Paudyal et al. Geoenvironmental Disasters
https://doi.org/10.1186/540677-023-00240-x

(2023) 10:11

Geoenvironmental Disasters

Sustainable rural infrastructure: guidelines

®

Check for
updates

for roadside slope excavation

Prabhat Paudyal, Pranish Dahal?, Prakash Bhandari® and Bhim Kumar Dahal"

Abstract

the Himalayan region.

The construction of non-engineered, equipment-based rural roads in Nepal Himalaya is one of the predominant
causes of landslides. The construction frequency of such roads has significantly increased over the past decade.
However, the present guidelines governing slope excavation for these roads are not based on geotechnical charac-
terizations of sites. The current study uses the limit equilibrium method with the Mohr-Coulomb constitutive model
to determine safe cut heights and slopes for varying geometric and material parameters. GeoStudio Slope/W was
used to model soil slopes with various gradients, and cuts with varying depths and slope angles were modeled to
calculate the factor of safety (FoS) against shear failure for different geometric and material conditions. The results of
the study were visualized in design charts with FoS as the dependent variable. The analysis highlights the importance
of different parameters, i.e, excavation depth, excavation slope, and existing ground slope in the FoS, in addition

to the slope-forming material. Furthermore, a field study was carried out to validate the model using the clustering
approach. The results from the field are similar to those from the numerical model, although some additional site-
specific parameters like vegetation cover and surface runoff conditions should be considered before selecting the cut
slope. Finally, this study proposes that future road construction guidelines should consider terrain parameters, hydrol-
ogy, and geotechnical site conditions to promote sustainable road infrastructure and reduce future disaster risks in
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Introduction

Currently, one of the most dynamic developments hap-
pening in rural areas is the construction of roads. How-
ever, the critical factor of slope stability has not been
adequately addressed during road construction. As a
result, a large number of landslides have been observed
near the newly constructed rural roads (Scott Wilson
2003). Figure 1, sourced from Google Earth shows a
typical example of a change in the landscape due to road
construction-induced landslides. There is a significant
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amount of literature available that describes the relation-
ship between landslides and road construction and main-
tenance practices in Nepal (Hearn and Shakya 2017; Ives
et al. 2003). Along with earthquakes and rainfall, poor
road construction practice is one of the major reasons
for landslides in Nepal (McAdoo et al. 2018). Petley et al.
(2007) attributed poorly constructed roads as one of the
major reasons behind the dramatic increase in landslide
fatalities in Nepal between 1978 and 2005. Froude and
Petley (2018) found that in Nepal 43% of all road con-
struction-triggered landslides occurred during road con-
struction. These landslides not only cause loss of property
and life but also result in the degradation of rural road
networks, which in turn necessitates a significant
increase in maintenance costs (Scott Wilson 2003). The
main reasons behind increased slope instability in rural
roads are decentralization and change in administrative
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of the construction of a rural road

control of rural roads, shift from labor-based to equip-
ment-based construction, and lack of proper guidelines.

Roads in Nepal are generally classified as national
highways and Feeder roads (i.e., strategic road network,
SRN), and local roads (i.e., local road network, LRN). The
former falls under the jurisdiction of the Department of
Roads (DoR), while the latter falls under the jurisdiction
of the Department of Local Infrastructure (DoLl; for-
merly DoLIDAR: Department of Local Infrastructure and
Agricultural Roads). Most rural roads fall under LRN, the
development of which has been a priority for the govern-
ment of Nepal for the past two decades, and it is expected
to continue as the country shifts to a decentralized fed-
eral government structure. As a consequence, there are
now concerns about the ability of newly-formed local and
provincial governments to establish safeguards to ensure
that the benefits of the rapid development of road net-
works outweigh the potential losses (Rankin et al. 2017;
Sudmeier-Rieux et al. 2019). The local level governments
have started to build many vehicular roads in the rural
areas just by expanding foot trails already being used by
the community residing in those areas, without engi-
neering oversight (McAdoo et al. 2018). Due to limited
budget and time constraints in such construction, the
implementation of roadside structures and landslide mit-
igation measures such as retaining walls, bio-engineering
measures, etc. are often overlooked.

