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 Slope stability is critical for infrastructure safety, particularly in seismically active 
regions. This work evaluates the stability of a slope along the Baroti-Reyur road in 
Himachal Pradesh, located in Zone 5, using a novel combination of Limit Equilibrium 
Methods (LEMs) and Finite Element Methods (FEMs). The analysis examines natural 
slope conditions and the impact of sustainable mitigation measures, including retaining 
structures and bioengineering techniques, under the static and dynamic conditions. The 
soil model incorporated a modulus of elasticity (E) of 90,000 kN/m², and a poisson's 
ratio (v) of 0.3 to reflect realistic slope-soil-structure interactions. Retaining structures 
such as gravity, cantilever, and gabion walls (4 m, 6 m, and 5 m high) were constructed 
using M30 RCC and Fe500 steel. Bioengineering measures featured deep-rooted 
grasses like Vetiver and Broom grass to improve soil cohesion (c), shrubs like Lantana 
camara for surface stability, and trees like Albizia lebbeck to reinforce deeper soil 
layers. These vegetation-based interventions enhanced slope resilience, while 
promoting ecological restoration. Theoretical LEM analysis revealed marginal 
stability, with static FOS values of 1.1 and pseudo-static FOS of 1.05. GEO5 pseudo-
static analysis indicated critically low FOS value of 0.88 for dynamic saturated 
conditions, improving to 2.01 with retaining structures. FEM analysis using PLAXIS 
2D provided more detailed insights, capturing complex soil-structure interactions with 
a static FOS of 1.028 and dynamic FOS of 0.994. By combining FEM with sustainable 
mitigation strategies, this work offers a framework for resilient slope stabilization, 
ensuring safety, while promoting environmental sustainability in seismically active 
regions. 
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1. Introduction 

Landslides, whether caused by human activities 
or natural factors, pose significant risks to 
engineering projects and communities, particularly 
in steep terrains. These events disrupt ecosystems, 
and often lead to substantial loss of life and 
property. Himachal Pradesh, with its rugged 
topography and heavy monsoon rainfall, is highly 
susceptible to landslides, especially during the 
rainy season; contributing factors include 
urbanization, climatic changes, and intense 
precipitation, which amplify the risk and extent of 
damage annually. This work investigates the 
stability of the slope impacting the Baroti-Reyur 
road using both the LEM through GEO5 software 
and the FEM using PLAXIS 2D. The Baroti-Reyur 

road, a critical 7 km-long village route under HP 
PWD, division Dharampur, is the sole lifeline for 
approximately 7,000 residents in the Banal, 
Sarskan, and Langehar Gram, panchayats of Mandi 
district. Frequent landslide-induced blockages of 
this road, not only hinder transportation, but also 
disrupt utilities such as electricity and water 
supply, severely affecting the region's daily life and 
economic activities. effective mitigation strategies 
are urgently required to reduce the impact of these 
landslides on infrastructure and local communities. 
To address the pressing issues in this region; this 
work evaluates the slope stability using both the 
LEM and FEM approaches. GEO5 is employed to 
analyze pseudo-static conditions and failure 
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surfaces, while PLAXIS 2D provides detailed 
FEM-based analysis, including stress distribution 
and deformation under both static and seismic 
conditions. Previous studies have demonstrated the 
robustness of FEM and LEM in slope stability 
analysis, with each method offering distinct 
advantages. FEM, as highlighted in [1], is 
particularly effective in identifying critical slip 
surfaces, stress distributions, and deformation 
patterns, making it suitable for complex 
geotechnical conditions, especially under seismic 
loading. In contrast, LEM, as discussed in [2], 
provides a straightforward, computationally 
efficient approach for determining FOS and 
assessing overall stability based on pre-defined 
failure surfaces. The complementary use of FEM 
and LEM has been emphasized in multiple studies, 
particularly in regions prone to seismic activities, 
where their combined application enhances 
accuracy by addressing both stress-strain behavior 
and limit equilibrium conditions. Recent research 
on slope stability in seismic regions has provided 
additional insights relevant to this work, uencing 
failure mechanisms. [4] explored the role of soil-
structure interaction in landslide-prone Himalayan 
terrains, highlighting FEM’s ability to model 
progressive failure mechanisms. [5] analyzed slope 
stability using numerical methods, demonstrating 
the role of advanced computational techniques in 
geotechnical analysis. These recent studies align 
with the findings of this research work, reinforcing 
the significance of integrating FEM and LEM for 
comprehensive stability evaluations. Research 
specific to Himalayan slopes has also informed this 
work. [6] reviewed slope stability challenges and 
mitigation measures in the Lesser Himalayan 
region, providing insights into geotechnical 
complexities. [7] analyzed Himalayan slopes using 
GEO5, integrating advanced anchoring techniques 
to enhance stability under seismic loading. [8] 
employed numerical methods for evaluating cave 
stability, demonstrating the adaptability of FEM to 
complex geological conditions, while [9] 
conducted comparative stability studies using 
GEO5 and PLAXIS 2D, highlighting their 
reliability for modeling varying geological 
conditions. [10] explored fractured rock slopes 
using both FEM and LEM, offering valuable 
perspectives on integrating these methods for 
enhanced accuracy. Bioengineering has emerged as 
a sustainable approach to slope stabilization, 
particularly in the seismic zone, 5 region of Mandi, 
Himachal Pradesh. The effectiveness of 
vegetation-based stabilization techniques has been 
demonstrated in multiple studies. [11] conducted 

numerical simulations to assess the contribution of 
bioengineering techniques to slope stability, 
emphasizing their role in improving soil cohesion 
and reducing erosion. [12] investigated 
bioengineered slopes in Thailand, showing 
significant stability improvements through 
vegetation reinforcement. More recently, [13] 
presented field-based evidence on the effectiveness 
of root-reinforced slopes under seismic conditions, 
providing empirical validation for bioengineering 
measures. [14] conducted a case study in Kangra, 
Himachal Pradesh, showcasing the effectiveness of 
bioengineering for landslide disaster risk reduction, 
while [15] integrated geophysical, geochemical, 
and geotechnical approaches to develop 
bioengineering mitigation strategies, emphasizing 
the importance of multi-disciplinary methods in 
addressing landslide stability challenges. 
Additionally, new studies have expanded 
knowledge on slope stability and mitigation 
strategies. [16] performed a comparative analysis 
of slope stability using Slide and PLAXIS 2D 
software, providing insights into their application 
in varying geological conditions. [17] examined 
the stability of a pump house building and water 
storage tank slope at Narkanda, India, reinforcing 
the importance of advanced numerical modeling 
techniques. [18] analyzed deep-seated landslides in 
Ethiopia using both LEM and FEM, showcasing 
their application in different geotechnical contexts. 
[19] investigated uncertainties in slope stability 
assessment, emphasizing the role of probabilistic 
methods in geotechnical engineering. [20] explored 
IoT applications for slope monitoring in open-cast 
mines, demonstrating technological advancements 
in real-time geotechnical monitoring. Mitigation 
measures such as reinforced retaining structures 
(RCC cantilever and PCC gravity walls), stepped 
gabion walls, and bioengineering techniques are 
proposed to enhance slope stability and 
sustainability. Bioengineering, particularly 
vegetation-based stabilization, adds a layer of 
ecological resilience, while addressing long-term 
soil reinforcement. The combined use of GEO5 and 
PLAXIS 2D provides a comprehensive assessment 
of slope stability and reinforces the significance of 
integrating analytical and numerical methods. By 
incorporating recent research and highlighting the 
distinct roles of FEM and LEM, this work 
contributes to the development of sustainable 
mitigation strategies in high-risk seismic zones, 
aligning with modern infrastructure safety 
standards. 
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2. Studied Area 

