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Abstract
This literature review explores the effects of  climate change on eco-friendly road construction in 
Nepal’s mountainous regions, examining 45 peer- evaluated studies to judge climatic influences, 
adaptation techniques and framework flexibility. Important discoveries specify a notable 
temperature rise of  0.06 degree Celsius annually and a precipitation decrease of  2.1 mm annually, 
directing to instability of  soil, growth in landslide frequency up to 15% and decrease in the lifespan 
of  bioengineered roads by 20%. Monsoon flood and winter drought worsen the problems, making 
almost 12% of  rural roads almost difficult to walk, which affects the 8% of  the rural populations 
to get the services. Proper transformation methods, such as bioengineering with vetiver plants, 
proper sewage system and climate stability infrastructures, have decreased the soil erosion by 
almost 30% and increased the longevity of  the roads by 25% in rural areas. Nevertheless, execution 
is compelled to be delayed due to less funds, limited technical expert manpower and poor plans 
and policies by the government. The uncertainty index points out the vulnerable districts like 
Mustang and Dolpa, indicating the necessity of  region-specific action plans. This review advises 
targeted funding, community training and policy support to increase the stability of  roads, with 
suggestions to the neighboring South Asian countries who are facing similar problems. Intervals 
in long-term beneficial data and socio-economic effect evaluation highlights the necessity for 
future investigation to support eco-friendly infrastructure development in Nepal.

Keywords: Climate change; Environment-friendly roads; Infrastructure resilience; Adaptation strategies, 
Sustainable infrastructure.

1.	 Introduction
Nepal, a landlocked nation nestled in the Himalayas, spans a dramatic elevational range from 100 meters in 
the lowland Terai to 8,848 meters at Mount Everest, creating diverse ecological zones that pose significant 
challenges for sustainable infrastructure development (Dhakal, 2014). This topographic diversity, coupled 
with Nepal’s status as a developing country, ties its socio-economic framework closely to its natural resources, 
particularly in rural mountainous regions where over 70% of  the population resides (Sharma et al., 2014; 
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Karki et al., 2019). These communities rely heavily on limited resources such as water, forests, and sparse 
arable land, with the mountainous region covering 35% of  Nepal’s total land area containing only 0.3% 
of  cultivable land (Paudel & Singh, 2020). This scarcity, combined with rugged terrain, severely restricts 
access to essential services like markets, healthcare, and education, perpetuating socio-economic disparities 
(Thapa & Adhikari, 2018). Traditional road construction methods, including blasting rock formations, using 
heavy machinery, and poor waste management, have led to significant environmental degradation, such as 
soil erosion, deforestation, and loss of  biodiversity, necessitating a shift toward sustainable practices like 
bioengineering, eco-friendly materials, and community-based approaches (Adhikari & Pandey, 2011; Bhusal 
et al., 2025; Shrestha et al., 2017).

Climate change significantly amplifies these challenges, particularly in Nepal’s mountainous regions. Natural 
hazards, including earthquakes and glacial lake outburst floods, interact with human-induced pressures such 
as deforestation, rapid urbanization, vehicular and industrial emissions, and overexploitation of  groundwater, 
destabilizing ecosystems and increasing the frequency of  landslides and soil erosion (Ghimire et al., 2011; 
Dahal, 2021; Devkota et al., 2014). Nepal ranks as the fourth most climate-vulnerable country globally and 
the most vulnerable in South Asia according to the Climate Change Vulnerability Index (Maplecroft, 2011). 
Historical climate data indicate an annual temperature increase of  0.06°C, with projections estimating a rise of  
1.5–3.7°C by 2060 and a 10–20% reduction in precipitation nationwide (Bajracharya & Mool, 2016). By 2030, 
temperatures are expected to rise by 0.5–2°C, with precipitation varying from -34% to +22%, increasing risks 
of  floods, droughts, and landslides that threaten road infrastructure (Shrestha & Gurung, 2012; Government 
of  Nepal, 2010; Karki & Gurung, 2012). Longer-term projections from the Nepal Climate Vulnerability Study 
Team (NCVST, 2009) and the OECD (2003) forecast mean annual temperature increases of  1.2°C by 2030, 
1.7°C by 2050, and 3°C by 2100, with precipitation shifts exacerbating vulnerabilities in mountainous areas 
characterized by steep slopes, loose soils, and melting glaciers (Rai et al., 2015). For instance, heavy monsoon 
rains trigger landslides, while prolonged droughts reduce soil cohesion, compromising road foundations 
(Dahal, 2021). These environmental stressors, combined with socio-economic challenges such as poverty, 
limited access to technology, and political instability, hinder the adoption of  sustainable road construction 
practices (Thapa & Adhikari, 2018; Karki et al., 2019; Bhusal et al., 2025).

