO2e emissions for the 20 km asphalt pavement
construction was found to be 52,264,916.06 kg.

A study [41] found that the construction management plan is the most critical criterion
for achieving green highway development, followed by quality management. According
to [42], emission reduction technologies for materials include using recycled materials like
rubber asphalt and reclaimed asphalt pavement, and replacing traditional materials with
alternatives like bio-bitumen. For the construction phase, emissions can be reduced by
adopting warm, half-warm, or cold asphalt manufacturing techniques, substituting energy
sources such as using natural gas as fuel for asphalt plants, and using biodiesel or hybrid
and electric-powered construction equipment. Recycling technologies like hot-in-place and
cold-in-place recycling also contribute to emission reduction. As discussed in [43] use of
Reclaimed Asphalt Pavement (RAP) and recycled concrete as alternative materials are ac-
ceptable in various pavement systems and applications. Incorporating RAP in asphalt base
and sub-base layer construction can significantly lower environmental impacts, including a
20% reduction in global warming potential and 16% in energy use [44]. Also, a study [45]
found that asphalt mixed with 18% crumb rubber using wet technology showed a carbon
emission reduction of 36% to 44% compared to standard asphalt mixtures. Another study
[46] demonstrated that incorporating RAP with HMA could lower CO2 emissions by 6.8%.
As discussed in [47] the Hot Mix Asphalt (HMA) requires high production temperatures
(155–165°C), leading to increased greenhouse gas emissions, which contribute to global
warming and harm workers’ respiratory health. Warm Mix Asphalt (WMA) technology
lowers the mixing and compaction temperature by about 30°C compared to HMA, offer-
ing benefits such as fuel savings. Another study [48] showed that WMA can reduce GHG
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emissions by 20% compared to HMA. Also, study [49] found that using biomass-based fuel
for construction equipment can reduce carbon emissions by 36% to 90%, while electrified
construction equipment can achieve a 67% to 95% reduction in GHG emissions.

3. Methodology

3.1. Study Area. The Pokhara-Mugling Road, chosen for this study, is a section of the
Prithvi Highway, classified as National Highway H04 according to Department of Roads
(DoR)(see FIGURE 1). The road plays a crucial role in enhancing tourism in the western
regions of Nepal. This route starts at the right bank of the Trishuli River, near the new
bridge site in Mugling, Tanahun District, and extends approximately 88.810 kilometers to
Sahid Chowk in Pokhara Bazar, Kaski District. However, for this study two sections of
road were considered from Ch. 8+250 to Ch. 49+700 (section-01) and from Ch. 49+700
to Ch. 88+583 (section-02), totaling 80.333 km. The geometric design standard for this
road generally has been followed as for the Class II Road under Nepal Road Standard
(NRS) 2070. This road is being designed for a speed of 60 kilometers per hour (kmph)
based on the terrain. Road is a four-lane highway. The pavement material is asphalt
concrete.

Figure 1. Pokhara-Mugling Road.

3.2. Data Analysis. LCA method was employed to analyze and quantify GHG emis-
sions associated with the road construction project. LCA provides a detailed frame-
work for assessing the environmental impacts of the project by considering relevant stages
from material extraction to construction. The analysis focuses on the gate-to-gate system
boundary, which encompasses emissions related to material use and construction activi-
ties. Emissions from the material extraction and transportation from the extraction to
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the construction sites are not considered for this study. LCA includes the following stages:

Figure 2. Life cycle assessment frame work [50]

3.2.1. Goal and Scope Definition. In the case study, GHG emissions were regarded as the
primary environmental indicator. Therefore, the scope of the study has been designed to
incorporate GHG emissions as the environmental indicator. For this stage of the Pokhara-
Mugling road project, the LCAmethod will focus exclusively on the construction phase. To
align with the objective of evaluating the environmental impacts of highway construction,
the study considers GHG emissions within a gate-to-gate system boundary. Within this
system boundary, the case study takes into account GHG emissions related to materials
and construction machinery. The gate-to-gate LCA approach focuses specifically on the
construction stage, capturing emissions generated from the production, as well as the
energy consumed by construction equipment. In this study, lane-kilometer was chosen
as the functional unit, and the total greenhouse gas emissions were quantified in tons of
CO2e per lane-kilometer.

3.2.2. Life Cycle Inventory Analysis. The Life Cycle Inventory (LCI) stage of an LCA for
the Pokhara-Mugling road involves a comprehensive identification and quantification of all
environmentally relevant inputs and outputs throughout the construction process using
mass and energy balance approaches. This phase includes a detailed collection of data
on material inputs (such as aggregates, bitumen, and fillers), energy use (including fuel
consumption for machinery and electricity for operations), and outputs like air emissions.
The inventory captures data specifically during the construction stage of the road’s life
cycle that is it includes on-site activities.

3.2.3. Impact Assessment. In LCA study of carbon emissions for the Pokhara-Mugling
road construction, the impact assessment is limited to environmental aspects. The eval-
uation specifically targets the GWP, which measures the road’s contribution to climate
change by assessing the greenhouse gas emissions associated with various construction
stages and materials used.

3.3. Calculation Formula. The standard method for estimating GHG emissions used in
this inventory involves applying the formula provided by the IPCC in its 2006 guidelines
[51]:

Emission =

n∑
i=1

(Ac× EF )i, (1)

Where,
EF = emission factor
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Ac denotes the activity i, with i indicating various activity types (1, 2, 3, . . . , n).
EF represents the amount of GHG emissions generated per unit of activity.
Ac represents the activity level measured in units that match the emission factor. Activity
data indicates the extent of human activity that leads to emissions or removals over a
specific period.

3.4. Relative Importance Index. This approach facilitates the identification of the
most suitable options for minimizing greenhouse gas emissions in road construction by
systematically assessing the relative significance of each alternative. The Relative Impor-
tance Index (RII) was employed to evaluate and prioritize various methods, techniques,
and alternatives that can effectively reduce emissions in road construction. For the RII
analysis, a questionnaire was sent to experts selected based on their experience in road
construction, construction management, and environmental sustainability. The respon-
dents included environmental specialists, highway engineers and consultants, with some
directly involved in the Pokhara–Mugling road project. Responses were received from 15
respondents and used for RII analysis. The formula for calculating RII is outlined by
[52, 53] as follows:

RII =

∑
W

A×N
=

5N5 + 4N4 + 3N3 + 2N2 + 1N1

5N
, (2)

Where,
W represents the weight assigned to each variable by respondents, on a scale ranging from
1 to 5.
N1, N2, N3, N4, andN5 represent the number of respondents for strongly disagree, disagree,
neutral, agree, and strongly agree, respectively.
A is the maximum weight assigned, which is 5.
N represents the total number of respondents.

4. Results and Discussion

4.1. Carbon Emission During the Construction of Road.

4.1.1. Material Specific Emission. Among primary materials used in asphalt road con-
struction, aggregate was the most extensively used, with a total consumption of 3,115.88
kilotons, followed by bitumen, which amounted to 27.61 kilotons. Filler materials were
utilized in the smallest quantity, totaling only 5.39 kilotons. The analysis demonstrated
that aggregate constituted approximately 99% of the total weight of the materials used
in pavement construction. However, despite its dominant presence by weight, aggregate
was responsible for only 42.50% of the total greenhouse gas (GHG) emissions associated
with these materials. In contrast, bitumen, which represented just 1% of the total weight,
accounted for a substantial 57.40% of the total GHG emissions, as presented in Table 2.
This disparity highlighted the significant environmental impact of bitumen relative to its
weight in the asphalt mix. It is crucial to note that this study does not include consider-
ations for the use phase, maintenance phase, or end-of-life stage of the pavement.

4.1.2. Emission from Use of Plants and Equipment. The figure shows the fuel consump-
tion for hot mix asphalt plants and other equipment as well as total fuel consumption by
plants and equipment for Pokhara - Mugling road construction. Hot mix asphalt plants
consumed the largest portion of the total fuel usage (hot mix asphalt plant consumed a
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Table 2. GHG emission from the materials based on their consumption
for pavement construction.

S.N. Materials GHG Emission (ktCO2e) Percentage Contribution
1 Aggregate 8.724 42.50%
2 Bitumen 11.76 57.40%
3 Filler 0.015 0.10%

Total 20.499

Table 3. GHG emission from plants and equipment used in pavement construction.

S.N. Plants and Equipment Total GHG Emission (ktCO2e) Percentage
1 Hot mix asphalt 9.28 70%
2 Other equipment 3.95 30%

Total 13.23

total of 3425.42 kilolitres of fuel). This significant consumption highlighted the energy-
intensive nature of asphalt production, where fuel was required for heating and mixing
materials. In comparison, all other construction equipment collectively consumed 1,457.15
kilolitres of fuel. Among these, rollers (vibratory, pneumatic, and smooth-wheeled) were
the dominant consumers at 552.27 kl, followed by motor graders (281.75 kl), loaders (174.21
kl), and paver finishers (132 kl). Other machinery, including generators, tractors with rip-
pers, bitumen distributors, air compressors, boilers, mechanical broomers, and tippers,
contributed comparatively smaller amounts. Notably, the hot mix asphalt plant was re-
sponsible for 70% of the total emissions from plant and equipment operation. In contrast,
all other equipment involved in asphalt pavement construction collectively contributed for
the remaining 30% of the emissions (Table 3). These findings highlighted the substantial
impact of the hot mix asphalt plant on the overall carbon footprint of the construction
process.

4.1.3. Total Carbon Emission. The emissions from material usage were found higher than
those generated by the operation of plants and equipment during construction. The total
emission from the pavement construction was found to be 33.73 kilotons of CO2 equivalent
(ktCO2e) as shown in Figure III. A substantial portion of these emissions, 20.50 ktCO2e
(accounting 60.78% of total emission), originated from the materials used, underscoring
their considerable impact on the overall carbon footprint. In contrast, the emissions re-
sulting from the use of plants and equipment were found to be 13.23 ktCO2e; accounting
for about 39.22% of the total emission during pavement construction. The results show
that the material consumption contributes significant GHG emission in total for pavement
construction compared to the emissions from the use of plants and equipment.

The gate-to-gate analysis for the Pokhara-Mugling road construction revealed that the
total emissions amounted to 419.9 tonnes of CO2e per kilometer of road. This assess-
ment considers the emissions generated from the material use and operation of plants and
equipment during the pavement construction but excludes any emissions from the use
phase, maintenance activities, and the road’s end-of-life stage. The per km emission from
Pokhara-Mugling road compared to the study conducted by Araújo et al. [40] is relatively
higher even without considering the material extraction, production and transportation
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Figure 3. Total GHG emission from pavement construction of Pokhara
Mugling Road.

Table 4. Carbon emission in different phases of asphalt surface construction

Phase Mixing Phase Laying Down Phase Compacting Phase
CO2e Emissions (kg) 22,668,564.44 588,189.39 641,448.20

stages.

4.2. Emission from the Different Stages of Pavement Construction. The total
greenhouse gas emissions, measured across different stages of road construction, showed
that the emissions from subgrade preparation amounted to 2.84 KtCO2e, making it the
stage with the lowest emissions. The sub-base and base stage followed with emissions
of 6.99 KtCO2e. However, the binder and wearing course stages contributed the highest
emissions at 23.90 KtCO2e. This indicates that binder and wearing courses, particularly
due to the use of HMA plants and bitumen, have the most significant impact on the overall
carbon footprint of road construction. In the construction of asphalt binder and wearing
course, however, the largest CO2e emission was found during the mixing phase, followed
by the compacting phase and least during the laying phase, as shown in Table 4. This
high emission level during the mixing phase is largely attributed to the energy-intensive
processes involved in heating and mixing the materials (aggregates and binder). The ma-
chinery and fuel consumption needed for this stage are considerable, leading to its large
environmental impact. The compacting phase comes second in terms of emissions, while
the laying down phase has the least environmental impact.

4.3. Sensitivity Analysis. Sensitivity analysis was conducted to assess how variations
in bitumen and aggregate content affect total GHG emissions. The findings of this study
indicate that a 10% reduction in bitumen percentage results in a 3.49% decrease in total
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Table 5. Probable mitigating measures with RII value and their rank

Probable Mitigating Measures RII Rank
Optimizing construction and quality management plans is
essential for reducing GHG emissions in road construction.

0.853 1

Using electricity as a fuel source for heating in asphalt pro-
duction could substantially lower emissions compared to tra-
ditional fossil fuels.

0.813 2

Adopting warm mix or cold asphalt mix technologies in cur-
rent road construction practices is practical and beneficial
for reducing emissions.

0.747 3

The use of recycled materials like Reclaimed Asphalt Pave-
ment (RAP) and crumb rubber in asphalt mixtures is feasi-
ble in Nepal’s road construction projects.

0.747 3

Transitioning to low-emission equipment such as electric
or biodiesel-powered machinery is achievable in large-scale
projects like the Pokhara-Mugling road.

0.733 5

Using alternative energy sources, such as natural gas or
biomass-based fuels, for asphalt plants could significantly
reduce carbon emissions.

0.720 6

GHG emissions (33.73 ktCO2e). Conversely, increasing the bitumen percentage by 10%
and 20% leads to increases in total GHG emissions of 3.49% and 6.97%, respectively.
Similarly, changes in the aggregate percentage were examined for their impact on GHG
emissions. A 10% decrease in aggregate percentage corresponds to a 2.59% reduction in
total GHG emissions. On the other hand, increasing the aggregate percentage by 10%
and 20% results in increase in GHG emissions by 2.59% and 5.17%, respectively. Overall,
the sensitivity analysis clearly demonstrates that variations in bitumen content have a
significantly larger impact on total GHG emissions compared to changes in aggregate
content, with bitumen adjustments causing nearly 1.35 times the percentage change in
emissions. This finding highlights the critical role of bitumen in influencing the carbon
footprint of road construction.

4.4. Probable Mitigating Measures. The RII analysis identified and ranked the most
effective measures for reducing GHG emissions in the Pokhara-Mugling road project. Op-
timizing construction and quality management plans ranked highest, followed by using
electricity for asphalt heating as a cleaner alternative to fossil fuels. Adopting warm
or cold asphalt mix technologies and incorporating recycled materials such as RAP and
crumb rubber were equally ranked in third place. Transitioning to low-emission equipment
was placed fifth, while alternative energy sources like natural gas and biomass for asphalt
plants ranked sixth. These results highlight that improving construction management,
shifting to cleaner energy, and promoting material reuse are key strategies for minimizing
emissions in road construction projects in Nepal.
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5. Conclusion and Recommendations

5.1. Conclusion. The study reveals that materials contribute significantly more to GHG
emissions compared to the plants and equipment used in the pavement construction pro-
cess. Among the materials, bitumen emerges as the primary source of emissions compared
to aggregate and filler materials. The analysis revealed that the total carbon emissions
per lane km from the Pokhara-Mugling Road construction are higher compared to similar
studies conducted in other countries where electricity was used as source of energy to heat
asphalt or alternative pavement structures such as aggregates and recycled asphalt was
used. The sensitivity analysis results emphasized the significant impact of bitumen on
the carbon footprint of road construction, underscoring the importance of implementing
targeted reduction strategies specifically aimed at minimizing bitumen usage. To address
this, exploring alternative materials such as aggregate with recycled asphalt could be an
effective strategy for lowering overall emissions. Additionally, the analysis indicates that
the hot mix asphalt plant is the largest contributor to GHG emissions among all the equip-
ment and plants involved in the construction process, as they consume more fuel. And the
RII analysis indicated that the most effective measures are optimizing construction and
quality management plans and using electricity for asphalt heating as a cleaner alternative
to fossil fuels.

5.2. Recommendations. To mitigate the emissions from road construction, this study
recommends exploring alternative energy sources, such as renewable energy, natural gases
for the operation of hot mix plants or adopting WMA technology. Transitioning to low-
emission construction equipment, such as biodiesel or electric-powered machines, might
also contribute to emission reductions. Moreover, this study also finds effective construc-
tion and quality management plans as essential measures for minimizing environmental
impacts. Implementing these approaches can be key to reducing the overall greenhouse
gas emissions from road construction and promoting sustainable road infrastructure de-
velopment in Nepal.
Future research should extend beyond construction phase to include the full life cycle
of highways, encompassing maintenance, operation, and end-of-life phases. Likewise, the
alternative construction such as rigid pavement should be explored in terms of their envi-
ronmental impact in the future.
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[34] T. M. Gulotta, M. Mistretta, and F. G. Praticò, “A life cycle scenario analysis of different pavement
technologies for urban roads,” Science of the Total Environment, vol. 673, pp. 585–593, Jul. 2019, doi:
10.1016/j.scitotenv.2019.04.046.

[35] Y. Huang, R. Bird, and O. Heidrich, “Development of a life cycle assessment tool for construction
and maintenance of asphalt pavements,” J. Clean. Prod., vol. 17, no. 2, pp. 283–296, Jan. 2009, doi:
10.1016/j.jclepro.2008.06.005.

[36] J. U. D. Hatmoko and L. Lendra, “How sustainable are flexible and rigid pavement? A Life Cycle
Impact Assessment (LCIA) approach,” IOP Conf. Ser. Mater. Sci. Eng., vol. 1072, no. 1, p. 012071,
Feb. 2021, doi: 10.1088/1757-899x/1072/1/012071.

[37] M. Espinoza et al., “Carbon footprint estimation in road construction: La Abundancia-Florencia case
study,” Sustainability, vol. 11, no. 8, Apr. 2019, doi: 10.3390/su11082276.

[38] L. Thesis and A. A. Butt, Life Cycle Assessment of Asphalt Pavements including the Feedstock Energy
and Asphalt Additives, 2012.

[39] R. Mao et al., “Quantification of carbon footprint of urban roads via life cycle assessment: Case
study of a megacity-Shenzhen, China,” J. Clean. Prod., vol. 166, pp. 40–48, Nov. 2017, doi:
10.1016/j.jclepro.2017.07.173.
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Abstract. The cement industry is a significant global source of CO2 emissions, with
Nepal’s clinker production contributing approximately 2.34 million metric tons annually
through coal combustion. This study investigates the technical and economic feasibility
of decarbonizing Nepal’s cement sector by transitioning to green hydrogen fuel, lever-
aging the country’s abundant hydropower resources. Through detailed energy balance
calculations and techno-economic modeling, we demonstrate that complete coal replace-
ment would require 227,743 metric tons of green hydrogen annually, necessitating 2,002
MW of dedicated hydropower capacity. Our projections indicate hydrogen production
costs could decline to $2.15/kg by 2035, driven by electrolyzer efficiency improvements
and Nepal’s competitive industrial electricity tariffs. The analysis reveals this transition
could eliminate up to 2.57 million metric tons of CO2 emissions yearly, representing a
98% reduction in fuel combustion emissions. However, implementation challenges include
seasonal hydropower variability, requiring 2,000 MW of reservoir projects, and substan-
tial infrastructure investments estimated at $800 million. The study proposes a phased
adoption pathway, with 30% hydrogen penetration by 2030 achieving 770,000 metric
tons of annual emission reductions. We identify critical policy interventions including a
$139/ton carbon price and targeted subsidies to bridge the current cost gap. A $139/ton
carbon price and targeted subsidies are identified as key policy interventions to bridge
the current cost gap.
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1. Introduction

The global cement industry contributes around 5% to 10% of global carbon emissions,
largely due to energy-intensive clinker production that relies heavily on fossil fuels like coal
[1, 2, 3, 4]. Emissions range between 0.6 to 0.9 tons of CO2 per ton of cement produced [5,
6]. Cement demand has surged due to rapid urban development, intensifying emissions. In
Nepal, approximately 72 plants emit about 3.6 million metric tons (MT) of CO2 annually
[7].Global emissions from cement reached 1.57 gigatons (Gt) in 2019 [8], underlining the
urgency for decarbonization. Nepal has substantial hydropower potential of around 42,000
MW [9] and generates most of its electricity from hydropower, with expansions underway
[10]. This hydropower surplus can support green hydrogen production, which offers a
carbon-free alternative to fossil fuels in cement manufacturing [7].

Figure 1. Illustration of the coal usage for clinker production in a
Nepalese clinker factory.

From Figure 1, it is evident that 4.52 MT of clinker is produced from 1 MT of coal. With
5 million MT of clinker produced in Nepal in 2019/20 [11], this equates to 1.11 million
MT of coal consumption, emitting 2.34 million MT of CO2 from coal combustion alone
[12]. These emissions are projected to increase with industry expansion. Green hydrogen
could drastically reduce these emissions. Coal costs about $121/MT in Nepal. Matching
coal’s energy content (7,000 kcal/kg) would require approximately 205.88 kg of hydro-
gen (LCV ∼ 34,000 kcal/kg) [13, 14]. At $4–$6/kg [15], equivalent hydrogen energy costs
$1,235/MT-10 times more than coal. However, hydrogen costs are expected to drop due to
improved electrolyzers and renewables. Global carbon regulations and rising coal prices
(3–5% annually) further diminish coal’s cost advantage [16]. Hydrogen, with no direct
greenhouse gas emissions, could replace fossil fuels in clinker kilns [17, 18, 19, 20]. Green
hydrogen’s viability depends on electrolyzer cost and efficiency [21, 22]. Technology ad-
vancements are lowering costs, and coupling these systems with Nepal’s hydropower could
make hydrogen competitive [23].
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This study investigates the potential for replacing coal with green hydrogen in Nepal’s
cement industry. It evaluates energy and cost feasibility, hydropower capacity, and emis-
sions impact through 2035. By integrating carbon pricing and investment planning [24],
it offers a practical decarbonization roadmap for Nepal’s cement sector.

2. Methodology

This study adopts a comprehensive analytical framework to evaluate the technical and
economic feasibility of replacing coal with green hydrogen in Nepal’s cement industry,
with a specific focus on clinker production. The approach integrates mass and energy
balance calculations, hydrogen substitution modeling, hydropower capacity assessment,
and techno-economic analysis. A 2035 projection horizon is used to reflect evolving costs
of electrolyzers and hydrogen production technologies. The system boundary considers
Nepal’s grid emissions, local hydropower dynamics, and industry-specific emission factors.
Each stage of the methodology is designed to quantify the hydrogen requirements, assess
renewable energy integration potential.

2.1. System Boundary and Baseline Establishment.

• Temporal Scope: 2024 (baseline) to 2035 (projection)

• Functional Unit: 1 metric ton (MT) of clinker produced.
• Key Assumptions:

– Bituminous coal LHV: 7,000 kcal/kg (±2% variability)
– Hydrogen LHV: 33.33 kWh/kg (34,000 kcal/kg)
– Electrolyzer efficiency: 65% (PEM systems)
– Grid emission factor: 0.012 kg CO2/kWh (Nepalese grid)

PEM electrolyzers were considered due to their high current density and suitability for
variable renewable inputs (reference).

2.2. Core Calculations With Enhanced Detail.

2.2.1. Energy and Mass Balance Calculations. Coal-to-Clinker Ratio is derived from plant
operational data (Figure 1):

Ratio =

∑
Daily Clinker∑
Daily Coal

(1)

Annual Coal Consumption for 5 million MT clinker (2019/20) is:

Coal =
Clinker Production

Clinker to Coal Ratio
(2)

CO2 Emissions (EPA Tier 2) is:

CO2 = Coal Consumed (MT)× Emission Factor (2.32 tons CO2/ton coal) (3)

2.2.2. Hydrogen Substitution Framework. The energy equivalence is:

H2 Required =
Calorific Value of Coal (kcal/kg)

Calorific Value of Hydrogen (kcal/kg)
(4)

Total Hydrogen Demand for 100% substitution is:

= Coal Required× Energy Equivalence (5)
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2.2.3. Renewable Energy Integration. Hydropower Requirement (65% capacity factor):

Energy Needed =
Total Hydrogen needed (kg)× Energy required to produce 1 kg of hydrogen (50 kWh/kg)

Capacity factor of hydropower (0.65)×Hours in a year (8760 hours)
(6)

= 2, 002 MW

Surplus Verification: Nepal’s Hydropower Capacity vs. Green Hydrogen Requirements
(2024) is shown in Table 1.

Table 1. Current Hydropower Status

Parameter Values Notes
Total Installed Hydropower 3,329.54 MW [25] 90.4% of Nepal’s grid capacity
Peak Domestic Demand (2024) 2,316 MW [26] 10% annual growth
Monsoon Export (2023) 1.7B units [27] ≈ 1,940 MW continuous for 4 months
Dry Season Generation ≈ 1,085 MW Drops to 1/3 of installed capacity [28]
Under Construction 7,000 MW [29] Phased completion through 2030

Green Hydrogen Requirement

• Required Capacity: 2,000 MW (continuous, 65% capacity factor)
• Equivalent to: 61.4% of current hydropower capacity

Table 2. Feasibility Analysis

Scenario 2024 Reality 2030 Projections
Monsoon Availability Total: ≈ 3,300 MW Total: ≈ 10,255 MW

After demand: 984 MW surplus After demand: 6,155 MW surplus
Dry Season Availability Total: ≈ 1,085 MW Total: ≈ 3,418 MW

Deficit: 917 MW Marginal surplus: 18 MW
Hydrogen Feasibility Impossible Possible with new capacity

Critical Requirements

• Reservoir Projects: Minimum 2,000 MW needed for dry-season reliability
• Investment: $4–5 billion for dedicated hydrogen infrastructure
• Policy: Fast-track approvals for hydrogen-dedicated projects

Table 3. Cost Projections (2024 vs. 2035)

Parameter 2024 Value 2035 Projection Calculation Basis
Electrolyzer CAPEX $1,200/kW $400/kW 12% annual reduction (Yang et al., 2023)
H2 Production Cost $5.00/kg $2.15/kg Learning curve (18% reduction/year)

2.2.4. Techno-Economic Assessment. These cost projections are primarily based on global
learning curves; however, in the Nepalese context, electricity tariffs for industrial hy-
dropower are lower. According to Nepal Electricity Authority (NEA), off-peak industrial
tariffs range from 4.74 to 7.14 NPR/kWh, which equals $0.035 to $0.053 per kWh at 135
NPR/USD, depending on voltage level and time-of-use pricing [30]. To validate global
hydrogen cost projections under Nepal-specific conditions, a Levelized Cost of Hydrogen
(LCOH) calculation was performed based on domestic electricity pricing and electrolyzer
characteristics.
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As previously noted, Nepal’s industrial tariffs provide a competitive electricity cost advan-
tage for hydrogen production. Green hydrogen production via PEM electrolyzers requires
approximately 50 kWh of electricity per kilogram of hydrogen, assuming 65% efficiency.
Using these values, the electricity input cost per kg of hydrogen is calculated as follows:

Table 4. Input Cost per kg of Hydrogen

Electricity Price (USD/kWh) Electricity Cost per kg H2 (USD)
0.035 1.75
0.040 2.00
0.045 2.25
0.050 2.50
0.053 2.65

The Levelized Cost of Hydrogen (LCOH) is given by:

LCOH = Electricity Cost + CAPEX Recovery + O&M Cost

= (Ce × E) +

(
Ccapex × CRF

8760× CF× η

)
+

(
CO&M

8760× CF× η

)
(7)

Where:

• Ce = Electricity price (USD/kWh)
• E = Energy per kg H2 = 50 kWh
• Ccapex = Electrolyzer cost (USD/kW)
• CRF = Capital Recovery Factor
• CF = Capacity Factor
• η = Efficiency (kg H2/kWh input)
• CO&M = Annual O&M cost (USD/kW/year)

Table 5. Input Parameters (2035 Projections)

Parameter Value Unit Notes
Electrolyzer CAPEX $400 /kW PEM electrolyzer, 2035 projection
Electricity consumption 50 kWh/kg H2 Industry standard for PEM electrolysis
Capacity factor (CF) 65% – Based on Nepal’s hydropower variability
Fixed O&M cost $15 /kW-year 3.75% of CAPEX
Discount rate 8% – Standard project financing rate
System lifetime 20 years Typical electrolyzer lifespan

Using a simplified LCOH model (based on IEA/IRENA methodology):

CAPEX Recovery =
Electrolyzer CAPEX× CRF

Capacity factor (CF)× hours in a year
(8)

Where:

CRF (Capital Recovery Factor at 8% for 20 years) ≈ 0.1019

CAPEX contribution per kg H2 = CAPEX Recovery× 50 kWh
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Fixed O&M contribution per kg H2 =
Fixed O&M cost

CF× hours in a year
× 50 (9)

Table 6. Total LCOH Range

Electricity Price (USD/kWh) Electricity CAPEX O&M Total LCOH (USD/kg)
0.035 1.75 0.36 0.13 2.24
0.040 2.00 0.36 0.13 2.49
0.045 2.25 0.36 0.13 2.74
0.050 2.50 0.36 0.13 2.99
0.053 2.65 0.36 0.13 3.14

These values show that, under Nepal’s industrial electricity tariffs and projected elec-
trolyzer costs by 2035, the levelized cost of green hydrogen could fall within the range of
$2.24 to $3.14 per kg. This aligns closely with the IEA’s global LCOH forecast for green
hydrogen and demonstrates competitive feasibility in Nepal’s context [23, 30, 31].