The studied area, located on Baroti-Reyur road, 
lies in a landslide-prone region of the Dharampur 
division in Mandi district, Himachal Pradesh, with 
geographic coordinates of latitude 31° 46' 56" N 
and longitude 76° 45' 23" E. The landslide-affected 
stretch spans from Km 5/120 to 5/210, as shown in 
the location map in Figure 1. The Baroti-Reyur 
road originates from National Highway (NH-03) at 
Baroti village, traverses hilly terrain, and 
terminates at NH-03 at Chalal, passing through 
loops with steep gradients. This road has an 
existing carriageway of 3.05 m with a 5 m roadway. 
This route passes through hilly terrain that is highly 
prone to landslides. The residents of connected 
villages are cut off from the main streams for 
several months during the rainy season due to road 
damage and massive landslides. The landslide 
hazard profile of landslide-prone areas is also 
shown on the landslide hazard map of Himachal 
Pradesh, which indicates that the area lies in high 
hazard (Figure 3). The portion of the road in Km 
5/120 to 5/210 is highly prone to landslides. This 
landslide-prone area is situated on Baroti-Reyur 
road, leading towards NH-3, having a length of 
7.000 Km. At RD 5/120 to 5/210, the slope is steep 
with an inclination raging up to 60° with a height of 
about 120 m above the road and 30 m below the 
road level having a base width of 90 m along the 

road. The approximate area of the landslide at RD 
5/120 to 5/210 is about 12000 m². The landslides at 
RD 5/120 to 5/210 are complex involving failure of 
silty sandy clayey soil mixed with fractured sandy 
rock with debris fall/slide. The slides consist of 
debris/rockslide/fall at the location, as can be 
observed in Figure 4. Intense rainfall is the primary 
factor that triggers the occurrence of landslides, 
land subsidence, and improper drainage, which 
caused the seepage of stormwater through pervious 
soil mixed with fractured rock strata, resulting in 
subsidence and soil/rockslide. The landslide 
initiated due to the seepage of surface water into 
impervious strata containing silty sandy clayey soil 
which resulted in subsidence and sliding causing 
slope instability. The major landslide initiated 
during the recent monsoon and as such, there is no 
historical background of the landslide. The 
landslide evolved due to the instability of relatively 
impervious strata containing silty sandy clayey soil 
mixed with fractured sandy rock on the slope 
caused by the saturation due to the seepage of 
heavy rainwater. The landslide occurred during the 
recent monsoon and had no recurrence history. At 
RD 5/120 to 5/210, the approximate area of the 
landslide is about 12000 m² over a length of more 
than 150 m. The soil strata of the landslide site at 
Km 5/120 to 5/210 consist of mainly silty clay 
mixed with fragmented boulders, as shown in 
Figure 6.  

 
Figure 1. Location map of landslide-prone area (Source: Google maps). 
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Figure 2. Hazard profile zonation on map of India Figure 3. Hazard profile zonation on map of H.P 

The soil cover mainly consists of silty clay, 
mixed with fragmented boulders in a complex 
manner throughout the slope. Improper drainage of 
the slope leads to the saturation of the weak soil 
during the rainy season, which decreases the soil's 
shear strength (τf), thereby destabilizing the slope. 
The primary cause of the landslide is the 
subsidence of silty and clayey soil on the slope, 
which occurs due to saturation from stormwater. 
The extent of the damage caused to the retaining 
wall and water supply pipes by the landslide is 
shown in Figure 4 and Figure 5. The drainage of 
stormwater is not proper, thus making the slope 
unstable, which resulted in the failure of silty 
clayey soil mixed with sandstone boulders (Figure 

6). Soil samples taken from the landslide area 
reveal that the soil consists of a silty clay 
composition, with high compressibility (CH-MH) 
with medium to hard sandstone. The studied area 
of Dharampur division is marked by geological 
features containing mountainous terrain mainly 
consisting of syncline formations with river 
sedimentary deposits. These formations were 
subsequently subjected to folding and thrusting 
resulting in the formation of hills containing ridges 
and valleys. The formations mainly consist of 
Dagshai and Subathu, mainly composed of 
reddish/greyish Beas shale, mudstone, siltstone, 
sandstone, and boulderous embedment in 
alternating layers in a complex manner. 

 

  
Figure 4. Comprehensive view of landslide Figure 5. Cracked retaining wall due to landslide 
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The rock formations are highly fractured along 
multiple planes, and often get easily eroded due to 
various atmospheric agents such as rain, alternate 
heating, and cooling cycles. The stormwater 
saturates the poor soil on the steep slopes causing 
frequent failure resulting in landslides. The 
dimensions of the landslide indicate 120 m high; 
and 90 m long slide along the road covering an area 
of about 12,000 m² with nearly 60,000 cubic meters 
of total volume at RD 5/120 to 5/210. The scarp of 
the landslides shows sliding/subsidence at the 
crown. The crown of the slide is elongated with 
subsidence and sliding resulting due to seepage of 
stormwater over the slope. The head of the slides 
consists of subsidence failure involving soil/rock 
debris fall/flow. The toe of the slide consists of 
soil/rock debris deposited along and below the road 
at the base. The foot of the landslides consists of 
strata covered with debris of the slides from above. 
The rupture surface is translational/rotational with 

complex soil/rock mass subsidence/sliding on the 
slope. A comprehensive mapping of the landslide 
site was performed, which involved preparing a 
contour map of the affected area, and a geological 
map. The geotechnical investigation of the 
landslide site was performed by gathering soil 
specimens from the poor soil on the slope. The soil 
strata of the landslide site at Km 5/120 to 5/210 
consists of mainly silty clayey soil mixed with 
fragmented sandy rock boulders embedded in 
between as shown in Figure 7. The soil cover 
mainly consists of silty clay existing at the top 
having thickness 2 – 4 m with mixed medium 
sandstone in a complex manner. The slope is not 
properly drained which results in the saturation of 
poor soil on slope during the rainy season reducing 
the shear strength (τf) of the soil thus making the 
slope unstable. The softening of silty clayey soil 
due to saturation by stormwater is the main cause 
of occurrence of landslides. 

 

  
Figure 6. Damage caused to water supply pipes Figure 7. Collection of soil samples at landslide 

3. Methodology 

The integration of PLAXIS 2D and GEO5 
offers a robust framework for geotechnical analysis 
by effectively leveraging the complementary 
strengths of the FEM and the LEM. PLAXIS 2D 
employs FEM to perform dynamic analyses that 
incorporate seismic parameters, such as peak 
ground acceleration (PGA), providing detailed 
insights into stress-strain behavior, soil-structure 
interaction, and deformation, while 
accommodating complex geometries and boundary 
conditions. Despite its high accuracy and 

versatility, FEM is resource-intensive, requiring 
significant computational power, advanced 
expertise, and higher costs. On the other hand, 
GEO5 utilizes LEM to conduct pseudo-static 
analyses aimed at determining the FOS under 
seismic conditions. This method, based on 
simplified assumptions of rigid body movement, is 
computationally efficient, cost-effective, and ideal 
for preliminary stability assessments, although it 
offers limited insights into stress distribution, 
deformation, and dynamic behavior. LEM assumes 
slope failure along a pre-defined or assumed slip 
surface, typically circular or planar, which may not 
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represent the actual failure mechanism. PLAXIS 
2D utilizes the FEM for slope stability analysis, 
employing a plane strain model, where 
displacements and strains in the out-of-plane 
direction are assumed to be zero. In contrast, GEO5 
primarily uses the LEM for slope stability analysis, 
evaluating the stability of slopes by analyzing 
potential failure surfaces and calculating the FOS 
based on equilibrium conditions. By combining the 
computational efficiency and simplicity of GEO5 
for initial evaluations with the precision and depth 
of PLAXIS 2D for detailed analyses, this dual 
approach ensures comprehensive and reliable 
geotechnical assessments, particularly in seismic 
conditions. Furthermore, the integration of 
advanced numerical methods with sustainable 
strategies enhances the approach's applicability to 
real-world challenges. Bioengineering techniques 
were used to evaluate the impact of various 
vegetation types on improving FOS under seismic 
conditions, including vetiver grass (chrysopogon 
zizanioides) for its deep-rooted soil cohesion (c)  
properties and resistance to shallow landslides 
([21]), Lantana camara for reducing surface 
erosion and slope stabilization ([22]), broom grass 
(thysanolaena maxima) for erosion control in hilly 
terrains, and Albizia lebbeck (Siris) for providing 
deep anchoring and nitrogen fixation, which 
contribute to long-term slope reinforcement ([23]; 
[24]). Retaining structures integrated with 
vegetation were employed as a mitigation strategy 
to demonstrate their combined effectiveness in 
addressing seismic vulnerabilities. This 
comprehensive approach addresses the unique 
challenges of slope stability in the seismically 
active zone 5 of Himachal Pradesh, combining 
advanced numerical methods with sustainable 
slope stabilization strategies to deliver reliable and 
resilient solutions. 