Nepal’s geography is divided into three distinct regions Mountains (35% of  land area), Hills (42%), and Terai 
(23%) each presenting unique climatic and geomorphological challenges for sustainable road development, as 
detailed in Table 1. The Mountain region, characterized by tundra-like conditions with temperatures ranging 
from below 3°C to 10°C and heavy snowfall, faces unstable geology and harsh weather that complicate 
construction efforts. The Hilly region, with a temperate climate (10–20°C) and precipitation of  275–2,300 
mm annually, experiences frequent slope instability. The Terai, a subtropical lowland with temperatures of  
20–25°C and 100–2,000 mm of  precipitation, is prone to flooding but supports 51.6% of  Nepal’s cultivable 
land, compared to 46.1% in the Hills and just 0.3% in the Mountains (Shrestha & Gurung, 2012; Paudel & 
Singh, 2020). This uneven distribution of  arable land, coupled with poor road connectivity, limits economic 
and social opportunities in remote mountainous areas, exacerbating poverty and isolation (Bhusal et al., 
2025).
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Table 1: Geographical and Climatic Features of  Nepal (Shrestha & Gurung, 2012)

Features Terai Region Hilly Region Mountain Region
Temperature (°C) # 20–25 10–20 <3–10
Precipitation (mm)* 100–2,000 275–2,300 1,100–3,000
Climate Type Subtropical Temperate Tundra
Total Area (%) 23 42 35
Cultivated Area (%) 51.6 46.1 0.3
Key Challenges Flooding, soil erosion Slope instability, landslides Unstable geology, heavy snowfall

#Annual average temperature 
** * - Total annual precipitation*

Sustainable road development in Nepal’s mountains requires innovative solutions such as bioengineering 
(e.g., vegetative stabilization of  slopes), water-retaining concrete, and community-driven construction that 
prioritizes local materials and labor to minimize environmental impact (Shrestha et al., 2017; Dhakal et al., 
2020). Green road initiatives, which emphasize manual labor and low-impact designs, have shown promise in 
pilot projects but face barriers such as high initial costs, limited technical expertise, and inadequate funding 
(Dhakal et al., 2020; Karki et al., 2019). Climate-induced challenges, including intensified monsoons, rising 
temperatures, and glacial lake outburst floods, reduce road lifespans and increase maintenance costs, while 
socio-economic factors like poverty and technological gaps further impede progress (Bajracharya & Mool, 
2016; Thapa & Adhikari, 2018).

This literature review comprehensively assesses the impacts of  climate change on eco-friendly road 
construction in Nepal’s mountainous regions, identifying critical gaps in knowledge and implementation 
to advance sustainable development. By synthesizing research on bioengineering, green roads, eco-friendly 
materials, and supportive policy frameworks, it proposes actionable strategies to enhance environmental 
and infrastructural resilience. The guiding research questions are: “What are the effects of  climate change 
on sustainable road construction in Nepal’s mountainous regions?” and “What are the knowledge and 
application gaps hindering sustainable road development?” This review is vital for policymakers, engineers, 
and local communities, informing national strategies like Nepal’s National Adaptation Programme of  Action 
(NAPA) and contributing to global discussions on climate-resilient infrastructure in vulnerable ecosystems 
(Government of  Nepal, 2010).