2.2.5. Break-Even Analysis.

(1) Cost Comparison:

Coal Energy Cost = Cost of coal in Nepal/MT+(CO2 Emission Factor×$50 carbon tax)
(10)

H2 Energy Cost = H2 required×H2 Production Cost (11)

(2) Subsidy Requirement:

Gap = H2 Energy Cost− Coal Energy Cost (12)

2.2.6. Emission Reduction Potential.

(1) Direct Fuel Combustion:

∆CO2 = CO2 Emissions MT/year× Substitution Ratio (13)

(2) Process Emissions (Le Chatelier’s principle):

CaCO3 → CaO + CO2 =⇒ 0.52 MT CO2/MT clinker (14)

(3) Net Reduction (100% H2 scenario):

= CO2 Emissions MT/year−
(
5 million MT clinker× Process Emissions

)
(15)

2.2.7. Validation Protocol.

(1) Cross-Method Verification:
• Coal calculations compared with CSI Cement CO2 Protocol
• Hydrogen yields verified against IEA H2 Technical Report (2023)

(2) Sensitivity Testing:
Key Variable: Electrolyzer efficiency (±5%)

Revised H2 =
Total Hydrogen Demand for 100% substitution

0.60
to

Total Hydrogen Demand for 100% substitution

0.70
(16)

(3) Uncertainty Propagation:

Total Uncertainty =
√
(Operational CostCoal)

2 + (Operational CostH2
)2 (17)
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2.2.8. Policy Implications Framework.

(1) Incentive Structures:

Required Carbon Price =
H2 Energy Cost− Coal Energy Cost

Emission Factor
(18)

(2) Infrastructure Investment:

Investment =
Energy Needed (MW)

2035 Projected Electrolyzer Cost
(19)

3. Results and Discussions

This section presents the core findings of the study by quantitatively analyzing the tech-
nical, environmental, and economic implications of replacing coal with green hydrogen in
Nepal’s cement industry. Key outcomes are derived from the previously discussed method-
ology and supported by real-world plant data, techno-economic assumptions, and national
hydropower capacity insights.

3.1. Clinker-to-Coal Dependency and Baseline Emissions. Nepal’s clinker produc-
tion is heavily reliant on coal as its primary thermal energy source. Based on the oper-
ational clinker-to-coal ratio of 4.52 (from Figure 1), the annual production of 5 million
metric tons (MT) of clinker requires approximately 1.106 million MT of coal. Using the
Tier 2 emission factor of 2.32 tons CO2 per ton of bituminous coal [12], the corresponding
CO2 emissions from coal combustion total approximately 2.57 million tons/year. This
emission estimate establishes the baseline fossil carbon footprint for thermal energy input
in the cement manufacturing process and provides the foundation for assessing hydrogen-
based decarbonization.

3.2. Hydrogen Substitution Requirement. To replace coal with green hydrogen ther-
mally, energy equivalence must be ensured. Given a hydrogen lower heating value (LHV)
of 33.33 kWh/kg and bituminous coal LHV of 7,000 kcal/kg (≈ 8.14 kWh/kg), the ther-
mal equivalence factor becomes 205.88 kg of H2 per ton of coal. For 1.106 million tons
of annual coal consumption, the total hydrogen requirement is calculated to be 227,743
MT per year. Assuming 65% electrolyzer efficiency (based on the average performance
of modern PEM systems, IEA, 2023), the electrical energy required for hydrogen produc-
tion amounts to approximately 11.39 billion kWh/year, translating to a continuous power
requirement of 2,002 MW. This forms the cornerstone for integrating hydropower and
hydrogen strategies in Nepal.

3.3. Hydropower Feasibility in Nepal and Capacity Factor Justification. Nepal’s
total installed hydropower capacity as of 2024 stands at 3,255.8 MW, with over 7,000
MW under construction. The average net capacity factor for hydropower projects in
Nepal is approximately 65%, supported by operational reports of peaking run-of-river and
reservoir plants [32]. This figure was adopted as a representative national average to
estimate annual usable energy for hydrogen production. Based on this assumption, the
continuous demand of 2,002 MW for hydrogen production exceeds dry-season generation,
which falls to 1,085 MW. During monsoon months, however, surplus capacity of nearly
1,884 MW becomes available. Nepal’s dry season hydropower generation drops to one-
third of installed capacity (≈ 1, 085 MW), creating a seasonal deficit. During the monsoon,
however, up to 1,884 MW of surplus capacity is available. By 2030, this gap is expected
to narrow significantly due to ongoing hydropower expansions. A summary of seasonal
capacity and hydrogen demand alignment is provided in Figure 2.
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Figure 2. Seasonal Hydropower Availability vs. Hydrogen Demand.

3.4. Emission Reduction Potential. Full substitution of coal with green hydrogen
would eliminate the 2.57 million tons of CO2 emissions arising from fossil fuel combus-
tion. However, process emissions from calcination of limestone (CaCO3 → CaO + CO2)
remain a challenge. With a process emission rate of 0.52 tons CO2 per ton of clinker, total
non-combustion emissions from producing 5 million tons of clinker amount to 2.6 million
tons CO2/year. Thus, net emissions under a 100% hydrogen scenario reduce to 66,370
tons/year, representing a 97.4% reduction in total CO2 emissions from the cement plant.
These values are summarized in Figure 2, which also compares partial substitution under
a 30% hydrogen adoption scenario.

Figure 3 shows the stark contrast between current coal-based emissions and the near-zero
emissions scenario with hydrogen adoption, while highlighting persistent process emissions
from limestone calcination. The geographical concentration of clinker plants in specific
regions (notably Province Koshi, Bagmati, and Lumbini) could enable targeted hydrogen
infrastructure development.

3.5. Economic Assessment and Break-Even Analysis. The cost comparison indi-
cates that the effective cost of coal, including a projected carbon tax of $50/ton CO2,
amounts to $237 per MT coal equivalent. On the other hand, with hydrogen projected
at $2.15/kg by 2035 (based on cost learning curves), the energy-equivalent cost reaches
$443 per MT-resulting in a cost premium of $206 per MT. This would still represent an
87% cost premium compared to coal on an energy-equivalent basis, even with a $50/ton
carbon tax on coal.

Figure 4 demonstrates the sensitivity of hydrogen costs to electricity prices, showing how
Nepal’s low industrial tariffs ($0.035–$0.053/kWh) could make green hydrogen more com-
petitive by 2035. Globally, hydrogen costs are projected to reach $2–$3/kg in Europe and
the Middle East by 2035, with India aiming for sub-$2/kg hydrogen through solar-based
electrolysis. Compared to these benchmarks, Nepal’s hydropower advantage and low in-
dustrial tariffs position it competitively, though seasonal generation challenges must be
addressed through reservoir-backed capacity and grid management strategies.
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Figure 3. CO2 Emission Comparison - Coal vs. Green Hydrogen

Figure 4. Levelized Cost of Hydrogen (LCOH) vs. Electricity Price.

3.6. Strategic Adoption Pathways and Policy Recommendations. A phased adop-
tion strategy offers the most pragmatic approach to balancing environmental goals with
infrastructure and economic constraints. By 2030, a 30% hydrogen penetration could dis-
place 331,858 MT of coal annually while requiring manageable investments in 600 MW of
hydropower capacity and $240 million for electrolyzers. Full adoption by 2035 would
demand more substantial infrastructure-2,000 MW of reservoir projects ($4–5 billion)
and $800 million for electrolyzers-but could achieve near-total elimination of combustion-
related emissions.
Critical policy interventions include:

• Carbon pricing at $139/ton CO2 to internalize coal’s environmental costs,
• Subsidies for electrolyzer deployment and renewable integration,
• Fast-track approvals for hydrogen-dedicated hydropower projects,
• Industrial partnerships to pilot hydrogen-based clinker production.
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Figure 5. Sensitivity analysis (Tornado chart) of LCOH to key variables.
Electrolyzer CAPEX and electricity tariffs have the strongest influence on
hydrogen cost outcomes.

3.7. Sensitivity and Scenario Analysis. Sensitivity analysis shows that electrolyzer
CAPEX and electricity prices have the strongest influence on hydrogen cost. A ±20% shift
in CAPEX alters the Levelized Cost of Hydrogen (LCOH) between $1.72 and $2.58/kg
under different electricity cost scenarios. A tornado chart illustrating the impact of key
variables is shown in Figure 5.

Table 7. Scenario Modeling

Scenario H2 Penetration Coal Displaced (MT) CO2 Reduction (MT) Cost Premium
BAU (2024) 0% 0 0% –
Moderate (2030) 30% 331,858 769,909 +72%
Full (2035) 100% 1,106,194 2,566,370 +87%

3.8. Infrastructure and Policy Implications. To enable large-scale adoption of green
hydrogen in the cement sector, Nepal must invest in at least 2,000 MW of dedicated
hydropower, preferably via reservoir-based or pumped storage projects to manage seasonal
variability. Estimated capital requirements are between $4–5 billion, depending on location
and integration cost. Policy recommendations include:

• Introduction of a carbon price floor (approximately $139/ton CO2),
• Concessional financing mechanisms for electrolyzer infrastructure,
• Time-bound regulatory approvals for hydrogen-linked projects,
• Strategic co-location of cement kilns and hydropower plants to reduce transmission
losses and support clustered green industrial zones.

4. Conclusion and Recommendations

This study presents a comprehensive analysis of the potential for green hydrogen to decar-
bonize Nepal’s cement industry, highlighting both the transformative opportunities and
significant challenges of such a transition. While replacing coal with green hydrogen is
technically feasible, the path to implementation requires strategic planning, robust policy
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support, and substantial infrastructure investments.

Nepal’s cement sector currently emits approximately 2.34 million metric tons of CO2

annually from clinker production. Green hydrogen could eliminate nearly all combustion-
related emissions, reducing them by 98%, but achieving this would require 227,743 metric
tons of hydrogen annually and 2,002 MW of dedicated hydropower, with a deficit of 18
MW. However, 2,000 MW of reservoir projects would still be essential to ensure year-round
hydrogen reliability.

Nepal’s 72 clinker plants, with an average capacity of 69,444 MT, present both challenges
and opportunities for phased hydrogen adoption, particularly near hydropower sites using
modular electrolyzers. Economically, hydrogen production costs are projected to decline
to $2.15–$3.14/kg by 2035 due to improvements in electrolyzer efficiency and low indus-
trial electricity tariffs. Even then, hydrogen would remain 87% more expensive than coal
on an energy-equivalent basis, despite a $50/ton carbon tax. Bridging this gap would re-
quire a carbon price of $139/ton CO2 and subsidies to offset the $206/MT coal-equivalent
premium. Time-of-use pricing could help optimize hydrogen production during power sur-
pluses and improve economics.

A phased approach is recommended. By 2030, 30% hydrogen penetration could displace
331,858 MT of coal annually, reduce emissions by 769,909 MT CO2, and require 600 MW
of hydropower and $240 million in electrolyzers. This would build operational experience
toward full-scale implementation by 2035. Full adoption would require $4–5 billion in
hydropower reservoirs and $800 million for electrolyzers, but could nearly eliminate all
combustion-related CO2 emissions.

Policy interventions are vital. Three key recommendations include: providing financial
incentives to first-mover plants near hydropower hubs to enable pilot demonstrations; of-
fering technical assistance for retrofitting coal kilns, including workforce training; and
coordinating hydrogen infrastructure development aligned with current and future plant
locations, especially in regions like the Terai, where 58% of clinker plants are concentrated.
These approaches are essential to addressing the limitations of Nepal’s distributed pro-
duction system while capitalizing on geographic advantages.

This study is based on national-level modeling assumptions and does not capture plant-
level differences or real-time hydropower dynamics. Spatial variations, grid integration
challenges, and plant-specific retrofitting costs were beyond its scope. Cost projections
assume linear technological progress. Future research should involve pilot-scale demonstra-
tions, dynamic seasonal system modeling, and integration of green hydrogen with CCS and
alternative cement chemistries to mitigate residual process emissions[17, 33, 34, 35]. Hy-
brid strategies combining hydrogen, CCS, and alternative clinker materials offer a promis-
ing route to full decarbonization.

In conclusion, the shift to green hydrogen in Nepal’s cement industry is technically achiev-
able and environmentally impactful but demands coordinated effort across policy, infras-
tructure, and industry. By aligning with global climate goals and utilizing its hydropower
potential, Nepal can position itself as a leader in low-carbon cement among developing
countries. The insights from this study also serve as a reference for other hydropower-rich
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developing nations aiming to decarbonize hard-to-abate sectors. The pathway is challeng-
ing, but with phased execution and focused support, it is within reach.
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Experimental Study on Compressive and Tensile
Strength of Plain Concrete With Polyethylene

Terephthalate (PET) Powder

NEHA KUMARI KARNA1∗, NITESH SHRESTHA2

Abstract. This study examines the compressive strength and split tensile strength of
concrete with polyethylene terephthalate (PET) powder as a partial replacement for
sand in varying proportions. PET is a polymer commonly used in the food packaging
industry, including cold drink and water bottles, and is considered a waste material.
In this research, PET powder derived from recycled plastic bottles collected by a re-
cycling plant in Itahari, Nepal, was utilized. Concrete specimens incorporating PET
powder at proportions of 3.8%, 4.0%, and 4.2% by weight of sand were cast and tested
for strength development at 7, 21, and 28 days. Cube and cylinder specimens were
prepared using a water-to-cement ratio of 0.5. Results indicated that the inclusion of
PET powder enhanced early-age compressive strength. At 7 days, concrete mixes with
3.8%, 4.0%, and 4.2% PET exhibited compressive strength increases of 26.44%, 40.53%,
and 12.43%, respectively, over the M20 control mix, indicating accelerated early strength
gain. However, all PET-modified mixes showed lower compressive strengths compared
to the control mix at 21 and 28 days, with the reduction becoming more significant at
higher PET concentrations. Notably, at 28 days, the mix with 4.2% PET showed a
decrease in compressive strength of over 31.06% relative to the control mix. In contrast,
split tensile strength increased consistently across all curing periods. The 4.0% PET
mix achieved a 35.86% increase at 7 days, while the 3.8% PET mix showed the high-
est increase of 62.84% at 21 days. At 28 days, the 4.0% PET mix again showed the
highest improvement, with a 45.35% increase in split tensile strength. These findings
suggest that while a higher PET content may negatively impact long-term compressive
strength, optimal PET incorporation can substantially enhance split tensile capacity,
crack resistance, and ductility. Overall, the study demonstrates the sustainable utility
of PET waste as a partial sand replacement in concrete, improving specific mechanical
properties and promoting environmental sustainability. The results further confirm that
compressive and tensile strengths tend to decrease with increasing PET content beyond
optimal levels.

Keywords: Compressive strength, PET powder, Partial Replacement, Split tensile
strength.
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1. Introduction

Despite its apparently insignificant nature, sand is an essential component of our exis-
tence. It is the main component used to build contemporary cities. Sand and gravel are
combined to create the concrete required to build office buildings, shopping centers and
residential complexes, as well as the pavement used to build highways that connect them.
Sand that has melted is used to make the glass in all windows, windscreens, and smart-
phone screens. Additionally, almost every piece of electronic equipment in your home,
including the silicon chips found in our phones and laptops, is composed of sand [1]. The
last 20 years have seen the production of half of all polymers ever produced. From 2.3
million tons in 1950 to 448 million tons in 2015, production grew at an exponential rate.
By 2050, production is predicted to double. Approximately eight million tons of plastic
debris from coastal countries end up in the oceans each year. It would be the same as
filling five garbage bags with trash on every foot of the world’s shoreline. Additives are
often employed in plastics to increase their strength, flexibility, and durability. However,
if a product ends up as litter, several of these chemicals can prolong its life; according to
some forecasts, it will take at least 400 years for it to decompose [2]. According to studies,
concrete’s compressive strength decreases when recovered waste plastic is used in place of
natural particles. For instance, the strength was reduced by 50% when PVC granules were
used in place of up to 50% of the sand. Three primary causes contribute to the reduction
in strength: increased air content, weakened cement paste-plastic aggregate binding, and
decreased plastic aggregate strength and stiffness. Concrete is further weakened by the
increased porosity in the interfacial transition zone caused by the low water absorption
of plastic particles. The study shows that discarded plastic can be included into concrete
to lessen trash going to landfills and possibly enhance the material’s mechanical qualities.
Waste plastic can be used to replace up to 10% of cement, fine, and coarse aggregates
in concrete without changing the concrete’s consistency or chemical composition, thereby
providing a sustainable approach to resource use and waste management [3].

According to the slump test, batches containing recycled PET fibers had a slump of 472
mm, whereas control samples had a 22% higher slump. Higher dosages and ratios im-
proved slump, probably because the fibers were more flexible, but the fiber dose and
aspect ratio had little effect. Comparing 100 Ö 200 mm concrete cylinders to control
samples, compressive testing revealed that adding recycled PET fiber had little impact
on the final compressive strength. The stress-strain curves for varying fiber doses and
dimensions, however, show that the addition of PET fibers improved the concrete’s com-
pressive toughness [4]. Higher replacement percentages lead to higher energy absorption;
the reference specimens have the lowest absorption. At a replacement rate of 12.5%, the
maximum energy absorption takes place, meaning it’s 108.28% higher than the reference.
Energy absorption is 50% greater than that of the reference specimens at a replacement
rate of 5% [5]. Our initiative to partially substitute sand in building with waste PET
plastic tackles a number of significant resource and environmental issues. Recycling PET
plastic trash could lessen its environmental impact and encourage more sustainable waste
management techniques. PET plastic waste is an important component of pollution and
landfill accumulation. Important natural resources can also be maintained by substitut-
ing natural sand, whose mining destroys ecosystems and depletes riverbeds. In keeping
with international initiatives to promote the use of waste materials, this strategy promotes
sustainable development methods by providing an environmentally friendly substitute for
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traditional building materials. Incorporating recycled plastic trash into concrete has be-
come a viable way to improve material performance and reduce environmental issues.

The potential of waste polyethylene terephthalate (PET) and other plastic derivatives
as aggregates, fibers, and reinforcements in concrete has been investigated in a number
of research. Utilizing recycled PET [6] examined the time-temperature characteristics of
polymer concrete, proving its feasibility for use in building applications. Similar to this,
[7] investigated how plastic particles affected the durability and mechanical strength of
concrete. The valorization of post-consumer waste plastic and PET bottle aggregates was
the subject of studies by [8] and [9], respectively. The results showed encouraging results
in terms of workability, density decrease, and impact resistance. Furthermore, [10] inves-
tigated the incorporation of certain waste components into concrete mixtures, indicating
that plastic trash enhances sustainability in the building industry. Additionally, studies
have shown that polymer-modified concrete reinforced with waste plastic fibers can in-
crease durability and flexural strength [11]. Furthermore, studies by [12] and [13] examined
how concrete compositions could be made tougher and more ductile by substituting scrap
tire rubber and textile fibers, respectively, for conventional particles. The usage of fiber-
reinforced polymer (FRP) encased rubberized concrete and the effects of recycling PET
bottles in building materials were the subjects of other investigations, including those con-
ducted by [14] and [15]. A thorough analysis of recycled plastic in concrete was presented
by [16] confirming its viability for use in large-scale building. The mechanical character-
istics of recycled PET fiber-reinforced mortar and concrete were further investigated by
[17] and [18], respectively, and the results showed notable increases in structural integrity.
Recent developments by [19] and [20] showed potential uses in load-bearing structures by
successfully integrating plastic waste into fiber-reinforced concrete beams. The addition of
waste plastic fibers to reinforced concrete beams has been shown to improve its ductility
and shear strength [21]. Furthermore, research by [22] on the substitution of PET waste
for fine aggregates demonstrated that it may be used to create lightweight and eco-friendly
concrete composites. The mechanical behavior of PET-modified concrete was evaluated
in other noteworthy research by [23] and [24], which showed how well it improved impact
resistance and decreased shrinkage cracks. The performance of plastic-modified concrete
is assessed using standardized testing techniques which guarantee adherence to industry
standards. The use of recycled plastics in concrete offers a practical substitute for conven-
tional materials, supporting the circular economy concepts and lowering dependency on
non-renewable resources in light of the growing concerns over environmental sustainability
and waste management.

The consequence of powdered PET on the microstructure, particle-cement bonding, and
overall performance of concrete in contrast with shredded PET is one of the research gaps
in our project. The long-term impact on characteristics including permeability, freeze-
thaw resistance, and chemical attacks, as well as durability tests under various conditions
in the environment require consideration. Additionally, the cost-effectiveness and adapt-
ability of utilizing powdered PET are frequently disregarded, as are the environmental
effects determined by lifecycle assessments. Investigating hybrid replacement using dis-
tinct industrial byproducts alongside particular uses for sustainable or lightweight building
could also provide meaningful information and close knowledge gaps.

31



Everest Advances in Science and Technology (EAST). V.01, N.1, 2025 ISSN: 3102-0410(print), 3102-0429(online)

The study looks into using Polyethylene Terephthalate Waste Powder (PWP) in mortars
as a partial substitute for sand. It finds that while higher PWP percentages reduce den-
sity and mechanical qualities, 5% PWP improves workability and strength. By increasing
compressive strength and ductility, the ideal 5% PWP provides an environmentally bene-
ficial way to control waste in building materials. It is advised to conduct more durability
research [25]. The study investigates the utilization of waste Polyethylene Terephthalate
(PET) in concrete by substituting 3%, 6%, and 9% PET by weight for fine particles.
According to the study, adding PET to concrete weakens it, but a 3% PET component
provides the optimal strength-to-sustainability ratio. Concrete’s density barely changed,
yet using 3.52% PET resulted in a 0.47% cost reduction. According to their results, PET
aids in waste management and marginally lowers expenses, but if utilized in excess of
what is necessary, strength is compromised. For real-world applications, the study sug-
gests more research on maximizing PET content, environmental impact, and durability
[26]. To lessen plastic waste and enhance material qualities, the study looks into replacing
some of the sand in concrete with PET bottle fibers. PET fibers in concrete mixtures
containing 1%–5% demonstrated the maximum flexural strength at 2.5% and the best
compressive strength at 2%. Strength declined beyond these percentages.

According to the findings, replacing up to 2.5% of the PET fiber in concrete increases
its strength and provides a sustainable way to reduce waste and improve material quality.
Research on additives may be necessary to further improve performance [27]. For two main
reasons, the percentages of 3.8%, 4%, and 4.2% were chosen to partially replace sand with
plastic. The values were selected to examine performance just below (3.8%) and above
(4.2%) this criterion since research showed that a 4% replacement is a commonly used
and successful benchmark. This allowed for sensitivity analysis close to the predetermined
range. Second, utilizing larger percentages was not feasible due to material availability
limitations, therefore these small changes were both useful and scientifically significant for
the study.

The objective of this study is to evaluate and compare the compressive and tensile strength
between ordinary M20 grade plain concrete and PET mixed concrete. The scope of this
study is comparison of compressive and tensile strength of plain concrete of M20 grade
and concrete mixed with PET powder. Compressive strength and Tensile strength of
plain concrete and PET mixed concrete comparison study has been studied for M20 grade
of concrete only. The results and outputs may vary for other grades of concrete. The
study is conducted using 3.8%, 4% and 4.2% PET replacement of fine aggregate. The
fineness modulus analysis of natural sand and PET pouches were not conducted. Only
one specimen per mix was evaluated for tensile strength. To guarantee statistical validity,
future research should strive for a minimum of three specimens per test circumstances.

2. Methodology

This experiment investigates the effects of partially replacing fine aggregates in concrete
with varying percentages of polyethylene terephthalate (PET) waste, which has been cut,
shredded, and powdered by machinery. The optimal weight percentage of PET waste is
determined by comparing concrete samples with different PET contents against reference
samples containing only fine aggregates. The concrete mix used is a nominal M20 mix
(1:1.5:3) with a water-to-cement ratio of 0.5, following Indian Standards. This water-to-
cement ratio ensures adequate hydration, and the mixture meets the standard parameters
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Figure 1. Chart showing Methodology.

for M20 concrete. Good quality potable water was used throughout the experiment. Fine
and coarse aggregates were sourced with proper gradation and purity, and Ordinary Port-
land Cement (OPC) grade 43 was employed.

Concrete samples were prepared by replacing fine aggregates with PET powder at percent-
ages of 0%, 3.8%, 4%, and 4.2% by weight. The materials were first dry-mixed to ensure
uniform distribution of constituents. Water was then gradually added during mixing to
prevent segregation and lump formation. Destructive strength tests, including compressive
strength and split tensile strength tests, were conducted on the samples. Three specimens
from each mix were tested at 7, 21, and 28 days to failure to determine their ultimate
compressive strength. All tests were performed according to the relevant Indian Standard
procedures. The methodology for this study is shown in Figure 1.

2.1. Materials.

2.1.1. Cement. In this study, ordinary Portland cement of grade 43 is utilized. In accor-
dance with Indian Standard (IS) Code: 8112-1989, the cement’s physical properties and
chemical components are met. The cement utilized during the experiment was purchased
from the commercial market, which guarantees that it satisfies standard quality and con-
sistency requirements. The commercially available cement is widely used in a variety of
construction applications, making it perfect for implementing real-world conditions in the
experimental setup.

2.1.2. Coarse Aggregates. The coarse aggregates used in this study are crushed natural
stones with a maximum size of 20 mm, while the fine aggregates consist of natural sand
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with a maximum size of 4.75 mm. The grading and specifications for the fine aggregates
conform to the Indian Standard Specification IS 383:2016. The aggregates were procured
directly from the quarry, ensuring high quality and providing cost advantages. These
aggregates exhibit suitable shapes, robust durability, and consistent particle sizes that
contribute to superior bonding within the concrete matrix. Additionally, the controlled
particle size distribution and moisture content of the aggregates enhance the overall per-
formance of the concrete. Testing of key properties such as grading and absorption was
carried out to optimize their application in the construction process.

2.1.3. Fine Aggregates. It was clean and free from any types of dust, clay, and chemicals.
PET is added to the reference mixture in three different percentages (3.8%, 4%, and 4.2%)
by weight of sand as a partial replacement.

2.1.4. Pet. In this investigation, PET bottles of various sizes were collected from nearby
recycling plants and processed into a fine powder. The polyethylene terephthalate (PET)
particles underwent sieve analysis to determine their suitability for use in concrete. Specif-
ically, the powdered PET was sourced from a recycling facility in Itahari, Nepal, where
plastic waste bottles are collected, shredded, and powdered. This recycled PET was in-
corporated into the concrete mix as a partial replacement for fine aggregate to evaluate
its potential as a sustainable building material. Besides promoting reuse of plastic waste
and supporting environmental sustainability, this approach provides valuable insight into
how PET influences the durability and strength characteristics of concrete. The PET
powder used was clean and free from contaminants such as dust, clay, and chemicals.
The application of recycled PET in this experiment aims to develop innovative methods
for utilizing waste plastic in construction, thereby improving both material efficiency and
environmental performance.

Figure 2. Shredding Machine for Powdered PET.
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Figure 3. PET Powder.

2.2. Mixture Proportions. In this study, a nominal mix for M20 concrete (1:1.5:3) was
used. The water-to-cement ratio was maintained at 0.5.

Table 1. Material Quantities for Casting Specimens

Cement (kg) Sand (kg) Aggregate (kg) Water (L) PET (%)
6.41 10.21 22.05 3.21 3.8
6.41 10.19 22.05 3.21 4.0
6.41 10.17 22.05 3.21 4.2

2.3. Preparation of the Test Specimens. Prior to use, the fine and coarse aggregates
are cleaned and washed. Before casting, all cube and cylinder molds are prepared, cleaned,
and lubricated. To partially replace sand, the PET waste particles are first processed and
combined according to the weight percentages mentioned above. The aggregates, including
gravel and PET waste substitutes, are mixed in a mixer. Cement is then added to the
concrete mixture. Finally, water is gradually added while mixing continuously for at least
two minutes.