3.1. Soil sampling 

The soil sampling process was conducted 
meticulously to ensure the collection of 
representative samples from critical sections of the 
slope prone to failure. Sampling locations were 
chosen based on observations of silty clayey soils, 
zones saturated by seeping water, and areas with 
visible evidence of instability. Soil samples were 
obtained from the most critical sections of the 
slope, which exhibited significant clayey soil 
content, fractured Beas shale, and other poor-
quality soils contributing to slope instability. 
Sampling points were distributed along the 
landslide site from RD 5/120 to RD 5/210, 
targeting zones, where subsurface conditions and 

seepage were deemed to have the greatest impact 
on slope failure mechanisms. Samples were 
collected from varying depths to capture a 
comprehensive profile of subsurface conditions, 
ranging from surface layers beneath loose debris to 
bedrock or hard strata, with depths varying from 
0.6 m to 4.2 m to encompass loose sandy silts, 
clayey silts, and fractured rock layers. Core cutters 
and sampling tubes were used for undisturbed soil 
sampling, ensuring minimal disturbance to the 
natural structure and moisture content of the soil. 
Sampling points were systematically spaced across 
the site to provide a spatial distribution of samples 
and cover varying lithological conditions. Samples 
were carefully sealed and transported to the 
laboratory to retain their in-situ characteristics. 
Since standard penetration tests (SPT) were 
impractical due to fractured rock and debris, 
Dynamic Cone Penetration Tests (DCPT) were 
conducted following IS 4968-1 [25], with 
measurements performed at critical sections. 
DCPT values (Ncd) at depths from 0.6 m to 4.2 m 
ranged from 10 to 40, as summarized in Table 1. 
These values were converted into equivalent SPT 
values as per IS 4968-1 guidelines, yielding an 
average N = 20, used for bearing capacity and 
settlement assessments. The allowable bearing 
capacity (qu) was computed using IS 8009-1 [26] 
and IS 1904 [27], resulting in qu = 19.8 t/m² based 
on a permissible settlement of 50 mm. Borehole 
logs from RD 5/120 to RD 5/210 revealed a layered 
subsurface profile: 0–2.4 m of loose sandy silty 
clay with sandstone boulders, 2.4–3.6 m of 
medium-dense silty clay with fractured sandy rock, 
and below 3.6 m of dense silty clay with medium-
fractured sandy rock. The physical and mechanical 
properties of the soil were determined following IS 
2720 series codes, including field density (IS 2720-
2 [28]) at 1.75 g/cm³ (dry), specific gravity (IS 
2720-3 [29]) at an average Gs = 2.65, and Atterberg 
limits (IS 2720-5 [30]) with a liquid limit of 51.6% 
and a plastic limit of 42.2%. Statistical analysis of 
the soil parameters revealed minimal variation, 
confirming uniformity across the critical sections. 
Shear strength (τf) parameters determined using 
consolidated undrained triaxial tests (CU tests) in 
both dry and saturated conditions (IS 2720-11 [31]) 
showed cohesion (c) of 30 kN/m², angle of internal 
friction (Ø°) of 30°, unit weight (γ) of 17.15 kN/m³, 
and saturated unit weight (γsat) of 18.15 kN/m³ as 
shown in Table 2. The derived soil properties were 
incorporated into slope stability analyses using 
GEO5 2D, and input parameters were validated 
against field observations and laboratory results, 
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forming a reliable foundation for evaluating slope 
stability and designing mitigation measures. 

Table 1. DCPT values from dynamic cone 
penetration test. 

Depth (m) DCPT value, Ncd 
0.60 10 
1.20 14 
1.80 17 
2.40 20 

3 27 
3.6 34 
4.2 40 

Table 2. Soil parameters. 
Properties Soil 

Cohesion (c) 30.5 kN/m2 
Angle of internal friction (Ø°) 30° 
Unit weight (ℽ) 17.15 kN/m3 
Saturated unit weight (ℽsat) 18.15 kN/m3 

 
The slope consists of fractured sandy rock 

boulders mixed with soil, without distinct intact 
rock layers, making it unnecessary to evaluate rock 
parameters. Samples of rock and relevant field data 
were collected to classify the rock based on various 
characteristics. The Uniaxial Compressive 
Strength (UCS) of the rock samples was measured 
at 25.5 MPa, corresponding to a rating of 4. The 
Rock Quality Designation (RQD) for the rock 
samples was less than 28%, resulting in a rating of 
8. The spacing between discontinuities ranged 
from 50 to 200 mm, leading to a rating of 8, while 
the discontinuities had less than 5 mm of condition 
with severely weathered surfaces, contributing a 
rating of 10. A rating adjustment of -25 was applied 
due to the fair condition of discontinuity 
orientation. Groundwater conditions were damp, 
providing a rating of 10. The total rating for the 
rock samples was calculated as 4 + 8 + 8 + 10 + 10 
- 25 = 15, classifying the rock as class V, indicating 
a very poor-quality rock. Adjustment factors for the 
slope, including parallelism of the slope, 
discontinuity F1 (very unfavorable), dip of 
discontinuity F2, and slope inclination F3, were 
considered in the Slope Mass Rating (SMR) 
calculation. These adjustments were F1 = 0.15, F2 
= 1, and F3 = -25, with an additional adjustment for 
excavation (F4) of +10. The final SMR was 
calculated as SMR = RMR + (F1 × F2 × F3) + F4 
= 15 + (0.15 × 1 × -25) + 10 = 21.25, placing the 
slope in class IV, indicating instability and the need 
for significant corrective action. Based on the rock 
mass rating, the cohesion (c)  of the rock mass is 

under 100 kPa, and the friction angle (Ø°) is below 
15°. Slope stability analysis, conducted using the 
soil parameters outlined in Table 2 and software 
such as GE05 and PLAXIS 2D, revealed that the 
slope becomes stable after implementing suitable 
mitigation measures at the landslide site. However, 
the landslide site is fresh, with no present 
monitoring or real-time data available. 

3.2. Bioengineering 

Bioengineering has been implemented as a key 
approach to enhance slope stability in the highly 
seismic zone, 5 regions of Mandi, Himachal 
Pradesh, specifically for the stabilization of the 
Baroti-Reyur road slope. This method leverages 
vegetation to improve soil cohesion, reduce surface 
erosion, and mitigate landslide risks, with plant 
species carefully selected for their adaptability to 
the local environment, rapid establishment, and 
proven mechanical stabilization properties [22], 
[24]. The vegetation utilized included deep-rooted 
perennial grasses like Vetiver (Chrysopogon 
zizanioides), which enhances soil cohesion and 
resistance to shallow slips with roots growing up to 
3–4 meters, and Broom grass (Thysanolaena 
maxima), whose dense root mats effectively 
control erosion in hilly terrains [21]. Shrubs such 
as Lantana camara and Artemisia vulgaris were 
incorporated to provide surface protection and 
improve soil cohesion through their fibrous root 
systems. Trees including Bauhinia variegata 
(Kachnar) and Albizia lebbeck (Siris) were 
strategically planted for reinforcing deeper soil 
layers and improving slope stability, with Albizia 
also supporting nitrogen fixation to enhance soil 
fertility [23], [22]. Mechanically, these species 
contributed to slope stabilization by increasing soil 
cohesion through deep and fibrous roots, 
minimizing direct rainfall impact with dense 
ground cover, and acting as natural anchors to 
counter seismic forces [24]. Specific 
bioengineering techniques included planting 
Vetiver grass in contour rows for erosion control, 
establishing Lantana camara on slope edges to 
stabilize areas prone to shallow landslides, and 
using Albizia lebbeck alongside retaining 
structures to anchor deeper soil layers [21]. The 
region’s steep terrain, high monsoonal rainfall, and 
seismic activity made these vegetation-based 
measures particularly suitable, with native plant 
species ensuring high survival rates, ecological 
restoration, and reduced maintenance costs [32]. 
An assessment of long-term performance under 
prolonged wet conditions and seismic shaking is 
essential to determine the resilience of 
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bioengineering measures. Prolonged wet 
conditions can reduce soil shear strength, leading 
to pore water pressure buildup and potential slope 
failure. The saturation of soil may weaken root 
anchorage and diminish the stabilizing effects of 
root reinforcement, as waterlogged conditions 
often lead to reduced friction between roots and 
soil particles. On the other hand, seismic events 
induce dynamic loading that tests the mechanical 
stability of root-soil composites. During such 
events, root networks may help dissipate seismic 
energy by increasing the ductility of the soil mass 
and reducing surface deformations, although 
excessive shaking could strain or even rupture 
roots, compromising their stabilizing effect. 
Studies from similar landslide-prone regions 
suggest that vegetation plays a critical role in 
stabilizing slopes. Research shows that Vetiver and 
Broom grass can maintain root strength even under 
high moisture content, effectively stabilizing 
slopes during heavy monsoons [21], [22]. 
However, continuous monitoring of root 
reinforcement under prolonged saturation is 
necessary, as excess moisture may weaken soil-
root interactions over time. In earthquake-prone 

areas like Japan, Asada and Minagawa [33] 
highlight that vegetation-based stabilization has 
demonstrated promising results in mitigating 
shallow landslides. They emphasize that different 
types of vegetation can significantly impact slope 
stability, though seismic shaking may still induce 
failures in deeper soil layers if not supplemented 
with structural reinforcements. Integrating these 
bioengineering methods with structural 
interventions like gabion walls and RCC retaining 
structures provided a holistic solution for landslide 
risk mitigation. The successful stabilization of the 
slope not only ensured the safety of infrastructure 
but also promoted ecological balance and 
sustainable development in this environmentally 
sensitive area. Future studies should focus on long-
term monitoring of bioengineered slopes using 
inclinometers and root strength assessments to 
evaluate performance under extreme climatic and 
seismic conditions. Incorporating findings from 
case studies in similar terrains would further 
validate the effectiveness of these measures and 
provide insights for optimizing their application in 
high-risk zones [24], [32]. 