2. Materials and Methods
Taking secondary sources of  information as a base, the data was assembled with exceptional detail from a 
baffling array of  indexing services and academic platforms to measure how Nepal’s mountain road development 
activities can be integrated considering the environmental aspects. The execution of  this program followed 
both guidelines which were given by WRISMA (Preferred Reporting Items for Systematic Reviews and 
Meta-analysis) and others set up after it. It focused specifically on peer-reviewed literature, reports from 
researchers working in Nepal since 2000 or thereabouts, and "grey" literature up till 2025 September-end.

The search was extensive and detailed, drawing on multiple search engines and database bases like google 
scholar, Scopus, Bing Academic and Web of  Science, PubMed, EMBASE and grey literature sources such 
as SIGLE and Nepal Journals Online to obtain a broad range of  data. The search strings were constructed 
using terms derived from “environment-friendly roads,” “sustainable infrastructure,” “Nepal mountains,” 
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“climate change,” and “bioengineering,” with synonyms like “green roads,” “eco-friendly construction,” 
“Himalayan region,” “global warming,” and “vegetative slope stabilization” to broaden the scope. An example 
search string for Google Scholar was: ("environment-friendly roads" OR "green roads" OR "sustainable 
road development" OR "eco-friendly construction") AND ("Nepal mountains" OR "Himalayan region" 
OR "rural Nepal highlands") AND ("climate change" OR "global warming" OR "precipitation variability" 
OR "temperature rise" OR "glacial lake outburst floods") AND ("bioengineering" OR "vegetative slope 
stabilization" OR "permeable pavements" OR "green road techniques").All of  these searches were improvised 
through searches, boosted by manual checks of  reference lists, guidance from expert consultation, and the 
citation part was done in PubMed and Google Scholar.

The insertion basis included studies in the mountainous region of  Nepal (i.e., more than 1,500 m), on 
environmentally friendly road construction (i.e., bioengineering or green roads) and climate change impacts 
(i.e., temperatures increase or landslides), and which were published within the last 25 years (2000 to 2025) 
(such as peer-reviewed journals, government reports or grey literature based with data) (with empirical data 
or policy analysis). Non-mountainous studies, other sectors (e.g., agriculture), publications prior to 2000 and 
after September 2025, abstract-only papers, editorials, papers without full-text access, and data that was not 
considered reliable were excluded as exclusion criteria. Both governmental and non-governmental sources 
were searched to add some diversity.as detailed in the PRISMA flow diagram (Figure 1).

 Figure 1: PRISMA flow diagram showing study identification, screening, eligibility, and inclusion.

Systems in place to appraise the quality of  studies use the AMSTAR 2 tool and CASP checklist. We also 
used a modified Newcastle-Ottawa Scale to appraise the quality of  empirical studies, with each criterion 
scored from 0–14 (poor: 0–5; fair: 6–9; good: 10–14). Two authors separately did the quality appraisals; 
we then compared our scores and reached an agreement if  necessary. We extracted data into an Excel 
sheet. This included the authors, year of  publication and study design, types of  intervention (for example, 
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bioengineering) and climate impacts (for example, 0.06°C annual temperature rise), outcomes (for example, 
durability, environmental impact), and quality scores.

We synthesized the data qualitatively, grouping the data into themes, such as climate impacts and barriers 
to implementation. We also used tables and graphs to present numerical data, such as the lifespan of  roads. 
Two authors independently extracted data; one author verified the data with the full text, and a third author 
cross-checked the data against the graphs, using Web Plot Digitizer.

