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Abstract

Rainfall-induced slope failure is one of the major geo-hazards irrespective of terrain features. Considering the high
cost and construction difficulties in inaccessible areas, the bio-engineered slope protection, specifically Vetiver
Grass plantation on the slope, has proven to be effective in preventing sudden collapse, ultimately saving lives and
properties. To date, most research on Vetiver Grass has focused on experimental and field studies, while numerical
findings are seldom reported in technical writings. Therefore, this research aims to numerically explore the
effectiveness of Vetiver Grass in preventing slope failures. A series of Finite Element Analysis (FEM) simulations
have been conducted for different configurations, including slope height, slope angle, and vetiver root depth,
among others. Homogeneous soil conditions have been used for all simulations, with parameters calibrated from
laboratory and secondary field data. Results show that Vetiver grass significantly improves slope stability, with
root depth and slope angle exerting the most decisive influence on the Factor of Safety (FoS), as confirmed by
Pearson correlation analysis. Notably, the slope angle demonstrated a strong negative correlation with FoS, while
the increase in FoS due to Vetiver plantation was most influenced by slope height. These findings suggest that
Vetiver grass, when strategically implemented based on site-specific conditions, offers a cost-effective and
environmentally sustainable approach for mitigating slope failures. The study provides practical insights into the
design of bioengineering interventions in slope management.
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1 Introduction

Landslides are one of the frequent natural disasters that have caused significant losses to humans in Bangladesh
(Ahmed, 2021). The combination of heavy rainfall along with deforestation, unplanned urbanization, and seismic
activity events serve as triggers for disastrous landslide occurrences worldwide. Due to the increment of extreme
rainfall, landslides have become a vulnerable threat in Bangladesh (Rabby & Li, 2019). The southeastern districts
of Bangladesh - Chattagram, Rangamati, Bandarban, Khagrachari, Cox’s Bazar, are known as the Chattogram
Hilly Area, which is prone to landslides due to its steeper slopes and unstable terrain.[2] The Rangamati landslide
of 2017 proved deadly by taking 110 victims (Alam & Ray-Bennett, 2021). Hilly region landslides in Bangladesh
killed more than 725 individuals from 2000 to 2018 (Sultana, 2020). 92% of people in landslide-prone areas of
Chattogram city faced economic obstacles after landslide incidents because residential utilities and basic living
materials became expensive to replace after damages occurred (Mia et al., 2015). About 53% of landslide events
took place in slopes between 46 to 66 degrees at altitudes between 60 to 109 meters in the Chittagong Hill Tracts
(S. T. Islam et al., 2024). Heavy monsoon rainfall acts as the main reason behind the occurrence of most landslides
across the area. The 2017 disaster occurred after heavy rainfall dropped 34.3 centimeters throughout a single day
and exceeded the capacity of terrains prone to landslide processes (NIRAPAD, 2017).In rural or environmentally
sensitive areas like CHT, traditional slope stabilization methods like retaining walls, soil nailing, and geosynthetics
are frequently costly and might not be viable for large-scale applications. Consequently, vegetation-based
bioengineering techniques have become viable substitutes because of their affordability, ecological suitability, and
long-term stabilizing advantages. Because of its broad, fibrous root system, which increases soil shear strength and
decreases erosion and surface runoff, vetiver grass (Chrysopogon zizanioides) has shown great potential in
stabilizing slopes (Islam et al., 2020). Vetiver grass has shown promise for slope stabilization, there is limited
research on its effectiveness across the region’s diverse slope heights, angles, and under varying rainfall conditions,
especially considering the age of the vegetation. Existing studies rarely integrate local soil characteristics and
realistic rainfall scenarios, creating a gap in practical, site-specific guidance.