 
Figure 8. Contour map showing mitigation measures for landslide.  

 
Figure 9. Flow diagram. 
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3.3. Theoretical analysis for FOS without 
mitigation measures 
FOS calculation: 

The FOS is calculated using the equation: 
FOS = (CA + (W Cos Ψp - U - V Sin Ψp) tan Φ)/(W 
Sin Ψp + V Cos Ψp) 

where, A is the area of the wedge 
A = (H + b tan Ψs - Z) cosec Ψp 

In Figure 10, the slope height (H), tension crack 
depth (Z), and the distance (B) from the crest are 
shown, along with other parameters such as Ψs for 
the slope above the crest and Ψp for the wedge 
slope angle. The depth of water in the tension crack 
is Zw, and Table 3 provides values for analysis, 
including average values for cohesion (c), friction 
angle (Ø°), and unit weight (γ) based on Table 2. 
The forces acting on the sliding plane and in the 
tension crack, represented by U and V. 

Calculation of forces: 
The water force U acting on the sliding plane 

is given by: 
U = ½ γw Zw (H + b tan Ψs - Z) cosec Ψp  

And the force V within the tension crack is 
given by: 
V = ½ γw Zw² 

Where γw is the unit weight of water (10 
kN/m³), and W is the weight of the sliding block, 
calculated as: 
W = γr [(1 - cot Ψf tan Ψp) (BH + ½) + ½ (tan Ψs - tan 
Ψp)] 

where γr (unit weight of rock) = 24 kN/m³. 

Critical tension, crack depth, and position: 
For a dry slope, the critical depth Zc of the 

tension crack is calculated by: 
Zc/H = 1 - √(cot Ψf tan Ψp) 

And its position Bc behind the crest is given by: 
Bc/H = √(cot Ψf cot Ψp) - cot Ψf 

Using cot Ψf = 0.9 and cot Ψp = 2.05, we find: 
Bc = 10.54 m, Zc = 7.76 m 

Area calculation: 
The area A is determined as: 
A = (H + b tan Ψs - Z) cosec Ψp = 47.532 m² 

 
Figure 10. Plane Wedge Failure [34]. 

Table 3. Parameters for LEM. 
Parameter Units 

Height 23 m 
Ψf 48° 
Ψp 26° 
Ψs 28° 

Area 47.532 m2 
W 6525.398 kN 

Cos Ψp 0.899° 
SinΨp 0.438° 

U 1844.234 kN 
V 301.088 kN 

tan Φ 0.577° 

Factors of safety for different conditions: 

 Fully filled tension crack: 

If the tension crack is completely filled with 
water, the FOS is:  

FOS = 1.1 

 Partially filled tension crack (¾ depth): 

With Zw = 5.82 m, the values of U and V are: 

U = 1383.175 kN, V = 169.362 kN 
The resulting FOS is: 

FOS = 1.327 

 Drained slope (no water in tension 
crack): 

When Zw = 0 (no water), and U = 0, V = 0, the 
FOS is: 

FOS = 1.692 
 Reduced cohesion (c)  due to vibrations: 

For a drained slope with cohesion (c)  reduced to 
zero, the FOS drops from 1.692 to: FOS = 1.185 

 Pseudo-static method: 

The FOS using the pseudo-static method as per 
[34] is calculated based on the horizontal seismic 
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coefficient Kh, determined using the following 
equation as per [35]: 
Kh = Z × I × Sa/2 × R × g  

where: 
Z = 0.36 (seismic zone factor for zone 5) 

I = 1.5 (importance factor for critical infrastructure) 

Sa/g = 2.5 (spectral acceleration coefficient for soil type 
and seismic zone) 

R = 3 (response reduction factor for slopes without 
ductile reinforcement) 

Substituting these values: 
Kh = 0.36×1.5 × 2.5/2 × 3 × 1 = 0.23  

The corresponding vertical seismic coefficient 
is assumed as: 
Kv = 0.67 × Kh = 0.153  

The selection of these coefficients follows 
standard guidelines. The horizontal seismic 
coefficient Kh accounts for the expected ground 
shaking intensity, influenced by the seismic zone 
and site conditions. The response reduction factor 
R reflects the slope’s ability to dissipate energy, set 
conservatively for an unreinforced slope. The 
importance factor I ensures that critical 
infrastructure receives a higher safety margin. The 
vertical seismic coefficient Kv, taken as 67% of Kh, 
follows common engineering practice, considering 
that vertical acceleration effects are significant but 
generally lower than horizontal effects in seismic 
loading scenarios. 

Using the pseudo-static method in GEO5 with 
these coefficients, the calculated FOS is: 

FOS = CA + (W (Cos Ψp – Kh Sin Ψp)) tan Φ)/W 
(Sin Ψp + Kh Cos Ψp) 

FOS = 1.05 

This analysis assumes that the seismic forces act 
as equivalent static loads without considering time-
dependent effects such as amplification, damping, 
or transient soil behavior. While this method 
provides a simplified assessment of seismic 
stability, it does not capture dynamic stress 

redistribution or soil strain accumulation, which 
are better represented in fully dynamic analyses 
such as those conducted in PLAXIS 2D. 

4. Numerical modeling 

To replicate the actual site conditions, the 
traditional LEM using GE05 and the FEM using 
PLAXIS 2D were used. The contour map of the 
studied area was imported into AutoCAD to extract 
the relevant interface points, which were 
subsequently used to define the slope interface in 
GEO5. Soil properties for the slope, as outlined in 
Table 2, were incorporated into the GEO5 model. 
In this model, both soil properties and seismic 
forces were defined to assess the stability of the 
slope. A series of FOS checks were performed, 
with the slope considered stable if the FOS 
exceeded 1.5, indicating that it could withstand the 
acting forces and loads. Additionally, the critical 
section was transferred to PLAXIS 2D, where the 
soil polygon was drawn, and the corresponding soil 
parameters were input. A fine mesh was used, and 
dynamic analysis focused on a 1-meter 
displacement in the x-direction at the slope’s base. 
This displacement accounted for the horizontal 
shift of 1 meter caused by seismic forces acting on 
the slope. The total horizontal length of the slope 
measures 50 meters, while the vertical height from 
the base to the top is 23 meters. The slope is at an 
angel of 48° initially. additionally, the road within 
the slope showing a horizontal span of 5.2 meters, 
as shown in Figure 11. These dimensions offer a 
clear understanding of the scale and proportions of 
the sloped structure. 

 
Figure 11. Slope interface on PLAXIS 2D. 
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Table 4. Parameters adopted for GEO5 and PLAXIS 2D. 

 

 
Figure 12. Pseudo-static FOS = 0.88 without 

mitigation measures. 

4.1. Mesh formation 

In PLAXIS 2D, meshing is a crucial step in 
ensuring accurate numerical simulations by 
dividing the geometry into smaller finite elements, 
with the refinement process focusing on improving 
resolution in critical areas. The process begins with 
the definition of the model geometry based on the 
slope's actual dimensions, incorporating layers, 
boundaries, and reinforcement structures. Material 
properties, including cohesion, friction angle, and 
unit weight, are assigned to the respective soil and 
structural regions. An initial mesh is automatically 
generated by PLAXIS 2D based on these geometric 
and material configurations. However, the default 
mesh often lacks sufficient resolution in zones with 
high-stress concentrations such as near retaining 
walls, in areas with complex geometries, including 
curved or irregular boundaries. To address this, 
manual refinement is applied, reducing the relative 
element size to 0.5 and achieving an average 
element dimension of approximately 1.712 m, 
balancing computational efficiency with accuracy. 
A very fine mesh is then selected for the entire 
model to capture detailed deformation and stress 
patterns, with particular focus on retaining 
structures, interfaces between different materials, 
and slope surfaces prone to failure. The fine mesh 