Table 2. Variation in Specimen Types Prepared

S.N Specimen Type Set 1 Set 2 Set 3 Total Specimens
1 Cube 12 12 12 36
2 Cylinder 4 4 4 12

Total Number of Specimens Prepared 48
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Figure 4. Specimen Casted.

2.4. Laboratory Tests. Compressive strength tests were conducted using a compres-
sion testing machine with a capacity of 2000 kN, following the guidelines specified in IS
516:1959. For each substitution ratio, 36 concrete cubes measuring 150 Ö 150 Ö 150 mm
were cast to evaluate compressive strength at curing ages of 7, 21, and 28 days. Similarly,
split tensile strength tests were performed using the same 2000 kN capacity compression
testing machine in accordance with IS 5816:1999. For this test, twelve cylindrical speci-
mens measuring 150 mm in diameter and 300 mm in height were prepared—four specimens
for each curing age.

Figure 5. Preparation of Compression Test Specimens.
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Figure 6. Failure Modes of Specimens.

3. Results and Discussions

3.1. Compressive Strength. Concrete specimens were tested to assess their capacity
to withstand axial loads applied uniformly along their length. This test is critical for
evaluating the suitability of concrete for structural applications, as it provides essential
data regarding the material’s overall strength and durability. When compared to the
standard M20 mix, the addition of PET demonstrated a significant influence on com-
pressive strength. Mixes containing 3.80% and 4.00% PET exhibited notable increases in
compressive strength at 7 days by 26.44% and 40.53%, respectively, indicating enhanced
early-age performance. However, all PET-modified mixes displayed lower compressive
strengths than the control M20 mix at 28 days, with the reduction becoming more pro-
nounced as the PET content increased. These results suggest that while PET addition
can improve early strength, excessive PET content may negatively impact long-term com-
pressive strength.

Table 3. Variations of 7-days Compressive Strength

S.N % Addition of PET Failure Load (kN) Compressive Strength (MPa) Avg. Compressive Strength (MPa) % Change in Compressive Strength
1 0% 292.5 13.00

12.97 –289.8 12.88
293.2 13.03

2 3.80% 332.7 14.79
16.40 26.44392.2 17.43

382.1 16.98
3 4% 396.9 17.64

18.23 40.53468.2 20.81
365.2 16.23

4 4.20% 338.8 15.06
14.58 12.43316.3 14.06

329.2 14.63

At 21 days, compressive strength for all PET-modified mixes was also lower than that
of the control mix, with decreases of 5.54%, 11.19%, and 38.31% observed for the 3.80%,
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Figure 7. Compressive Strength Test of Samples Obtained After Curing
for Respective Days.

Table 4. Variation of 21 Days Compressive Strength

S.N % Addition of PET Failure Load (kN) Compressive Strength (MPa) Avg. Compressive Strength(MPa) % Change in Compressive Strength
1 0% 391.8 17.41

17.42 –394.4 17.53
389.9 17.33

2 3.80% 306.5 13.62
11.78 -32.37211.1 9.38

277.8 12.35
3 4% 335.7 14.92

14.07 -19.24335.6 14.92
278.5 12.38

4 4.20% 277.3 12.32
12.01 -31.06245.4 10.91

288.1 12.80

Table 5. Variations of 28 Days Compressive Strength

S.N % Addition of PET Failure Load (kN) Compressive Strength(MPa) Avg. Compressive Strength (MPa) % Change in Compressive Strength
1 0% 449.2 19.96

19.89 –447.9 19.91
445.7 19.81

2 3.80% 423.9 18.84
18.79 -5.54417.3 18.55

427.2 18.99
3 4% 396.5 17.62

17.67 -11.19404.3 17.97
391.8 17.41

4 4.20% 274.2 12.19
12.27 -38.31283.3 12.59

270.9 12.04

4.00%, and 4.20% PET mixes, respectively. Despite the early strength gains observed
at 7 days, these findings indicate that PET incorporation adversely affects medium-term
strength development. None of the PET-containing mixes attained the target M20 com-
pressive strength of 20 MPa at 28 days. Strength reductions of approximately 32.37%,
19.24%, and 31.06% were recorded for the 3.80%, 4.00%, and 4.20% PET mixes, respec-
tively. This trend confirms that although PET can enhance early-age strength, higher
replacement levels significantly impair compressive strength over extended curing periods.
Overall, the results indicate that PET waste can effectively improve both compressive and
tensile strengths of concrete when used in optimal amounts. The ideal dosage varies by
strength parameter, with 3.80% PET being optimal for tensile strength and 4.00% PET
for early-age compressive strength. This variation suggests that while PET contributes to
densification and crack resistance at moderate levels, it may act as an inert filler beyond a
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certain threshold, adversely affecting load distribution. These experimental findings sup-
port the sustainable reuse of PET plastic waste as a partial sand replacement, promoting
environmental conservation while enhancing specific concrete properties. The strength
development of the different concrete mixes over time is illustrated in Figure ??.

3.2. Split Tensile Strength. Here, 12 cylindrical specimens were tested for their tensile
strength. The highest split tensile strength was found to be 2.87 MPa with a 4% partial
replacement of sand by PET plastic finer powder after 28 days of curing.The split tensile
strength of various concrete mixes is shown in Figure 9 as it varies over 7, 21, and 28 days.
When compared to the M20 control mix, the 7-day split tensile strength data show that
the use of PET enhances early-age tensile performance. The mixes containing 3.80% and
4% PET showed the greatest improvement, with increases of 21.01% and 35.86%, respec-
tively. A moderate 13.09% increase was seen even at 4.20% PET. PET has a beneficial
influence on early-age tensile capacity, as seen by the control mix (0% PET).

Table 6. Variation of 7-Days Split Tensile Strength

S.N % Addition of PET Failure Load (kN) Split Tensile Strength of 7 days (MPa) % Change in Tensile Strength
1 0 90.9 1.29 –
2 3.8 110 1.56 21.01
3 4 123.5 1.75 35.86
4 4.2 102.8 1.45 13.09

Figure 8. Split Tensile Strength Test Specimens.

Split tensile strength at 21 days was considerably higher with PET incorporation than
with the M20 objective of 1.74 MPa. The 3.80% PET concrete mix showed the greatest
improvement at 62.84%, followed by 4.20% PET concrete mix (43.36%) and 4% PET
concrete mix (24.61%). The target value was somewhat exceeded by the control mix.
This demonstrates that, particularly at moderate contents, PET replacement improves
medium-term tensile performance. With increases ranging from 23% to 44%, all PET-
modified mixes performed better than the M20 tensile target of 1.98 MPa after 28 days.
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Figure 9. Comparison of Split Tensile Test Result.

The largest split tensile strength increase of 45.35% was attained by the 4% PET concrete
mix, which was closely followed by the 4.20% PET concrete mix by 27.97% and 3.80%
PET concrete mix by 24.32%. When applied in the right quantity, PET addition can
improve long-term tensile capability, as demonstrated by the control mix.

Table 7. Variation of 21 Days Split Tensile Strength

S.N % Addition of PET Failure Load (kN) Split Tensile Strength of 21 days (MPa) % Change in Tensile Strength
1 0 122.7 1.74 –
2 3.8 199.8 2.83 62.84
3 4 152.9 2.16 24.61
4 4.2 175.9 2.49 43.36

Table 8. Variation of 28 Days Split Tensile Strength

S.N % Addition of PET Failure Load (kN) Split Tensile Strength of 28 days (MPa) % Change in Tensile Strength
1 0 139.8 1.98 –
2 3.8 173.8 2.46 24.32
3 4 203.2 2.87 45.35
4 4.2 178.9 2.53 27.97

The results of our examination correspond with an assortment of sources. Our usage of
PET powder effectively addresses the requirement for sand substitutes, as highlighted by
studies such as Beiser (2019). Similar to our findings at 3.8% replacement, research by
Khajuria & Sharma and Khandelwal also revealed workability difficulties and strength
benefits at optimal PET replacement levels. The ideal range indicated by Ahmed & Raju
(2013) and OpenAI (2024) is 2–5%, which is quite comparable to our 3.8% outcome.
According to research like Kumar & Kumar (2013) and Karthikeyan et al. (2019), our
data aligns with the findings that lower PET replacement levels increase strength but
higher amounts decrease it. The findings we found coincide with Meza et al. (2021) and
Dawood et al. (2021), who further support the idea that PET waste enhances mechanical
qualities and encourages sustainability.
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4. Conclusion

This study demonstrates that PET powder from waste plastic bottles can be used to par-
tially replace fine aggregate in concrete, providing a sustainable solution to environmental
issues. PET in concrete promotes sustainable building practices by lowering dependency
on natural resources and decreasing the amount of plastic waste that ends up in landfills.
Future studies should examine performance in a range of environmental settings, long-term
durability, and the possibility of large-scale implementation from an economic standpoint.
The results of this study support sustainable development objectives by opening the door
for creative and environmentally conscious solutions in the building sector.

Our research on using eliminated polyethylene terephthalate (PET) plastic to partially re-
place sand contains a number of gaps. First, little research has been done on the subject,
especially within Nepal, and there is a lack of information about local aggregates, waste
disposal methods, and environmental effects. The long-term environmental consequences
of PET in building, including its effects on animals, water, and soil, are not widely un-
derstood. Furthermore, the financial viability and sustainability of substantial PET use
have not been fully investigated, and further research is required in order to maximize the
percentage of PET in different materials for construction.

References

[1] V. Beiser, “Why the world is running out of sand,” BBC Future, Nov. 8, 2019. [Online]. Available:
https://www.bbc.com/future/article/20191108-why-the-world-is-running-out-of-sand.

[2] National Geographic Society, “Plastic pollution,” National Geographic. [Online]. Available:
https://www.nationalgeographic.com/environment/article/plastic-pollution.

[3] A. K. R. A. Syed, “Utilization of Waste Plastic in Concrete,” ResearchGate, Sep. 2019. [Online].
[4] A. Saikia and J. de Brito, “Use of plastic waste as aggregate in cement mortar and con-

crete preparation: A review,” Materials, vol. 14, no. 2, p. 240, Jan. 2021. [Online]. Available:
https://www.mdpi.com/1996-1944/14/2/240.

[5] M. Rahman, M. Imtiaz, M. Arulrajah, and H. Disfani, “Potential utilization of recycled plastic waste
as construction materials: A review,” Case Studies in Construction Materials, vol. 13, p. e00489, Jun.
2020. [Online]. Available: https://www.sciencedirect.com/science/article/pii/S2214509520301546.

[6] R. F. Zollo, “Fiber-reinforced concrete: An overview after 30 years of development,” Ce-
ment and Concrete Composites, vol. 19, no. 2, pp. 107–122, Apr. 1997. [Online]. Available:
https://www.sciencedirect.com/science/article/abs/pii/095894659400004I.

[7] A. A. Al-Manaseer and T. R. Dalal, “Concrete containing plastic aggregates,” Con-
crete International, vol. 19, no. 8, pp. 47–52, Aug. 1997. [Online]. Available:
https://www.semanticscholar.org/paper/Concrete-Containing-Plastic-Aggregates-Al-Manaseer-
Dalal/3159475ef5fccb7607a0bbe37b866aaf6ad7bdfe.

[8] R. Siddique, J. Khatib, and K. Kaur, “Use of recycled plastic in concrete: A re-
view,” Waste Management, vol. 28, no. 10, pp. 1835–1852, Oct. 2008. [Online]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0956053X06001048.

[9] C. Albano, N. Camacho, J. Reyes, J. L. Feliu, and M. Hernandez, “Influence of content
and particle size of waste PET bottles on concrete behavior at different w/c ratios,” Ce-
ment and Concrete Research, vol. 35, no. 5, pp. 891–897, May 2005. [Online]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0008884604002169.

[10] R. Siddique, “Utilization of waste materials and by-products in producing controlled low-strength ma-
terials,” Resources, Conservation and Recycling, vol. 50, no. 1, pp. 1–8, Mar. 2007. [Online]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0956053X06002601.

[11] Z. Bayasi and J. Zeng, “Properties of polypropylene fiber reinforced concrete,” ACI
Materials Journal, vol. 90, no. 6, pp. 605–610, Nov.–Dec. 1993. [Online]. Available:
https://www.semanticscholar.org/paper/PROPERTIES-OF-POLYPROPYLENE-FIBER-
REINFORCED-Bayasi-Zeng/da1a4ed6b2c1ab5eb449bb1afb479cf298ee78c5.

41



Everest Advances in Science and Technology (EAST). V.01, N.1, 2025 ISSN: 3102-0410(print), 3102-0429(online)

[12] S. H. Choi, J. H. Lee, S. H. Kim, and Y. S. Choi, “Durability of waste polyethy-
lene terephthalate plastic bottles fiber-reinforced concrete,” Construction and Build-
ing Materials, vol. 23, no. 6, pp. 2269–2275, Jun. 2009. [Online]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0950061808002869.

[13] S. M. Shaikh, M. N. Faruque, and M. M. S. Hossain, “Fiber and textile waste utilization in concrete:
A review,” Materials and Design, vol. 30, no. 4, pp. 1611–1620, Apr. 2009. [Online].

[14] A. P. de Souza, R. L. A. Silva, and L. F. M. da Silva, “Effect of polypropylene fiber on the mechanical
properties of concrete,” Materials and Structures, vol. 43, no. 5, pp. 649–659, Jun. 2010. [Online].
Available: https://link.springer.com/article/10.1617/s11527-010-9622-8.

[15] M. A. M. Al-Omran, H. M. Al-Athel, and A. I. Nasser, “Mechanical prop-
erties of concrete incorporating waste plastic as aggregate,” Cement and Con-
crete Composites, vol. 33, no. 4, pp. 437–443, Apr. 2011. [Online]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0921344911000656.

[16] R. Siddique, “Use of recycled plastics in concrete,” Waste Management, vol. 28, no. 10, pp. 1835–1852,
2008.

[17] L. A. Oliveira, “Physical and mechanical behavior of recycled PET fibre reinforced mortar,” Con-
struction and Building Materials, vol. 25, no. 4, pp. 1712–1717, Apr. 2011.

[18] H. Wu, S. Lv, Y. He, and J.-P. Qu, “The study of the thermomechanical degradation and mechanical
properties of PET recycled by industrial-scale elongational processing,” Construction and Building
Materials, vol. 77, p. 105882, Aug. 2019.

[19] F. S. Khalid, J. M. Irwan, M. H. Wan Ibrahim, N. Othman, and S. Shahidan, “Performance of
plastic wastes in fiber-reinforced concrete beams,” Construction and Building Materials, vol. 183, pp.
451–464, Sep. 2018.

[20] M. Guendouz, F. Debieb, O. Boukendakdji, and A. Kadri, “Use of plastic waste in sand concrete,”
Construction and Building Materials, Jan. 2016.

[21] M. Ahmed and A. I. Al-Hadithi, “The effects of adding waste plastic fibers on the mechanical prop-
erties and shear strength of reinforced concrete beams,” Iraqi Journal of Civil Engineering, vol. 12,
no. 1, Mar. 2018, doi: 10.37650/ijce.2018.142480.

[22] H. M. Adnan and A. O. Dawood, “Strength behavior of reinforced concrete beam using recycle of
PET wastes as synthetic fibers,” Case Studies in Construction Materials, vol. 13, p. e00367, Dec.
2020.

[23] M. Frigione, “Recycling of PET bottles as fine aggregate in concrete,” Waste Management, vol. 30,
no. 6, pp. 1101–1106, Jun. 2010.

[24] T. M. Joseph, S. Azat, Z. Ahmadi, O. M. Jazani, A. Esmaeili, E. Kianfar, J. Haponiuk, and S.
Thomas, “Polyethylene terephthalate (PET) recycling: A review,” Case Studies in Chemical and
Environmental Engineering, vol. 9, p. 100673, Jun. 2024.

[25] S. Koirala, B. Hirachan, S. G. Chhetri, and T. R. Gyawali, “Utilizing residual waste particles from
polyethylene terephthalate (PET) waste pellet production in cement mortar,” International Journal
of Sustainable Engineering, vol. 18, no. 1, pp. 1–13, 2025, doi: 10.1080/19397038.2024.2446755.

[26] N. Karki, “Compressive Strength Comparison Between Plain Concrete and Polyethylene Tereph-
thalate (PET) Mixed Concrete,” Kathmandu Engineering College, 2024. [Online]. Available:
nimesh.karki@kecktm.edu.np.

[27] N. Bhattrai, “Experimental study on the properties of concrete with partial replacement of sand by
plastic PET bottle fiber,” International Journal of Engineering and Applied Science, vol. 7, no. 12,
pp. 1–5, Dec. 2019.

42



Everest Advances in Science and Technology (EAST), Vol. 1, No. 1, 2025
ISSN: 3102-0410(print), 3102-0429(online)

A Study on Causes and Impacts of Disputes on
Selected Road Construction Contracts under

Department of Roads, Nepal

ANJU DHAKAL1∗

Abstract. Construction projects, particularly road projects, are highly susceptible to
disputes, leading to significant negative consequences. This research aimed to categorize
road project disputes by severity, identify their root causes, analyze their impacts on
contracts, and explore mitigation strategies. Data were collected through questionnaires
distributed to 112 respondents, with an 82.14% response rate, and analyzed to determine
major dispute causes, their effects, and potential solutions. Spearman’s rank correlation
was used to assess stakeholder (employer, consultant, contractor) perceptions. The study
revealed that disputes primarily arise from land acquisition challenges, forest clearing de-
lays, resettlement issues, mismanagement of contract terms, and fluctuations in labor,
material, and equipment costs. These disputes severely impact road contracts, causing
project delays, cost overruns, strained stakeholder relationships, reputational damage,
and even project failure. To minimize such disputes, the study emphasizes fostering a
trustworthy project environment, ensuring timely issue resolution, approving and deliv-
ering drawings promptly, and meeting other critical requirements. Proactive measures,
such as clear contract documentation, effective communication, and stakeholder collabo-
ration, are essential to reducing claims and disputes in future road projects. By address-
ing these key factors, construction stakeholders can enhance project efficiency, maintain
harmonious relationships, and safeguard public image while ensuring successful project
delivery. The findings underscore the importance of dispute prevention strategies to
mitigate risks and improve overall project outcomes in the road construction sector.
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1. Introduction

The construction industry is inherently complex and prone to disputes, even among well-
intentioned parties. Such disagreements often escalate into costly conflicts that negatively
impact project budgets, timelines, and resource allocation. Nepal’s rapidly expanding
construction sector faces significant challenges, particularly in road infrastructure projects
funded by agencies such as the Asian Development Bank (ADB) and the World Bank
(WB). Several studies indicate that a significant proportion of road infrastructure projects
in Nepal face disputes, resulting in delays, increased costs, and legal challenges despite
growing investment in the sector. Disputes in construction projects arise from multiple
factors, including delays in land acquisition, contractual ambiguities, and fluctuating costs.
Several international reports focusing on construction disputes in various regions identify
poor contract administration, design errors, and external factors such as adverse weather
and regulatory changes as primary causes of dispute [1].

In the Nepalese context, disputes frequently originate from resettlement issues, utility
relocations, and unrealistic contract terms, which further exacerbate project delays and
cost overruns [2]. Additionally, common dispute types in construction projects include
variations (adjustments), unforeseen site conditions, and delay [3]. The consequences
of these disputes are severe, extending beyond direct financial losses to include strained
stakeholder relationships, reputational damage, and even project failure. A study of seven
road projects under Nepal’s Department of Roads (DoR) found that approximately NRs
2.15 million was spent on Alternative Dispute Resolution (ADR), significantly higher than
the typical cost of around NRs 370,000 [4]. This figure excludes intangible losses such as
missed business opportunities, reduced workforce motivation, and property damage. Dis-
putes have been identified as contributing factors to budget overruns, schedule delays,
reduced productivity, quality deterioration, resource wastage, poor decision-making, in-
creased costs, and elevated stress levels [4].

Effective dispute resolution mechanisms are therefore critical to mitigating these im-
pacts. Nepal currently employs methods such as mutual negotiation, mediation, Dispute
Resolution Boards (DRBs), and arbitration through the Nepal Council of Arbitration
(NEPCA) [2]. However, several studies and reports reveal systemic inefficiencies, exem-
plified by prolonged disputes in infrastructure projects like the Pathlaiya-Birgunj road
widening and the Narayanghat-Muglin improvement projects, underscoring the need for
improvement in dispute resolution practices. Addressing these challenges requires proac-
tive measures, including the development of clearer contractual terms, prompt decision-
making, and enhanced collaboration among stakeholders. This study investigates the
causes, impacts, and recommends mitigation measures for disputes in Nepal’s road con-
struction projects. Drawing on the perspectives of employers, contractors, and consul-
tants, it identifies key dispute drivers and assesses their implications for cost and schedule
performance. The findings are intended to inform more effective dispute prevention and
resolution strategies, thereby enhancing project execution efficiency and minimizing finan-
cial losses.

2. Theory and Methods

This study utilized both primary and secondary data, incorporating quantitative and qual-
itative approaches to ensure comprehensive analysis. Primary data was collected through
structured questionnaires and Key Informant Interviews (KIIs) to capture stakeholder
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perceptions on construction disputes, their causes, impacts, and mitigation measures in
Nepalese road projects. Respondents—including employers, consultants, and contrac-
tors—rated dispute-related factors on a 5-point Likert scale (1 = Strongly Disagree to 5 =
Strongly Agree). Additionally, KIIs were conducted with arbitrators and road construc-
tion specialists to gather expert insights. Secondary data was sourced from legal dispute
records of the Department of Roads (DoR), government reports (e.g., Public Procurement
Monitoring Office, NEPCA), academic research, and policy documents. The study em-
ployed quantitative methods (Relative Importance Index, Spearman’s rank correlation) to
analyze survey data, while qualitative insights were derived from interviews. For analysis,
nine road contracts under the Department of Roads (DoR), in which disputes arose and
were registered in NEPCA for resolution during the fiscal year 2076/77, were selected
to ensure targeted relevance to Nepal’s road construction sector. The details of these
contracts are as follows:

• Ghorahi-Holeri Section of Sahid Marg (Ghorahi-Ghartigaun)
Contract No: RIP/337133/SM-02/2070-071

• Halesi–Diktel Road Contract No: SCRP/NCB/HD/02
• Narayanghat-Muglin Road
Contract No: NIRTTP-DOR-W-ICB-2

• Black-topped Road (DBSD) at Hatiya-Burtibang Sector
Contract No: MHHP/3371384/070-71/031

• Chandranigahpur–Gaur Road Project
Contract No: RIP/EXIM/CG-07

• Dhading-Gorkha Road, Ghyampesal-Gorkha Section
Contract No: EEAP/NCB/DG/03

• Rani–Biratnagar–Itahari–Dharan Road sector
Contract No: TRIP/337312/RBID/071-72/01

• RCC Bridge Over Ghatte Khola
Contract No: 58/067/068-650

• RCC Bridge for Dhankaul, along Naya Road Madhuwani Road, Sarlahi
Contract No: HRP/3372244/071-72/BC-005

2.1. Relative Importance Index (RII). The relative importance of the causes, im-
pacts, and minimization strategies of disputes in construction was obtained using the
Relative Importance Index (RII). The respondents’ scores were aggregated to determine
the overall score for each factor. The RII was calculated using the following formula [5]:

RII =

∑
W

A×N
=

5n5 + 4n4 + 3n3 + 2n2 + 1n1

5N
(1)

where:

• W = weighting given to each variable by the respondent (ranging from 1 to 5),
• n1 = number of respondents for Strongly Disagree,
• n2 = number of respondents for Disagree,
• n3 = number of respondents for Neutral,
• n4 = number of respondents for Agree,
• n5 = number of respondents for Strongly Agree,
• A = highest weight (i.e., 5),
• N = total number of responses.

The RII ranges from 0 to 1 [6].
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2.2. Spearman’s Rank Correlation. Spearman’s correlation coefficient (ρ) is a statisti-
cal measure of the strength and direction of association between two ranked variables [7].
It evaluates how well the relationship between two variables can be described using a
monotonic function. The coefficient is bounded by −1 ≤ ρ ≤ 1. The formula is:

ρ = 1− 6
∑

d2

n(n2 − 1)
(2)

where:

• d = difference between the ranks of paired data,
• n = number of observations.

The interpretation of ρ is based on the strength of correlation:

• -1 = perfect negative correlation,
• 0 = no correlation,
• 0 to 0.19 = very weak,
• 0.20 to 0.39 = weak,
• 0.40 to 0.59 = moderate,
• 0.60 to 0.79 = strong,
• 0.80 to 1.00 = very strong,
• +1 = perfect positive correlation.

3. Results and Discussion

The findings of the study, derived from the analysis of nine selected road contracts and
the responses collected through a structured research questionnaire, are presented in this
section. The data provide insights into factors causing disputes and their impacts within
Nepal’s road construction sector.

3.1. Qualitative Approach. Based on a detailed case study of selected road contracts,
Table 1 summarizes the primary causes and impacts of disputes that arose during the
construction phase. The review identified that the most common causes were related to
price adjustments and delays in the approval of extensions of time (EOT). Other notable
factors included unresolved variation claims, unjust imposition of liquidated damages, de-
lays in land acquisition, and perceived ill intent by the employer. These disputes resulted
in increased project costs, schedule overruns, and cash flow difficulties for contractors.
Additional consequences included rising administrative and legal expenses due to arbitra-
tion or litigation. Furthermore, the conflicts led to deteriorating relationships between
employers and contractors, loss of trust, reputational damage to contractors, and adverse
ripple effects on various project stakeholders—highlighting the need for better contract
management and timely dispute resolution.

3.2. Quantitative Approach. The quantitative approach employed in this study in-
volved the collection and systematic analysis of numerical data to assess the relative im-
portance of various factors contributing to construction disputes. A structured question-
naire, developed based on an extensive literature review, was administered to professionals
involved in nine selected road construction projects. Respondents included representatives
from employers, contractors, and consultants. The questionnaire was distributed via hard
copies and Google Forms. A total of 112 questionnaires were sent to stakeholders (45
employers, 32 consultants, and 35 contractors), yielding 92 responses (40, 27, and 25,
respectively). The distribution of responses is illustrated in Figure 1.
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Table 1. Summary of Dispute Causes and Impacts in Selected Road Projects

SN Project Contract No. Causes of Disputes Impacts of Disputes

1 Ghorahi-Holeri Sec-
tion of Sahid Marg

(Ghorahi-Ghartigaun)

RIP/337133/SM-
02/2070-071

Delay in payments of IPC, variation is-
sue, delay in approval of Extension of

Time (EOT)

Increased contract price, overall
project cost, and delay in project

completion time.

2 Halesi – Diktel Road SCRP/NCB/HD/02 Wrongful deduction of liquidated dam-
age, claim for extended overhead

Additional managerial and adminis-
trative costs, increased overall project

cost.

3 Narayanghat-Muglin
Road

NIRTTP-DOR-W-
ICB-2

Land acquisition issues, delay in pay-
ments, force majeure events (flood,

earthquake), price adjustment on pro-
longation

Increased project cost, deterioration of
employer-contractor relationship.

4 Black-topped Road

(DBSD) at Hatiya-
Burtibang Sector

MHHP/3371384/070-

71/031

Price adjustment issues, delay in IPC

payments, delay in EOT approval

Extra arbitration expenses, increased

cost, delay in completion.

5 Chandranigahpur –

Gaur Road Project

RIP/EXIM/CG-07 Price fluctuation of materials, labor

and equipment; price adjustment is-
sues, delayed payment

Increased project cost, strained rela-

tionships.

6 Dhading-Gorkha

Road, Ghyampesal-
Gorkha Section

EEAP/NCB/DG/03 Price adjustment, insurance pay-

ment issues, extra claims for equip-
ment/materials, liquidated damages

Negative ripple effect, damaged con-

tractor reputation.

7 Rani – Biratnagar –

Itahari – Dharan Road
Sector

TRIP/337312/RBID/071-

72/01

Price adjustment issues, delay in EOT

approval

Legal charges, increased costs, delay in

completion.

8 RCC Bridge Over

Ghatte Khola

58/067/068-650 Price adjustment issues, delay in EOT

approval

Negative impact on stakeholders, re-

duced mutual respect.
9 RCC Bridge for

Dhankaul, Naya Road,

Madhuwani Road,
Sarlahi

HRP/3372244/071-

72/BC-005

Poor contract implementation, con-

tract termination, price adjustment is-

sues, employer’s malintent

Damaged relationships, increased cost,

delays, contractor cash flow problems.

Figure 1. Questionnaire Distributed vs Received.