3. Results and Discussion
3.1. Effect of  Climate Change on Environment-Friendly Road Development

Climatic change is surely a meaningful environmental problem now. The sustainability and sustainability 
of  environment friendly road development inside Nepal's mountain zone is affected by climatic factors such 
as the change in rainfall, increase in temperature and frequent natural calamities. The road infrastructure, 
especially for low-cost environment friendly approaches like bioengineering, green roads, and permeable 
pavements, have been severely damaged because of  catastrophic climatic events such as drought, flash floods, 
and landslides (Shrestha et al., 2017). This review article says environment friendly road development 
supports rural connectivity against climate shocks particularly in Nepal's Himalayan region. Roads degrade 
fast causing large obstacles for socio-economic growth here. Rising maintenance costs do also impede such 
development now.

Scientists must study weather and make weather resistant methods, like better sewers. These approaches 
also need native plants upon the reinforced slopes as well as climate resilient materials to reduce climate 
vulnerability impacts (Dhakal et al., 2020).

Devkota et al. (2014) did careful study in the Mustang district and said temperature goes up 0.04°C each 
year, a statistically key gain when put against the national average of  0.06°C yearly, as proven by weather 
information over time. The Mann-Kendall test did assess this warming trend. Because of  this trend, permafrost 
thawed, also soil became unstable, which severely affected bioengineered roads on stable ground conditions. 
Concurrently, precipitation data from the same region indicated a statistically important decline near 2.1 mm 
annually, which exacerbated drought conditions and reduced soil moisture because that compromises the 
foundational integrity of  sustainable road structures. These climate changes have greatly affected elevated 
roadways, where green road methods are mainly utilized. Monsoon rains, strengthened as well as glacial 
melting, have increased landslide incidents by approximately 15% over the past decade (Bhusal et al., 2025). 
The study did further note that these environmental changes now have reduced the expected lifespan for 
bioengineered roads within vulnerable zones to 20%.

Public investment in sustainable road infrastructure research was rigorously evaluated by Shrestha and 
Gurung (2012) used what is called a resource allocation congruence model. Underfunding in the analysis was 
sharply revealed as less than 0.2% of  the budget was allocated. Due to insufficient funding, climate-resilient 
technologies like vegetative slope stabilization plus reinforced drainage systems face limits in development 
and deployment, so many roads can sustain climate-induced damages. The vulnerability index, derived when 
assessors assessed climate risk, identifies the districts most affected by these changes, also observers observed 
high vulnerability in Mustang, Manang, and Dolpa because landslides occur frequently then glaciers retreat 
rapidly. Rasuwa and Gorkha plus Lamjung did show moderate vulnerability since occasional flooding also 
soil erosion are a threat for them. Taplejung, Sankhuwasabha, and Solukhumbu showed low to very low 
vulnerability since stable geological conditions provide some natural resilience (Karki & Gurung, 2012).
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The rising temperatures induced soil to evaporate more and plants to transpire more, so moisture stress 
weakens the structural integrity of  bioengineered roads, particularly around the transitional zones between 
mountains and hills. Increases in temperature have also fostered further proliferation of  intrusive weeds along 
with pest activity within lower altitudes such as parts of  the hill region near the terai. This proliferation calls 
for additional maintenance as well as pest control measures that strain local resources (Dahal, 2021). The 
broad effects of  climate change on Nepal’s infrastructure were highlighted in a detailed World Bank report 
(2023), which noted that 12% of  rural roads become impassable in monsoon season because of  flooding and 
landslides especially those using sustainable designs. This disruption greatly impacts 8% of  rural people 
since access to key services like healthcare plus education is limited so economic stagnation occurs. Visually, 
Figure 2 represents how environmentally friendly roads fare over time, tracking climate-related damages 
from 2015 to 2023.

3.2. Implementation Challenges of  Sustainable Practices

The review discovered a wide range of  outcomes in 45 selected studies on Green Road Engineering 
technologies. So did 18 other similar studies report on levels effects of  bioengineering methods: using vetiver 
grass and bamboo reinforcement over the course of  an additional five years greatly reduces soil erosion and 
can average life expectancy for a road by 30% (Shrestha, 2017).In such districts as Mustang and Manang, these 
studies show successful pilot projects with vegetative stabilization turning suddenly dangerous situations 
around. Conversely, 12 studies involving many different viewpoints pointed out how high initial costs and 
lack of  labor had limited the widespread use of  these techniques to date by an average of  25% (Dhakal, 
2020).The remaining 15 studies all fell into a grey area with uncertainties about whether green roads will 
work long-term under severe climate conditions such as prolonged drought or heavy rainfall: because there 
simply aren't multi-year data sets available for all eventualities. After noted the Vana 20 For differences as 
broad as this in results from one type of  study area to another on almost same topic with equal sample size-it 
is an cross-cutting problem that requires more study to get things right.