In the past, the construction of low-cost rural roads was
implemented using more sustainable and labor-based
methods. A design and construction approach labeled as
the green road approach (Acharya et al. 1999) was pro-
posed in 1999. The practice of mass balance—whereby

the excavated material is used as the fill material to
reduce the cut height as far as practicable, was intro-
duced in the approach (Fig. 2). Phased construction, such
as the gradual increase of the width of the road eliminates
the need to manage large amounts of excavated material
and allows for the natural compaction of earthwork by
monsoon rains (Acharya et al. 1999; Klatzel 2000; Mulmi
2009). However, the problem with all these approaches is
that they are slow, and require extensive retaining struc-
tures if the cross-slope is greater than 35% (Lawrence
and Hearn 2002). In addition, the green road approach,
which emphasizes labor-based construction, necessitates
a large upfront financial investment. As per the rate anal-
ysis norms of the Department of Roads (DoR), manual
road cutting of one cubic meter requires a labor input of
0.75 person-days, whereas the same quantity of cutting
carried out using mechanical means requires only 0.011
person-days of labor input, a reduction of labor by 98.5%.
Additionally, the duration for excavating one cubic meter
using labor-based methods is 6 h, whereas, for mechani-
cal excavation, it is 0.017 h (DoR 2018).

Rural road construction in Nepal has moved from
being a primarily labor-based (LB) approach to an equip-
ment-based (EB) practice in the last 20 years. The use of
heavy equipment to construct unplanned roads and the
disregard for slope protection works are often observed
in the EB road construction practices in Nepal (Hearn
and Shakya 2017; UNEP and UNDP 2011). This is evi-
dent in the emergence of EB construction practices, the
roads constructed by local heavy equipment operators in
collaboration with politicians lack basic grading, appro-
priate excavation slope, slope mitigation, and drainage
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Fig. 2 a Green Road approach (after Acharya et al. 1999); b mass balance approach (after NRA 2021)

Table 1 Cut slopes for road excavation in Nepal Road Standard

(DoR 2014)

Soil type Cut slope (V:H)
Ordinary soil 1:22to0 111
Disintegrated rock or conglomerate 1:1/2t0 1:1/4
Soft rock, shale 1:1/4t0 1:1/8
Medium rock 1:1/12t0 1:1/16
Hard rock Almost vertical

structures. Moreover, this practice often results in road
failures and subsequent costly repairs during the imme-
diate monsoons, which fall between June and September
(ITAD 2017; Singh 2018; Sudmeier-Rieux et al. 2019).

Apart from governance and political factors, Robson
et al. (2022) attributed the lack of user-friendly and sci-
entific guidelines covering roadside excavation as one of
the reasons behind road construction-induced landslides.
The design and construction of the SRN are governed by
the Nepal Road Standard, NRS (DoR 2014). The design
and construction of the LRN are governed by the Nepal
Rural Road Standards, NRRS (DoLIDAR- Department
of Local Infrastructure Development and Agricultural
Roads 2014). The latter does not contain any slope exca-
vation guidelines, further exacerbating the trend of the
construction of non-engineered roads. NRS contains a
guideline to determine the maximum slope of excavation
according to observed rock and soil characteristics on
site (DoR 2014), but the biggest caveat of this guideline
is the classification of materials. Different materials have
been classified into 5 classes while all types of soils are
lumped into a single group (Table 1).

Further, DoR has recommended the excavation
depths and slopes for road construction in its 2003

guidelines for slope protection works (DoR 2003).
These guidelines (Table 2), although more comprehen-
sive than those of the NRS, are difficult to implement
for the LRN because they are intended for well-engi-
neered (generally SRN) roads, which are constructed
under the supervision of well-trained engineers of
the DoR with proper implementation of drainage and
slope stability measures. While field observations have
revealed that soil cut heights are drastically smaller in
the LRN than in the SRN. Therefore, there is an urgent
need for user-friendly guidelines based on geotechni-
cal characterizations for rural road engineers (Robson
et al. 2022).