selection is justified by its ability to enhance 
accuracy, especially in capturing gradients in stress 
and deformation, which are critical for calculating 
factors such as the FOS, displacement, and stress 
redistribution. High-resolution meshing is 
indispensable for modeling localized stress 
concentrations near retaining walls, soil-
reinforcement interfaces, and zones of potential 
failure surfaces. Additionally, the complex 
geometry of the slope, with varying inclinations 
and retaining structures, necessitates a fine mesh to 
ensure precise representation and minimize 
numerical errors. In dynamic simulations, a finer 
mesh improves the resolution of seismic wave 
propagation and interactions with the slope, 
providing more reliable results. A mesh sensitivity 
analysis was conducted to assess the impact of 
further mesh refinement on the FOS values. The 
FOS was calculated iteratively through successive 
mesh refinements, comparing results obtained 
using different mesh densities. The analysis 
showed that for a mesh with a relative element size 
of 0.3, the FOS value increased marginally by 
0.78%, while refining further to 0.25 resulted in a 
change of less than 0.5%. These minimal variations 
indicated that the selected mesh (relative element 
size of 0.5) provided sufficient accuracy without 
excessive computational cost. Displacement 
convergence was also achieved by monitoring 
maximum displacement values, with consistent 
results indicating the reliability of the very fine 
mesh. Although finer meshes increase 
computational time, the selected mesh strikes a 
balance between accuracy and processing 
requirements, delivering results within a 
reasonable timeframe. The convergence study 
confirmed that additional refinement did not 
significantly alter the FOS or displacement values, 
validating the adequacy of the chosen mesh. In 
summary, the use of a very fine mesh, as shown in 
Figure 13, with a relative element size of 0.5 and 
average element dimensions of 1.712 m, is justified 
for capturing critical stress and deformation 
patterns, accurately modeling complex geometries 

Parameter GEO5 PLAXIS 2D 

Analysis type Pseudo-static analysis for seismic loading Dynamic and static analysis 

FOS calculation LEM (Bishop’s method) Plane strain model with FEM ( C-phi reduction method) 

Seismic loading Pseudo-static approach with seismic parameters Dynamic loading with time history analysis (PGA values) 

Mesh type Not applicable (2D analysis with LEM) 2D mesh (very fine) 

Input soil properties Cohesion (c), friction angle (Ø°), unit weight (γ) from 
lab tests Cohesion (c), friction angle (Ø°), unit weight (γ) from lab tests 

Water table/soil saturation Fully saturated Fully saturated 
Soil behavior model Mohr-Coulomb Mohr-Coulomb 
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and dynamic interactions, and ensuring 
convergence of results through iterative 
refinement. This approach ensures accuracy, 
reliability, and robustness in geotechnical analysis 
while meeting computational efficiency 
requirements. 

 
Figure 13. Mesh formation (very fine). 

4.2. Boundary conditions 
Xmin and Xmax (left and right boundaries): 

Static analysis: The left and right boundaries 
are horizontally fixed (ux = 0) to simulate the 
natural constraints provided by the undisturbed soil 
mass at the ends of the slope. This assumption is 
based on the lateral confinement observed in real-
world slope systems, where the soil mass at a 
significant distance from the slope remains 
relatively undisturbed and provides a lateral 
boundary effect. vertical movement (uy) is allowed 
to accommodate settlement due to the influence of 
gravitational loads. This condition is consistent 
with empirical recommendations for FEM slope 
stability modeling [36].  

• Dynamic analysis: Viscous boundaries are 
employed to absorb incoming seismic waves and 
prevent reflections back into the model domain. 

These boundaries effectively simulate an infinite 
domain, ensuring the accuracy of dynamic 
analysis. This approach is well-documented in 
seismic modeling studies, and is critical to avoid 
artificially amplifying wave energy within the 
model [37]. 

Ymin (Bottom boundary):  
• Static analysis: The bottom boundary is fully 

fixed (ux = 0 and uy = 0) to replicate the behavior 
of the base rock or deeply consolidated soil 
layers, which are immobile under static loading 
conditions. This assumption is derived from site-
specific geological surveys, indicating the 
presence of competent rock strata beneath the 
slope. Fully fixing the bottom boundary ensures 
stability and prevents unrealistic downward or 
lateral movement.  

• Dynamic analysis: A viscous boundary is 
applied to the bottom in dynamic analysis to 
absorb seismic energy and prevent artificial wave 
reflections. The viscous boundary simulates the 
damping effects of deeper geological layers, 
consistent with guidelines for dynamic FEM 
simulations [38]. 

Ymax (Top boundary):  
• Static analysis: The top boundary is left free (ux 

and uy are free) to allow natural deformation 
under gravitational loads and external forces. 
This condition reflects the behavior of the ground 
surface, where no external constraints are 
typically present. The free boundary ensures 
realistic settlement and horizontal displacement 
results.  

• Dynamic analysis: No boundary condition is 
applied to the top in dynamic analysis to allow 
unrestricted surface deformation under seismic 
loading. This approach accurately replicates real-
world seismic effects, where the ground surface 
is free to respond to seismic forces. 

Table 5. Boundary conditions adopted for FEM analysis. 
Boundary Static analysis Dynamic analysis Description 

Boundary Xmin (left) Horizontally fixed (ux = 0) Viscous 
Mimics lateral constraints of undisturbed 
soil mass; prevents wave reflections in 
dynamic analysis. 

Boundary Xmax (right) Horizontally fixed (ux = 0) Viscous Same as above; ensures stability and 
accurate seismic wave propagation. 

Boundary Ymin (bottom) Fully fixed (ux = 0, uy = 0) Viscous 
Reflects immobility of underlying bedrock; 
dynamic damping simulates energy 
absorption by deeper layers. 

Boundary Ymax (top) Free (ux, uy free) None Allows realistic surface deformation under 
static loads and seismic effects. 

 
4.3. Static and dynamic analysis 

The FOS under seismic loading was calculated 
as 0.994, as shown in Figure 21, which is below the 
generally accepted threshold of 1.2 for dynamic 

safe slope conditions as per [39]. This significant 
reduction highlights the critical need for 
stabilization measures, particularly in seismic zone 
5 regions, where the risk of earthquake-induced 
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slope failure is highest. Zone 5 represents the 
highest seismic risk category in India, with 
maximum expected PGA of 0.36 g (approximately 
3.5 m/s²) during major earthquakes as per [35]. The 
modeled maximum acceleration of 1.33 m/s², 
though lower than the maximum PGA, reflects 
realistic earthquake scenarios for the region. An 
FOS of 0.994 indicates that the slope is highly 
susceptible to failure during seismic events, 
rendering it unable to resist the destabilizing forces 
caused by ground shaking. This poses a significant 
threat to critical infrastructure including roads, 
retaining structures, and utility lines. For example, 
in the case of the Baroti-Reyur road, such 
instability could result in prolonged road closures, 
disrupted services, and increased risks to nearby 
communities. To mitigate these risks, 
infrastructure design in zone 5 must prioritize 
robust stabilization measures. Retaining structures 
such as Reinforced Concrete (RCC) cantilever 
walls and stepped gabion walls, are essential for 
counteracting seismic-induced forces and 
enhancing slope stability. These structures should 
be designed to withstand both static and dynamic 
earth pressures. Effective drainage systems are also 
critical to minimize the buildup of pore water 
pressure, which can amplify seismic vulnerability. 
Vegetative stabilization using deep-rooted plants 
can complement structural reinforcements by 
improving soil cohesion (c) and reducing the 
likelihood of seismic-induced landslides, 
especially in areas where space or cost constraints 
limit the use of extensive retaining structures. The 
dynamic analysis, which resets displacement to 
zero before the dynamic phase, ensures that pre-
seismic deformation does not skew results. By 
retaining stresses and strains from the static phase, 
the analysis accurately reflects the pre-seismic 
condition, making the results realistic. The time-
history loading, with a maximum acceleration of 

1.33 m/s² occurring at 0.1 seconds and a total 
duration of 10 seconds, aligns with typical 
earthquake characteristics for zone 5, and 
demonstrates the slope's inability to maintain 
stability under such conditions. The required time 
step was taken as 0.001 sec for the dynamic phase 
calculation for maximum accuracy of the dynamic 
analysis. Recommendations for infrastructure 
design in zone 5 include adhering to stringent 
seismic design standards, such as those outlined in 
[35] and [40], to ensure the resilience of critical 
infrastructure. Furthermore, planning for 
emergency preparedness including redundancy and 
alternative routes is essential to maintain 
community access during post-earthquake 
recovery periods. The dynamic analysis results 
underscore the seismic vulnerability of the Baroti-
Reyur slope, with an FOS of 0.994 highlighting an 
urgent need for stabilization measures tailored to 
the region's seismic risks. By incorporating robust 
retaining structures, effective drainage systems, 
and bioengineering techniques, the seismic impacts 
on slopes can be mitigated, thereby safeguarding 
critical infrastructure and ensuring long-term 
safety and resilience against earthquake-induced 
slope failures. The results shown represent a static 
FEM analysis using PLAXIS 2D for the initial 
phase of gravity loading. This phase establishes the 
initial stress distribution caused by the self-weight 
of the soil and materials in the model, which is 
critical for determining stability. The deformed 
shape of the mesh is scaled up by 50 times for better 
sisualization. The color contours represent the 
magnitude of displacement (u), with a maximum 
value of 0.05112 m occurring at Element 1791, 
Node 174, as shown in Figure 14. Gravity loading 
helps analyze the system's stability and stress state 
before further loading or construction stages, 
commonly used in slope stability, foundation 
design, and earthwork assessments. 