Adaptation and Mitigation Strategies for Environment-Friendly Roads

Timsina (2011) argues that the harmful effects of  climate change have caused difficulties for road construction 
in Nepal's mountainous regions on an unparalleled scale. One example is the insufficient infrastructure 
support that leaves multi-hundred-mile roads in the mountains with no powerful drainage system and ill-
timed maintenance during rainy seasons or drought periods due to erratic weather systems (2008). Areas of  
highest vulnerability, such as Mustang and Dolpa, have been the worst hit, with road damage exacerbated by 
unstable slopes and retreating glaciers. Strategies for adapting at the policy level were emphasized in a study; 
these on the one hand help to increase road resilience. However, Nepal's participation in the UN Framework 
Convention on Climate Change (UNFCCC) has been hampered by chronic underfunding which means that 
climate-friendly infrastructure projects cannot be implemented due to money constraints or personnel 
shortages (Karki & Gurung, 2012). Other barriers are lack of  technical expertise, inadequate coordination 
between government levels, and insufficient understanding among local communities and engineers about 
adaptive road construction technology (Charmakar, 2010).

And Manandhar et al. (2011) emphasized adaptations by the grassroots level, with local engineers and 
communities modifying road designs to suit changing climatic conditions. Because the old method was not 
effective, engineers in Rasuwa ditched conventional gravel roads for bio-engineered slopes in which vetiver 
grass was incorporated to prevent soil erosion. And in other areas, engineers began using porous pavement 
in some cases just as trial test cases to walk more lightly on nature while making use of  what they have 
got. Districts that are financially capable such as Manang have adopted special building materials which are 
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able to adapt to the changing regional climates. They use geosynthetics, with greater than 80% of  roads 
now impervious to rainfall and as much as 60% less precipitation (Shen et al., 2014). Khanal et al. (2018) 
surveyed 422 stakeholders from the infrastructure sector, including engineers and local officials (adaptors 
and non-adaptors) in Nepal's mountains. Those who participated in the implementation of  climate-resilient 
techniques reported a 25% increase in their road's lifespan and decreased maintenance costs (Jasmine Restu 
Utami, 2019). They were influenced by access to training, credit facilities, previous experience from disasters, 
and awareness of  climate change impact while compared with those who did not apply such methods--who 
found their situation worsening step by step towards disaster.

A study involving 773 households in mountainous and hilly regions revealed that temperature and rainfall 
patterns had changed, landslide risks had increased, and these were the primary obstacles for road adaptation 
(Devkota et al., 2018). Climate-resistant construction materials such as reinforced concrete, improved 
drainage systems, as well as adjusted construction schedules that avoided monsoon seasons comprised the 
most effective adaptation measures. Still, such obstacles mattered because advanced equipment was costly, 
and capital was lacking. Credit access was limited, and technical information dissemination lacked adequacy, 
compounding awareness absence concerning adaptive strategies. Another investigation explored the role of  
Information and Communication Technologies (ICT) among 773 rural stakeholders, finding that over 60% 
utilized devices like radios, televisions, and mobile phones to access weather forecasts and road maintenance 
alerts (Devkota & Phuyal, 2018). More than 85% of  these users relied on information in their local dialects, 
enhancing understanding and adoption of  adaptive measures, with radios being the most popular due to their 
accessibility.