The stability guidelines or charts presented above and
others like Overseas Road Note 16, 1997 (Lawrence
and Hearn 1997) are useful in the case of proper geo-
technical characterization, which generally requires
proper site investigations with in-situ and laboratory
tests. These guidelines eliminate the need for detailed
numerical analysis of each slope in well-engineered
roads. However, low to mid-level technicians (Overse-
ers and Sub-Overseers in Nepal) could struggle to use
published stability charts/guidelines, an alternative to
detailed numerical analyses, due to a lack of under-
standing of geotechnical engineering (Robson et al.
2022). Therefore, the development of road excavation
guidelines based on simplified field characterizations
of geotechnical parameters and other easily identifiable
data like ground cross-slope is invariably important for
low-cost road construction. However, none of the pub-
lished roadside excavation guidelines in Nepal deline-
ate the safe slope of excavation in terms of the Factor of
Safety (FoS) incorporating those parameters.
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Soil classification Cut slope (H:V)
For<5m For 5-10 m cut height For 10-15 m cut height
cut height
Sand Loose, poorly graded 1:15
Sandy soil Dense or well graded 1:0.8-1:1 11-1:1.2 -
Loose 1:1-1:1.2 1:1.2-1:1.5 -
Sandy soil, mixed with gravel or rock Dense or well graded 1:08-1.1 1:1-1:1.2
Loose, poorly graded 1:1-1:1.2 1:1-1:1.2
Cohesive soil 1:08-1:1.2 -
Cohesive soil mixed with rock or cobbles 1:1-1:1.2 1:1.2-1:15 -

Materials and methods

The present study evaluates the FoS for different cut
slopes and heights in various soil types and ground
slopes using the Morgenstern—Price (M-P) method in
GeoStudio Slope/W 18 (GeoSlope 2018), validated by
field survey and presented in user-friendly charts for
safe excavation depth. The implementation involves the
classification of soil based on the Nepal Reconstruction
Authority’s soil identification procedure (NRA 2021),
and the study suggests correction factors for water table
variation and soil saturation due to rainfall effects. This
section outlines the detailed methodology, including
numerical modeling and field validation.

Numerical modeling

The Morgenstern—Price (M-P) method (Morgenstern
and Price 1965), a Limit Equilibrium (LE) method was
used in the study using the Mohr—Coulomb (M-C) fail-
ure criterion (Chen et al. 1969; Taylor 1937). The numeri-
cal analysis using staged construction was performed
in GeoStudio Slope/W 18 (GeoSlope 2018) software by
removing materials to mimic cutting. The design charts
indicated the maximum cut height and cut slope required

such that the FoS of slopes remained within gener-
ally accepted limits. A procedure for correcting the FoS
results after adjusting them for rainfall events was then
developed.

Slope geometry

In this study, ground slopes (GS) less than 20%
(Vertical:Horizontal, V:H) were excluded as the primary
focus was on hill slopes. However, the numerical analysis
was also conducted for 10% slopes, and the results were
found to be consistent with those of 20% slopes. Therefore,

Table 3 Slope geometry information

Cross-gradient (V:H in Cut height (m) Cut slope (V:H)
percentage)
20 1 0.5:1
30 2 0.667:1
40 3 1:1
50 4 2:1
60 6 311
8 41
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Fig.3 a Atypical rural road cross-section pictured in Nepal; b idealization of the road cross-section in GeoStudio Slope/W
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slopes ranging from 20 to 60% GS were considered for the
analysis. In addition, slopes with GS values greater than
60% were not considered as such steep slopes are typically
composed of rock and are outside the scope of this study.
Six different cut heights ranging from 1 to 8 m were con-
sidered for slopes with cut slopes ranging from 0.5:1 to 4:1
(V:H). The GS values were selected based on the terrain
classification in the NRS, while the cut heights were chosen
to best represent typical rural roads being constructed in
Nepal, based on several field observations (Table 3, Fig. 3a).

Material modeling

The materials of all slopes considered in the study are
assumed to be homogeneous and isotropic. Twelve dif-
ferent soil types as per USCS were modeled in the study.
The strength parameters were characterized as per the
M-C failure criterion, which was selected based on its
ability to best represent the failure of weathered rock and
alluvial soil, as reported by Hoek and Brown (2019). The
M-C failure criterion was also deemed suitable for pre-
dicting soil behavior based on field observations due to
its requirement for a few input variables.

Based on soil behavior in LE slope stability analysis,
various soil types are categorized into six different soil
groups: coarse-grained soil (USCS symbol GW, SW, GP,
SP), coarse-grained soil with non-plastic fines (USCS
symbol SC, SM-SC, SM, GM), coarse-grained soil with
plastic fines (USCS symbol SC, GC), silt (USCS symbol
ML, MH), low plasticity clay (USCS symbol CL), and
high plasticity clay (USCS symbol CH) (Table 4). The
M-C parameters of cohesion (c) and friction angle (D)
were assigned to the soils in this study, along with the
unit weight (y) based on the published literature (Bureau
of Indian Standards 1997; Minnesota Department of
Transportation 2007; NAVFAC 1986).