The data collected from the questionnaire survey were analyzed based on respondents’
ratings, and the Relative Importance Index (RII) for each dispute-causing factor was
calculated using Microsoft Excel. The identified factors were categorized into four thematic
groups. Among all the factors, only the top five with the highest RII values are presented
in the tables below, highlighting the most critical contributors to disputes in the studied
construction projects.

3.3. Thematic Analysis of Dispute Causes Across Stakeholder Perspectives.
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3.3.1. Employer-related Dispute Factors. The analysis of dispute causes revealed both con-
sensus and divergence among stakeholders, as shown in Table 2. All groups identified delay
in the approval of extensions of time (EOT) as the most critical employer-related factor,
with a combined RII of 0.863. Similarly, land acquisition issues were consistently ranked
second most critical (combined RII = 0.835) across all groups, confirming earlier findings
[8, 9], who emphasized the impact of unresolved pre-construction challenges on dispute
occurrence. However, a notable variation was observed in the perception of payment de-
lays, where contractors assigned greater importance (RII = 0.808) than employers (RII
= 0.780), reflecting differing financial priorities consistent with the observations of article
[5]. Despite these differences, Spearman’s rank correlation analysis demonstrated a strong
overall agreement among stakeholders, as reflected in the results presented in Table 2.

Table 2. Employer-related dispute factors

Factors Employer (RII) Consultant (RII) Contractor (RII) Combined (RII) Overall Rank

Delay in approval of extension of time (EOT) 0.840 0.896 0.864 0.863 1
Issue of land acquisition 0.810 0.867 0.840 0.835 2
Variation orders issue 0.735 0.815 0.789 0.813 3
Untimely delivery of design drawings 0.805 0.800 0.800 0.750 4
Payment delays 0.780 0.851 0.808 0.685 5

Table 3. Spearman’s ρ for employer-related factors

Stakeholder Pair ρ p-value Strength

Employer-Consultant 0.82 <0.001 very strong
Employer-Contractor 0.68 0.002 strong

Consultant-Contractor 0.84 <0.001 very strong

3.3.2. Contractor-related Dispute Factors. Contractor-related causes showed more vari-
ation between stakeholders, as presented in Table 4. While employers and contractors
agreed that slow progress of work was the most problematic factor (RII = 0.860 and
0.808, respectively), consultants ranked poor quality work as the highest concern (RII =
0.867) [?].

Table 4. Contractor-related dispute factors

Factors Employer (RII) Consultant (RII) Contractor (RII) Combined (RII) Overall Rank

Slow progress of work 0.860 0.852 0.808 0.841 1
Poor planning and management 0.769 0.844 0.733 0.826 2

Poor quality of work 0.840 0.867 0.748 0.817 3
Overcommitment 0.805 0.800 0.826 0.757 4

Contractor’s financial problem 0.780 0.785 0.817 0.748 5

Table 5. Spearman’s ρ for contractor-related factors

Stakeholder Pair ρ p-value Strength

Employer-Consultant 0.78 <0.001 strong

Employer-Contractor 0.62 <0.001 moderate
Consultant-Contractor 0.58 <0.001 moderate

The Spearman’s rank correlation results (Table 5) indicate a strong agreement between
employers and consultants (ρ = 0.78), suggesting a high level of alignment in their percep-
tions of dispute factors. In contrast, the correlations between employers and contractors
(ρ = 0.62) and between consultants and contractors (ρ = 0.58) were moderate, implying
some differences in priorities and perspectives between these stakeholder groups.
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3.3.3. Contract-related Dispute Factors. Contract-related issues consistently emerge as
primary dispute drivers across all stakeholder groups. The data reveals particularly strong
consensus regarding poor contract implementation as the most significant factor (combined
RII = 0.859), with consultants expressing the highest concern (RII = 0.881). This suggests
systemic challenges in applying contract terms consistently throughout project execution
[9, 5].

Table 6. Contract-related dispute factors

Factors Employer (RII) Consultant (RII) Contractor (RII) Combined (RII) Overall Rank

Poor contract implementation 0.835 0.881 0.872 0.859 1

Price fluctuation of construction materials, labor, etc. 0.880 0.770 0.864 0.843 2
Contract ambiguities 0.825 0.778 0.784 0.800 3

Price adjustment clause 0.785 0.741 0.752 0.763 4

Force majeure clause 0.690 0.748 0.800 0.737 5

Table 7. Spearman’s ρ for contract-related factors

Stakeholder Pair ρ p-value Strength

Employer-Consultant 0.85 <0.001 very strong

Employer-Contractor 0.77 <0.001 strong

Consultant-Contractor 0.88 <0.001 very strong

The high correlation coefficients (ρ > 0.77) with statistically significant p-values (< 0.001)
indicate remarkable consistency in how different stakeholders prioritize contract-related
problems. However, the slightly lower employer-contractor alignment (ρ = 0.77) reflects
differing perspectives on risk allocation — employers often favor rigid terms while con-
tractors emphasize flexibility for unforeseen conditions.

3.3.4. Common Issues in Both Parties Causing Disputes. Common issues represent shared
problems that transcend traditional employer-contractor boundaries. The data shows re-
markable consistency across stakeholders regarding lack of coordination and trust as the
top concern (combined RII = 0.867), with consultants particularly emphasizing careless-
ness in dispute resolution (RII = 0.941). These interpersonal and systemic factors often
amplify technical contract issues [8, 9, 10].

Table 8. Common issues causing disputes

Factors Employer (RII) Consultant (RII) Contractor (RII) Combined (RII) Overall Rank

Lack of coordination/trust, etc. 0.850 0.881 0.880 0.867 1

Carelessness in dispute resolution 0.830 0.941 0.840 0.861 2

Late material supply 0.600 0.807 0.792 0.843 3
Issue of delay payment 0.820 0.837 0.846 0.822 4

Personal ego 0.800 0.719 0.688 0.695 5

Table 9. Spearman’s ρ for common issues

Stakeholder Pair ρ p-value Strength

Employer-Consultant 0.81 <0.001 very strong

Employer-Contractor 0.73 <0.001 strong
Consultant-Contractor 0.86 <0.001 very strong

The correlation analysis reveals particularly strong consultant-contractor alignment (ρ =
0.86) on common issues, suggesting field personnel share similar frustrations about col-
laboration challenges. The slightly lower employer-contractor correlation (ρ = 0.73) may
reflect differing priorities between management and execution teams.
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3.4. Impacts of Disputes. Table 10 summarizes the combined stakeholder assessment
of dispute impacts, with project delays (RII = 0.933) and cost overruns (RII = 0.898)
ranking as the most severe. Administrative burdens (RII = 0.865) and project failure
risks (RII = 0.796) follow as significant secondary effects, while quality compromises (RII
= 0.765) and reputational damage (RII = 0.722) emerge as persistent long-term concerns.
This hierarchy reveals that, while immediate financial and schedule impacts dominate
stakeholder perceptions, relational and operational consequences also substantially influ-
ence project outcomes. The consensus across employer, contractor, and consultant groups
underscores the need for holistic dispute mitigation addressing both economic and collab-
orative dimensions of construction projects [8, 9, 10].

Table 10. Impacts of Disputes

Impacts of Disputes RII Rank

Delayed in project completion time 0.933 1
Increased Overall Project Cost 0.898 2

Additional expenses in management and administration of contract 0.865 3

Project Failure 0.796 4
Delay in getting benefit from project 0.795 5

High Arbitration and Litigation Cost 0.783 6

Low Quality of work 0.765 7
Poor site Safety 0.733 8

Loss of company/organization reputation 0.722 9
Deterioration of relationship between stakeholders (Employer, Contractor, Consultant) 0.698 10

3.5. Proposed Strategies for Disputes Minimization. Key Informant Interviews
(KII) with experienced practitioners, including arbitrators and road construction special-
ists, identified several strategies for minimizing disputes in construction projects. Foremost
among these was the timely issuance, approval, and delivery of drawings and other essen-
tial project requirements, as delays in these processes have been consistently cited as a
major dispute trigger [11, 2]. Respondents also stressed that contracts should be awarded
only after resolving land acquisition and socio-environmental issues, in line with the find-
ings of articles [8, 9]. Regular progress meetings were recommended to address emerging
issues before they escalate, a measure supported by previous studies highlighting proactive
communication as an effective dispute prevention tool [3, 10]. Budget assurance and the
establishment of a clear payment schedule prior to contract execution were emphasized as
critical to preventing payment-related disputes, aligning with contractor-focused research
from [5]. In addition, fostering teamwork and building a culture of trust among stake-
holders were seen as essential, echoing [12] observations on collaborative practices in hy-
dropower projects. Other recommended measures included the mandatory appointment of
a contract manager or dispute manager in large-scale road projects, robust documentation
practices [13], thorough site investigations prior to tendering, and the inclusion of explicit
contract clauses relating to scheduling and time extensions. Together, these measures ad-
dress both preventive and procedural dimensions of dispute management, targeting root
causes while strengthening resolution mechanisms during road project execution.

4. Conclusion

The study identified delays in approving extensions of time (EOT) and land acquisition
issues as the most significant drivers of construction disputes, with a strong consensus
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among stakeholders. Payment delays were considered less critical overall, though con-
tractors rated them higher, reflecting different financial priorities. Employers and con-
sultants showed strong agreement in their views, while contractors’ perspectives differed
moderately. These disputes typically lead to project delays, cost escalations, and dam-
aged stakeholder relationships, ultimately impacting project performance. To address
these challenges, the study recommends both preventive and procedural measures, in-
cluding early resolution of land and socio-environmental issues, timely delivery of design
documents, securing budget availability, regular coordination meetings, appointment of
dedicated dispute or contract managers, rigorous documentation, thorough site investiga-
tions before tendering, and clear contractual provisions on scheduling and time extensions.
Together, these strategies aim to reduce conflicts, strengthen collaboration, and support
successful project delivery in the road construction sector.
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Analysis of the Factors Affecting Material
Management in Selected Hydropower

Construction Projects in Nepal
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Abstract. The main goal of this research is to identify the most influencing factors that
are affecting material management system in under construction hydropower projects in
Nepal. Material management in hydropower construction projects is one of the im-
portant issues of Nepal with costing around NRs. 500 to 600 billion considering 50%
to 60% of total cost of hydropower construction projects. As of fiscal year 2018-19,
hydropower projects with total capacity of 4642 MW are already under construction.
Material mismanagement in hydro projects could cause huge amount of nation’s capital
to be expensed on unproductive cost overrun caused due to delays. A total of 15 under
construction hydropower projects are taken as the study area for data collection. The
respondents are requested to rank their answers in five-point Likert scale. The responses
for total numbers of 34 factors categorized into 10 headings viz. Planning, Supplier,
Finance, Staff, Transport, Storage and Handling, Management, Contractual Issue, Gov-
ernmental Interference and Environment / Weather are collected. The factors are then
ranked using Relative Importance Index technique. Based upon the responses, material
requirement planning under planning group is ranked as most influential factor affect-
ing material management system. Based upon the study, it is concluded that most of
the hydro projects are using Enterprise Resource Planning software viz. tally and other
third-party software for material management and some of them are using Microsoft Ex-
cel. Most of the studied hydropower construction projects are located at remote areas
where facilities of electricity from national power grid, internet facility is unavailable.
Because of this, material requisition is still executed using phone conversation in some
projects. Record keeping is still paper based rather than digital method.

Keywords: Material management, hydropower, low productivity, cost overrun, enter-
prise resource planning.
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1. Introduction

The material cost in a project can vary from 50% to 60% of the total project cost, so
minimizing procurement cost improves opportunities for reducing the overall project cost.
Improper material management can result in increased cost during construction. If ma-
terials are purchased too early, capital may be held up and interest charges incurred on
the excess inventory of materials. Materials may deteriorate during storage or be stolen
if proper care is not taken. In addition, if materials are purchased too late, it can lead to
project delays. Ensuring the timely flow of materials in any construction project is one of
the major challenges in material management [1]. The major characteristics of hydropower
projects in the context of Nepal can be listed as multidisciplinary nature, relatively long
duration, and remoteness. The hydropower projects are multidisciplinary in the sense
that they comprise numerous sectors. Materials used in HCPs (Hydropower Construction
Projects) can be categorized based on their use in different phases or sectors of construc-
tion. Generally, the materials used in different phases can be categorized as materials
required for civil works, tunnel works, hydro-mechanical works, electro-mechanical works,
and transmission line works. Management of numerous activities within these phases of
HCPs is an important aspect and directly affects the project schedule. Effective mate-
rial management in each construction phase is critical to ensuring timely execution and
successful project delivery.

1.1. Problem Statement. Most hydropower projects in Nepal are experiencing cost
overruns due to project delays, resulting in significant financial losses. Numerous factors
can contribute to these delays. Among them, material management stands out as one of
the most important, given its significant share in the total project cost. Therefore, it is
essential to conduct a study on the factors affecting material management in hydropower
construction projects in Nepal.

2. Literature Review

As of 2018–19, the total installed electricity generation capacity in Nepal was only 1,182
megawatts (MW), including 621 MW owned by the Nepal Electricity Authority and 560
MW owned by private investors, whereas the peak electricity demand was 1,320 MW [3].
Among numerous feasible hydropower projects, a total of 302 projects had already received
survey licenses, and 172 projects had secured generation licenses. Hydropower projects
with a total capacity of 4,642 MW were under construction [3]. The construction costs
of hydropower projects in Nepal are estimated to vary between $2,000–2,500 per kilowatt
[4]. Considering the cost of hydropower generation in Nepal at $2,000–2,500 per kilowatt,
the total cost of under-construction hydropower projects (4,642 MW) is estimated to be
nearly NRs. 1,021 billion. This signifies that the country’s largest share of infrastructure
investment is concentrated in hydropower construction projects.

According to Lenin et al. [1], material management in hydropower construction projects
(HCPs) constitutes a major component—approximately 50% to 60%—of the total project
cost. The estimated cost for under-construction HCPs is around NRs. 500 to 600 bil-
lion. Negligence in material management can lead to project delays and subsequent cost
overruns, resulting in substantial unproductive expenditure of the nation’s capital. Adop-
tion of best practices in material management, particularly through identifying the factors
influencing material management, is crucial to avoiding these inefficiencies and saving a
significant amount of public funds.
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Mat Jusoh et al. [5] identified a total of 50 influential factors for effective material man-
agement, categorized into eight components: management, purchasing, expediting, trans-
portation, site storage and condition, supplier, contractual, and governmental interference.
Among these, the management category contained the highest number (12) of influential
factors. The results of this study contributed to the development of an effective material
management model aimed at enhancing project performance and supporting decision-
making processes among practitioners.

The reviewed literature consistently suggests that material management in construction
projects is influenced by numerous factors. Ineffective material management can lead
to delays, cost overruns, reduced quality, and other negative outcomes. These influencing
factors vary depending on the type and scope of the project. However, a common classifica-
tion of factors includes: planning, supplier, finance, staff, transport, storage and handling,
management, and environmental/weather conditions. Each of these factors contributes
to material management challenges with different levels of severity. A key outcome of
previous research is the identification and ranking of the most influential factors, which
helps prioritize efforts in improving material tracking and control. The literature recom-
mends that organizations address these factors in the order of their significance to ensure
successful project completion in terms of cost, time, and quality.

This research aims to build upon the aforementioned studies by identifying the most influ-
ential factors affecting material management in hydropower construction projects in Nepal.
Similar to earlier works, this study categorizes the collected data based on feedback from
respondents using measurement scales. Furthermore, it explores the tools and techniques
currently employed in HCP material management. While previous studies have examined
building and highway projects, the specific case of HCPs has not been thoroughly investi-
gated. Therefore, this research helps to fill this gap by focusing on the influential factors
in the material management of HCPs in the Nepalese context.

3. Methodology

Professional engineers working with contractors including project manager, project engi-
neers, site engineers, store in-charge, supervisor of various HCP in Nepal are the respon-
dents for this study. Fifteen under construction hydropower projects in Nepal are selected
for the study. The developers of the selected projects are still in the business and are
pioneer in the field so these projects resemble the majority of projects in the hydropower
construction sector in Nepal. The reason behind choosing the under-construction projects
is that the present condition of material management in hydropower construction site can
be identified. The studied HCP are scattered all over Nepal comprising of nine districts
under four provinces namely Koshi, Bagmati, Gandaki and Sudurpaschim. It is believed
that overall picture of the material management situation related to HCP for all geograph-
ical regions of Nepal are incorporated in this study.

Considering the literatures, the list of influential factors affecting material management
in construction project are prepared. Among the list, 34 influential factors in material
management, significant and relevant to the HCP is identified and categorized into 10
groups for this study namely; Planning, Supplier, Finance, Staff, Transport, Storage &
Handling, Management, Contractual Issue, Governmental Interference and Environment
/ Weather. The influential factors affecting material management under separate groups
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are presented to respondents through questionnaire. It is backed by the research done
by [5] in which 50 influential factors for effective material management is presented in
questionnaire, categorized into 8 specific components/groups. Similarly, based upon the
researches by Ahmad, et al. (2018) [10] responses for twenty factors affecting material
management were collected through questionnaire. Also, according to the research by E
& Venkatasubramanian (2017) [11] a total 23 factors affecting material management were
studied categorizing into 8 separate groups.

3.1. Data Collection. Both qualitative and quantitative approaches are used for the
collection of most influential factors affecting material management in selected HCP of
Nepal. The questionnaire is designed such that respondents can rank to their answers
based on the Likert scale. The five point Likert scale is adopted for scaling the responses,
having 1 signified strongly disagree and 5 signified strongly agree. Data are collected from
the filled questionnaires from respondents including professionals working with contrac-
tors/consultant and developers of selected HCP. Due to COVID-19 situation, question-
naires are collected using Google document form rather than face to face meeting. The
special sets of structured key questions are included for project managers of selected HCP
to identify the current tools and techniques used and possible measures for effective mate-
rial management. Considering six responses from each studied project, 90 questionnaires
are distributed, from which only 55 responses from overall projects are received i.e. 61%
of the responses are received from the questionnaire. Table 1 below shows the result of
numbers of responses according to their position in the HCP. The selected HCP are all
under construction so current tools and techniques of the material management being used
are identified and evaluated in real time.

Table 1. Numbers of Responses According to Position in HCP

Position in HCP Number of Responses
Assistant Project Manager 1
Civil Engineer 3
Costing Engineer 2
Electrical Engineer 2
Electrical Site In charge 1
Electro Mechanical Engineer 1
Powerhouse In charge 1
Project Engineer 5
Project Manager 5
Resident Engineer 1
Senior Engineer 1
Site Engineer 20
Site In charge 6
Store In charge 4

3.2. Data Analysis. The data collected from both primary and secondary source are
summarized, classified, tabulated and categorized. Computer software such as MS Excel,
SPSS are used for the tabulation and compilation of the data. SPSS is used for generation
of frequency table of various factors affecting material management. Relative Importance
Index (RII) technique is used for the data analysis for the research. For validity, all
the factors are retrieved from previous researches related to material management so it is
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considered valid whereas the Cronbach’s Alpha is used to determine the internal reliability.
The Cronbach’s Alpha for reliability for a total of 55 samples including 34 questions is
calculated as 0.89 which is considered reliable.

4. Result and Discussion

4.1. Existing Practice of Material Management System. Based upon the responses
from the HCP, the existing material management process starts with calculation of the
material quantity requirements based upon the bill of quantity of the project. Then
synchronizing with construction schedule, forecast of the material requirements prior to the
execution is prepared and provided to procurement department. Likewise, procurement
department arranges for selection, purchase and delivery of materials. The responses
from the studied HCP suggest that every construction company is carrying out material
management at their projects. It is done with schedule of the procurement of materials
prepared and found to be similar in all of the studied projects.

4.2. Existing Tools and Techniques Used in Material Management System. The
study found that, only few projects are using third party ERP (enterprise resource plan-
ning) software for material management because most of the studied construction sites
are located at remote areas where facility of electricity from national grid and internet
communication facilities are unavailable. It is also very difficult to connect internet com-
munication facility. The cost of internet connection, according to respondents can vary
from NRs. 2.5 million to 3.0 million for the project duration excluding maintenance and
operation cost. The implementation of modern ICT (Information and communications
technology) technologies such as wireless communications, bar coding, RFID (Radio fre-
quency identification) in these construction sites is very challenging.

4.3. Factors Affecting Material Management System. Ranking of the factors affect-
ing material management system is done by responses through questionnaire are calculated
according to the highest RII value as is shown in table 2 below. The table 2 shows the
results of opinion for each factor from selected HCP. Figure 1 mentioned below is the chart
comprising of list of factors affecting material management in studied HCP according to
RII rank order. The numerical value at left side of figure 1 indicates the corresponding
RII value for each factor, whilst the numerical value at right side of the figure 1 indicates
the corresponding rank of each factor affecting material management in studied HCP.

4.3.1. Planning. Material requirement planning has highest rank among other 34 factors
with RII of 0.916 followed by organizing and scheduling procurement with RII 0.891 and
site work schedule with RII 0.855. The result from the research by E & Venkatasubrama-
nian (2017) also supports that the material requirement planning is the most significant
factor related to material management. This similarity indicates that material required
planning is the highest effecting factors because planning is the first and foremost activity,
which is done before starting of any project. Once starting of the project gone wrong
then other procedure followed by it is likely to be mistaken. The result is also supported
with the study by [12] which suggests that organizational weakness is the most affecting
factors in material management. The organizational weakness can be directly linked to
poor material required planning because any organization with weak management, staffing
ultimately leads to the poor planning. Another reason behind the similarities in result can
be the four basic information’s of the material requirement planning viz. when to place
an order, how much quantity to be ordered, who should be the supplier and when the
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Figure 1. Factors Affecting Material Management with RII Rank Order.
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Table 2. Factors Affecting Material Management with Relative Impor-
tance Index (RII) and Ranking

Group Factors Affecting Material Management
RII=

ΣW/N ×A

Factors
Rank Group RII=

ΣW/N ×A

Group
Rank

PLANNING Material Requirement Planning 0.916 1 0.887 1
Organizing & Scheduling Procurement 0.891 2
Site Work Schedule 0.855 7

FINANCE Proper Cash Flow Control 0.869 4 0.838 2
Non-Delay of Payments 0.807 16

GOVERNMENTAL INTERFERENCE Delay in custom clearance for imported materials 0.833 11 0.833 3

SUPPLIER Identifying & Selecting Suppliers 0.804 17 0.827 4
Skilled Negotiation with Suppliers 0.793 20
Cooperation between Contractor & Supplier 0.840 8
Sub-Contracting of works or materials 0.796 18
Monopoly by particular suppliers 0.764 26
Timely delivery of material by suppliers 0.891 2
Delay in manufacturing by producers 0.862 6
Wrong materials delivered by suppliers 0.869 4

TRANSPORT Transportation facility available for delivery of materials to site 0.811 15 0.811 5
Access to the Site Location & Layout of project 0.785 21
Blockage of major transport route or highways/feeder roads 0.836 10

CONTRACTUAL ISSUE Changes in material specification during construction 0.785 21 0.804 6
Wrong materials specified in specifications 0.822 14

STAFF Skilled & Experienced of Material Management Team 0.840 8 0.798 7
Presence of Store Keeper & Security Personnel 0.756 27

ENVIRONMENT / WEATHER Unforeseen Strikes (Nepal Bandas) 0.767 25 0.792 8
Strikes from Local People 0.833 11
Extreme Weather Conditions 0.775 24

MANAGEMENT Use of Material Management Software 0.618 33 0.756 9
Proper Inspection & Documentation of Materials 0.782 23
Ensuring Quality of Materials 0.829 13
Effective communication between teams of management 0.796 18
Implementing a Safety Program 0.756 27

STORAGE & HANDLING Proper Storage Practices 0.735 30 0.704 10
Safety during Handling of Materials 0.735 30
Availability of adequate storage space 0.749 29
Management of material usage & wastage 0.684 32
Management of Surplus Materials 0.618 33

items to be delivered, which are generally considered as of prime importance in material
management regardless of any project type.

4.3.2. Finance. According to the research by Ahmad, et al. (2018) [10] and Dhakal (2019)
the highest affecting factor in material management is found out to be related to financial
status of company and shortage of fund respectively. However, it contradicts with the
findings of this research in which financial factors like proper cash flow control and non-
delay of payments are ranked at 4th and 16th only. The contrast may be because, generally
in HCP the successful execution of financial closure is performed before the starting of
construction. So, it is expected that there will be no financial problems during construction
of the project expect for some of the unforseen variation works.

4.3.3. Governmental Interference. According to the literature reviews from the studies in
other countries, it seems delay in custom clearance for imported materials is considered as
the least affecting factor. Even in most of the researches this factor is not even considered
in questionnaire. However, in this research, its effect on material management is found to
be high with overall rank of 11th. The reason behind this dissimilarity can be the capacity
of other nations in production i.e. countries like India, Pakistan, Malaysia etc. are capable
of producing materials required for construction industry by themselves so there shall be
no issues of custom clearance. Whilst in context of Nepal, large portion of materials
used in construction are imported from neighboring countries. In addition, the reason for
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dissimilarity can be the red tapes by government in construction industry. This means,
as compared to red tapes by government in Nepal other countries mentioned in literature
review may has less or no governmental interferences related to the construction industry.
This is supported based upon the research by [12]in which governmental regulations are
the 3rd most affecting factor in material management on highway projects in Nepal.

4.3.4. Supplier. With the glance on table 2, timely delivery of material by supplier is
the high affecting factor with over rank of second. This result is similar to the study
by [12] in which suppliers default is also ranked as 2nd most affecting causes of material
and equipment procurement delay on highway projects in Nepal. Similarly, the result
indicated that wrong materials delivered by suppliers is ranked as 4th most affecting
factors which is supported based upon the research by Kulkarni, et al. (2017) in which
rejection due to low quality materials delivered by suppliers is the most affecting factor
in material management. In most of the construction projects, generally there is gap in
proper communication between supplier and organization which causes delay in order,
production and delivery. The reason behind the similarity in results of study can be
because of the gap in proper communication. It is also supported according to the study
by [13] in which poor communication between supplier and purchase is 3rd most affecting
factor.

4.3.5. Transport. Findings have showed that blockage of major transport route is high
affecting factor with overall rank of eighth. It is backed according to the research by [12]
in which transportation delays is one of the major affecting factor ranking 4th in context of
highway projects in Nepal. It is also supported with the fact that infrastructure facilities
available in Nepal is not reliable due to hilly topography which is prone to calamities
like landslides, flood etc. affecting the road networks during heavy rain. In addition,
in the literatures based upon other countries like Pakistan, Malasiya and Nigeria the
transportation is not considered as high affecting factor in material management. This
contrast may be because of geography of these countries. The transportation in plain
areas is relatively easier than in hilly terrain. Also, the reason behing the dissimilarity
of results may be because of the transportation infrastructure facitlity available in those
countries, which is way better than infrastructures in Nepal.

4.3.6. Contractual Issue. According to respondents’ data, wrong materials specified in
specifications has high effect with RII 0.822 in compare to the changes in material speci-
fication during construction with RII value of 0.785 with high-medium effect in material
management. The reason behind similarities in findings is that, generally in construction
projects it is more likely that specified materials are unavailable at market due to various
circumstances like market situation, price fluctuation, changes in design, unavalibility of
certain products etc. Also there is possibility that client’s requirements can change dur-
ing construction period, engineer cannot fully consider the requirements of client during
design. It is also supported based upon the research by [6] in which misunderstanding of
owner’s requirements by design engineer comes under highest affecting factor in material
management. Because of these changes, specification of materials are also changed which
affects in material management.

4.3.7. Staff. Among the factors inside staff group, the factor viz. skill and experience
of material management team is categorized as high affecting factor. The result of this
study matches with the findings by [13] and E & Venkatasubramanian (2017) [11] in
which skill and experience of material management team of staffs are ranked as most
significant and 7th most influenting factors in material management respectively. In most
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construction project, there comprises a team performing the material management works,
staring from ordering of materials to delivery at site. Without proper communication
and well defined system to integrate these activities, efficient material management is
impossible. Whereas the proper communication and integration is dependent upon the
traits of executing personnel.