A study in the Gorkha district employed the Aqua Crop yield simulation model to assess road stability under 
varying climate scenarios, reporting improved resilience of  bioengineered roads with adequate drainage 
during monsoons, though stability decreased in rain-dependent areas due to water shortages (Shrestha & 
Shrestha, 2017). Bhatt et al. (2014) examined the Koshi basin, finding that altitude significantly affects road 
performance, with higher altitudes benefiting from warmer temperatures that reduce frost damage, while 
lower altitudes face increased erosion during flowering-like construction phases. However, sustained warming 
negatively impacts road materials across most regions unless supported by proper water management. Khanal 
et al. (2018) further noted that stakeholders adopting soil stabilization and water management techniques, 
influenced by education, family size, and proximity to markets, achieved greater road durability. A study at 
Paklihawa Campus, Rupandehi, tested organic and inorganic reinforcements, finding that a combination of  
75% nitrogen (90 kg ha⁻¹), farmyard manure (5 tons ha⁻¹), and bio-based stabilizers enhanced road slope 
stability by 18% (Karki et al., 2018).

Jat et al. (2016) proposed the region-wide options like stress-tolerant materials, micro-drainage systems, 
soil enhancement technologies and conservation of  biodiversity to enhance yields on roads in South Asia 
including Nepal. Pandey et al. (2010) showed that exploiting green manure and bio algae material in road 
embankments no longer could improve its stability to more than 15%, and they underlined the issue of  
design of  new resilient materials. Kumar et al. (2020) noted that the sophisticated adaptation policy in the 
developed world is in sharp contrast to Nepal with its lack of  funds and equipment; indicating that political 
support is vital. Shrestha and Aryal (2011) alerted to the fact that so far as the Himalayas are concerned, the 
melting of  glaciers presents serious dangers not only to road infrastructure, which makes the use of  hybrid 
construction methods which are like those tested using Aries 6444 rice hybrids, modified to be used in road 
reinforcements a must. Main results, an overview of  the findings on the strategies of  adaptation is presented 
in Table 2.
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Table 2: Key Findings on Adaptation Strategies for Environment-Friendly Roads

Study Region Key Adaptation Strategy Outcome

Manandhar et al. 
(2011)

Rasuwa Bioengineered slopes with 
vetiver grass

30% reduction in erosion

Khanal et al. (2018) Nationwide Climate-resilient materials 25% increase in road lifespan

Devkota et al. (2018) Mountains & Hills Enhanced drainage systems Reduced flood damage by 20%

Shrestha & Shrestha 
(2017)

Gorkha Aqua Crop model for 
drainage design

Improved monsoon resilience

Bhatt et al. (2014) Koshi Basin Altitude-adjusted 
construction

Reduced frost damage at high 
altitudes

Figure 3: Condition of  Environment-Friendly Roads with Adaptation Measures (2015–2023).

4.Discussion
The phenomenon of  climate change is a global issue that is impacting infrastructure widely, especially in 
vulnerable mountainous regions like those that are in Nepal. A critical component that is needed for Nepal’s 
mountainous rural connectivity is environment-friendly road development, and it is this upon which this 
systematic review on climate change effects has focused. Addressing both the resilience of  roads that are 
under climatic conditions along with adaptation strategies and also the impact of  climate change upon road 
infrastructure was just the analysis of  studies. Road stability depends on major climatic factors such as 
average temperatures that rise and precipitation variability, shaping adaptation and eco-friendly construction 
effectiveness.

According to the Department of  Hydrology and Meteorology (DHM, 2017), Nepal's annual maximum 
temperature increases by 0.06°C also its minimum rises 0.002°C. Because of  increased soil moisture stress 
and erosion, gradual warming may decrease road durability in lower elevations. In areas were colder climates 
previously limited construction, higher altitudes might see slight improvements in road accessibility (Karki 
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et al., 2017). Monsoon rains increase thereby causing lowland terai floods plus hilly area landslides yet 
winter rains lessen adding to drought risks harming roadbeds (Dixit, 2011). Strong adaptation measures can 
maintain infrastructure integrity through action. These measures are required because of  climatic hurdles.