Slope stability analysis
The M-P method (Morgenstern and Price 1965) was
the LE method used for slope stability analysis using

Table 4 Material modeling information
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GeoStudio Slope/W 2018. Seepage and pore-water con-
dition was not considered to reduce site-specific vari-
ables involved in the numerical modeling. The directional
movement of soil mass was considered. The trial slip sur-
face was formulated by manually entering probable entry
and exit regions. Tension cracks were not considered and
the FoS calculated is the deterministic FoS. The mini-
mum depth of the slip surface was set at 0.1 m. Each slip
surface was discretized into 30 slices, with a maximum of
100 iterative calculations per slice. The search algorithm
adopted was the non-linear root finder method. Slip sur-
face entry and exit regions were set at the crest and toe of
the excavation.

Field study

The purpose of the field assessment was to evaluate the
stability of a rural road site in Dadeldhura, Sudurpas-
chim Province, Nepal, and compare it with the results of
the numerical analysis. The study area included 22 dif-
ferent sections of the Anarkholi-Bajkot-Khateda rural
road in the Ajayameru rural municipality (Fig. 4). The
road is being constructed without technical supervision
or alignment design; hence, it can be classified as a non-
engineered road. The assessment was conducted between
October 11th and 14th, 2022, at the end of the monsoon
season. The road passes through various types of land,
including cultivated land, settlements, barren land, and
dense forest. The road alignment passes through eleva-
tion ranges from 1800 to 2300 m, with soil varying from
high-plasticity clay to coarse gravel. The region experi-
ences heavy snowfall once a year and heavy rainfall dur-
ing the monsoon season. Therefore, the road section is
taken as a typical case for field validation.

The methodology used for the field data collection
involved soil classification and measurements of cut
height, cross slope and cut slope. Soil classification was
performed by spreading soil samples on the ground and
examining them with the naked eye (Fig. 5a). Coarse-
grained particles visible to the naked eye were catego-
rized as gravel if their size exceeded 5 cm, while smaller

Soil type USCS grouping Cohesion (kPa) Friction angle (°) Unit
weight, y
(kN/m?)

Coarse-grained soil GW, SW, GP, SP 0 37 20

Coarse-grained soil with non-plastic fines SC, SM-SC, SM, GM 5 34 19.5

Coarse-grained soil with plastic fines SC, GC 7.5 31 19.5

Silt ML, MH 16.5 25 17.5

Low plasticity clay CcL 19.5 23 17.5

High plasticity clay CH 21 18 16
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Fig. 4 Location map of Anarkholi-Bajkot-Khateda rural road, Ajayameru Rural Municipality, Dadeldhura, Nepal

particles were classified as sand. The plasticity of the soil
was tested by pressing a small lump of soil between the
thumbs for fine-grained soil (Fig. 5b) or making a soil
ball in the palm for coarse-grained soil. The field obser-
vations led to the classification of soil into six categories:
gravel, gravel with non-plastic fines, gravel/sand with
plastic fines, silt, low plasticity clay, and high plasticity
clay. Cut height was measured using a graduated rod of
length 5 m, while the ground slope and cut slope were
determined with two such graduated roads (Fig. 5¢). A
schematic representation of the stepping method used
to determine both the cut height and cut slope/ground
slope is presented in Fig. 5d.

Results

The results of the numerical analysis are presented in this
section in the form of design charts. Each design chart is
prepared for a set of USCS soil types grouped by similar
textural and plastic properties (Table 4).

Coarse-grained soil

The results on cut height versus FoS charts of coarse-
grained soils (Fig. 6a) highlight significant observations:
they demonstrate that coarse-grained soil has the low-
est FoS for all ground slopes and cut slopes compared to
other analyzed soil types. This can be attributed to the
poor cohesive properties of coarse-grained soils, which
play a crucial role in slope stability (Fredlund et al. 1978;
Jennings and Burland 1962). Specifically, for all ground
slopes, only a 1H:0.5V cut slope is stable (FoS > 1.5) across
all cut heights. The results also reveal that FoS decreases
with a corresponding increase in cut height across all five
ground slopes. This trend can be explained by the desta-
bilization of soil slopes by the change in geometry of the
existing slopes (Sutejo and Gofar 2015). Furthermore,
for a constant cut height, the FoS variation for changes
in ground slope is gradual, indicating similar failure pat-
terns on all ground slopes. Finally, the trend lines of the
cut slopes of 1H:2V, 1H:3V, and 1H:4V are closely spaced
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Fig. 5 General field assessment methodology

for all ground slopes, indicating that increasing the cut
slope steepness above 1H:2V has little effect on the FoS.
These results underscore the critical role of soil proper-
ties, particularly cohesion, in slope stability and highlight
the need to carefully consider these factors when evaluat-
ing the stability of cut slopes.