The purpose of this study is to use numerical modeling to examine the efficacy of an integrated slope stabilization
strategy that combines geometry alteration (slope angle and height adjustment) with Vetiver grass replenishment
in rainfall-induced conditions. The study focuses on homogeneous soil conditions to maintain control over variable
interactions and modeling accuracy. Three primary variables are considered: slope height, slope angle, and Vetiver
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root depth corresponding to different stages of plant maturity. By analyzing various combinations of these
parameters, the study seeks to determine their individual and combined effects on the Factor of Safety (FoS) of
slopes

2 Materials and Methods

A finite element analysis of vegetated and non-vegetated slopes was conducted using PLAXIS 2D Connect Edition
V21.00 to evaluate the mechanical and hydrological effects of vetiver grass (Chrysopogon zizanioides) on slope
stability. The model incorporated critical geotechnical parameters, including effective cohesion (with and without
root reinforcement), friction angle, unit weight, and elastic modulus of the slope soils, calibrated through laboratory
triaxial and direct shear tests. Boundary conditions included full fixity at the base and roller supports at vertical
edges. The phi-c reduction method was employed to compute the factor of safety (FoS), while displacement
contours quantified deformation patterns. Most landslides along the hilly roads in the southeastern region of
Bangladesh occur on slopes with heights ranging from 5 to 25 meters and slope angles between 30° and 78°
(Bangladesh Roads and Highways Department, 2024). So, each slope was modeled with three different heights
(10 m, 15 m, and 20 m) ,three root depth (0.9m,1.2m,1.7m )and three slope angles (30°, 40°, and 50°) to capture a
comprehensive range of geometric configurations relevant to field conditions. Steeper slopes greater than 50° were
not used in this study because the soil geometry was assumed to be homogeneous which leads the geometry to fail
at steeper slopes. The slope profile was constructed as a two-dimensional plane strain section, with a sufficient
lateral extent to minimize boundary effects and ensure realistic stress distribution. Total 22 models were simulated
in this study. The Mohr-coulomb model, a simple linear elastic or perfectly plastic constitutive model is used in
this study to simulate the soil body.
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Figure 1: Two-dimensional view of model slope (a) without vetiver root (a) with vetiver root

Soil tests were conducted with soil samples from under construction Bandarban border road to simulate a relative
realistic slope. The highest rainfall of that area was used for rainfall intensity in this study which is 0.162 m/day.
Precipitation data was accessed through NASA Giovanni platform found which provides access to Earth science
data where daily rainfall measurements were obtained from the "GPM IMERG Final Run" dataset. The equivalent
cohesion approach was adopted to simplify the root-reinforced zone into a homogeneous block with enhanced
shear strength parameters, while the surrounding soil retains its original properties. The root-soil reinforcement
model by Wu et al. (1976) and refined by Waldron (1977) estimates the extra soil cohesion (C;) provided by roots
(Waldron, 1977; Wu et al., 1979). According to this model, the shear strength of root-reinforced soil z,, is calculated
using the Mohr-Coulomb criterion as:

Tor = CsTertotang 1)
where C; is the inherent soil cohesion, C; is the additional cohesion due to roots, o is the normal stress on the shear
plane, and ¢ is the soil's apparent internal friction angle. the additional cohesion C, can be defined from Greenway,
(1987) and Waldron, (1977) (Greenway, 1987; Waldron, 1977).

Cr= t,(sind+cosdtang) )

where 0 is the angle of root deformation relative to the shear surface, and ¢. is the average mobilized tensile strength
of roots per unit area of soil. Where,

t= T<RAR 3)
RAR- 2x 4
== 4)
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where A is the total cross-sectional area of roots and A is the total area of the soil matrix considered. As Waldron
(1977) and Wu et al. (1979) for practical applications, the term (sind+cosdtand) is often approximated as 1.2,
simplifying the equation to:

Cr= 12T, xRAR (kPA) )

The values of RAR and 7, can be determined by some empirical equations obtained from Voottipruex et al. (2008)
which is also used in Islam et al. (2020). The equations are:

T, =16.95xD"% (MPA) (©6)
RAR = 0.00055D°+0.00993D (%) 7

Here D is the average root diameter. The young’s modulus E also increases with vegetation. The Young’s modulus
of soil Er can be calculated using the empirical equations obtained from Teerawattanasuk et al. (2014), which is:

E,=342.74xD"13% (MPA) (8)

Using the Young’s modulus of root, the Young’s modulus of rooted can be determined by equation 9, obtained
from Gray and Sotir (1996).
Ereinforced = Esoi + ﬂRAREr (9)

Here 7 is the efficiency factor, was taken as 0.25 for vetiver grass. reflecting the partial mobilization of root tensile
strength in the soil-root matrix, as recommended by Gray and Sotir (1996) and confirmed in vetiver-specific studies
Mickovski et al., (2009). Internal friction @‘ can be increased 5° while vegetated with vetiver grass (Spears et al.,
2024). The Pearson correlation coefficient was computed for each pair of variables, providing a measure of the
strength and direction of linear association between, for example, root depth and factor of safety, or slope angle
and factor of safety.