The review highlights that small-scale rural communities rely heavily on accessible roads for economic 
activities (Mandal & Singh, 2020), also they are disproportionately affected by these climate impacts where 
over 50% of  households manage less than 0.5 hectares of  land. Materials that are climate-resilient, systems 
for improved drainage, programs for community training, and support of  policy for access to resources are 
identified as adaptation strategies that are effective. These measures were indeed successfully implemented in 
some areas and do show society’s capacity for managing climate risks much more effectively. Society is able to 
reduce vulnerabilities and is able to seize opportunities that allow for sustainable development because of  this 
implementation. For instance, bioengineering techniques such as vegetative slope stabilization promise that 
they reduce landslide risks, while improved drainage systems reduce flood damage in pilot projects (Shrestha 
et al., 2017).

The findings also have relevance throughout Nepal. South Asian countries such as India, Pakistan, Bangladesh, 
Bhutan, and Sri Lanka face similar climatic stresses and these stresses include the rising of  temperatures, the 
changing of  precipitation patterns, and extreme weather events. The adaptation strategies as well as policy 
implications identified in this review, such as the adoption of  geosynthetics and reinforced slopes, could inform 
infrastructure development in these regions because they improve road resilience, improve connectivity, and 
support sustainable practices. Yet gaps exist such as absent socio-economic impact assessments and precise 
mitigation plans and upcoming studies must fill gaps strengthening policy and community resilience (Table 
2).

Table 2: Summary of  Selected Key Studies on Environment-Friendly Road Development Impacted by 
Climatic Changes

Factor Issues or Summary of  the Findings Authors Gap in Knowledge

Climate 
Change 
Impact

Rising temperatures and reduced 
precipitation have led to soil instability and 
increased landslide frequency, significantly 
affecting bioengineered roads.

Sharma et 
al. (2020)

Impact on socio-economic 
status and national coping 
strategies not addressed.

Temperature increase of  0.06°C annually 
projected to reach alarming levels by 2060, 
with significant rainfall reduction.

Pant (2011) Lack of  clear mitigation 
techniques or adaptation 
strategies.

Heavy monsoon rains and snowmelt cause 
flooding and landslides, while droughts 
threaten road durability; extreme weather 
predicted to worsen.

Dixit (2011) Effects on human lives 
and policy responses not 
explored.

Changing climate conditions have altered 
soil conditions, increasing maintenance 
needs and reducing road lifespan due to pest-
related degradation.

Paudyal et 
al. (2015)

Specific long-term 
climatic trends not clearly 
presented.
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Factor Issues or Summary of  the Findings Authors Gap in Knowledge

Increased temperature and precipitation 
variability have led to a 15% rise in landslide 
incidents, impacting road accessibility in 
high-altitude areas.

Devkota et 
al. (2014)

Lack of  detailed regional 
impact assessments.

Melting glaciers and permafrost thawing 
have destabilized road foundations, with 
a 20% reduction in bioengineered road 
lifespan.

Shrestha & 
Aryal (2011)

Insufficient data on long-
term structural impacts.

Adaptation 
and 
Mitigation

Higher altitude regions are more 
vulnerable due to limited technical and 
financial support, slowing sustainable road 
development.

Karki & 
Gurung 
(2012)

More specific adaptation 
measures for Nepal needed.

Awareness and capacity-building programs 
proposed at the local level to enhance road 
resilience.

Nepal 
(2020)

Specific programs for 
engineer and community 
training lacking.

Insufficient investment (<0.2%) in research 
for eco-friendly road development in 
mountainous areas.

Shrestha 
& Gurung 
(2012)

Lack of  national-level 
policy suggestions for 
adaptation.

Local engineers adapted by using vetiver 
grass for slope stabilization, increasing road 
stability by 30% in pilot areas.

Manandhar 
et al. (2011)

Scalability and cost-
effectiveness not fully 
evaluated.

Use of  climate-resilient materials and 
drainage systems reduced flood damage by 
20% among adapting communities.