4.3.8. Environment / Weather. With a glance on table 2 related to environment and
weather group, unforeseen strikes like Nepal bandas and extreme weather conditions with
RII values of 0.767 and 0.775 respectively are categorized as factors with high-medium
effect. Whereas, the strikes from local people with RII value of 0.833 is ranked as high
affecting factor in material management. It is backed with the fact that in Nepal, it is
more likely to occur unforeseen strikes and strikes from local people in project area due to
the unresolved and exaggerated grievances of local people. Whilst, these factors are not
even considered as important factor in studied literature reviews. This dissimilarity may
be due to policy in construction industry and geographical conditions respectively. The
deviations in result suggest that unlikely in Nepal, unforeseen strikes and strikes from local
people may not happen in the studied countries. May be these are managed by countries
policy in construction industry. Moreover, Nepal is prone to numerous extreme weather
condition like landslide, flood, earthquake etc. due to global climatic condition.

4.3.9. Management. The result suggests that the factor namely ensuring quality of ma-
terial has high effect in material management with overall ranking of 13th. It is known
to all that quality cost more but lack of quality cost even more. One of the most impor-
tant functions of material management is insuring right quality of material deliveried at
right time. For all construction projects ensuring quality in every steps help in successeful
completion of the project. The result shows that implementing a safety program factor
is ranked as 27th among 34 factors. The result is similar to the studies based upon the
literature reviews. In both of these researches, safety is considered as low affecting fac-
tor. This could be because of lack of proper experiences relating material management
to implementing a safety program in construction projects. The study indicates that
use of material management software is the factor which has rank 33 out of 34, almost
last among the listed factors affecting material management. It contradicts with the result
based upon the study by [7] in which use of latest technologies helps in improving material
management. This dissimilarities in result can be because of the technological gap between
construction industries in other countries and Nepal. Also, use of advanced softwares for
material management in HCP in Nepal is not yet practised. So, lack of experiences in
these type of technologies can also lead to the non priotization of using these.

4.3.10. Storage and Handling. Availability of adequate storage space is considered as high-
medium affecting factor as a problem related to storage spaces is less likely to occur in
HCP. The result indicated that abundant free spaces are available for laydown and storages
in HCP.

4.4. Suggestions for Improving Material Managmenet System. The responses
suggest that coordination and communication is the key factor and common suggestions
made by responders of all studied HEP for improving material management system. In
order to improve coordination between team of material management, each personnel have
to understand his role, responsibility and should be accountable. For effective communi-
cation, right information has to be conveyed to right person at right time. In addition,
implementation of full functions of ERP software in the HCP can be another way in im-
proving coordination. Because, the integrated information provided by the software is
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key for proper material management. This computer-based technology provides informa-
tion about employee, equipment, vendor, inventory, petty/sub-contractor, bill of quantity,
purchase, quotation, accounting, communication, and payments etc. at real time so that
tracking of project’s progress is possible at any time.

5. Conclusion

The material requirement planning is ranked with highest RII value so it is recommended
to be executed with highest priority. The result indicated that, among 34 factors affect-
ing material management, 16 of them have high effects whereas 18 of them have high
medium effect. It suggests that all the factors have high importance and none of them
can be neglected during material management in HCP. Based on the averaged overall RII
values from the study, the factors affecting the material management at the hydropower
construction projects in Nepal are by rank planning, finance, government interference,
supplier related, transport related, contractual issue, staff related, environment/weather,
management related and storage & handling related factors. The review of the literature
and the available project specific documents roughly matches the results of the question-
naire survey. The study also suggests that almost all the HCP in Nepal are using ICT
in various ways for material management, some project use it more effectively than other
does. Despite the importance of ICT in material management, the study has shown that
effect of material management software has low ranking than other factors. It has more
challenges to implement modern ICT technologies in HCP sites. In addition, the unre-
liability of internet access and the prohibitive internet collection price have forced many
HCP, located in remote parts of Nepal, to use alternative methods of material requisition.
The factors affecting material management varies from project to project, the variation
on these are identified as varying management system, varying geographical condition,
varying site location / accessibility, varying payment terms etc. In addition, proper coor-
dination / communication between different teams of construction is the key for effective
material management.

Scope and Limitation of the Study

The study is focused within the selected hydropower construction projects of small to
medium size owned by private developers and promoters only. Factors affecting material
management are listed form previous literature reviews that can be changed or separate
list can be prepared with further study. The prepared list affecting material management
were ranked using RII method only.
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Nonlinear FVDs for Seismic Resilience of
Irregular RC Buildings
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Abstract. Passive energy dissipation systems, particularly fluid viscous dampers (FVDs),
offer a promising alternative by enhancing damping ratios without significantly altering
structural stiffness. Despite their global success, FVDs remain underutilized in Nepal
due to limited studies and the absence of specific provisions in the Nepal Building Code
(NBC 105:2020). This study addresses this gap by evaluating the efficacy of FVDs in
enhancing the seismic performance of a 10-storey representative building with setback,
exhibiting vertical irregularities using performance-based design principles in SAP2000
v20. Nonlinear behavior is modeled using a lumped plasticity approach, with user-defined
moments M3 hinges for beam and auto hinges PM2M3 for columns as per ASCE 41-13.
Pushover analysis determines the capacity curve, which is matched with NBC 105:2020
elastic spectrum to identify performance point and ensure compliance with the Imme-
diate Occupancy (IO) performance level. FVDs are modeled as two-noded nonlinear
link elements and strategically placed at stories with maximum inter-storey drift. Non-
linear time history analysis (NLTHA), employing the direct integration and spectrum-
compatible ground motion records for Type D soil (DBE, 10% probability of exceedance
in 50 years), evaluates maximum storey displacements and hinge states. Comparative
results between damped and undamped models are analyzed to quantify performance
improvements. The results demonstrate that FVDs significantly reduce displacements
and maintain hinge state within the IO performance level, offering practical and effective
strategy for enhancing seismic resilience.

Keywords:Fluid viscous damper (FVDs), Plastic hinges, Push over analysis, Roof dis-
placement, Time history analysis.

1Department of Civil Engineering, Everest Engineering College, Sanepa, Lalitpur, Nepal
E-mail: bedp.gupta@eemc.edu.np

∗ Corresponding author
Manuscript received: 29 March, 2025; revised: 12 August 2025; accepted: 3 September, 2025.
Everest Advances in Science and Technology (EAST), Vol. 1, No. 1, 2025
© Everest Engineering College, 2025; all rights reserved.

65

mailto:bedp.gupta@eemc.edu.np


Everest Advances in Science and Technology (EAST). V.01, N.1, 2025 ISSN: 3102-0410(print), 3102-0429(online)

1. Introduction

Nepal, located at the convergence of the Indian and Eurasian tectonic plates, is among
the most seismically active regions in the world, ranking 11th globally in terms of earth-
quake hazard [1]. Historical earthquakes, such as the 1934 Bihar-Nepal earthquake (M8.0)
and the 2015 Gorkha earthquake (M7.8), have demonstrated the devastating consequences
of seismic events, including significant loss of life, infrastructural damage, and economic
disruption. The 2015 Gorkha earthquake alone resulted in over 8,790 fatalities, 22,300
injuries, and an estimated economic loss of $7 billion, underscoring the urgent need for
improved seismic resilience in Nepal’s built environment [2].

Commonly used energy dissipating technique to reduce dynamic vibration due to earth-
quake include shear walls, base isolation systems, tuned mass dampers, and viscous
dampers Chopra [3]. Seismic retrofitting through supplementary damping had raised
as important strategy for enhancing structural resilience against earthquake. Hankouri et
al. [4] investigated the effectiveness of nonlinear viscous dampers (NLVDs) in mitigating
seismic responses of multi-degree-of-freedom (MDOF) structures through numerical simu-
lations using Newmark’s Beta and Wilson’ Theta methods. Their key findings reveal that
lower nonlinearity exponents (α) and higher damping constants (C) significantly reduce
structural displacements, particularly under low peak ground acceleration (PGA) condi-
tions.

Building on this, Kim et al. [5] introduced performance-based design (PBD) procedure for
supplemental viscous dampers using the non-iterative capacity spectrum method (CSM)
to determine required damping by comparing the demand spectrum with the structure’s
capacity, achieving displacement error below 10% in both SDOF and MDOF systems.
Their study, which distributes dampers proportionally to inter-storey drifts, simplifies the
design process such as neglecting higher mode effects. Zhou et al. [6] expanded this
work by proposing a practical two-stage design method for retrofitting reinforced concrete
(RC) structures with viscous dampers to meet updated seismic codes following the 2008
Wenchuan earthquake. Key findings show that viscous dampers effectively reduce inter-
story drifts and story shear forces by approximately 30%; further, they validated through
a case study of an RC frame building, demonstrating improved performance under minor,
moderate, and major earthquakes. Unlike Kim et al. [5], Zhou’s [6] approach does not
address higher mode effects explicitly.

Chopra et al. [7] addressed higher mode effects through modal pushover analysis (MPA),
combining multiple mode shapes to improve accuracy for mid to high-rise buildings but in-
creased computational complexity, limiting its practicality for rapid assessments. Chopra
et al. [8] investigated the seismic response of single-degree-of-freedom (SDF) systems
equipped with NLVDs with different damping ratio and non-linearity parameter (alpha),
concluding supplementary damping effectively reduces deformation by 60% for damping
of 30%. Further, they suggested NLVD achieve comparable response reductions to linear
dampers but with significantly lower damper forces.

Experimental investigation carried by Hwang et al. [9] from shaking table tests con-
ducted on two scaled down (1/2.5) three-storey RC building models—one with toggle-
brace-mounted viscous dampers and one without—found up to 44% reduction in roof
displacement under strong ground motions. Effect of bracing stiffness on damper effective-
ness was investigated by Dong et al. [10] and suggested that brace stiffness significantly
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impacts system performance—brace stiffness (≥5Ö storey stiffness) enhances damping
effectiveness while flexible braces reduce damping efficiency. Drift-based optimization
method by Mousavi et al. [11] for determining the optimal placement of damper shows
enhanced seismic performance over uniform distribution in high-rise buildings. Simplified
performance-based design method over traditional complex method by Ijmulwar et al. [12]
showing column forces and base shear decreased by 20–30% resulting 30% damping cost
over uniform distributions.

Traditional seismic design in Nepal relies on ductile detailing and shear walls to dissipate
energy through inelastic deformations Chaulagain et al. [13]. However, these methods
often lead to localized damage, serviceability issues, and increased construction costs due
to oversized structural members Gautam et al. [14]. In high seismic zones, such as Kath-
mandu Valley, conventional approaches may also amplify base shear due to added mass
from stiffer elements Chaulagain et al. [15]. Passive energy dissipation systems, particu-
larly fluid viscous dampers (FVDs), offer a promising alternative by enhancing damping
ratios without significantly altering structural stiffness Constantinou et al. [16], Symans
et al. [17].

Despite their proven efficacy globally, FVDs remain underutilized in Nepal due to a lack
of localized studies and absence of codal provisions (e.g., NBC 105:2020). In context of
Nepal, Tiwari et al. [18] studied the use of nonlinear fluid viscous dampers (FVDs) in regu-
lar RC framed structures and found significant reduction in maximum storey displacement
(up to 80% for DBE, 63% for MCE) in 5-storey RC frame buildings with effectiveness de-
creasing in taller 10 and 15-storey buildings. Their highlight the need for further research
on irregular structures.

Current study addresses this gap by evaluating the impact of fluid viscous dampers for
vertically irregular buildings subjected to spectrum-compatible ground motions. The find-
ings aim to inform future code revisions and promote the safe implementation of damping
technologies in Nepal’s diverse building stock.

2. Methodology

This study evaluates the effectiveness of NLVDs in enhancing the seismic performance of
10-storey reinforced concrete (RC) buildings with setbacks, exhibiting vertical irregularity.
Two models—one without dampers (bare frame) and the other with dampers—were mod-
eled in three-dimensional finite element modelling software SAP2000 v20 (see Figure 1,
Figure 2, Figure 3 and Figure 4).

Initially, the building was designed using the Equivalent Lateral Force (ELF) method and
Response Spectrum Method for the Design Basis Earthquake (DBE) level as per NBC
105:2020, and all the design checks satisfied the required criteria. The design incorporates
beams of dimensions 600×400 mm and columns of 650×600 mm using M20 grade concrete
and Fe415 grade reinforcement. The overall building plan measures 16 m× 16 m in the X
and Y directions, with a total height of 40 m comprising 10 storeys of 4 m each. Vertical
irregularity is introduced in the form of a setback starting from the 5th storey, reducing
the floor area by 50% in the upper five storeys.
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Figure 1. Plan of repre-
sentative building. Figure 2. 3D Representa-

tive building for bare frame.

Figure 3. Along X-and Y-
direction.

Figure 4. 3D representa-
tion of building with FVDs.

Nonlinear behavior is incorporated via a lumped plasticity model, where beams are as-
signed user-defined M3 hinges at offsets of 0.1L and 0.9L from their ends. Columns are
assigned automatic P-M2-M3 hinges at similar offsets, in accordance with ASCE 41-13
guidelines. Pushover analysis was performed to obtain the capacity curve, which was
then matched with the elastic spectrum for Type D soil as per NBC 105:2020 [19], in
Acceleration-Displacement Response Spectrum (ADRS) format to determine the perfor-
mance point (see Figure 5 and Figure 6).

After that, hinge states at the performance point were evaluated to ensure compliance
with the Immediate Occupancy (IO) performance level. In cases where the IO level was
exceeded, fluid viscous dampers (FVDs) were strategically placed at storeys exhibiting
maximum inter-storey drift. The target damping ratio was determined by iteratively
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Figure 5. Capacity curve
and demand curve in X-
direction.

Figure 6. Capacity curve
and demand curve in Y-
direction.

modifying the total damping (inherent + supplementary) in the ADRS procedure, in-
creasing it from the baseline 5% (ζ = 0.05) to higher values (e.g., 0.10, 0.15, 0.20), and
observing the shift in the demand spectrum and the resulting performance point. Through
this iterative process, it was found that a supplementary damping ratio of approximately
30% was required to achieve the IO performance level. The total supplementary damp-
ing coefficient was calculated as per the method proposed by Mousavi et al. [11], using
Equation (1):

CA =
(ζ∗ − ζ)T K

π
(1)

where CA is the total supplementary damping coefficient (N-sec/mm), ζ∗ is the required
(supplementary) damping ratio, ζ is the inherent damping ratio, T is the fundamental
time period of the structure (sec), and K is the total lateral stiffness of the structure
(kN/mm).

The linear properties of FVDs were then converted into nonlinear damper properties fol-
lowing the procedure suggested by Canney et al. [20]. The FVDs were modeled as two-
noded nonlinear link elements, characterized by a stiffness of 500 kN/mm, damping coeffi-
cients of 1250 N-sec/mm and 1500 N-sec/mm, and a damping exponent α = 0.3. The two
damping coefficients correspond to dampers with different energy dissipation capacities,
strategically placed at different storey levels based on the inter-storey drift ratios identified
from the pushover analysis. By introducing velocity-dependent dampers, the structural
damping increased, enabling enhanced energy dissipation through forces proportional to
relative velocity. This mechanism reduces vibration amplitudes and limits inelastic de-
formations during seismic events. While the pushover procedure for determining target
damping is primarily governed by the fundamental mode, this limitation was mitigated
by conducting nonlinear time history analysis (NLTHA) using seven spectrum-compatible
ground motions matched to NBC 105:2020.

Seven ground motion records (refer Table 1) were selected and matched to the NBC
105:2020 elastic response spectrum for Type D soil, corresponding to a 10% probability
of exceedance in 50 years (DBE) for use in nonlinear time history analysis (NLTHA).
Figure 7 represents the mean matched response spectrum for the selected ground motions.
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Table 1. Selected Ground Motions for Study

S.N. Earthquake Name Event Day PGA (g) Magnitude (M) Recording Station
1 Gorkha Earthquake 4/25/2015 0.25 7.8 Kanti Path, Kathmandu
2 Imperial Valley 10/15/1979 0.317 6.6 USGS STATION 5115
3 Chi-Chi 9/20/1999 0.361 7.62 TCU045
4 Kocaeli 8/17/1999 0.349 7.51 Yarimca
5 Landers 6/28/1992 0.78 7.28 Sce Station 24
6 Loma Prieta 10/18/1989 0.367 6.93 CDMG Station 47381
7 Kobe 1/16/1995 0.311 6.9 Kakogawa

Figure 7. Mean matched spectrum matched with NBC105:2020 elastic
spectrum at DBE level earthquake.

The analyses were conducted using the Direct Integration method in SAP2000 to capture
the full dynamic response of the structure. Maximum storey displacements for each model
were evaluated in both X and Y directions, along with hinge states, to confirm compliance
with the Immediate Occupancy (IO) performance level as defined by ASCE 41-13 [21].
The IO performance level ensures that the structure sustains minimal damage during a
seismic event, allowing for immediate reoccupation post-earthquake.

3. Maximum Storey Displacement

The outcomes from the nonlinear time history analysis (NLTHA) were plotted to compare
the maximum displacement at each storey for both models: the bare frame and the frame
equipped with fluid viscous dampers (FVDs), under multiple ground motions. Table 2 and
Table 3 present the maximum storey displacements for different ground motions in the X
and Y directions, respectively, for the bare frame model. Figure 8 and Figure 9 provide a
clear visual comparison of displacement profiles for both structural configurations.

70



Gupta: Nonlinear FVDs for Seismic Resilience of Irregular...

Figure 8. Maximum
storey displacement of bare
frame along X direction.

Figure 9. Maximum
storey displacement of bare
frame along Y-direction.

Table 2. Maximum storey displacement for bare frame along X direction
(mm)

Storey Gorkha Imperial - Valley ChiChi Kocaeli Landers Loma Kobe
Tenth 425 416 445 449 374 323 332
Ninth 407 403 435 439 358 309 321
Eighth 375 379 414 418 329 284 298
Seventh 329 340 377 381 283 245 261
Sixth 271 286 323 330 228 200 215
Fifth 216 226 267 276 174 162 170
Fourth 172 174 214 228 133 132 135
Third 125 123 158 173 94 100 105
Second 78 74 100 114 57 64 69
First 34 32 44 53 22 26 30
G.F. 0 0 0 0 0 0 0

The integration of fluid viscous dampers (FVDs) into the structural frame significantly
enhanced the seismic performance, as evidenced by the maximum storey displacement
data presented in the following tables. Analysis of the displacement results revealed that
the average maximum displacement for the bare frame, which reached up to 394 mm, was
reduced by approximately 60–70% with the incorporation of FVDs. Table 4 and Table 5
present the maximum storey displacements for different ground motions in the X and
Y directions, respectively, for the frame equipped with FVDs. Figure 11 and Figure 10
provide clear visual representations of these displacements.
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Table 3. Maximum Storey Displacement for Bare Frame along Y Direc-
tion (mm)

Storey Gorkha Imperial-Valley Chi-Chi Kocaeli Landers Loma Kobe
Tenth 453 473 384 453 299 243 349
Ninth 448 468 376 448 289 239 338
Eighth 435 456 358 435 270 231 314
Seventh 408 430 329 408 236 216 275
Sixth 366 387 287 366 193 190 225
Fifth 316 334 239 316 163 158 199
Fourth 263 280 192 263 130 128 173
Third 199 214 142 199 94 92 138
Second 129 138 90 129 57 56 92
First 59 60 40 59 23 23 42
G.F. 0 0 0 0 0 0 0

Figure 10. Maximum
storey displacement of
frame with FVDs along X
direction.

Figure 11. Maximum
storey displacement of
frame with FVDs along Y
direction.

Figure 12. Hinge mech-
anism for Gorkha earth-
quake.

Figure 13. Hinge mech-
anism for Chi-Chi earth-
quake.
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Table 4. Maximum Displacement for Frame with FVDs along X Direction
(mm)

Storey Gorkha Imperial-Valley Chi-Chi Kocaeli Landers Loma Kobe
Tenth 136 114 110 169 150 149 166
Ninth 132 108 106 165 146 144 161
Eighth 127 99 100 157 139 137 154
Seventh 117 84 90 144 125 123 140
Sixth 105 66 78 126 107 106 122
Fifth 90 49 64 106 85 86 102
Fourth 80 40 54 90 71 72 86
Third 64 29 42 69 53 54 65
Second 43 19 27 44 33 34 41
First 17 7 10 17 12 13 15
G.F. 0 0 0 0 0 0 0

Table 5. Maximum Displacement for Frame with FVDs along Y Direction
(mm)

Storey Gorkha Imperial-Valley Chi-Chi Kocaeli Landers Loma Kobe
Tenth 77 96 92 79 108 75 113
Ninth 75 93 90 77 105 73 110
Eighth 71 89 85 73 99 69 104
Seventh 65 81 78 67 87 63 94
Sixth 58 72 69 60 73 57 82
Fifth 49 60 57 51 56 48 68
Fourth 42 51 48 44 47 41 58
Third 32 40 36 33 37 32 44
Second 22 27 24 23 26 22 29
First 8 10 9 9 10 9 11
G.F. 0 0 0 0 0 0 0

Table 6. Hinge State for Bare Frame and Frame with FVDs for Different
Ground Motions

Gorkha Earthquake Chi-Chi Earthquake
Storey Bare Frame B-IO Frame with FVDs IO-LS Bare Frame B-IO Bare Frame IO-LS Bare Frame LS-CP Frame with FVDs B-IO
G.F. 3 22 0 17 8 7
First 13 43 25 40 0 46
Second 10 40 10 44 0 42
Third 6 40 10 46 0 40
Fourth 8 40 9 45 0 20
Fifth 22 33 15 41 0 15
Sixth 0 20 6 20 0 18
Seventh 10 20 10 20 0 8
Eighth 14 14 28 0 0 0
Ninth 23 0 19 0 0 0
Tenth 4 0 0 0 0 0

4. Plastic Hinge Mechanism

The results of hinge formation after NLTHA, were evaluated to compare seismic perfor-
mance of a) bare frame model without FVDs and b) a frame incorporating FVDs against
different ground motion. Table 6 represents the hinge state in tabulated form represent-
ing different state of performance level for bare frame and frame with FVDs for different
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Table 7. Hinge State for Bare Frame and Frame with FVDs for Kobe and
Loma Earthquakes

Kobe Earthquake Loma Earthquake
Storey Bare Frame B-IO Frame with FVDs IO-LS Bare Frame B-IO Bare Frame IO-LS Bare Frame LS-CP Frame with FVDs B-IO
G.F. 10 15 24 20 5 25
First 7 13 55 38 10 57
Second 9 40 50 13 38 50
Third 46 0 42 35 11 42
Fourth 36 7 40 42 4 40
Fifth 35 19 43 38 20 36
Sixth 0 20 20 0 20 20
Seventh 0 20 11 6 20 20
Eighth 23 0 0 30 0 7
Ninth 20 0 0 20 0 0
Tenth 0 0 0 0 0 0

Table 8. Hinge State for Bare Frame and Frame with FVDs for Imperial
Valley and Kocaeli Earthquakes

Imperial Valley Kocaeli Earthquake
Storey Bare Frame B-IO Frame with FVDs IO-LS Frame with FVDs B-IO Bare Frame B-IO Bare Frame IO-LS Bare Frame LS-CP Bare Frame CP-C Bare Frame C-D Frame with FVDs B-IO
G.F. 25 7 0 0 12 0 13 21
First 23 34 22 23 40 0 0 0 51
Second 8 40 34 9 47 0 0 0 47
Third 7 41 18 11 46 0 0 0 42
Fourth 5 45 11 12 44 0 0 0 40
Fifth 19 37 25 12 33 0 0 0 33
Sixth 6 20 20 0 20 0 0 0 20
Seventh 10 20 20 6 20 0 0 0 20
Eighth 23 0 14 24 0 0 0 0 4
Ninth 20 0 0 20 0 0 0 0 0
Tenth 0 0 0 0 0 0 0 0 0

Landers Earthquake
Bare Frame Frame with FVDS

Storey B-IO IO-LS B-IO
G.F. 20 5 25
First 58 3 55
Second 19 34 44
Third 14 40 40
Fourth 13 38 42
Fifth 33 30 36
Sixth 0 20 20

Seventh 9 20 20
Eighth 16 17 7
Ninth 23 0 0
Tenth 14 0 0

Table 9. Color code for Different Performance Level.

ground motions. Refer Figure 12 to Figure 18 for clear visual representation of hinge
states.
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Figure 18. Hinge mechanism for Kocaeli earthquake.

Figure 14. Hinge mech-
anism for Imperial Valley
earthquake.

Figure 15. Hinge mecha-
nism for Kobe Valley earth-
quake.

Figure 16. Hinge mecha-
nism for Loma Prieta earth-
quake.

Figure 17. Hinge mecha-
nism for Lander earthquake.
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5. Conclusion

This study demonstrates the effectiveness of NLVDs in enhancing the seismic performance
of a vertically irregular 10-storey RC building with setback. By incorporating performance-
based design principles and conducting both pushover and NLTHA, it was observed that
the addition of FVDs significantly reduced maximum storey displacements and controlled
hinge states within the IO performance level. The strategic placement of FVDs at stories
with maximum inter-storey drift proved crucial in improving structural response. These
findings highlight the practical applicability of FVDs in Nepalese seismic design, especially
for irregular buildings, and support the need for their consideration in future updates to
the national building code. However, effectiveness of FVDs with an increase in building
height, as well as challenges in addressing complex plan irregularities, which may require
further investigation.
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Modeling and Simulation of Single-Mass PMSG
for Embedded Control in Wind Energy Systems

ANIL THAPA1∗

Abstract. Accurate yet computationally efficient modeling is essential for the real-
time control of Permanent Magnet Synchronous Generator (PMSG)-based wind energy
conversion systems (WECS), particularly when targeting low-cost embedded platforms.
Complex multi-mass drive-train models, while capable of capturing torsional dynam-
ics, introduce significant computational overhead that can limit their applicability in
rapid control prototyping and embedded implementations. This paper presents a com-
plete single-mass PMSG model derived from aerodynamic, mechanical, and electrical
subsystems, expressed in the d-q reference frame for efficient control integration. The
modeling approach consolidates the turbine and generator inertias into a single equiva-
lent inertia, significantly reducing the system order while preserving the key dynamics
necessary for steady-state and slow-transient analysis. The model is implemented in
MATLAB/Simulink with fixed-step solver configurations to ensure compatibility with
embedded hardware such as DSPs, FPGAs, and microcontrollers. Simulation results
under variable wind speed conditions demonstrate the model’s suitability for maximum
power point tracking (MPPT) and DC-link voltage regulation. The proposed lightweight
approach provides a balance between model fidelity and execution speed, making it ideal
for cost-sensitive, real-time wind energy control applications.
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1. Introduction

The global warming effect is becoming more conspicuous every day. The lack of snows
in the mountains to the wildfire happening around the world clearly substantiate this.
Despite the emphasis on renewable energy sources, whole world is still heavily reliant on
fossils fuels. Of all the available renewable resources, the wind energy has drawn increased
attention [1, 2, 3]. In 2023, a record high 117 GW of new wind power was installed world-
wide representing a 50% hike from the previous year [1].

Permanent magnet synchronous generator (PMSG) has been an attractive choice for ap-
plications requiring variable speed drives [4]. PMSGs are used in wind turbines for their
high frequency and removal of gear box for electricity generation. PMSG transfers the
total power generated at the generator side resulting from turbine to grid side with the
help Back-To-back (BTB) capacitor which consists of a Machine Side Converter (MSC),
dc link capacitor and Grid Side Converter (GSC) [5].

The rapid growth of wind energy has driven the development of efficient and flexible con-
trol strategies for variable-speed generators. Among various generator technologies, the
Permanent Magnet Synchronous Generator (PMSG) has gained significant attention due
to its high efficiency, gearless operation, and direct-drive capability. Accurate modeling of
PMSG-based wind energy conversion systems (WECS) is essential for designing, testing,
and validating control algorithms prior to deployment in hardware.

Conventional modeling approaches often employ multi-mass drive-train representations to
capture torsional oscillations and shaft flexibility. While effective for detailed mechani-
cal stress analysis and transient studies, such models increase system complexity, require
additional mechanical parameters, and demand higher computational resources. These
characteristics make them less suited for applications where real-time performance and
low-latency control execution are critical, such as in embedded controllers with limited
processing capacity.

In many scenarios—particularly small to medium-scale wind turbines, educational test
benches, and rapid control prototyping environments—a reduced-order mechanical model
can provide adequate accuracy with a fraction of the computational burden. This paper
develops a mathematically complete single-mass PMSG model that consolidates the tur-
bine and generator inertias into a single equivalent inertia. The model is derived from first
principles, combining aerodynamic torque generation, single-mass mechanical dynamics,
and electrical equations in the dq reference frame. Implemented in MATLAB/Simulink
with fixed-step solver settings, the model is tailored for deployment to digital signal pro-
cessors (DSPs), microcontrollers, and FPGA platforms.