Coarse-grained soil with non-plastic fines

The analysis of coarse-grained soils with non-plastic
fines (Fig. 6b) reveals that the cut height v/s FoS charts
exhibit a similar trend to those of coarse-grained soils.
Both soil types display a decrease in FoS with increas-
ing cut depth and a gradual variation of FoS for changes
in ground slope. Furthermore, the trend lines of the cut
slopes for different ground slopes are closely spaced for
both soil types. However, a substantial difference arises
in the increased stability of coarse-grained soils with
the addition of non-plastic fines. Specifically, for all
ground slopes, cut slopes of 1:0.5, 1:0.67, and 1:1 exhibit
FoS greater than 1.5. This increase in stability can be
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attributed to the increased cohesion resulting from the
presence of fines. The difference in trend lines for the
last three cut slopes is minimal in comparison to coarse-
grained soils.

Coarse-grained soil with plastic fines

The trend lines of sand with plastic fines (Fig. 6¢) are
identical in shape to that of sand with non-plastic fines.
The main difference is that for each coordinate of FoS
v/s depth graphs of all ground slopes, the FoS is higher,
barring some exceptions. This is due to the cohesion and
friction angle of both soil types being closer to each other.
An interesting point to note is the abrupt decrease of FoS
when cut depth varies from 4 to 6 m in both 30% and 50%
ground slope of clayey sand and fine sand with fines. For
both soil types, there is minimal change in FoS when the
slope of the cut depth is 1 m and the ground is 60%. This
shows that for higher ground slopes with low excavation
depth, FoS is independent of cut slope variation, and the
trend is followed by clayey soils as well as shown in the
subsequent analysis below.
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Fig. 6 Cut height v/s FoS charts for: a coarse-grained soil, b coarse-grained soil with non-plastic fines, ¢ coarse-grained soil with plastic fines, d silt,

e low plasticity clay, f high plasticity clay
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Silt

The trend lines for silts (Fig. 6d) are closely spaced and
the FoS deviation is relatively low. It is evident from this
result, and the general trend of increase in safety with the
corresponding increase in cohesion of the soil, that the
increase in cohesion increases the shear strength of soils
(Fredlund et al. 1978; Jennings and Burland 1962). Add-
ing to that, as cohesion increases, FoS increases as well
for the same ground slope and same cut depth as shown
by the graphs above. This can be accounted for cohesion
as well. In addition, the abrupt decline in FoS from 4 to
6 m, as in clayey sand and sand with fines, is not followed
by silts. Other than these variations, the trend lines for
silts are the same in other aspects as that of the above
three soil types.

Clay

The trend lines of both low plasticity (Fig. 6e) and high
plasticity (Fig. 6f) clay are similar to that of silts. The only
noticeable difference is that the FoS of low-plasticity clay
is similar to that of silts but high-plasticity clay has the
highest point-for-point FoS out of all the six soil types.
This is because the cohesion value for clay is the highest
among all the soils.

Rainfall parameter adjustment

Rainfall is a key factor contributing to slope failures in
steep slopes, even in the absence of a groundwater table
(Bonnard et al. 2008). Concentrated rainfall, as found
by Pradhan et al. (2022), can trigger shallow landslides
by reducing soil suction and subsequently, the shear
strength of the soil. To include rainfall in the numerical
analysis, it is important to take into account other con-
tributing parameters such as hydraulic characteristics of
soil (Cai and Ugai 2004), initial volume moisture content,
rainfall intensity, and permeability of the soil, leading to
a much more complex calculation. Considering this, the
rainfall parameter is not included in the study.