 

 
Figure 14. Initial phase deformed mesh (Static 

analysis initial phase). 

 
Figure 15. Total displacement (Static analysis safety 

phase). 
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Figure 16. Total principal stresses (Static analysis 

safety phase) 

 
Figure 17. Static FOS = 1.028. 

In slope stability analysis, total displacements 
and total principal stresses are essential for 
evaluating slope performance and safety. Total 
displacements indicate soil movement caused by 
gravity, external loads, or seismic forces, 
highlighting deformation patterns and potential 
failure zones. Total principal stresses, comprising 
maximum and minimum stresses, reveal the 
internal stress distribution and potential failure 
planes within the slope. Together, these parameters 
provide insights into stress-strain behavior, failure 
mechanisms, and zones of instability. Advanced 
tools like PLAXIS 2D and GEO5 are often used to 
analyze these factors and ensure reliable slope 
designs and mitigation strategies. Principal stresses 
and total displacements provide detailed insights 
into material behavior and structural response 
under static loading conditions. Principal stresses 
represent the extreme normal stresses acting on 
specific planes, where shear stress(τ) is zero, which 
are essential for evaluating material stability. In 
this static analysis, the principal stresses have been 

scaled by 5.00×10-3 for enhanced visualization. 
The maximum observed principal stress is 0.04630 
× 10-12, localized at element 1298 and stress point 
15565, while the minimum stress is −479.4 kN/m2, 
indicating significant compressive forces at 
element 2563 and stress point 30754 as shown in 
Figure 16. The stress distribution plot highlights 
regions under tension and compression, crucial for 
identifying areas susceptible to failure. Similarly, 
total displacement (u) measures the magnitude of 
movement from the original position due to applied 
loads. Displacements were scaled up by a factor of 
20 for better visualization, with the highest 
displacement recorded as 0.08737 m at element 
1827 and node 268, as shown in Figure 15. This 
analysis shows variations in deformation, from 
negligible in stable regions to significant in 
vulnerable areas. These results are pivotal for 
assessing deformation hotspots, stress 
concentrations, and the need for structural 
reinforcements or redesign to prevent potential 
failures under static conditions. 

 
Figure 18. Zone 5 earthquake accelerations (10 sec). 

 
Figure 19. Total displacement (Dynamic analysis 

safety phase).  
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Figure 20. Total principal stresses (Dynamic 

analysis safety phase). 

 
Figure 21. Dynamic FOS = 0.994.  

Principal stresses and total displacement are 
critical for analyzing material behavior and 
structural response under dynamic loads. Principal 
stresses, representing the maximum and minimum 
normal stresses on planes where shear stress (τ) is 
zero, are essential for evaluating material stability. 
In this analysis, the stresses are scaled by 5.00×10-

3 to enhance visualization. The maximum principal 
stress observed is 0.05684×10-12 kN/m2, a localized 
phenomenon at element 4199 and stress point 
50383, while the minimum stress, −478.9 kN/m2, 
indicates dominant compressive forces in specific 
regions like element 5906 and stress point 70872 as 
shown in Figure 20. Stress distribution plots reveal 
tension and compression zones, aiding in 
identifying potential weak points. Similarly, total 
displacement (u), the magnitude of the vector sum 
of displacements in all directions, offers insights 
into structural deformation. Scaled by a factor of 50 
for better visualization, the maximum displacement 
of 0.03915 m occurs at element 6349 and node 
10152 as shown in Figure 19. The displacement 
pattern highlights deformation hotspots, with 
values ranging from negligible to maximum, 
signaling potential instability. These results are 
crucial for identifying areas requiring structural 
reinforcement or redesign to prevent failure under 
dynamic loading. 

4.4. Mitigation statergies 

In studying the unreinforced Baroti-Reyur 
slope, it’s observed that the FOS becomes zero at 
the failure point, indicating slope instability as the 
soil enters a plastic state. This failure typically 
begins at the slope’s top, where soil detaches due 

to tension, causing a slip along the zone of plastic 
deformation. With an FOS below 1, failure is 
imminent for the unreinforced slope. However, 
adding retaining walls significantly improves 
stability, increasing the FOS and reinforcing the 
slope. When the slip surface meets the retaining 
wall, the wall resists the soil movement caused by 
sliding. This resistance mobilizes passive earth 
pressure, as the wall pushes into the soil rather than 
moving away. Without reinforcement, the slope’s 
FOS is 0.88. The angle of friction (δ) between the 
retaining wall and the soil taken in this study was 0 
degrees (δ = 0°) as a conservative approach to 
ensure maximum safety. This is a highly 
conservative assumption in design of retaining 
walls because it maximizes the lateral earth 
pressure acting on the wall. Retaining walls 
improve this to 2.01, with safety values varying by 
calculation method: 2.01 by Bishop, 1.92 by 
Fellenius/Petterson, 2.05 by Spencer, and 2.07 by 
both Janbu and Morgenstern-Price methods. 

The FOS values from various methods using 
GEO5, as illustrated in Figure 22, are as follows: 

a) Bishop: FOS = 2.01, which is above 1.5 
(Acceptable) 

b) Fellenius/Petterson: FOS = 1.92, exceeding 
1.5 (Acceptable) 

c) Spencer: FOS = 2.05, greater than 1.5 
(Acceptable) 

d) Janbu: FOS = 2.07, above 1.5 (Acceptable) 

e) Morgenstern-Price: FOS = 2.07, also above 
1.5 (Acceptable) 

Each method demonstrates an FOS that meets 
the acceptable safety threshold of 1.5. 
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Table 6. Parameters adopted for mitigation. 
Parameters Description 

Type of retaining walls Gravity, Cantilever, 
Gabion 

Height of retaining walls 4 m, 6 m, 5 m 
RCC mix and grade of steel M30, Fe500 
Modulus of elasticity (E) 90000 kN/m2 
Poisson’s ratio (v) 0.3 

 
Figure 22. Pseudo-static FOS = 2.01 with mitigation 

measures. 

 
Figure 23. 3D visualization of the slope without 

mitigation measures.  

 
Figure 24. 3D visualization of the slope with 

mitigation measures. 

5. Results and validation 

The slope stability analysis of the Baroti-Reyur 
landslide in the highly seismic zone 5 region of 
Himachal Pradesh was conducted using GEO5 and 
PLAXIS 2D, incorporating both the LEM and 
FEM. The results revealed that the unreinforced 
slope was highly unstable, with a pseudo-static 
FOS of 0.88 (GEO5), as shown in Figure 12 and a 
dynamic FOS of 0.994 (PLAXIS 2D), as shown in 
Figure 21, both falling below the safety thresholds 
of 1.5 and 1.2, respectively. Static analysis in 
PLAXIS 2D yielded a marginal FOS of 1.028, as 
shown in Figure 17; further highlighting the need 
for stabilization measures. Theoretical calculations 
of static and pseudo-static analyses showed an FOS 
of 1.1 and 1.05, which aligned closely with the 
software-generated values, confirming the 
reliability of the analysis. Upon implementing 
mitigation measures, particularly retaining walls, 
the pseudo-static FOS increased significantly to 
2.01, exceeding the safety benchmark, and 
demonstrating the effectiveness of reinforcement 
techniques in reducing deformation and enhancing 
stability. These findings emphasize the importance 
of integrating structural interventions like retaining 
walls with advanced analysis methods to ensure the 
safety and stability of slopes in earthquake-prone 
regions. The validation of the FOS through the 
LEM using GEO5 and the FEM using PLAXIS 2D 
was reinforced by field observations and case 
studies with comparable geological and seismic 
conditions. Field observations at the landslide site 
revealed tension cracks, localized subsidence, and 
seepage zones, which aligned with the low FOS 
values from the analyses. These physical 
manifestations of instability indicate that the 
numerical results accurately represent the real-
world behavior of the slope under both static and 
seismic conditions. Comparisons with observed 
landslide behavior in similar geological settings 
further substantiate these findings. Located in zone 
5 of Himachal Pradesh, an area prone to frequent 
seismic activity, the observed failure patterns 
corroborated the predicted instability under 
pseudo-static and dynamic conditions. Case 
studies, such as those on NH-205 [41], reported 
geological profiles and FOS values consistent with 
this study’s findings, validating the results. In 
nearby regions with similar soil compositions, 
including loose sandy silts, clayey silts, and 
fractured Beas shale, past landslides have exhibited 
comparable failure mechanisms, including shallow 
slips, progressive slope failure, and erosion-
triggered instability. These similarities reinforce 
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the applicability of the current study’s findings to 
broader geotechnical assessments in seismic-prone 
mountainous terrain. Although Khanna and Dubey 
[42] did not report specific FOS values, their 
comparative assessment of slope stability in the 
Kullu region under similar seismic conditions 
emphasized the importance of detailed numerical 
modeling to capture real-world slope behavior 
accurately. The seismic loading parameters, such 