3 Results and discussion

3.1 Failure surface with different root depth

The PLAXIS 2D analysis for a 30° slope (10m height) shows that increasing vetiver root depth improves slope
stability. Without roots, a circular failure pattern appears. At 0.9m depth, failure shifts toward the toe with minor
improvement. At 1.2m, roots begin to break up failure zones, providing partial reinforcement. At 1.7m, roots
significantly redistribute stresses, resulting in more ductile deformation and greater slope stability. Although
displacement increases with depth, it indicates better energy dissipation, not instability.

sl
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Figure 2: Failure planes at different root depths- (a) non-rooted (b) 0.9m (¢) 1.2m (d) 1.7m

3.2 Total displacement at different slope angle after 24hr rainfall
The PLAXIS 2D analysis of 10m slopes with 0.9m vetiver roots shows that failure mechanisms shift with

increasing slope angles. At 30°, rotational failure dominates with limited displacement. At 40°, failure becomes
mixed, and at 50°, translational failure prevails, making shallow roots ineffective. Displacement increases sharply
at steeper slopes, with critical zones expanding beyond 40%. These results highlight that 0.9m roots are sufficient
for gentle slopes but inadequate for steeper ones, stressing the need for deeper roots or hybrid methods for effective

stabilization.

Figure 3: Total displacement after 24hr rainfall with 10m slope height and 0.9m root depth at- slope angle (a) 30°
(b) 40° (c) 50°

3.4 Factor of safety with different variables after 24hr rainfall

The analysis shows that vetiver grass consistently improves slope stability across all tested configurations. Factor
of Safety (FOS) increases with root depth, with 1.7m roots providing the highest gains. Slopes with 30° angles and
10m height show the greatest stability, while 50° and 20m slopes are most vulnerable. Vegetation impact is more
pronounced in steeper slopes, where it becomes essential to maintain FOS above critical thresholds. Overall, deeper

roots and lower slope heights yield the most effective reinforcement results.
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Figure 5: (a) Factor of safety and (b) Factor of safety increment after 24 hr rainfall at different slope geometries
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3.5 Correlation between different variables affecting slope stability with vegetation

Pearson correlation analysis shows that slope angle (-0.61) and slope height (-0.37) negatively impact factor of
safety (FS) after rainfall, while root depth (0.05) has a weak positive effect. The percentage improvement in FS
(FS-I) due to vetiver grass also decreases with slope height (-0.64), slightly increases with root depth (0.37), and
is largely unaffected by slope angle (-0.04). Overall, the percentage improvement in factor of safety due to vetiver
grass is most strongly and negatively affected by slope height, which indicates vetiver grass is more effective in
lower slope heights.
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Figure 5: Heatmap showing correlation matrix between different parameters

4 Conclusion

This research evaluated the effectiveness of Vetiver grass (Chrysopogon zizanioides) in stabilizing slopes in the
rainfall-prone areas. The study examined variations in slope height, angle, and root depth, focusing on their impact
on the Factor of Safety (FoS) under rainfall conditions. Results show that deeper roots significantly enhance slope
stability—1.7m roots increased FoS by up to 14.92% on 30° slopes, while 1.2m roots achieved 70-85% of the
maximum benefits. FoS decreased with increasing slope angle and height, confirmed by Pearson correlation
coefficients of -0.61 and -0.37, respectively. Despite these challenges, Vetiver grass remained effective across all
configurations. Additionally, deeper roots led to higher displacement, indicating more ductile, energy-dissipating
behavior before failure. The findings underscore the importance of optimizing root depth relative to slope geometry
for maximum stability. Overall, Vetiver grass proves to be a low-cost, sustainable solution for mitigating landslides
in vulnerable hill regions.
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