2. System Model

Figure 1 gives the schematic of a PMSG driven by a wind turbine connected to the sin-
gle machine infinite bus system (SMIB). Both MSC and GSC emulate the PWM signal
generation using tip speed ratio maximum power point algorithm (MPPT). The dc link ca-
pacitor in back-to-back converter is responsible for power transfer between generation and
grid side. On the generator side, rectifier utilizes tip speed ratio (TSR) MPPT algorithm
for the maximum power delivery.
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Figure 1. Schematic diagram of a. single machine infinite bus (SMIB)
system using PMSG wind turbine system.

Figure 2. Tip speed ratio vs power coefficient curve for different pitch
angles.

2.1. Mechanical Drive Train. The mechanical power output of a wind turbine is related
to the wind speed Vω by [6, 7, 8]:

Pt = 0.5ρACp(λ, β)V
3
ω (1)

where, ρ is air density, A is the area swept by the blades, and Cp(λ, β) is the power
coefficient of the blade which is given by

Cp(λ, β) = 0.5176

(
116

λ+ 0.08β
− 4.0

1 + β3
− 0.4β − 5

)
e

(
−21

λ+0.08β
− 0.735

1+β3

)
+ 0.0068 (2)

λ is the tip speed ratio and β is the pitch angle.
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Figure 2 shows the variation of power coefficient with tip speed ratio for different values
of pitch angle. Cp represents the fraction of wind power that can be extracted from the
turbine. Pitch angle relates the orientation of the wind turbine blade with respect to its
longitudinal axis. The extraction of wind energy is maximum when the blades are facing
the wind. The pitch angle is zero degrees at this instance. The turbine power coefficient
has a maximum value of 0.48 with the value of tip speed ratio around 8 as shown in
Figure 2.
Because of the gearless configuration, the wind turbine system is connected to the gener-
ator with a single-mass model of the drive train. The dynamic equation representing the
single-mass model of the drive train is expressed as:

p(ωt) =
1

2H
(Tm − Te) (3)

Here, ωt, H, Tm, and Te are the turbine speed, inertia constant, mechanical torque, and
electrical torque, respectively.

2.2. Permanent Magnet Synchronous Generator Model. The electrical model of
the PMSG in the synchronous reference frame can be expressed as [9]:

p(isd) =
1

Ld
[−Raisd + ωgXqisq − vsd] (4)

p(isq) =
1

Lq
[−ωgXdisd −Raisq + ωgψpm − vsq] (5)

In the above, isd, isq and vsd, vsq are the d-q components of the stator current and terminal
voltage respectively, and ψpm is the residual flux of the permanent magnet rotor.
The electrical torque generated is given by:

Te = −Ldisdisq + ψpmisq + Lqisdisq (6)

The active power at the PMSG terminal is given by:

Ppmsg = vsdisd + vsqisq (7)

2.3. Machine Side Converter Controller. The decoupled control strategy is imple-
mented in the MSC controller where the q-axis regulates torque and the d-axis regulates
reactive power. The d-q axis is selected in such a way that vsq = |V | and vsd = 0, so that
the d-axis current reference becomes isd ref = 0.
The torque reference is obtained using MPPT and is given by:

Te = koptω
2
t = ψpmisq (8)

Hence, the reference value of isq is:

isq ref =
koptω

2
t

ψpm
(9)

The Simulink model representation of the MSC controller is shown in Figure 3. The
blocks MSC IL1 and MSC IL2 each include two PI Controllers.
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Figure 3. Simulink diagram of PMSG Machine Side Converter.

Figure 4. Simulink diagram of Back-to-back capacitor Converter.

2.4. Back-To-Back Capacitor. The Back-to-back converter consists of an MSC, a DC
link capacitor, and a GSC. The losses due to switching of the converter are neglected. It
is assumed that the converter dynamics are fast and the converter follows the reference
generated by the MSC and GSC in real time.
The converter capacitor voltage is given by the power balance equation, excluding losses.
The DC link capacitor voltage is:

Vc

[
C
d

dt
(Vc)

]
= PMSC − PGSC (10)

Here, PMSC and PGSC are the power input and power output in the converter, given by:

PMSC = Vsdisd + Vsqisq (11)

PGSC = Vidiid + Viqiiq (12)

2.5. LCL Filter. LCL filter consists of two inductors (Li, Lg), a capacitor (Cf ), and a
damping resistor (RC). The resistances (Ri, Rg) in series with the inductors represent the
stray resistance of the inductors [10, 11]. Fig. 5 represents the structure of the LCL filter
and Fig. 6 shows its Simulink representation.

The equations pertaining to the LCL filter are as follows:

p(iiq) =
wb

Li
[viq − vcq − (Ri +Rc)iid + wLiiid +Rcigq] (13)
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Figure 5. LCL filter.

Figure 6. . Simulink representation of LCL filter.

p(iid) =
wb

Li
[vid − vcd − (Ri +Rc)iid − wLiiiq +Rcigd] (14)

p(igq) =
wb

Lg
[vcq − vgq − (Rg +Rc)igq + wLgigd +Rciiq] (15)

p(igd) =
wb

Lg
[vcd − vgd − (Rg +Rc)igd + wLgigq +Rciid] (16)
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Figure 7. Simulink diagram of PMSG Gride Side Converter.

Figure 8. Variation in windspeed at time = 1s.

p(vcq) =
wb

Cf
[iiq − igq − wCfvcd] (17)

p(vcd) =
wb

Cf
[iid − igd − wCfvcq] (18)

2.6. Grid Side Converter Controller. Figure 7 shows the Simulink representation of
the GSC controller, which consists of two inner PI controllers and two outer PI controllers.
These controllers, along with the MSC controllers, are responsible for maintaining a con-
stant DC voltage across the DC link capacitor, even when wind speed changes act as
disturbances.

3. Simulation Results

The dynamic performance of the PMSG system is simulated using MATLAB SIMULINK.
Figure 8 shows the dynamic simulations of the results by applying a step change in wind
speed at time = 5s and infinite bus voltage change at time = 15s. It is clear from the figures
that the controller performs satisfactorily with less overshoot and immediate stability for
both the changes in wind velocity and infinite bus voltage. Moreover, the dc link voltage
of the back-to-back capacitor is maintained constant with the overshoot value within the
limit of 10% so that the peak overshoot won’t damage the capacitor.
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Figure 9. Variation in infinite bus voltage at time = 15s.

Figure 10. Variation in wind turbine speed following change in windspeed
at time 5s and infinite bus voltage change at 15s.

Figure 11. Variation in wind turbine generator voltage following change
in windspeed at time 5s and infinite bus voltage change at 15s.

4. Conclusion

This paper presents a mathematically complete single-mass model of a Permanent Magnet
Synchronous Generator (PMSG) wind energy system, integrating aerodynamic, mechani-
cal, and electrical dynamics within a unified framework. The proposed model consolidates
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Figure 12. Variation in active power output following change in wind-
speed at time 5s and infinite bus voltage change at 15s.

Figure 13. Variation in reactive power output following change in wind-
speed at time 5s and infinite bus voltage change at 15s.

Figure 14. Variation in back-to-back capacitor voltage following change
in windspeed at time 5s and infinite bus voltage change at 15s.
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turbine and generator inertias into a single equivalent mass, significantly reducing compu-
tational complexity while preserving the essential dynamic behavior required for steady-
state and slow-transient analysis. Implemented in MATLAB/Simulink with fixed-step
solver configurations, the model is well-suited for embedded control applications, enabling
real-time deployment on digital signal processors, microcontrollers, and FPGA-based plat-
forms. Simulation results under varying wind conditions demonstrate that the single-mass
model supports accurate maximum power point tracking (MPPT) and DC-link voltage
regulation, while offering a lightweight alternative to more complex multi-mass represen-
tations. By balancing model fidelity and computational efficiency, this approach provides
a practical framework for rapid prototyping, educational purposes, and cost-sensitive em-
bedded wind energy systems. Future work may extend this model to include real-time
hardware-in-the-loop (HIL) validation and integration with advanced control strategies
such as fuzzy logic or reinforcement learning-based MPPT.
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A Case Study on Stabilizing Kathmandu Valley
Lacustrine Silt with Stone Dust and Sand
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Abstract. High-plasticity soils, like those in the Kathmandu Valley, present significant
construction challenges because of their high compressibility, low shear strength, and
notable settlement behavior. By evaluating changes in geotechnical properties and shear
strength parameters, this study explores the stabilization potential of stone dust and sand
in enhancing the geotechnical behavior of lacustrine silt, a common high-plasticity soil
type in the Kathmandu Valley. A number of laboratory tests were performed on natural
soil samples that were collected from the area close to the Bagmati River. Different
proportions of stone dust (10–40%), sand (10–40%), and a combination of the two were
used to modify the soil. Assessments were made of parameters like cohesion, internal
friction angle, maximum dry density (MDD), and optimal moisture content (OMC). Sand
and stone dust increased the internal friction angle and dry density while decreasing
cohesion and OMC. It was discovered that the combination of sand and stone dust was
especially useful for strength improvement without being overly expensive. According to
the study, sand and stone dust are both practical, locally accessible stabilizers that can
greatly increase the bearing capacity and lessen the settlement of high-plasticity soils,
particularly for shallow foundations used in low-rise buildings.
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1. Introduction

The Kathmandu valley lies above an ancient dried-up lake, and most of the soil in this
area is lacustrine and fluvio-deltaic deposits [1]. In some areas within the valley, con-
struction projects face significant challenges due to weak soil conditions[2]. Due to their
extremely low strength and stiffness, some of the difficulties encountered when dealing
with weak soil in construction projects are instability, bearing capacity failure, or exces-
sive settlement[3][4]. Such soils are not suitable for supporting structural loads without
stabilization because of their high compressibility, low shear strength, and significant vol-
umetric changes with moisture fluctuations. Common examples of traditional ground
improvement techniques are using stabilizing chemicals or mechanical compaction. Al-
ternative stabilizers, like sand, marble dust, limestone dust, stone dust, and quarry dust,
have been investigated recently, though, because of their affordability, accessibility, and
environmental advantages. These materials are frequently waste byproducts of the min-
ing and stone crushing industries, which further encourages their sustainable use. The
individual and combined effects of sand, and stone dust on the geotechnical behavior of
Kathmandu’s weak soils have, however, not been thoroughly studied in many studies. To
identify the ideal mix proportions, appropriate for real-world applications, it is necessary
to assess the compaction properties and shear strength parameters of such stabilized soils.

Broadly, stabilization can be classified into chemical and physical stabilization. Chemi-
cal stabilization is a technique that involves the use of chemicals, such as cement, lime,
fly ash, or polymer-based binders, to improve the soil properties or aggregate materials
for construction[5]. One can either add stabilizing material to an undisturbed soil de-
posit and allow it to interact by allowing it to permeate through soil voids, or one can
mechanically mix and compact the natural soil and stabilizing material together to cre-
ate a homogeneous mixture[6]. Other common methods used to make weak soil more
stable by increasing strength and stiffness are by cementation, grading and compaction,
soil replacement, artificial consolidation, by use of chemicals, geosynthetics, grouting, and
by use of waste materials: rock dust, rubber dust, eggshell powders, kiln slag, waste
geopolymers[3, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19].

Prior studies on using sand and stone dust have shown effective results in the stabilization
of weak soil. A study found that adding non-plastic fines increased the Maximum Dry
Density (MDD) and California Bearing Ratio (CBR) value of soil types, while decreasing
the OMC (Optimum Moisture Content) [20]. As numerous studies have shown, the addi-
tion of stone-based additives greatly enhances the geotechnical characteristics of expansive
or weak soils. A study found that the addition of stone dust to soil results in a decrease in
plasticity index (PI), increased MDD, reduced OMC, and increased Unconfined Compres-
sive Strength (UCS) [14]. Parallelly, laboratory test results from another study showed
a significant strength increase when sand was added to soil, with improvements observed
at sand percentages up to 60% by soil weight [21]. It has been demonstrated that adding
sand or stone dust to weak soils improves the shear strength parameters (cohesion c and
internal friction angle ϕ) while lowering compressibility, swelling pressure, and plasticity.

As shown in Table 1 and Table 2, previous studies have explored the use of stone dust and
sand, respectively, for improving the geotechnical properties of various soil types. These
tables give a comparative overview of the efficacy of stone dust and sand in enhancing
the geotechnical qualities of weak soils. Although a number of studies have examined the
stabilizing effects of sand or stone dust separately, not many have examined how these
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Table 1. Effects of Stone Dust Addition on Soil Properties: Summary of
Previous Studies

Ref. Soil Type Additives Key Findings
[22] Laterite Graphite Nanoparti-

cles (GN)
_ Swelling pressure beyond 1% GN; ^ Shear
strength; ^ Impermeability; improved soil strength
and reduced volume change

[23] Expansive
Shale

Marble Dust _ Plasticity index; ^ Permeability; reduced dry den-
sity; effective in altering plasticity and improving
sustainability

[24] Lateritic Soil Micro-sized Quarry
Dust

_ Plasticity index; ^ UCS, MDD, CBR; micro-filler
action enhanced strength and compaction

[25] Fine-Grained
Soil

Stone Dust _ LL, PL, PI, and OMC; ^ MDD and UCS up to
50% stone dust; effective in reducing plasticity and
improving strength

[26] Expansive
Clayey Soil

Natural Zeolite ^ UCS (+21% with zeolite); _ Swelling slightly;
strength significantly improved with optimized
CKD and zeolite blend

[27] Expansive Soil Quarry Dust _ LL, PI; ^ PL, SL, cohesion, ϕ, OMC; ^ MDD
with quarry dust; reduced plasticity and improved
compaction; optimum strength at 5% lime

[28] Expansive Soil Limestone Dust ^ UCS, CBR; _ Swelling pressure and shrinkage
strain; effective strength gain and swell reduction;
suitable for subgrade and landfill liner applications

[29] Expansive Soil Stone Dust _ Swelling and plasticity; ^ UCS and compaction;
best results with equal proportions of stone dust
and fly ash

[14] Weak Soil Stone Dust ^ UCS after 28 days curing; ^ MDD and _

OMC with stone dust; combined use improved the
strength of weak Kathmandu soil

two substances work together to affect the strength properties of high-plastic soils that
are unique to Kathmandu.

The stabilization of lacustrine high plastic soils from Kathmandu valley using different
ratios of sand, stone dust, and their combination is the main focus of this study. In
order to determine how these stabilizers affect compaction and strength behavior, the
scope of the study includes analyzing the index properties of the natural soil and altering
it. Prior to and following modification, cohesion, internal friction angle, maximum dry
density (MDD), and optimal moisture content (OMC) are measured. The principal aim
is to determine the ideal ratio of sand, stone dust, or both for the successful stabilization
of weak soils unique to this area. Particularly for small-to medium-sized infrastructure
projects, the results are intended to provide insights on the performance and feasibility
of these locally accessible materials for ground improvement. This study builds on earlier
research by analyzing the effects of separate stabilizers, such as sand and stone dust,
as well as the shear strength properties that arise from applying them together. This
approach provides a workable and affordable solution for sustainable soil stabilization in
the Kathmandu Valley.
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Table 2. Effects of Sand Addition on Soil Properties: Summary of Pre-
vious Studies

Ref. Soil Type Additives Key Findings
[30] Swelling soil Dune Sand _ Swelling pressure
[31] Soil River sand Sand is suitable for subgrade stabilization
[21] Expansive soil Sand _ LL, PL, Shrinkage, OMC; ^ MDD; UCS ^ until

60% sand, then _
[32] Expansive soils Dune Sand _ Swelling pressure & potential, ^ Shear strength,

Economic stabilization
[33] Swelling Clays Sand _ Swelling
[34] Expansive soils Dune sand Stabilization is effective for ¿30% sand
[35] Clayey soil Sand & fly ash 30% sand� ^MDD, _ OMC, ^ CBR; Beyond 30%,

_ MDD
[36] Cohesive Soil Sand _ LL initially, _ OMC, ^MDD, ^ CBR significantly
[37] Clayey Soils Sand Bearing Capacity ( 3.7Ö untreated soil); 60% sand

= optimal for pavements
[38] Expansive soil Beach Sand _ Consistency parameters, _ Swelling; Sand fine-

ness affects plasticity
[39] Clay Sand _ Swelling, _ Consistency limits, _ Compressibility,

^ Dry density
[40] Laterite Sand _ Atterberg limits, _ Shrinkage, ^ MDD, CBR (ir-

regular trend)
[41] Swelling Soil Sand _ Swelling pressure; 50% sand = significant _ LL &

_ Free swell
[42] Clay Sand ^ Permeability, ^ CBR, ^ UCS up to 40% sand
[43] Black cotton Sand & coir ^ CBR, ^ Compaction
[44] Swelling Soil Geofoam & Sand _ Swelling, _ LL, _ OMC, ^ Dry density
[45] Sandy Clay Dune Sand ^ Strength at 2-4% sand; _ Strength at 6%

2. Methodology

The high-plasticity soil was collected from Kupondole, a location close to the Bagmati
River in the central Kathmandu Valley. The site location close to the Bagmati River and
the representative sample of lacustrine silt used in this investigation are shown in Figure 1.
Samples of bulk soil were taken from shallow depths (0–1.5 m), sealed in plastic bags, air-
dried, ground up, and then sieved through a 425-micron sieve to guarantee consistency.
The soil was characterized using basic index properties such as Atterberg limits and grain
size distribution.

Stabilizers for this study, stone dust (D) and river sand (S), were obtained from a quarry
at Dhading, an area close to the Kathmandu Valley. The stone dust was sieved through
425 microns, and was used in varying proportions (10%, 20%, 30% and 40% by dry weight
of soil). Similarly, the sand passing through 1 mm was used in varying proportions (10%,
20%, 30% and 40% by dry weight of soil). Both stone dust and sand were also combined
at varying proportions (5D-5S%, 10D-10S%, 15D-15S%, and 20D-20S% by dry weight of
soil). The framework of the study is depicted in Figure 2. The basic properties of the
mix were tested, and following IS 2720 (Part 7), Standard Proctor compaction tests were
performed to ascertain each soil mix’s MDD and OMC. Furthermore, a set of stabilized
samples was subjected to Direct Shear Tests in accordance with IS 2720 (Part 13) in
order to ascertain the shear strength parameters, specifically cohesion (c) and angle of
internal friction (ϕ). The test results are all based on individual trials for each soil mix.
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Figure 1. Representative sample of lacustrine silt from the study area
near the Bagmati River within the Kathmandu Valley, Nepal.

Figure 2. Methodological framework of the study.

The number of compositions examined in this study presented practical time and resource
constraints, even though multiple repetitions would offer statistical strength and enable
uncertainty quantification. The findings are therefore interpreted, emphasizing general
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Figure 3. Grain size distribution curves for the natural soil, stone dust,
and sand used in the stabilization.

behavioral patterns among various stabilizer kinds and contents rather than statistically
averaged values.

3. Results and Discussion

3.1. Index Properties of Natural Soil and Stabilizers. Prior to stabilization, the
classification characteristics of the natural soil from Kupondole, Kathmandu, were de-
termined. The particle size distribution curves for natural soil, sand, and stone dust
are shown in Figure 3. The natural soil curves substantially, with a large percentage of
particles smaller than 0.075 mm, suggesting that fine-grained particles (clay and silt) pre-
dominate. Atterberg limit test demonstrates the soil’s high plasticity. The liquid limit
is 83.14%, and the plastic limit is 43.44%, resulting in a plasticity index of 39.69%. The
liquid limit after oven drying is 69.92%, and the ratio of the liquid limit after oven drying
to that before drying is 0.84—above the threshold of 0.75—indicating the soil is inorganic.
Therefore, the soil is classified as inorganic MH according to the Unified Soil Classification
System. Parallelly, sand is primarily coarse, with the majority of particles lying between
0.075 mm and 4.75 mm, whereas stone dust has a flatter curve with a mixture of fine to
medium particles (range from silt to fine sand sizes). The coarser gradation, like sand
and stone dust, indicates their ability to improve the structure of the soil by improving
interparticle friction, decreasing flexibility, and diluting the fine clay percentage [27, 29].

3.2. Effect of Stone Dust and Sand on Atterberg Limits. The Atterberg limits
of the stabilized and natural soil mixtures were analyzed to determine the plasticity be-
havior. The Unified Soil Classification System (USCS)-based plasticity chart is shown in
Figure 4, which plots the plasticity index (PI) against the liquid limit (LL) for different
soil combinations. With a plasticity index of 39.697 and a liquid limit of 83.137, the nat-
ural soil (100:0:0) lies below the A-line and is categorized as a high-plasticity silt (MH).
The downward and leftward movement of data points in Figure 4 shows that the addition
of sand and stone dust significantly lowers the plasticity index and liquid limit. These
patterns are indicated by the arrows, which show how well both stabilizers work to reduce
plasticity. For example, the LL and PI are decreased by the mixture containing stone
dust. The mixture containing sand also produces a similar reduction, getting closer to the
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Figure 4. Plasticity chart showing the impact of different ratios of sand
and stone dust on the Atterberg limits of Kupondole’s high-plasticity soil.

ML (low-plasticity silt) zone. The effect of combined mixes is also noticeable, significantly
lowering the LL and PI. The non-plastic properties of sand and stone dust dilute the clay
content and reduce the soil’s capacity to hold water, which lowers the LL and PI. This
is the reason for the decrease in plasticity. This is consistent with earlier studies that
found that coarse materials lower the plasticity index and swelling potential of expansive
soils [27, 29]. The use of sand and stone dust together has a synergistic effect, resulting
in appreciable decreases in plasticity. These findings support the materials’ suitability for
stabilizing Kupondole’s high-plasticity soils, especially for small- to medium-sized building
projects, by reducing the unfavorable volume change behavior of the native soil.

3.3. Compaction Test Results. As shown in Figure 5, when the stone dust content
rises from 0% to 40%, the Optimum Moisture Content (OMC) gradually decreases, start-
ing at 38.46% and ending at roughly 34.70%. The OMC, however, decreases down to
roughly 34.88% as the amount of sand in the soil mix grows from 0% to 40%, following
a similar decreasing trend. However, the Maximum Dry Density (MDD) of soil increases
significantly from 11.99 kN/m3 to 13.803 kN/m3 with the percentage of stone dust in the
soil mixture, from 0% to 40%. The MDD also grows steadily with the addition of sand,
reaching 13.398 kN/m3 when 40% of the soil is replaced with sand. The MDD rises by
above 11%, while the OMC falls by nearly 9% when sand content is increased from 0% to
40%. In contrast, increasing stone dust in the same amount results in a nearly 15% rise
in MDD and over 9% decrease in OMC.

The presence of both sand and stone dust in soil leads to significant changes in the com-
paction properties; however, stone dust was found to be more effective than sand. The
maximum dry density (MDD) increases due to the angular and varying sizes of these parti-
cles, which occupy void spaces between larger soil particles, resulting in improved particle
packing. However, the optimum moisture content (OMC) decreases as the percentage of
sand and stone dust increases. The reduced porosity of these particles reduces the amount
of water that can be held within the soil, reducing the amount of water needed for optimal
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Figure 5. Comparison of Compaction Properties (OMC and MDD) for
sand and stone dust.

compaction. This can be beneficial in construction projects, as it allows earth to be com-
pacted with less water, potentially saving costs and reducing post-construction settlement
risk. This also reduces the likelihood of soil shrinkage or expansion.

4. Direct Shear Test Results

As shown in Figure 6, as percentages of sand, stone dust, or a combination of both were
added to the soil mixture, the data showed a steady rise in the friction angle. With no
addition of admixtures in the soil, the friction angle was around 20.44 degrees. However,
the friction angle reached 34.90 degrees when the sand content rose to 40% and it reached
36.8 degrees when the stone dust content rose to 40%. The friction angle increased to
roughly 40.02 degrees when both sand and stone dust were mixed together at a percent-
age of 40%.

Unlike the friction angle, the cohesiveness of the soil mixtures showed a divergent pattern
of improvement with the addition of sand and stone dust. As the percentages of sand,
stone dust, or both were raised in the soil mixture, cohesion, which is a measure of the
soil’s intrinsic strength, rapidly reduced. For instance, cohesiveness reduced from 23.39
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kN/m2 to roughly 7.18 kN/m2 when 40% sand was added to the soil and to approximately
7.12 kN/m2 when 40% stone dust was added. Cohesion decreased to 5.42 kN/m2 when
both sand and stone dust were mixed together at a percentage of 40%.

The friction angle rises by above 70%, while the cohesion falls by nearly 69% when sand
content is increased from 0% to 40%. In contrast, increasing stone dust in the same amount
results in a nearly 80% rise in friction angle and over 69% decrease in cohesion. However,
the friction angle rises by above 95%, while the cohesion falls by nearly 77% when both
sand and stone dust are combined and the percentage by weight is increased from 0% to
40%.

Cohesion was found to decrease noticeably as stabilizer content increased, while the inter-
nal friction angle increased as well. The substitution of non-cohesive granular stabilizers
for fines explains this behavior. The addition of coarser particles also improves interpar-
ticle interlocking, which raises frictional resistance. The soil structure changes from a
clustered and plastic matrix to a more granular and friction-dependent framework as the
stabilizer content rises [46]. This change causes the components of shear strength to be
redistributed, increasing the frictional strength while decreasing the cohesive contribution.

So, sand and stone dust significantly impact soil behavior in geotechnical engineering ap-
plications. Sand is a stabilizer, increasing soil stability by improving resistance to shear
deformation. Stone dust enhances soil stability by increasing its capacity to withstand
shear stresses. As more stone dust is added, the friction angle rises, indicating improved
shear resistance. However, the trade-off between cohesiveness and shear strength is im-
portant. With the addition of sand or stone dust, the friction angle increases, but the
soil’s cohesiveness decreases, indicating increased shear resistance. This allows for modi-
fication of soil compositions to meet specific project needs, improving soil performance in
situations where shear deformation is crucial.

5. Conclusion

The study assessed weak soil’s geotechnical properties, examined how sand, stone dust,
or a combination altered compaction characteristics, and identified stabilized soil’s shear
strength parameters, providing valuable insights into poor soil behavior. The lacustrine
soil from Kupondole was inorganic, high plastic silt. The laboratory testing of the soil
resulted in MDD of 12.0 kN/m3, OMC of 38.46%, friction angle of 20.44 degrees, cohe-
sion of 23.39 kN/m2, and specific gravity of 2.36. Meanwhile, sand and stone dust added
coarser particles to improve the soil’s gradation.

The results demonstrate the effectiveness of sand and stone dust to improve the plasticity
characteristics of the lacustrine MH, with combined mixes showing noticeable reductions
in LL and PI. Similarly, when mixing sand and stone dust in the soil, the compaction tests
showed a significant increase in MDD and a decrease in OMC, enhancing compaction prop-
erties in weak soil, with 40% content showing the best results. Likewise, both stabilizers
significantly improved the lacustrine soil’s shear strength. Particularly, the friction angle
of stabilized soil increased with the addition of sand and stone dust. For both sand and
stone dust, the greatest improvements in the friction angle were consistently observed at
the 40% content level. However, the addition of the stabilizers led to a decline in cohesion,
emphasizing the importance of balance between increased friction angle with decreased
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Figure 6. Comparison of cohesion and friction angle for soil stabilized
with sand, stone dust, and the combination of both.

cohesiveness in the shear strength of soil.