as PGA values, adhere to IS 1893-1 [35] 
guidelines, further affirming the reliability of the 
study. By drawing parallels between numerical 
predictions and observed landslide behaviors, the 
study underscores the necessity of integrating 
advanced slope stability analysis with empirical 
field assessments to develop more effective 
mitigation strategies. 

Table 7. Results. 

 
6. Error and limitation analysis 

The modeling approach used in this study offers 
valuable insights into slope stability; however, 
several limitations and assumptions must be 
acknowledged to identify potential sources of error 
in the FOS calculation. First, the analysis assumes 
soil homogeneity, with uniform soil properties 
across the modeled slope. In reality, slopes often 
exhibit variability in soil composition such as 
differences in cohesion, friction angle, and 
moisture content at different depths or locations, 
which can significantly affect stability. 
Additionally, the Mohr-Coulomb failure criterion 
employed in both GEO5 and PLAXIS 2D assumes 
a linear elastic-perfectly plastic material model, 
which may not fully represent the complex 
behavior of soils, especially in highly fractured or 
weathered rock areas common in the studied 
region. The Mohr-Coulomb model does not 
account for strain softening, stiffness degradation, 
or progressive failure mechanisms, which are 
critical under seismic loading conditions. More 
advanced constitutive models such as the 
hardening soil model or modified cam clay could 
better capture soil behavior under cyclic loading 
including plasticity effects and strain 
accumulation. The slope geometry is also 
simplified in the model, whereas actual slopes 
often have complex shapes, varying layers, or 
discontinuities like faults that could influence 
stability in ways not captured by the analysis. 
Seismic analysis introduces additional limitations, 
as the dynamic model incorporates earthquake 
ground motion parameters based on PGA values 
for Zone 5, but accurately predicting site-specific 

seismic ground motion characteristics such as 
frequency content, duration, and directionality 
remains challenging. The absence of precise site-
specific seismic data may lead to discrepancies 
between the modeled and actual slope response 
during seismic events. Additionally, the 
assumption of constant soil properties under 
dynamic loading is an oversimplification. In 
practice, soil strength and stiffness can degrade due 
to cyclic loading, particularly in loose or saturated 
soils, potentially causing a reduction in FOS that is 
not accounted for in the analysis. The Mohr-
Coulomb model does not explicitly simulate pore 
pressure generation and dissipation under cyclic 
loading, which may influence the stability of 
saturated soils during seismic events. 
Bioengineering integration also introduces 
limitations. The analysis assumes ideal growth 
conditions for the proposed vegetation species, but 
factors such as soil fertility, water availability, and 
climate variations could significantly influence 
root strength and the overall effectiveness of 
vegetation in stabilizing slopes. Additionally, the 
modeling of bioengineering strategies within FEM 
assumes idealized root reinforcement effects. The 
actual effectiveness of vegetation, especially in 
stabilizing steep slopes during seismic events, may 
vary and is difficult to quantify without extensive 
field data. Numerical modeling errors present 
another source of potential inaccuracies. While 
mesh refinement and sensitivity analyses were 
conducted to enhance FEM accuracy, numerical 
errors related to mesh size, boundary conditions, 
and convergence criteria could still slightly affect 
the calculated FOS. The choice of boundary 
conditions in both GEO5 and PLAXIS 2D could 

Analysis method Software/Approach Loading condition FOS Remarks 
Pseudo-static analysis GEO5 Pseudo-static 0.88 Below safe threshold; slope is unstable. 
Pseudo-static analysis Theoretical Pseudo-static 1.05 Unstable and vulnerable. 
Static analysis Theoretical Static 1.1 Unstable. 
Static analysis PLAXIS 2D Static 1.028 Unstable. 
Dynamic analysis PLAXIS 2D Dynamic 0.994 Unstable under seismic loading. 

Mitigation measures (Walls) GEO5 Pseudo-static (with walls) 2.01 Significantly improves stability; safe 
slope. 
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also be a source of error, particularly in dynamic 
analyses, where inaccuracies in boundary 
representation may alter stress distributions and 
FOS results. The assumption of rigid bedrock at a 
predefined depth may not reflect actual site 
conditions, potentially influencing the stress 
distribution and failure mechanism. Finally, 
uncertainties in soil properties contribute to 
potential errors. The soil properties used in the 
study, derived from laboratory and field tests, are 
subject to inherent variability. Factors such as weak 
layers, seasonal changes, or the effects of soil 
disturbance could lead to discrepancies in the 
predicted FOS. Laboratory tests for shear strength, 
consolidation, and Atterberg limits might not fully 
represent in-situ conditions, especially in fractured 
or layered soils. Incorporating probabilistic 
analyses or Monte Carlo simulations could provide 
a more comprehensive understanding of 
uncertainty in soil parameters and their effect on 
slope stability. In conclusion, while the dual 
approach of combining FEM and LEM provides a 
robust framework for slope stability analysis, the 
assumptions regarding soil homogeneity, seismic 
loading, and bioengineering integration, along with 
the limitations of numerical modeling, introduce 
potential sources of error. The limitations of the 
Mohr-Coulomb failure criterion in capturing 
complex soil behavior under seismic loading 
further emphasize the need for advanced 
constitutive models to improve the accuracy of 
stability assessments. One key limitation of the 
Mohr-Coulomb criterion is its assumption of a 
linear relationship between shear strength and 
normal stress, which may not fully represent the 
non-linear and dynamic behavior of soils during 
seismic events. This simplification neglects 
important factors such as strain rate effects, stress 
path dependency, and cyclic loading responses. 
These limitations highlight the potential for 
inaccuracies in predicting failure mechanisms 
under complex seismic conditions. Therefore, 
these factors must be carefully considered when 
interpreting results. Future research should focus 
on incorporating more sophisticated material 
models that account for these complexities, as well 
as probabilistic approaches, to refine slope stability 
predictions and enhance the reliability of 
assessments. 

7. Future directions 

Future directions in slope stability research and 
practice highlight the need for advanced soil 
behavior models, optimized bioengineering 
techniques, enhanced numerical modeling, 