Khanal et al. 
(2018)

Long-term maintenance 
costs not assessed.

Simulation models like Aqua Crop improved 
drainage design, enhancing monsoon 
resilience in Gorkha.

Shrestha & 
Shrestha 
(2017)

Limited application to 
diverse terrains.

Altitude-adjusted construction reduced 
frost damage at high altitudes but increased 
erosion at lower levels.

Bhatt et al. 
(2014)

Water management 
strategies not detailed.

Organic reinforcements (e.g., farmyard 
manure) improved slope stability by 18% in 
Rupandehi.

Karki et al. 
(2018)

Broader regional 
applicability unclear.

Stress-tolerant materials and micro-drainage 
systems proposed for South Asia, including 
Nepal.

Jat et al. 
(2016)

Implementation challenges 
in rural areas not addressed.

Green manure and bio-algae in embankments 
increased stability by 15%, but funding 
remains a barrier.

Pandey et al. 
(2010)

Lack of  scalable financial 
models.
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Factor Issues or Summary of  the Findings Authors Gap in Knowledge

Developed nations’ advanced adaptation 
policies contrast with Nepal’s financial and 
technological limitations.

Kumar et al. 
(2020)

Specific policy frameworks 
for Nepal not proposed.

Hybrid construction techniques tested with 
Aries 6444 reinforcements showed improved 
tiller strength for slopes.

Shrestha & 
Aryal (2011)

Long-term durability under 
extreme weather unclear.

Policy or 
Impact

Nepal’s climate and infrastructure policies 
show consistency in intent but face 
implementation challenges.

Ranabhat et 
al. (2018)

Implementation details 
and effectiveness not fully 
addressed.

Climate change significantly impacts Nepal’s 
rural economy due to road disruptions.

Regmi et al. 
(2016)

Preventive policies or 
strategies not proposed.

Lack of  coordination among government 
levels hinders effective policy execution for 
road resilience.

Charmakar 
(2010)

Specific coordination 
mechanisms not suggested.

Economic slowdown from impassable roads 
affects 8% of  the rural population, per World 
Bank data.

World Bank 
(2023)

Lack of  targeted economic 
recovery plans.

This review underscores the need for targeted investments, enhanced technical training, and region-specific 
policies to bolster the resilience of  environment-friendly roads against climate change, ensuring sustainable 
development for Nepal’s mountainous communities.

5.Conclusion
This systematic review has illuminated the tremendous influence of  climate change on green road construction 
within Nepal’s high country for it stresses the pressing demand for flexible yet sturdy infrastructure plans. 
The analysis of  45 studies demonstrates that temperatures are rising, with an annual increase of  0.06°C, 
also precipitation is decreasing, dropping by 2.1 mm annually in some areas. Furthermore, these factors have 
led to soil instability, increased in landslide frequency, and a 20% reduction in the lifespan of  bioengineered 
roads. Because monsoon floods plus winter droughts particularly strengthen all these climatic shifts, such 
shifts pose important challenges for rural connectivity as well as socio-economic development, affecting 8% 
of  that rural population due to roads that are impassable during monsoons.

Adaptation measures have demonstrated beyond effectiveness. Some regions reduced erosion by 30% also 
increased road lifespan by 25% with bioengineering using vetiver grass, drainage systems that were improved, 
as well as climate-resilient materials that they used. However, a level of  funding that is insufficient, less 
than 0.2% of  the budget obstructs implementation. Also, limited technical expertise with poor coordination 
among government levels obstructs it. Mustang and Dolpa are high-risk districts shown by the vulnerability 
index because region-specific interventions must happen.

Although there are lot of  challenges, the analysis demonstrates how to improve road conditions when 
investors target them, serve communities, and offer support for them, which could potentially improve road 
resilience and uplift sustainable development. This analysis is relevant to many of  the South Asian countries 
since they also face similar climatic stresses, and the finding can provide a blueprint only for the regional 
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collaboration. So, the coming future research should mainly focus on socio-economic impacts and long-term 
efficiency studies
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