On comparison, the 40% addition of the stone dust in the weak soil resulted in around
a 15% rise in MDD and an 80% rise in friction angle, which was more effective than
sand. When comparing the compaction and shear strength parameters between the sand
and stone dust individually in stabilization of weak soil, it is clear that stone dust is a
more effective stabilizer than sand. However, the impacts of the combined mix (both
sand and stone dust) from 0% to 40% result in nearly a 1.96 times increase in friction
angle when compared to untreated (natural) soil condition, indicating that the combi-
nation acts as an efficient stabilizing agent. So, sand and stone dust are cost-effective,
long-lasting materials to reinforce weak soils and address engineering and environmental
concerns [1, 14, 21, 27, 29, 46].
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From a practical standpoint, incorporating 30–40% stone dust emerged as the most effec-
tive and economical strategy for enhancing weak soils in Kathmandu Valley. This method
is particularly suitable for use in shallow foundations, road subgrade layers, and fill mate-
rials in small- to medium-scale infrastructure projects. Moreover, the approach promotes
the reuse of local quarry by-products, aligning with sustainable construction practices and
cost efficiency [20, 27, 29].
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Numerical Solutions of Non-Linear Systems of
ODES: Lotka–Volterra Predator–Prey Model
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Abstract. This study investigates the dynamic behavior of predator–prey interactions
using the classical Lotka–Volterra system of nonlinear ordinary differential equations.
We employ both analytical and numerical techniques to analyze population fluctuations
of hares and lynx, based on historical Hudson Bay Company records. An approximate
analytical solution is derived using the Ritz method, while a numerical solution is ob-
tained via the fourth-order Runge–Kutta (RK4) method. To enhance model realism,
we estimate system parameters (α, β, γ, δ) using Simulated Annealing (SA), a global
optimization technique well-suited for non-convex landscapes. The model is calibrated
against empirical data, and SA-based optimization achieved mean RMSE values of 4.12
for hares and 4.01 for lynx across five independent runs. Comparative plots between
observed and predicted populations confirm the model’s ability to capture oscillatory
behavior and phase shifts. This work compares analytical and numerical solution meth-
ods for the Lotka–Volterra system using parameters estimated via Simulated Annealing,
demonstrating the relative strengths of the Ritz and Runge–Kutta approaches in mod-
eling real-world population dynamics.
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1. Introduction

The Lotka–Volterra predator–prey model stands as a foundational framework in the study
of nonlinear dynamical systems, originally developed to describe ecological interactions be-
tween predator and prey populations [18, 27]. This model captures the cyclical nature of
population dynamics through a system of first-order nonlinear differential equations, as-
suming that prey populations grow exponentially in the absence of predators, while preda-
tor populations decline without prey. Their interaction introduces a regulatory feedback
mechanism that leads to oscillatory behavior in both species [12]. Due to its simplicity
and interpretability, the Lotka–Volterra model has been extensively studied and applied
across a wide range of disciplines. In theoretical ecology, it offers insights into species
interactions such as wolves and rabbits in terrestrial ecosystems or bass and redear fish
in aquatic environments [7]. It has also been used in conservation biology to simulate
intervention scenarios, including predator control and endangered species management.

Beyond ecology, the model has found applications in fields such as epidemiology, where it
helps simulate interactions between hosts and vectors in diseases like malaria and dengue
fever [2, 11]. In economics, it has been adapted to describe competitive market dynam-
ics where firms compete for market dominance, mimicking predator–prey relationships
in terms of resource or customer share [19, 28]. The model also extends to engineering
systems such as power grids and communication networks, where it describes the balance
between supply and demand or the flow of competing data packets [25, 3, 26]. In cell biol-
ogy and immunology, predator–prey analogues represent virus-infected cells and immune
responses, contributing to the understanding of infection dynamics and therapeutic design
[10, 21]. Social sciences and artificial intelligence have further leveraged Lotka–Volterra
frameworks to simulate cultural interactions, ideological shifts, and the dynamics of neu-
ral networks [17, 22]. Despite its versatility, the classical Lotka–Volterra model presents
analytical challenges due to its inherent nonlinearity. While qualitative analysis using
phase plane methods and stability theory provides insight into equilibrium behavior [1],
closed-form solutions are rarely available, especially under realistic ecological conditions
involving stochasticity, migration, or environmental constraints [11]. Consequently, nu-
merical approximation methods such as Euler’s method and Runge–Kutta schemes have
become essential tools for exploring these systems [13].

This study focuses on evaluating the Lotka–Volterra system using both analytical and nu-
merical strategies. We begin with an approximate analytical solution via the Ritz method,
highlighting its utility and limitations in capturing the system’s inherent oscillations [29].
We then implement a fourth-order Runge–Kutta (RK4) method to numerically simulate
population dynamics over time. To align the model with real-world observations, we per-
form parameter estimation using Simulated Annealing—a global optimization algorithm
well-suited for nonlinear systems with complex error surfaces. The model is calibrated
against historical lynx–hare data from the Hudson Bay Company, and predictive accu-
racy is evaluated using root mean square error (RMSE). Finally, we analyze the system’s
long-term behavior through phase portraits and discuss the broader applicability of the
approach in ecological modeling and interdisciplinary research.

2. Lotka–Volterra Model

2.1. Mathematical Formulation. The Lotka–Volterra predator-prey model [7, 1, 29] is
governed by the following system of two nonlinear ODEs:
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{
dx
dt = αx(t)− βx(t)y(t)
dy
dt = δx(t)y(t)− γy(t)

(1)

where:

• x(t) represents the prey population at time t,
• y(t) represents the predator population at time t,
• α is the growth rate of the prey in the absence of predators,
• β is the predation rate, describing how often predators catch prey,
• δ is the rate at which predators reproduce based on the availability of prey,
• γ is the death rate of the predators in the absence of food (prey).

The constants α, β, δ and γ are all positive. When the predator is absent, the prey pop-
ulation grows at a rate proportional to its current population. This is described by the
equation dx

dt = αx(t) and y(t) = 0. Similarly, in the absence of the prey, the predator

population declines, with the rate of change given by dy
dt = −γy(t) and x(t) = 0.

Experimental studies have documented numerous prey-predator interactions that closely
resemble the dynamics predicted by the Lotka–Volterra model. These investigations have
examined different species pairs, including the Canada lynx and snowshoe hare [14], as
well as moose and wolf populations in Isle Royale National Park [16] and more examples
can be found on [29].

Prey (x) Predator (y)

α

Prey Growth

β

δ

Predator Growth

γ

Predator Death

Figure 1. Schematic representation of the Lotka–Volterra predator–prey
model showing growth, interaction, and death rates.

2.1.1. Biological Interpretation and Model Assumptions. The prey are assumed to have an
unlimited food supply and reproduce exponentially, except when preyed upon. This ex-
ponential growth is represented in Equation (1) by the term αx. The rate of predation on
the prey is assumed to be proportional to the rate at which predators and prey encounter
one another, represented by βxy. If either x or y is zero, no predation occurs. Hence, the
prey equation in Equation (1) describes the rate of change of the prey population as its
growth rate minus the predation rate. The term δxy represents the growth of the predator
population, which is proportional to the number of prey consumed. The predator growth
rate differs from the predation rate, which is why a different constant is used. The term
γy represents the predator mortality rate, encompassing natural death or emigration. In
the absence of prey, this leads to exponential decay. Therefore, the predator equation in
Equation (1) expresses the rate of change of the predator population as the predation rate
minus its intrinsic death rate.
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The Lotka–Volterra predator-prey model makes several assumptions about the environ-
ment and the biology of the populations [7], [29], [6]:

• The prey population has an unlimited food supply at all times.
• The predator population’s food supply depends entirely on the prey population.
• The rate of population change is proportional to the population size.
• Environmental factors do not favor one species over the other, and genetic adap-
tation does not play a significant role during the modeling period.

• Predators have an unlimited appetite.
• Both populations are modeled as a single variable, implying that spatial or age
distribution does not influence population dynamics.

2.1.2. Significance of the Model in Real-World Applications. The Lotka–Volterra model
serves as a foundational framework in ecology, particularly for understanding the dy-
namics between interacting species in an ecosystem. It illustrates how changes in the
population of one species affect the other, showing the cyclical nature of predator-prey
dynamics: increases in prey populations lead to higher predator populations, which then
reduce the prey population, causing a subsequent decline in predators. In ecology, the
model is commonly applied to species such as predators (e.g., wolves) and prey (e.g., rab-
bits). It can also be used to simulate various scenarios, such as conservation efforts or
managing endangered species. The model can be extended to include factors like environ-
mental carrying capacity, external predation pressures, migration, or disease, all of which
are nonlinear and complicate the model’s analytical solutions.

Beyond ecology, the Lotka-Volterra model has been extensively adapted to describe a wide
range of systems across various disciplines. In epidemiology, the model is used to simulate
interactions between disease-carrying organisms, such as mosquitoes, and the spread of
infections. A prominent application is in the study of vector-borne diseases, where inter-
actions between mosquito populations (the vectors) and human populations (the hosts)
are crucial for understanding disease dynamics, such as malaria and dengue fever [2]. This
application is key for predicting disease outbreaks and devising control strategies [11]. In
economics, the model has been adapted to represent competitive market dynamics [28].
Specifically, it has been applied to model competition between firms, where one firm acts
as the ”predator” and the other as the ”prey” in terms of market share [19]. Additionally,
the model has been used to study resource allocation in various economic sectors, provid-
ing insights into market stability and the long-term behavior of competing entities [23].

In cell biology, the Lotka-Volterra model helps represent interactions between different cell
types, such as infected and uninfected cells, to understand infection dynamics within pop-
ulations [10]. It has been used to simulate viral infections, examining interactions between
virus-infected cells and immune cells [21] [20]. These insights are crucial for developing
effective treatments, vaccines, and for understanding how infections spread and persist
within populations. In engineering, the Lotka-Volterra model is employed to simulate sys-
tems with two interacting components, such as the balance between supply and demand
or resource allocation in networks. For example, in power grid management, the model
describes the interactions between energy supply and consumption [25] [26]. Similarly,
in communication networks, it has been used to represent traffic flow, where compet-
ing entities (such as data packets) interact and influence overall network performance [3]
[4] [5]. These applications illustrate how predator-prey dynamics govern systems in which
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competition or cooperation between components drives the overall behavior of the system.

Finally, the Lotka-Volterra model can also be applied to understand social behavior dy-
namics, such as interactions between competing social groups, ideologies, or cultures [17].
It has been adapted for use in neural networks to study the dynamics of interacting com-
ponents in complex systems [22]. This broad applicability across various fields highlights
the model’s versatility in describing complex interactions beyond its original ecological
context.

3. Analytical Methods

Despite the increasing applications of the Lotka-Volterra model, no closed-form analytical
solution for this predator-prey system has been established in the literature [24]. The
Equation (1) is recognized as conservative, meaning that its solutions must exhibit pe-
riodic behavior and do not have a simple expression in terms of the usual trigonometric
functions; however, the exact analytical expressions for these solutions remain unknown
[24]. In this section, we will first discuss the theoretical background of the Ritz method
also known as principle of harmonic balance, followed by its application to the LV system,
as demonstrated in [8].

3.1. Theoretical Background of Ritz Method. The Ritz method provides an approx-
imate solution, x(t), to the equation

ẍ+ f(x) = 0

by ensuring that the functional

J =

∫ tb

ta

F (x, ẋ, t) dt

is minimized. Here, F (x, ẋ, t) is selected such that the solution to the minimum of J ,
governed by the Euler-Lagrange equation, corresponds to the differential equation we aim
to solve:

∂F

∂x
− d

dt

(
∂F

∂ẋ

)
= ẍ+ f(x) = E(x) = 0.

The approximate solution x(t) is expressed as

x(t) =
∑

aiφi(t)

where the φi(t) are a linearly independent set chosen based on prior knowledge of the
differential equation’s behavior.

To determine x̃(t), the functional J must be minimized with respect to the n coefficients
ai. If we impose the condition that φi(ta) = φi(tb) = 0, or that φi is periodic over the
interval ta − tb, we obtain the following conditions:∫ tb

ta

φi(t)E(x̃(t)) dt = 0, i = 1, . . . , n

For oscillatory systems, the Ritz method simplifies the process by eliminating the need
to perform the n integrations mentioned earlier. When we take x̃(t) = A cos(ωt) as an
approximate solution to ẍ + f(x) = 0, we find, through evaluating the integral, that the
Ritz method is equivalent to selecting ω and A such that x̃(t) satisfies the differential
equation, while disregarding the higher harmonics produced by f(x̃). In other words,
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the sum of the coefficients of cos(ωt) in E(x̃(t)) must be zero. Similarly, when we take

x̃(t) =
∑N

n=0 an cos(nωt), we find that the coefficients of cos(nωt), for n = 0, . . . , N in
E(x̃(t)) must balance to zero, which is the essence of the principle of harmonic balance.

3.2. Ritz Method for Solving the LV System. Equilibrium points, also known as
fixed points, are locations where both populations remain constant over time, meaning
dx
dt = 0 and dy

dt = 0. To determine the equilibrium points, set the right-hand sides of the
equation (1) equal to zero:

αx− βxy = 0 (2)

δxy − γy = 0 (3)

The Equation (2), has two possibilities:

(1) x = 0 (which is a trivial equilibrium corresponding to the extinction of the prey
population),

(2) α− βy = 0 ⇒ y = α
β (for a non-zero prey population).

Similarly, Equation (3) has two possibilities

(1) y = 0 (which corresponds to the extinction of the predator population),
(2) δx− γ = 0 ⇒ x = γ

δ (for a non-zero predator population).

Thus, the only non-trivial equilibrium point is:

x∗ =
γ

δ
, y∗ =

α

β

As a result, the system (2) has two singularities at the points (x, y) = (0, 0) and
(
y
δ ,

α
β

)
.

These are referred to as the prey and predator equilibrium populations. By linearizing
around these singularities, we find that the first is a saddle point, while the second is a
center. We will apply the equivalent Ritz method to derive approximate solutions in the
vicinity of the center. We postulate an approximate solution of the form:

x(t) = A+B cos(ωt) + C sin(ωt)

y(t) = D + E cos(ωt) + F sin(ωt)
(4)

Differentiating with respect to t :

dx

dt
= −Bω sin(ωt) + Cω cos(ωt)

dy

dt
= −Eω sin(ωt) + Fω cos(ωt)

(5)

Substituting these solutions into the differential equations (1), we get

dx

dt
= α (A+B cos(ωt) + C sin(ωt))

−β (A+B cos(ωt) + C sin(ωt)) (D + E cos(ωt) + F sin(ωt))

−Bω sin(ωt) + Cω cos(ωt) = α (A+B cos(ωt) + C sin(ωt))

−β (A+B cos(ωt) + C sin(ωt)) (D + E cos(ωt) + F sin(ωt))

Similarly,

dy

dt
= δ (A+B cos(ωt) + C sin(ωt))

(D + E cos(ωt) + F sin(ωt))− γ (D + E cos(ωt) + F sin(ωt))

106



Sapkota and Khattri: Numerical Solutions of Non-Linear Systems of ODES...

−Eω sin(ωt) + Fω cos(ωt) = δ (A+B cos(ωt) + C sin(ωt))

(D + E cos(ωt) + F sin(ωt))− γ (D + E cos(ωt) + F sin(ωt))

By simplifying above equations and setting the coefficients of cos(ωt), sin(ωt), and the con-
stant terms to zero, we derive a system of algebraic equations for the variablesA,B,C,D,E, F,
and ω as:

αC − βAF − βCD + ωB = 0

ωC − αB + βAE + βBD = 0

αA− βAD −
(
βBE

2

)
−
(
βCF

2

)
= 0

ωE − γF + δAF + δCD = 0

ωF + γE − δAE − δBD = 0

δAD − γD +

(
δBE

2

)
+

(
δCF

2

)
= 0

From the initial condition(t = 0), we have:

x(0) = A+B

y(0) = D + E

It is clear that for the desired equilibrium point to be achieved, we must set A = γ
δ and

D = α
β . By solving the system of equations above, we derive the following results:

B = x(0)− γ

δ

C = ±
(
y(0)− α

β

)(
β

δ

)√
γ

α

E = y(0)− α

β

F = ±(x(0)− γ

δ
)

(
δ

β

)√
α

γ

ω = ±√
γα

(6)

Thus, the approximate solutions are given by

x(t) =
γ

δ
+ (x(0)− γ

δ
) cos(

√
γαt)− (y(0)− α

β
)

(
β

δ

)√
γ

α
sin(

√
γαt)

y(t) =
α

β
+ (y(0)− α

β
) cos(

√
γαt) + (x(0)− γ

δ
)

(
δ

β

)√
α

γ
sin(

√
γαt)

(7)

These equations describe an elliptical trajectory in the x-y plane with closed orbits around
the equilibrium point.This indicates that the populations of both species oscillate in a
cyclical manner, as predators and prey undergo regular cycles of growth and decline.

3.3. Limitations of the Ritz Method. While the Ritz method provides an efficient
way to approximate periodic or quasi-periodic behavior in nonlinear systems, it is subject
to several important limitations:

• The method assumes that the solution remains smooth and approximately har-
monic. It performs well near equilibrium but fails under strongly nonlinear or
chaotic conditions.

• Discontinuities, sharp transitions, or external forcing (e.g., environmental pertur-
bations) are not handled well due to the fixed functional form.
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• The quality of the solution heavily depends on the choice of trial functions. In-
adequate basis functions can lead to poor approximations even if residuals are
minimized.

Despite these limitations, the Ritz method remains valuable for gaining qualitative insight
into the dynamics of ecological models and for validating trends observed in numerical
simulations.

3.4. Stability Analysis. To determine the stability of the equilibrium point, we linearize
the system near the equilibrium using the Jacobian matrix. The Jacobian matrix is given
by:

J =

(
∂
∂x (αx− βxy) ∂

∂y (αx− βxy)
∂
∂x (δxy − γy) ∂

∂y (δxy − γy)

)
=

(
α− βy −βx

δy δx− γ

)
Jacobian at the equilibrium point

(
γ
δ ,

α
β

)
:

J =

(
α− β α

β −β γ
δ

δα
β δ γ

δ − γ

)
=

(
0 −β γ

δ
δα
β 0

)
The eigenvalues λ of the Jacobian matrix can be found by solving the characteristic equa-
tion:

det(J − λI) = 0

This simplifies to:

λ2 = βγ
α

δ
Thus, the eigenvalues are:

λ = ±
√
βγ

α

δ
Based on these eigenvalues, we can conclude the stability of the equilibrium points. If the
real parts of the eigenvalues are positive, the equilibrium point is unstable, while if the real
parts are negative, the equilibrium point is stable. The sign of the eigenvalues determines
whether the system experiences growth or decay around the equilibrium point, providing
insight into the system’s behavior over time.

4. Numerical Methods

4.1. Runge-Kutta Methods. The Runge-Kutta family of methods is one of the most
commonly used numerical techniques for solving ODEs. The most widely known is the
fourth-order Runge-Kutta method (RK4), which provides a good balance between com-
putational efficiency and accuracy. The RK4 method is applied as follows to solve Equa-
tion (1):

xn+1 = xn +
h

6
(L1 + 2L2 + 2L3 + L4) (8)

where h is the step size and the terms L1, L2, L3, L4 are defined as:

L1 = f(tn,xn)

L2 = f

(
tn +

h

2
,xn +

h

2
L1

)
L3 = f

(
tn +

h

2
,xn +

h

2
L2

)
L4 = f(tn + h,xn + hL3)
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yn+1 = yn +
h

6
(k1 + 2k2 + 2k3 + k4) (9)

where h is the step size and the terms k1, k2, k3, k4 are defined as:

k1 = f(tn,yn)

k2 = f

(
tn +

h

2
,yn +

h

2
k1

)
k3 = f

(
tn +

h

2
,yn +

h

2
k2

)
k4 = f(tn + h,yn + hk3)

In this method, the values k1, k2, k3, k4 and L1, L2, L3, L4 represent different approxima-
tions of the slope at various points within the interval, and their weighted average provides
the next value in the solution.

5. Results and Discussion

5.1. Experimental Setup. The table below, Table 1, illustrates a sample dataset of lynx
(predator) and hare (prey) populations, measured in thousands of individuals, recorded
by the Hudson Bay Company from 1900 to 1935 in a forest in northern Canada [14], [9],
[15]. The initial populations of the predator and prey, taken from the year 1900, were
x(0) = 12.82 and y(0) = 7.13. The cyclical pattern (see Figure 2)in the data suggests
periodic fluctuations in both species, which align with the theoretical predictions of the
Lotka–Volterra equations. The observed trend indicates that as hare populations increase,
lynx populations follow with a time lag, leading to periodic oscillations.

Table 1. Samples of Lynx and Hares in thousands of individuals from
year 1900 to 1935 [15]

Year Hares Lynxes Year Hares Lynxes
1900 12.82 7.13 1918 4.50 6.82
1901 4.72 9.47 1919 11.21 3.19
1902 4.73 14.86 1920 56.60 3.52
1903 37.22 31.47 1921 69.63 9.94
1904 69.72 60.57 1922 77.74 20.30
1905 57.78 63.51 1923 80.53 31.99
1906 28.68 54.70 1924 73.38 42.36
1907 23.37 6.30 1925 36.93 49.08
1908 21.54 3.41 1926 4.64 53.99
1909 26.34 5.44 1927 2.54 52.25
1910 53.10 11.65 1928 1.80 37.70
1911 68.48 20.35 1929 2.39 19.14
1912 75.58 32.88 1930 4.23 6.98
1913 57.92 39.55 1931 19.52 8.31
1914 40.97 43.36 1932 82.11 16.01
1915 24.95 40.83 1933 89.76 24.82
1916 12.59 30.36 1934 81.66 29.70
1917 4.97 17.18 1935 15.76 35.40
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Figure 2. Original Data

Figure 2 illustrates the fluctuations in hare and lynx populations over time. The hare
population (prey) exhibits a peak approximately every 10 years, followed by an increase in
lynx population (predators). This phase shift is characteristic of predator-prey dynamics,
where predator populations lag behind prey populations.

5.2. Parameter Estimation via Simulated Annealing. To calibrate the parameters
of the Lotka–Volterra predator–prey model using empirical data, we employed the Sim-
ulated Annealing (SA) optimization algorithm. SA is a stochastic global search tech-
nique inspired by the annealing process in metallurgy. It is particularly effective for
non-convex optimization landscapes, making it suitable for nonlinear systems such as the
Lotka–Volterra equations.

5.2.1. Objective Function. Let xobsi and yobsi denote the observed hare and lynx popula-
tions at discrete time points ti, and xsimi , ysimi the simulated populations from the model.
The cost function is defined as the sum of squared residuals:

J(α, β, γ, δ) =

N∑
i=1

[
(xsimi − xobsi )2 + (ysimi − yobsi )2

]
, (10)

which is minimized using SA to obtain the best-fitting parameters.
We used the dual annealing optimizer from the SciPy library to minimize the objective
function. The optimization was constrained within biologically plausible bounds:

α ∈ [0.1, 1.0], β ∈ [0.001, 0.05], γ ∈ [0.1, 2.0], δ ∈ [0.001, 0.05].

To assess robustness and repeatability, we repeated the SA optimization over five inde-
pendent runs with different random seeds. For each run, the estimated parameters and
RMSEs were recorded. RMSE was computed for each species as:

RMSEx =

√√√√ 1

N

N∑
i=1

(xsimi − xobsi )2, RMSEy =

√√√√ 1

N

N∑
i=1

(ysimi − yobsi )2. (11)

The average parameter values and RMSEs over five runs were:
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Figure 3. Numerical solution of a trajectory using the Ritz Method

Parameter Mean Std. Dev.

α 0.6923 0.0684
β 0.0334 0.0031
γ 0.7627 0.0861
δ 0.0268 0.0034

Table 2. Simulated Annealing estimated parameter statistics (5 runs)

By using the parameters found for α, β, γ, and δ, we have:{
dx
dt = 0.6923x(t)− 0.0333x(t)y(t)
dy
dt = 0.02684x(t)y(t)− 0.7627y(t)

(12)

The relatively small standard deviations across all parameters indicate that the SA algo-
rithm produces stable and consistent parameter estimates.

5.3. Ritz Method. Figure 3 illustrates the numerical solution of the Lotka–Volterra sys-
tem obtained using the Ritz method, a physics-based numerical approach. The numerical
predictions closely follow the observed data, capturing the cyclic nature of the population
dynamics. The model effectively reproduces the observed trends, demonstrating the va-
lidity of the chosen numerical approach for solving non-linear ODEs. Despite the general
agreement, discrepancies exist between the predicted and actual values, particularly in
the amplitude of population peaks. These differences may stem from simplifying assump-
tions in the classical Lotka–Volterra equations, such as constant interaction coefficients
and absence of external environmental influences. In reality, stochastic factors like climate
variations, food availability, and disease outbreaks could contribute to deviations from the
idealized model.

5.4. RK 4th Order. The results of the LV systems simulation using the Runge-Kutta
4th-order (RK4) method demonstrate (see Figure 4) the cyclical nature of predator-prey
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Figure 4. Numerical solution of a trajectory using the RK4 Method

interactions. The figure compares the actual population data of lynx and hares with the
numerically predicted values over a series of years. The RK4 method effectively captures
the oscillatory behavior of both species, where the prey population (hares) increases first,
followed by a delayed rise in the predator population (lynx), after which both decline in a
continuous cycle. The predicted results align well with the actual data, indicating that the
RK4 method provides an accurate numerical approximation of the nonlinear LV equations.

While the general trends are well-represented, minor deviations exist, likely due to envi-
ronmental factors not accounted for in the classical model, parameter estimation uncer-
tainties, or natural fluctuations in the real-world data. Despite these discrepancies, the
RK4 method produces smooth and stable numerical solutions, demonstrating its reliabil-
ity in modeling complex ecological interactions. These results reinforce the importance of
numerical methods for solving nonlinear ODEs, especially when analytical solutions are
impractical. The presence of multiple trajectories corresponding to different initial preda-
tor population values suggests that the system’s behavior depends on initial conditions but
follows a stable, repeating pattern. The variation in initial predator populations (e.g., y
= 4.0, y = 41.7, y = 7.4, etc.) affects the trajectory, but all orbits remain closed, reinforc-
ing the theoretical prediction that predator-prey interactions remain bounded in a limit
cycle rather than leading to extinction. To conclude, the phase-space plot confirms the
characteristic oscillatory behavior of the LV model, demonstrating that populations follow
periodic cycles rather than reaching a steady equilibrium. The RK4 method effectively
captures this dynamic, providing accurate numerical approximations of the nonlinear sys-
tem.

5.5. RMSE Comparison Between RK4 and Ritz Methods. To evaluate the accu-
racy of the numerical methods used to model the Hare and Lynx population dynamics, we
computed the Root Mean Square Error (RMSE) for both species using the RK4 (Runge-
Kutta 4th order) and Ritz methods. The RMSE quantifies the difference between the
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observed data and the numerical simulation results. Table 3 summarizes the RMSE val-
ues for both populations:

Method RMSE (Hare) RMSE (Lynx)
RK4 Method 21.77 15.54
Ritz Method 27.20 21.98

Table 3. Comparison of RMSE for Hare and Lynx Populations Using
RK4 and Ritz Methods

As shown in the table, the RK4 method yields lower RMSE values for both the hare
and lynx populations compared to the Ritz method. Specifically, the RMSE for the hare
population is 21.77 using RK4 and 27.20 using Ritz, while for the lynx population, the
RMSE is 15.54 for RK4 and 21.98 for Ritz.
This indicates that the RK4 method provides a more accurate numerical approximation
of the observed population data. The higher errors in the Ritz method may be attributed
to its weaker handling of rapid nonlinear dynamics present in predator-prey systems.
Therefore, for problems involving sharp oscillations or highly dynamic systems like the
Lotka-Volterra model, the RK4 method appears to be more suitable.

6. Conclusion and Future Research

The numerical analysis of the LV predator-prey model using the RK4 and Ritz meth-
ods demonstrates the effectiveness of numerical techniques in solving nonlinear differential
equations. The results show that both methods successfully capture the oscillatory be-
havior of predator and prey populations, as confirmed by the time-series and phase-space
plots. The RK4 method provides a stable and accurate numerical solution, while the Ritz
method offers an alternative approach with comparable results. The phase plots reveal the
characteristic limit cycles of predator-prey interactions, reinforcing the theoretical predic-
tions of the LV model. However, due to inaccurate parameter estimations of α, β, δ and γ
using the maximum likelihood method, the model can sometimes deviate from real-world
data. While the general predator-prey cycles remain intact, small errors in parameter
estimation can lead to discrepancies in amplitude and phase shifts between predicted and
actual population trends.

Future research can focus on improving parameter estimation techniques to enhance the
model’s predictive accuracy. AI-based approaches, such as machine learning and deep
learning, could be integrated to optimize the estimation of system parameters (α, β, δ and
γ) reducing uncertainties in model predictions. Additionally, extending the classical LV
system to include ecological complexities like seasonal effects, environmental changes, and
stochastic influences could provide a more realistic representation of predator-prey dynam-
ics. Further comparisons between numerical methods, including higher-order solvers and
hybrid AI-numerical techniques, could enhance computational efficiency and stability. In-
vestigating these advanced modeling strategies would offer deeper insights into ecosystem
interactions and contribute to better wildlife conservation and resource management.
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Analysis of Cost deviation in civil works of
selected hydropower projects of Province No. 1

and Gandaki Province

AARSHIKA K.C.1∗

Abstract. Cost of construction project is one of the major concerns of the parties in-
volved in the project. The percentage of difference between the initial cost and final cost
is known as cost deviation. In the context of developing countries like Nepal, inadequate
planning often leads to significant cost deviation in construction projects. A case study
has been done observing four hydropower projects: Rudi Khola A, Hewa Khola HEP,
Midim Khola HEP and Mistri Khola HEP. The objective was to analyze the current
scenarios of cost deviation, identifying underlying causes and suggesting remedial mea-
sures to mitigate such deviations. Data were collected through the bill of quantities, final
Interim Payment Certificates (IPCs), and questionnaire survey. The qualitative response
from the questionnaire survey has been quantified with five point ranking Likert scale
for analysis.