comprehensive field validation, and the integration 
of climate change considerations. Nonlinear 
constitutive models, such as the Hardening Soil 
Model or Modified Cam Clay, can more accurately 
capture the complex behavior of soils under 
seismic loading, accounting for plasticity, soil 
dilation, and strain hardening, particularly in 
fractured or weathered rock zones common to 
complex slopes. Incorporating sophisticated soil-
structure interaction (SSI) models would enable a 
more realistic evaluation of how built structures, 
such as retaining walls or foundations, interact with 
the slope during seismic events. Additionally, 
including soil liquefaction analysis in regions with 
loose or saturated soils is crucial, as liquefaction 
significantly reduces soil strength and increases the 
risk of failure under strong seismic shaking. 
Optimization of bioengineering techniques could 
involve selecting plant species tailored to site-
specific conditions, such as soil type, moisture 
availability, and seismic vulnerability, alongside 
conducting long-term studies on root development 
and seismic resilience. Soil microbial activity 
could be harnessed to enhance cohesion, with 
microorganisms promoting soil aggregation and 
interacting synergistically with plant roots to 
improve slope stability. Advancements in planting 
techniques, including geogrid or mesh 
reinforcement combined with vegetation, and 
research into optimal spacing and planting patterns, 
could further enhance soil shear strength in high-
seismic zones. Emphasizing native plant varieties 
adapted to local conditions would promote 
ecological sustainability, biodiversity, and slope 
stability, particularly through their ability to resist 
erosion and increase soil strength during intense 
rainfall or seismic events. Enhanced numerical 
modeling techniques, such as transitioning from 
2D to 3D finite element analysis (FEA), would 
allow for more accurate representation of complex 
slope geometries, soil layers, and discontinuities, 
improving stress and displacement predictions. 
Probabilistic modeling approaches, incorporating 
uncertainties in soil properties, seismic loading, 
and bioengineering performance, would provide a 
more comprehensive understanding of risks, while 
hybrid methods combining FEM and discrete 
element methods (DEM) could deliver detailed 
insights into soil failure mechanisms, especially in 
granular or fractured soils. Field validation and 
monitoring remain critical, with the installation of 
sensors like inclinometers, piezometers, and 
geotechnical accelerometers providing real-time 
data on soil movement, pore-water pressures, and 
seismic vibrations to refine numerical models. 
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Long-term monitoring of slopes under varying 
climatic and seismic conditions including tracking 
plant growth and root systems would yield 
invaluable data to evaluate and enhance 
bioengineering strategies. The integration of real-
world monitoring data with machine learning 
techniques presents a promising approach for slope 
stability assessment, enabling the development of 
predictive models based on historical and real-time 
data. Machine learning algorithms can analyze 
large datasets from geotechnical sensors, satellite 
imagery, and field studies to improve early warning 
systems, optimize mitigation strategies, and refine 
numerical models. Finally, integrating climate 
change models into slope stability studies is 
essential to address the impacts of shifting rainfall 
patterns, increased rainfall intensity, and rising 
temperatures on soil behavior, moisture retention, 
and plant growth. This integration is particularly 
significant in regions like Himachal Pradesh, 
where heavy monsoons and temperature changes 
exacerbate slope instability. By incorporating 
machine learning-driven predictive models 
alongside climate impact assessments, future 
research can provide more accurate risk 
assessments and enhance mitigation strategies. By 
pursuing these directions, slope stability in high-
risk seismic zones can be assessed and improved 
more accurately, ensuring safer, more sustainable 
infrastructure development in challenging terrains. 

8. Conclusions 
 The study evaluated a slope in Himachal 

Pradesh, highlighting its vulnerability to 
instability under both static and seismic 
conditions, with a specific focus on high-risk 
seismic zones like zone 5. The findings revealed 
significant risks to infrastructure and public 
safety, emphasizing the urgent need for 
comprehensive slope stability assessments in 
seismically active regions to mitigate potential 
hazards. 

 Advanced geotechnical analysis was conducted 
using GEO5 and PLAXIS 2D, incorporating both 
the LEM and the FEM. The results indicated 
critical instability under seismic conditions, with 
GEO5's pseudo-static analysis yielding a FOS of 
0.88. Similarly, PLAXIS 2D showed marginal 
stability, with an FOS of 1.028 under static 
conditions and 0.994 under seismic loading, 
demonstrating the severe impact of seismic 
forces on slope stability. 

 The destabilizing effects of seismic activity were 
evident as inertial stresses reduced the stability of 
the slope. This emphasizes the importance of 
accounting for both static and dynamic forces in 

geotechnical assessments, particularly in 
earthquake-prone areas. Neglecting seismic 
effects can lead to an overestimation of slope 
stability, resulting in a heightened risk of 
infrastructure failure and public safety concerns. 

 To enhance stability, mitigation measures such as 
retaining walls and bioengineering techniques 
were employed. Retaining walls significantly 
improved stability by raising the pseudo-static 
FOS to 2.01, surpassing the required safety 
threshold of 1.5, thereby ensuring safety under 
both static and seismic conditions. This structural 
intervention played a crucial role in 
counteracting the destabilizing effects of seismic 
forces and preventing potential slope failures. 

 Bioengineering techniques were integrated as a 
complementary stabilization measure, utilizing 
deep-rooted grasses like Vetiver (Chrysopogon 
zizanioides) and Broom grass (Thysanolaena 
maxima) to enhance soil cohesion and control 
surface erosion. Additionally, shrubs such as 
Lantana camara and Artemisia vulgaris were 
employed for surface stabilization, while trees 
like Bauhinia variegata (Kachnar) and Albizia 
lebbeck (Siris) reinforced deeper soil layers. 
These plant species were strategically selected 
for their mechanical stabilization properties, 
adaptability to local conditions, and ecological 
benefits. 

 The combination of engineered solutions and 
bioengineering techniques proved highly 
effective in creating a sustainable, eco-friendly 
approach to slope stabilization. Vegetation-based 
methods not only improved soil stability but also 
contributed to long-term environmental benefits 
such as reducing maintenance costs, enhancing 
biodiversity, and promoting ecological 
restoration. This integrated approach provides a 
cost-effective and sustainable alternative to 
conventional geotechnical stabilization methods. 

 The study underscores the necessity for 
engineers to adopt both LEM and FEM 
approaches for comprehensive slope stability 
assessments, particularly in seismically active 
zones like Himachal Pradesh. Structural 
reinforcements such as retaining walls should be 
prioritized for critical slopes, while 
bioengineering techniques can serve as a 
valuable supplement, reducing long-term 
maintenance costs and supporting sustainable 
development initiatives. 

 Policymakers should mandate detailed static and 
dynamic slope stability assessments for 
infrastructure projects in seismic regions to 
enhance safety and resilience. Additionally, 
integrating bioengineering techniques into slope 
stabilization policies can promote eco-friendly 
and sustainable geotechnical solutions. Future 
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research should focus on advanced numerical 
modeling, real-time monitoring, and large-scale 
implementation of combined stabilization 
techniques to improve slope failure predictions 
and mitigation strategies. 
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  چکیده:

  ي ها) و روش LEMs(  يتعادل حد  يهااز روش  دیجد  یبیکار با استفاده از ترک  نیاست. ا  یاتیفعال ح  يادر مناطق لرزه   ژه یبه و  رساخت،یز  یمنیا  يبرا  بیش  يداریپا
  ب یش  طیشرا  ل یو تحل  هیتجز  نی. اکندی م یابیرا ارز  5پرادش، واقع در منطقه    ماچالی در ه وریر-یدر امتداد جاده باروت  بیش  کی   يداری) پاFEMsالمان محدود (

. مدل خاك  کندی م یبررس یکینامیو د کیاستات طیرا تحت شرا یستیز یمهندس يهاک ی نگهدارنده و تکن يهااز جمله سازه دار،یاقدامات کاهش پا ریو تأث  یعیطب
گنجانده است. سازه  انهیساختار واقع گرا-خاك-بیش يها نشانعکاس برهمک يرا برا 0.3  (v)بر متر مربع و نسبت پواسون  وتنین لوی ک ٩٠٠٠٠(E)مدول کشش 

 یساخته شدند. اقدامات مهندس Fe500و   M30 RCCمتر) با استفاده از فولاد   5متر و  6متر،   4(ارتفاع  ونیکنسول و گاب ،ی گرانش  يوارهای نگهدارنده مانند د يها
مانند    یسطح و درختان  يداریپا  يبرا  Lantana camaraمانند    ییها)، درختچهcانسجام خاك (  بودبه  يو چمن جارو برا  وریمانند وت  دارشهیر  يهاشامل علف   یستیز

Albizia lebbeck  ا  ترق یعم  ي هاهیلا  تیتقو  يبرا بود.  گ   یمداخلات مبتن   نیخاك  افزا  بیش  يریپذانعطاف   ،ی اهیبر پوشش  در حال  ش یرا  بازساز  یداد،    ي که 
شبه   لیو تحل  هینشان داد. تجز  1.05 کی شبه استات  FOSو    1.1 کیاستات  FOS ریرا با مقاد  يا  هیثبات حاش  ينظر  LEM  لیحلو ت  هیرا ارتقا داد. تجز  یکیاکولوژ
 FEM لیو تحل  هی. تجزافتیبهبود   2.01نگهدارنده به  ينشان داد که با ساختارها یکینام یاشباع د طیشرا يرا برا 0.88 نییپا اری بس FOSمقدار   GEO5 کیاستات
.  کندی ثبت م 0.994  یکینام ید  FOSو   1.028  ستایا  FOSساختار خاك را با    دهیچیو تعاملات پ کندی را ارائه م  يترق یدق   يهانش یب  PLAXIS 2Dاز    فادهبا است
در   یطیمحستیز  يداریپا  يحال ارتقا  نیو در ع   یمنیا  نیتضم  ر،یپذانعطاف   بیش  تی تثب  يبرا  یکار چارچوب  نیا  دار،یکاهش پا  يهاي با استراتژ  FEM  بی با ترک

 . دهدیفعال ارائه م يامناطق لرزه 

  .)FOS( یمنی)؛ فاکتور اFEMروش المان محدود ( ;يعدد يمدل ساز کلمات کلیدي:

 

 

 

 