To calculate the effects of rainfall on slope stability of
road cut slopes, Pradhan et al. (2022) used a 17-h rain-
fall duration based on the results from their back analy-
sis. The study established a correlation between rainfall
duration and corresponding changes in the FoS, dem-
onstrating that a longer duration of rainfall resulted in
a greater reduction in FoS, and an increase in rainfall
duration from 5 to 17 h causes an additional drop in
the FoS by approximately 10%. Therefore, the effect of
rainfall can be incorporated into the study by reduc-
ing the obtained FoS in all scenarios by 25%, account-
ing for 17 h of rainfall duration in the correlation graph
of Decrease in factor of safety v/s Rainfall duration
(Fig. 7).
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Fig. 7 Rainfall duration (h) v/s decrease in FoS (%), after Pradhan et al.
(2022)

Vegetation and its effects on this study

To maintain brevity and minimize the influence of out-
liers, this study has not used vegetation parameters in
the numerical analysis. However, the literature review
indicates that vegetation strengthens soil stability in
two ways—by changing the soil moisture regime and
providing additional soil strength through roots (L6b-
mann et al. 2020). In addition, foliage intercepts rain-
fall and increases the roughness of the ground surface,
thereby boosting the infiltration capacity of subsoil
Vegetation roots also bind soil particles and provide
support to the up-slope soil mantle through buttressing
(Mulyono et al. 2018). Nevertheless, though the vegeta-
tive cover is known to provide mechanical and hydrologi-
cal reinforcement to slopes, extenuating factors such as
droughts, plant lifecycle, forest fires, freeze—thaw cycles,
and increased CO, emissions can compromise the rein-
forcement mechanisms (Bordoloi and Ng 2020). Moreo-
ver, the type of vegetation (herbaceous or woody), local
environment, species mix, and plant health also affect the
vegetative reinforcement performances (Lobmann et al.
2020). Due to these complexities, vegetative parameters
were excluded from this study.

Implementation modality

From the above results, it is apparent that the FoS of the
slopes subjected to rural roads is contingent on mate-
rial properties (c, @, y), and additionally on the geomet-
ric characteristics of the site. Consistent with published
literature and common intuition, the FoS is observed
to follow a downward trend as the steepness and cross-
slope of excavation are increased. Moreover, the FoS
also decreases with increasing steepness of the existing
natural slope of the ground. The charts presented in the
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Fig. 8 General methodology proposed for selecting appropriate cut slope

results section of this paper can be used to determine the
safe depth and slope of excavation for specific values of
natural ground slope and field-identified soil parameters.
The term safe in this context refers to an FoS of 1.5, which
is considered the minimum desirable global safety value
in several design guidelines under static conditions. We
recommend that rural road practitioners use the meth-
odology for field identification of soil parameters (Fig. 8)
prescribed by the Nepal Reconstruction Authority, NRA
(NRA 2021).

We recommend that rural road engineers follow the
illustrated general framework before selecting the depth
and slope of excavation.

Field validation

The field validation methodology described in the mate-
rials and methods section of this paper was used to
perform a field-based slope stability assessment. The
slopes were observed in the field and categorized into
two groups, namely stable slopes and failed slopes. The
FoS versus depth charts developed in this study were
used to determine the FoS of the slopes. The data points
obtained were then divided into two categories based
on their alignment with the stability chart, i.e., pass and
fail. The pass category included the slopes in which the
observed field condition aligned with the stability charts.
This means that slopes that were predicted to fail or
not fail in the stability charts and had indeed failed or
not failed in real life were classified as pass. Conversely,
the opposite was classified as fail. The field assessment
area includes representative slopes, as shown in Fig. 9.
Figure 9a depicts a completely failed slope section. Fig-
ure 9b shows a partially failed, partially vegetated slope.
Figure 9d shows another slope section where a gabion
wall has been used as a mitigation measure. In addition,

Fig. 9e, f illustrate a barren failed slope and a vegetated
safe slope, respectively.

Two scatter plots were generated (Fig. 10) for the
data points obtained from the field-based slope stability
assessment. The x-axes of both plots represented the cal-
culated FoS values, while the y-axis represented the data
points, which were categorized into two groups: pass
points and fail points, depicted in green and red respec-
tively. The difference between the two scatter plots was
that the FoS of the first plot (Fig. 10a) were not adjusted
for rainfall parameters, while the FoS values in the sec-
ond plot Fig. 10b) were reduced by 25% to adjust for rain-
fall parameters.