The study revealed that the percentage deviation in cost lies between 18 % to 42 %.
The main causes of cost deviation were identified separately .i.e. In Rudi Khola A HEP
and Hewa Khola HEP, quantity overrun was the main cause. In Midim Khola HEP,
change in design, quantity over run were identified as the major causes. In case of Mristi
Khola HEP, seepage water management inside tunnel and price escalation were main
causes of cost deviation.

Based on the feedback of the parties involved, the remedial measures suggested are
to review and improve bid documents such as technical specifications, drawings, bill of
quantities by the consultant; contractor should have enough cash before beginning of
any project, frequent preventive maintenance of equipment by hiring full time skilled
mechanics; client should ensure quality design of the project and other measures as
effective strategic planning, geological investigation should be done
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1. Introduction

1.1. Background. A successful project is one which has been completed as per the tech-
nical specification, the schedule, and within the budget. The cost of a construction project
is one of the foremost imperative aspects in the construction industry. Due to numerous
reasons, the total cost of a project notably deviates from the initially estimated cost [33].
The major concern of professionals in the construction industry is the wide gap between
final account figures and the preliminary estimates arrived before the contract stage [23].
In the context of developing countries like Nepal, due to various reasons such as changes
in scope of work, specifications, differing site conditions, increase in quantity of works,
and unforeseen conditions, cost deviation exists [11].
Upper Trishuli 3A (60 MW), Middle Marsyangdi (70 MW), and Kulekhani-III (14 MW)
are large hydropower projects having installation capacity greater than 10 MW, which
were also completed with considerable deviation in project cost [29]. Similarly, in other
small hydropower projects having installation capacity less than 10 MW, such as Lower
Piluwa Hydropower Project and Hadi Khola Hydropower Project, there was deviation in
the original cost by the time the project was completed [36]. Despite the size and nature
of the project, deviation was seen in the cost of hydropower projects.
Also, the largest share of installed costs for hydropower projects is usually taken up by
civil works for the construction of the hydropower plant, such as headworks, dam, tunnels,
canal, and powerhouse [21].
Therefore, it is necessary to study the construction phase of hydropower projects in order to
identify the causes of deviation so that the negative impact of deviation can be minimized
in future hydropower projects.

1.2. Statement of the Problem. In the Nepalese construction industry, hydropower
construction projects are being implemented without proper planning, estimation, and
detailed study, which results in cost deviation of the projects by the time they are com-
pleted [31]. The final project cost of completed hydropower projects has considerable
deviation from the original cost [28].
National pride projects like Middle Marsyangdi Hydropower Project (70 MW) and Kulekhani-
III Hydroelectric Project (14 MW) faced cost deviation of more than 50% [29]. Delay and
cost overrun occur in all phases of a project’s life span. However, significant cost deviations
usually occur during the construction phase [38].
Identifying the factors that lead to cost deviation is a way to control project costs. Very
few studies have been done to identify cost deviation in the hydropower sector of Nepal.
Therefore, studies in this field are very important to explore matters related to project
cost deviation and make possible recommendations based on findings so that the parties
involved in the projects can benefit.

1.3. Research Objectives. The general objective of this study is to analyse cost devia-
tion in selected hydropower projects of Nepal.
The specific objectives of the study are as follows:

(1) To analyse the current scenarios of cost deviation of selected hydropower projects.
(2) To find out the major causes of cost deviation in selected hydropower projects.
(3) To find out the remedial measures of cost deviation of hydropower projects.

1.4. Significance of the Study. This study identifies the causes of cost deviation and
recommends remedial measures for cost deviation in the construction of hydropower
projects. Hence, all parties involved in the project—such as clients, consultants, and
contractors—will benefit from the study.
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The developers (clients) of hydropower projects will be able to minimize the wide gap
between final and initial estimated costs. The consultants involved in the projects can
gain better insight for proper estimation during the feasibility study stage. Contractors
of hydropower construction projects will be able to clearly identify the possible causes of
deviation during construction and will incorporate the rate of major works accordingly so
that the negative impact of deviation can be avoided.

1.5. Scope and Limitation.

Scope. This study mainly focuses on major activities of civil works to analyse the current
scenario of cost deviation in hydropower projects. In addition, it also focuses on analysing
the causes and remedial measures of cost deviation in selected hydropower projects of
Nepal.

Limitation. This research is limited to the civil construction works of hydropower projects,
as civil works cover a major percentage of total project cost. Furthermore, the research
only covers hydropower projects developed by Independent Power Producers (IPPs).

2. Literature Review

2.1. General background. Cost deviation may be expressed as a percent difference be-
tween the final cost of the project (actual cost) and the contract award amount (estimated
cost). Generally, the success of project is defined by accomplishing it within specified
cost, time and quality. However, the construction industry is full of projects that were
completed with significant time and cost overruns [3]. The cost deviation can be either
positive or negative (i.e., the final cost is above, or below the initial one). When it is
positive, there is a cost overrun.

2.2. Causes of cost deviation in construction projects. From the preliminary sur-
vey conducted in water drilling projects in Ghana attributed the cost overruns to irregular
monthly payment, the escalation of material prices, inadequate cash flow during construc-
tion, deficiencies in cost estimates prepared [38]. Some researchers like [25] and [5] have
criticized bill of quantities lacking precision as one of the major reason for cost deviation.
A fuzzy model was developed for forecasting the probability of cost overrun risk for Indian
construction project. Among major factors shortage of construction material, fluctua-
tion in price of material, inappropriate government policies and laws, unrealistic contract
duration, differing site (ground) conditions, inflation, contractor’ lack of experience and
frequent design change are commonly occurred cost deviation factors [34]. Similarly, re-
search done in delay and cost overrun in Vietnam construction project identified cost
overrun factors such as financial difficulties of owner and contractor, , slow payment of
completed works by owner, slow inspection of completed works by consultant and delay
of works etc. [26].

2.3. Causes of Cost Deviation in Hydropower Construction Projects. In order to
identify the various causes of variation orders in the construction of hydropower projects
in Pakistan, a survey questionnaire was conducted. The most significant factors identified
were:

(1) Change of scope,
(2) Omission and mistakes in design,
(3) Change in design,
(4) Owner’s financial problems, and
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(5) Unavailability of equipment [18].

The impact of such variation orders on time and cost of the project was reported as 20%
time overrun and 31% cost overrun with respect to the planned schedule and budget [19].
A study of the construction of the underground powerhouse at the Dagachhu Hydropower
Project in Bhutan revealed challenges such as seepage water management during con-
struction. According to another study carried out on small hydropower projects, the main
causes of cost deviation were time overrun and variation in quantity in civil and hydro-
mechanical works [10].

A newspaper article published in the Himalayan Times regarding construction delays men-
tioned contractor-, client-, and employer-related factors, as well as external factors, as pri-
mary causes of delay and cost overrun in construction projects of Nepal [31]. Contractor-
related factors included shortage of manpower. Consultant-related factors included delays
in approving major changes in the scope of work, discrepancies in design documents, un-
clear and inadequate details in drawings, and insufficient data collection and survey before
design.

Similarly, external factors included problems of land acquisition, tree cutting, price es-
calation, labour disputes, government regulations, slow permit approval by government
agencies, and unforeseen ground conditions. According to [30, 31], construction delays
lengthen project schedules, increase project costs, and hinder economic growth.

A paper published by [30] in Hydro Nepal analyzed the following major contractual prob-
lems faced by hydropower construction projects in Nepal:

• Payment disputes between contract parties in construction,
• Changed circumstances during construction,
• Unforeseeable conditions such as rugged terrain and varying geology, and
• Force majeure conditions.

A paper on predicted versus actual rock mass conditions for tunnel projects in the Nepal
Himalaya revealed discrepancies between predicted and actual rock mass conditions, which
affected the overall cost and construction time of projects [24]. Studies of tunnel projects
in Nepal showed that the ground conditions encountered were quite different from what
was anticipated during pre-construction phase planning and design. This mismatch caused
additional cost, considerable delay, and led to claims and contractual disputes. The study
of hydropower projects such as Khimti I and Modi Khola revealed that rock mass quality
assessment, stability analysis, and rock support quantity predictions were mainly based
on desk studies, aerial photo interpretation, and surface geological mapping.

2.4. Remedial Measures of Cost Deviation in Hydropower Construction Projects.
As cost deviation is inevitable in any project, it is necessary to adopt certain measures
to minimize its impact in construction projects. A research article published by [1] rec-
ommended several measures to be adopted by contractors, clients, and consultants to
minimize deviation in civil construction projects.

Contractors, being the main builders of the project, are recommended to have sufficient
cash flow before beginning any project to minimize financial problems. Owners are advised
to review and improve bid documents such as technical specifications, drawings, and bills
of quantities, and to ensure the quality design of the project. Consultants are advised
to hire qualified technical staff, provide timely instructions to contractors, and promptly
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resolve any issues raised by the contractors, as delays in resolution can directly or indirectly
affect project costs (either positively or negatively) [1].
[38] also suggested that appropriate funding levels should always be determined at the
planning stage of a project so that regular payments can be made to contractors for the
work completed.
In addition, mitigation measures to control cost overrun factors in construction projects
in Malaysia have been identified as follows [6]:

(1) Proper project planning and scheduling,
(2) Effective site management and supervision,
(3) Frequent progress meetings,
(4) Use of experienced subcontractors and suppliers,
(5) Utilization of up-to-date technology,
(6) Clear information and communication channels,
(7) Frequent coordination between the parties,
(8) Comprehensive contract administration, and
(9) Systematic control mechanisms.

Furthermore, [24] suggested maintaining a minimum level of geological investigation to
improve the predictability of geological conditions. This helps reduce the discrepancy be-
tween predicted and actual rock mass conditions to an acceptable level, thereby minimizing
unexpected cost deviations.

3. Methodology

3.1. Study Area. The study area of the research was selected as hydropower construc-
tion projects developed by Independent Power Producers (IPP). There are altogether 42
hydropower projects developed by IPPs in Province No. 1 and Province No. 4 which
have already started generation and are under operation. Among the 42 hydropower
projects, only four hydropower projects were purposively selected for the study. The
selected projects for the study are mentioned in Table 1 below:

Table 1. List of Selected Hydropower Projects with Key Details

S.N. Name of
Project

Installed Capacity
/ Type

Location Project Com-
mencement
Date / Start
Date

Status of the Project
/ Civil Works Com-
pletion Date

1 Rudi Khola
A Small Hy-
dropower Project

8.8 MW / RoR
project with pipe

Lamjung District,
Province 4 (Gandaki
Pradesh)

March 24, 2016 May, 2019

2 Hewa Khola ‘A’
Hydroelectric
Project

14.9 MW / RoR
Project with Tunnel

Panchthar District,
Province 1

September 30,
2012

February 4, 2017

3 Midim Khola Hy-
dropower Project

3 MW / RoR Project
with Tunnel

Lamjung District,
Province 4 (Gandaki
Pradesh)

April 15, 2016 August, 2017

4 Mistri Khola
Hydroelectric
Project

42 MW / RoR
Project with Tunnel

Myagdi District,
Province 4 (Gan-
daki Pradesh)

June 30, 2016 July, 2021

3.2. Study population and Sample selection. The parties related to the project such
as client, consultant and contractor were interviewed on the subject.

3.3. Data Collection. To fulfil the purpose of study both primary as well as secondary
data were collected.
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Figure 1. Research methodology flow chart

Table 2. Details of Respondents from Different Target Groups

S.N. Target Group Total No. of Respondents
1 Client’s Representative 10
2 Consultant’s Representative 10
3 Contractor’s Representative 20

Total 40

Table 3. Response Rate by Target Group

S.N. Target Group No. of Respondents Responses Re-
ceived

Non-response Rate

1 Client’s Representa-
tive

10 8 20%

2 Consultant’s Repre-
sentative

10 8 20%

3 Contractor’s Repre-
sentative

20 16 20%

Total 40 32 20%

3.3.1. Primary Data Collection. Primary data refers to the first-hand data gathered by
the researcher himself. Various sources of primary data are surveys, observations, ques-
tionnaires, and interviews [2].
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3.3.2. Questionnaire Method. Questionnaires is an observational technique which com-
prises series of items presented to a respondent in a written form, in which the individual
is expected to respond in writing [2]. In this research, a set of questionnaires was devel-
oped which was provided to all the concerned parties (Client, Consultant and Contractor)
who were directly involved in the projects.
The factors related to causes and remedial measures for the selected hydropower project
were identified from the literature review.
The respondents were asked to rate the factors in a 5-point Likert scale. However, the
numbers assigned to the agreement or degree of influence (1, 2, 3, 4, 5) do not indicate
that the interval between scales is equal, nor do they indicate absolute quantities. The
ranking detail is as shown below:

• E.S. = extremely significant (5 marks)
• M.S. = moderately significant (3 marks)
• V.S. = very significant (4 marks)
• S.S. = slightly significant (2 marks)
• N.S. = not significant (1 marks) [36]

3.3.3. Key Informant Interview (KII). Interviewing is a technique that is primarily used
to gain an understanding of underlying reasons [2]. Key informant interview of managing
director of hydropower construction company and design team leader of reputed consultant
for hydropower projects who have experience in hydropower sector for more than 10 years
was done to identify the challenges faced by hydropower sector which results in cost
deviation. In total KII of three personnel were taken.

3.3.4. Secondary Data Collection. Secondary data are those which have already been col-
lected by someone else earlier [2]. For the purpose of the study, secondary data were
collected from the final interim payment certificate or statement at completion certified
by the client after the work completion and Bill of Quantity agreed at the time of con-
tract agreement and signed by the authorized representative of client and consultant were
collected from the concerned authorities to get the information regarding actual cost and
final cost of the project.

3.4. Validity and Reliability.

3.4.1. Validity of Research Tools. Validity refers to the degree to which an instrument
measures what is supposed to be measured [26]. In order to establish content validity,
literature reviews and then follow-ups with the evaluation by expert needs to be done [7].
The questionnaire developed for this study was based on Likert 5-point scale. Similar type
of questionnaire was used in similar research by [20, 32, 33, 36, 22]. Similarly, in order to
rank the factors, RII was used in similar research done by [20, 32, 33, 36, 22]. The results
obtained in the research done by the previous researchers were also in agreement with the
findings obtained after the analysis of questionnaire survey in this study.
In order to fulfil the objective of this research, questionnaire for the research were prepared
with the help of literature review and concerned engineer having experience of more than
10 years in hydropower construction. Prior to the questionnaire survey, the questionnaire
was thoroughly discussed and consulted with the supervisor for the validity of the research.

3.4.2. Reliability of Research Tools. Reliability concerns the extent to which a measure-
ment of a phenomenon provides stable and consistent result [7]. The most commonly used
internal consistency measure is the Cronbach Alpha coefficient [37]. Cronbach’s alpha (α)
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developed by Lee Cronbach in 1951, measures reliability of multiple questions to see if
multiple surveys are reliable.
The formula for Cronbach’s alpha is:

α =
k

k − 1

(
1−

∑
s2y

s2x

)
(1)

where,
k = number of test items
Σs2y = sum of item variance

s2x = variance of total score

Table 4. Cronbach’s Alpha and Internal Consistency Levels

Cronbach’s Alpha (α) Internal Consistency
0.9 ≤ α ≤ 1.0 Excellent
0.8 ≤ α < 0.9 Good
0.7 ≤ α < 0.8 Acceptable
0.6 ≤ α < 0.7 Questionable
0.5 ≤ α < 0.6 Poor
0.0 ≤ α < 0.5 Unacceptable

Cronbach’s alpha test was carried out in MS-Excel, for the purpose of analysis, responses
from questionnaire sets were tabulated in MS- Excel. There were 93 items in questionnaire
of which the reliability of its measurements needs to be measured. Using the formula, the
value of Cronbach’s alpha was calculated for the causes and remedial measures which is
presented in the table 5:

Table 5. Cronbach’s Alpha Values for Different Sections of the Study

S.N. Description Cronbach’s Alpha
Value (α)

Remarks

1 Causes of cost
deviation in
selected hy-
dropower projects
of Nepal

0.982 Excellent

2 Remedial mea-
sures to mitigate
the cost deviation

0.980 Excellent

As per prescribed values and range illustrated in table above, the consistency of questions
within the questionnaire was found to be excellent.

3.5. Data Analysis. The data collected from both primary and secondary sources were
summarized, classified, tabulated, and categorized in various categories. The method used
in data analysis was primarily focused on calculating Relative Importance Index (RII),
ranking the factors based on obtained RII, and checking the correlation between the views
of respondents. To achieve the research goal, Microsoft Excel was used for analyzing the
data.
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Likert’s scale is used for the ordinal scale measurement for the study. In this research, the
scales are represented as not significant = 1 to extremely significant = 5.

3.6. Relative Importance Index (RII). Relative Importance Index has been widely
used in construction research for measuring attitudes [13]. Many researchers like [1, 14, 35]
used the relative importance index in their analysis.
Likert scaling was used to rank the causes of cost deviation and remedial measures to
mitigate cost deviation [36]. After the ranking of the causes and remedial measures by
the respondents, the combined ranking of client, consultant, and contractor was used to
calculate the Relative Importance Index (RII) value using the following equation [15]:

RII =

∑5
i=1Wi ×Xi

A×N
(2)

where,
RII = Relative Importance Index
Wi = Weighting given to each factor by the respondents and ranges from 1 to 5
Xi = Frequency of i-th response given for each cause
A = Highest weight (i.e., 5 in this case)
N = Total number of respondents
The value of RII ranges from 0 to 1. Higher the value, more important is the factor
that is responsible for the causes of cost deviation and remedial measures to mitigate cost
deviation.

3.7. Spearman’s Rank Order Correlation. According to Glen [35], Spearman’s corre-
lation coefficient is a statistical measure of the strength of a monotonic relationship among
paired data. It means that if one variable increases (or decreases), then the other one also
increases (or decreases). It is denoted by rs or simply r and is constrained as −1 ≤ r ≤ 1.
The formula for calculating Spearman’s rank order correlation given by Charles Spearman
in 1904 is:

ρ = 1− 6
∑

d2i
n(n2 − 1)

(3)

where,
di = difference between two ranks of each observation
n = number of observations
It is interpreted based on the strength of correlation as follows:

• -1 = a perfect negative correlation between ranks
• 0 = no correlation between ranks
• 0 to 0.19 = very weak
• 0.2 to 0.39 = weak
• 0.4 to 0.59 = moderate
• 0.6 to 0.79 = strong
• 0.8 to 1.0 = very strong
• +1 = a perfect positive correlation between ranks

In a similar study done by Khanal [22] for the study of impact of variation order on
project cost and time of building construction, Spearman rank correlation coefficient was
calculated to determine the correlation among the control measures to minimize variation
orders.
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In this research study, correlation coefficient was calculated to find the correlation among
the rank given by the respondents for the factors causing deviation and remedial measures
to mitigate cost deviation.

3.8. Research Matrix. Following research matrix was used to meet the objective of the
proposed research.

Table 6. Research Matrix

S.N. Objectives Data Required Data Source Analysis Tools Outcome
1 To analyse the

current scenario
of cost deviations
of selected hy-
dropower projects

Percentage deviation
in cost of major ac-
tivities of civil works
due to quantity over-
run

Bill of quantities, in-
terim payment certifi-
cates, contract docu-
ments, correspondences
with client and consul-
tant

Descriptive statis-
tics

The cost deviation
scenario that exists in
selected hydropower
projects

2 To find out the
major causes of
cost deviation
in hydropower
projects

Major causes result-
ing in cost deviation

Questionnaire survey,
key informant inter-
views (KII)

Relative Impor-
tance Index (RII),
Spearman’s rank
correlation

Various major causes
of cost deviation in
selected hydropower
projects

3 To find out the re-
medial measures
of cost deviation

Various remedial
measures adopted to
avoid cost deviation

Questionnaire survey,
key informant inter-
views (KII)

Relative Impor-
tance Index (RII),
Spearman’s rank
correlation

Mitigation measures to
minimize the gap be-
tween final and initial
cost

4. Results and Discussion

In order to study the current scenarios of cost deviation in construction of civil structures of
selected hydropower projects, the contract document, interim payment certificated (IPC)
and final certified bills and correspondence documents (i.e. , letters from client, consultant
and contractor, minutes of meetings) were studied. The result of the selected project is
tabulated below (Table 7):

Table 7. Current scenarios of cost deviation of selected hydropower
projects

S.N. Description Rudi Khola A
HPP (8.8 MW)

Hewa Khola ‘A’
HEP (14.9 MW)

Midim Khola
(Karapu) HPP (3
MW)

Mistri Khola HEP
(42 MW)

1 Contract Agreement
Date / Project Com-
mencement Date

March 24, 2016 /
March 31, 2016

September 30, 2012 January 8, 2015 May 8, 2015 / June
30, 2016

2 Initial Project Comple-
tion Date

September 15, 2017 November 19, 2014 April 15, 2016 December 17, 2018

3 Actual Completion
Date

May 30, 2019 February 4, 2017 November 16, 2017 July 8, 2021

4 Time Overrun 1.7 years 2.25 years 2.67 years 2.58 years
5 Original Contract

Amount / Revised
Contract Amount (In-
cluding VAT)

NRs. 320,920,000 NRs.
1,008,584,059.45
/ 1,039,619,696.02

NRs. 244,975,338.29
/ 323,943,814.38

NRs.
1,382,942,393.38

6 Final Certified Amount
(Including VAT)

NRs. 458,984,846.00 NRs.
1,203,113,550.00

NRs. 433,991,644.47 NRs.
1,634,042,758.93

7 Cost Overrun 43.02% 15.73% 33.97% 18.16%

The percentage deviation in cost of major activities due to quantity variation is presented
in the table 8 below separately for all projects:
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Table 8. Percentage of Cost Deviation in Rudi Khola A HEP

S.N. Item of Works % Deviation in Cost due to Quantity Variation
1 Excavation of earth soil / common

material / boulder mix
10.14%

2 Excavation in hard rock without
blasting

63.48%

3 M10 Concrete 28.86%
4 M15 Concrete 15.72%
5 M20 Concrete -69.47%
6 Plum M15/40 50.06%
7 M25 Concrete 747.15%
8 Formworks 37.99%
9 Reinforcement 4.62%

Table 9. Percentage of Cost Deviation in Hewa Khola HEP

S.N. Item of Works % Deviation in Cost due to Quantity Variation
1 Excavation of Common Material /

Boulder
18.54%

2 Hard Rock Excavation 104.89%
3 Rock Excavation by Drilling and

Blasting
-1.25%

4 75 mm thick C15 Blinding Concrete 8.76%
5 C25 Concrete 98.54%
6 Formwork -8.76%
7 Reinforcement 101.83%
8 Fiber Reinforced Shotcrete -3.63%
9 Rock Bolt and Spilling Rod -3.63%
10 Steel Rib 193.37%

Table 10. Percentage of Cost Deviation in Midim Khola HEP

S.N. Item of Works % Deviation in Cost due to Quantity Variation
1 All types of Excavation 7%
2 Formwork 35.3%
3 Various Grades of Concrete 10.93%
4 Reinforcement Works 43%
5 Tunnel Support Works -16%

Table 11. Percentage of Cost Deviation in Mistri Khola HEP

S.N. Item of Works % Deviation in Cost due to Quantity Variation
1 All types of Excavation -8%
2 Formwork 2%
3 Various Grades of Concrete 54%
4 Reinforcement Works 18%
5 Tunnel Support Works -27%

4.0.1. Causes of cost deviation in the selected hydropower project. Based on the combined
views of all the parties involved and analysis of causes of cost deviation, the value of RII
given to the following factors were most significant:
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5. Relative Importance Index (RII) for Selected Hydropower
Projects

Table 12. RII Values for Rudi Khola - A HEP

Factor RII
Quantity overrun of the various activities of the project due
to site condition

0.88

Additional work / New Item 0.825
Inadequate cash flow during construction / Cash flow prob-
lem / Financial difficulties faced by the contractor / Poor
cost control

0.775

Bill of quantities lacking precision 0.775

Table 13. RII Values for Hewa Khola - A HEP

Factor RII
Quantity overrun of the various activities of the project due
to site condition

0.7

Strikes, bandhs 0.7
Inadequate cash flow during construction / Cash flow prob-
lem / Financial difficulties faced by the contractor / Poor
cost control

0.675

Table 14. RII Values for Midim Khola HEP

Factor RII
Change in design 0.93
Quantity overrun of the various activities of the project due
to site condition

0.83

Insufficient data collection and survey before design / Inad-
equate detail study before execution of works

0.825

Strikes, bandhs 0.825

Table 15. RII Values for Mistri Khola HEP

Factor RII
Seepage water management inside tunnel 0.95
Fluctuation in price of construction materials 0.9
Provision for price escalation 0.83

5.0.1. Remedial measures of cost deviation in selected hydropower project. Based on the
combined views of all the parties involved and analysis of remedial measures of cost devi-
ation, the value of RII given to the following factors were most significant:
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Table 16. RII Values for Remedial Measures - Rudi Khola HEP

Remedial Measure RII
Review and improve bid documents such as technical speci-
fications, bill of quantities

0.825

Minimize change orders, design to reduce any time and cost
overruns

0.775

Frequent preventive maintenance of equipment to avoid sud-
den breakdown

0.775

Table 17. RII Values for Remedial Measures - Hewa Khola HEP

Remedial Measure RII
Review and improve bid documents such as technical speci-
fications, bill of quantities

0.775

Hire full time skilled mechanics for proper maintenance of
equipment

0.775

Frequent preventive maintenance of equipment to avoid sud-
den breakdown

0.75

Table 18. RII Values for Remedial Measures - Midim Khola HEP

Remedial Measure RII
Review and improve bid documents such as technical speci-
fications, bill of quantities

0.875

Ensure quality design of project 0.85
Minimize change orders, design to reduce any time and cost
overruns

0.8

Table 19. RII Values for Remedial Measures - Mistri Khola HEP

Remedial Measure RII
For the geophysical studies, seismic refraction, reflection
seismic and electrical resistivity should be done to get more
accurate information regarding weathering depth, ground
water conditions

0.825

Minimum level of geological investigation to improve the
predictability of geological conditions

0.8

Effective strategic planning by all parties involved 0.775
Realistic prediction and evaluation of rock mass quality 0.775

6. Conclusions and Recommendations

6.1. Conclusions. Based on the results and discussions, the following conclusions are
made: From the study of all 4 hydropower projects, it was found that in all hydropower
projects except Mistri Khola HEP, there was quantity overrun of major activities of the
construction which resulted in cost deviation of civil construction works of the project.
Besides that various client related factors such as irregular monthly payment; consultant
related factors such as bill of quantities lacking precision, change in design, insufficient
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data collection and survey before design; contractor related factors such as inadequate
cash flow during construction/ cash flow problem/ financial difficulties faced by contractor;
project related factors such as quantity overrun of the various activities of the project due
to site condition, additional work, new item, seepage water management inside tunnel,
provision for price escalation; external factors such as strikes, bandhs, natural disaster
(landslide and flood triggered by heavy rainfall); equipment related factors such as frequent
equipment breakdown/ frequent maintenance of equipment ; material related factors such
as fluctuation in price of construction materials were some of the significant factors that
led to cost deviation of the selected hydropower project.

6.2. Recommendations. From the analysis of the result of the questionnaire survey,
it is observed that in order to minimize the cost deviation of hydropower project, the
remedial measures to be adopted by client is to ensure quality design of the project, have
appropriate funding levels so that contractor can be regularly paid; consultant related
factor such as review and improve bid documents such as technical specifications, drawings,
bill of quantities, minimize change orders, detail and comprehensive site investigation
during the preparation of bill of quantities; contractor related measures are contractor
should have enough cash before beginning of any project, frequent preventive maintenance
of equipment to avoid sudden breakdown . Besides that the remedial measures to be
adopted by all parties involved are effective strategic planning by all parties in order to
find appropriate way to tackle various problems that arise during construction.
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