Results from validation study
The validation rates for each chart can be calculated by
dividing the number of pass points by the total number
of data points. For the former chart, the validation rate
stands at 61%. For the latter chart, the validation rate
stands at 65%. Though the validation rates for both charts
are relatively low, the slightly better validation rate of the
latter chart highlights the importance of taking rainfall
into account for more accurate results. However, it is
important to note that the methodology was still able to
accurately predict the stability of the majority of slopes,
indicating its future use in slope failure remediation and
management.

The following key observations were obtained from the
field validation:

1. In general, slopes with FoS higher than 1.5 were
found to be stable in the field. Only four sections of
the failed slopes had FoS greater than 1.5. This sug-
gests that elements like drainage conditions and
runoft-induced gully erosions, excluded in this study,
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Fig. 9 Representative slope conditions of the Anarkholi-Bajkot-Khateda road

contribute to the failure of slopes considered safe in
the design charts.

. The FoS of the failed slopes falls between the values
of 1 and 2, with 50% of failed slopes falling below the
unsafe threshold of 1.5. Also indicates that factors
not considered in the present study, such as drain-
age conditions and runoff-induced gully erosions,
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contribute to the failure of slopes deemed safe on the
design charts.

Slopes with FoS less than 1.5 were found safe in many
instances (approximately 40%), highlighting one of
the key limitations, i.e., the effect of vegetation on
slope stability. Five of the six stable slopes deemed
unsafe by the assumptions and model of this study
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Fig. 10 Field validation scatter plots: a before rainfall parameter adjustment, b after rainfall parameter adjustment

are in densely vegetated areas (Fig. 10). Three of the
five slopes are covered by dense woods dominated by
Quercus leucotrichophora, an oak species native to
Nepal’s Sudurpaschim Province. The effects of root
retention and passive root reinforcement must thus
be investigated further to provide considerably more
extensive and precise results.

Conclusions

The study sought to address the issue of poor rural road
construction in Nepal due to a lack of expertise and clear
guidelines, resulting in frequent mass movements in the
Himalayas. A systematic slope excavation method for
local road construction in Nepal was developed by evalu-
ating the FoS for different cut slopes and cut heights in
different soil types and cross/hill slopes using the Mor-
genstern—Price method. Additionally, user-friendly
charts depicting the safe depth of excavation were cre-
ated, and a method for putting the charts into use was
proposed by modifying the soil identification procedure
developed by the Nepal Reconstruction Authority in
2021.

Based on numerical simulation and analysis, we have
highlighted the urgent need for rural road excavation
guidelines. The present guidelines enacted by the DoR
and intended for the SRN are not only practically unvi-
able but also economically unfeasible to implement on
rural roads.

It is critical to emphasize that the FoS values are
approximations for ideal slope conditions and do not take
factors such as site-specific topographical and hydrologi-
cal features into account in the numerical analysis por-
tion of the study. The results, however, are a good starting
point for developing stability charts tailored specifically
for low-cost local roads.

In conclusion, the study emphasizes the critical need
for rural road excavation guidelines, as well as the
importance of capacity building and upgrades to the
existing institutional framework, to discourage the con-
struction of unscientifically constructed rural roads. To
build sustainable roads in the Himalayan region, clear
guidelines for the excavation slope regarding soil type,
excavation depth, and ground slope are required. The
study’s findings would benefit all three levels of the
Nepalese government and contribute to a more scien-
tific future for slope stability analyses.

The main findings are summarized as follows:

1. For GS values of 40%, 50%, and 60%, FoS is independ-
ent of cut slopes for small cut depths for all six sce-
narios.

Cohesion is a very important factor in slope stability,
as it increases FoS gradually with an increase in cut
slopes in accordance with the ground slopes.

3. High Plasticity Clay is the most stable soil type when
subjected to excavation and coarse-graded sands are
the weakest and are highly prone to failure.

The ground slopes play a vital role in the stability of
the slope as they are the most sensitive to changes in
the depth of the cut and soil types.

5. The field validation rate of the present study based
on a field assessment currently stands at 61% before
rainfall adjustment and 65% after rainfall adjustment.
The assessment of the effects of hydrological factors
such as surface drainage and runoff accumulation
zones is crucial to further calibrate the model devised
in the study.

The assessment of the effects of vegetation on the
overall stability of slopes is important to further
improve the validation rate of the model presented in
the study.
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