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Rainfall-induced instability of loess slopes presents significant threats to infrastructure and ecological 
systems. Vegetation serves as an effective measure to enhance slope stability through mechanical 
reinforcement by roots and hydrological regulation of soil moisture. The influence of vegetation root 
system characteristics, including root tensile strength and rooting depth, on the stability of loess 
slopes subjected to rainfall infiltration is investigated using a finite element model developed in 
COMSOL®, which couples seepage and mechanical behavior. Rainfall infiltration, pore water pressure 
evolution, and progressive slope failure are simulated to analyze the stability response. Varying levels 
of additional cohesion provided by roots and different rooting depths are systematically evaluated. 
The results indicate that stronger root systems and deeper rooting depths significantly enhance 
slope stability by increasing the factor of safety, delaying plastic zone development, and reducing 
displacement. The reinforcement effect becomes more pronounced on steeper slopes, while its 
marginal contribution diminishes with increasing root depth beyond a certain threshold. These findings 
provide insights into the role of vegetation in mitigating rainfall-induced slope failures and provide 
practical guidance for the selection and application of vegetation in ecological slope stabilization 
projects.

Keywords  Loess slopes, Rainfall infiltration, Reinforcement of vegetation, Numerical simulation, Stability 
analysis

Abbreviations
VG	� Van Genuchten
SWCC	� Soil water characteristic curve
FOS	� Factor of safety

Rainfall infiltration increases pore water pressure within soil masses and gradually dissipates the matric suction 
of unsaturated soils, making it one of the most critical triggers for landslide events1–6. Loess, a sediment 
formed under arid to semi-arid conditions, exhibits a highly porous structure, well-developed vertical 
jointing, and elevated silt content. It is widely distributed in northwestern China and, as a typical unsaturated 
soil, demonstrates pronounced hydro-sensitivity and collapsibility. Under intense rainfall, it becomes highly 
susceptible to geological hazards such as landslides and collapses, which pose significant threats to human safety, 
property, and infrastructure stability.

Vegetation serves as a natural and effective solution for mitigating slope instability. Through mechanical 
reinforcement by roots and hydrological regulation of soil moisture, vegetation increases soil cohesion, 
maintains matric suction, and delays the onset of failure7,8. These processes not only improve the soil’s resistance 
to failure but also help reduce surface runoff and soil erosion on steep slopes, as confirmed by both experimental 
and field studies9,10. The growth and proliferation of root systems enhance soil shear strength and structural 
integrity11 while also modulating soil moisture through water absorption and retention. This dual function 
optimizes permeability characteristics and effectively reduces landslide risks during rainfall. Therefore, the 
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strategic application of plant root systems presents substantial potential for slope reinforcement and ecological 
restoration in loess regions.

Many studies confirm that plant roots enhance soil shear strength and significantly contribute to mechanical 
slope stabilization. Chaobo et al.12 and Zhang et al.13 showed that the root systems of Robinia pseudoacacia 
and Pinus tabuliformis improve shear resistance in loess soils, with added cohesion affected by root diameter 
and orientation. Pallewattha et al.14 further highlighted that the mechanical reinforcement provided by roots 
depends on both soil suction and root failure modes, based on direct shear tests. Grass and shrub roots have also 
been investigated: Liu Yabin et al.15 and Zheng Mingxin et al.16 conducted tensile and pull-out tests, respectively, 
indicating that root tensile strength and the growth stage of roots affect their reinforcing potential. However, most 
studies focus on individual species or isolated mechanical factors, with limited evaluation of root reinforcement 
under varying slope angles and rainfall intensities. In particular, the interaction between root properties and 
infiltration-induced stress variations remains insufficiently explored.

Root systems also play a vital role in regulating soil moisture and minimizing erosion during rainfall. Wu 
Hongwei17 indicated that transpiration-induced suction and root structure help reduce pore pressure and shallow 
failures. Huang et al.18 demonstrated, through large-scale slope modeling, that vegetation alters water pathways 
and increases erosion resistance on steep slopes. These results confirm that, beyond mechanical anchorage, 
roots mitigate rainfall-induced slope failure by improving infiltration patterns and maintaining unsaturated 
conditions. However, most investigations examine vegetation’s hydrological effects separately from mechanical 
responses, lacking full coupling under dynamic rainfall. This separation limits the accurate prediction of slope 
behavior during extended or heavy storms.

Recent modeling efforts aim to integrate the mechanical and hydrological effects of vegetation into slope 
stability analysis. Li Guorong et al.19 and Li et al.20 employed finite element methods to simulate the influence 
of root systems on slope strength and pore pressure distribution. Feng et al.11 and Świtała et al.21 incorporated 
coupled hydro-mechanical formulations in unsaturated soils, while Cislaghi et al.22 linked root spatial density 
from field surveys to numerical models for vineyards. Huang Jiankun et al.23 and Chen et al.24 developed 
advanced constitutive or optimization-based models to represent root-soil composites and analyze dynamic 
slope response.

Variations in root morphology, including type, depth, and spatial distribution, significantly influence 
reinforcement effects. Studies by Zhou Xia et al.25, Xu Tong et al.26, and Yabin et al.15 showed that root length, 
diameter, and tensile strength vary across species and developmental stages, affecting both reinforcement depth 
and magnitude. Shrub and herbaceous species provide different anchorage patterns, and their interaction with 
soil depends on local geometry and loading conditions. These insights highlight the importance of selecting 
appropriate vegetation types for targeted slope conditions. The effects of root traits on slope stability across 
rainfall and slope conditions remain insufficiently compared, particularly in collapsible loess. How root 
characteristics scale to overall stabilization is still not well quantified.

Several studies have specifically addressed the influence of rainfall infiltration on root-soil interactions. 
Guo et al.27, Zhong Caiyin et al.28, and Chen et al.24 developed three-dimensional models to simulate pore 
water pressure evolution under various rainfall conditions and root distributions. Their findings confirmed that 
root water uptake delays saturation and helps maintain slope stability under prolonged rainfall, particularly 
in unsaturated loess. These results highlight the importance of considering root-soil-hydrology coupling in 
stability analysis under natural rainfall events.

Although vegetation generally improves slope stability, some studies have also identified potential negative 
effects29–31. Inappropriate root system configurations, overly dense shallow roots, or unsuitable species can 
lead to pore pressure concentration or weakening of surface layers during intense rainfall. Recent studies 
demonstrate that in sand slopes, vegetation can enhance the factor of safety by up to 34.3%, while in silt slopes 
the improvement is only a fraction of that, and in clay slopes, vegetation reinforcement can be negligible or even 
detrimental under certain conditions. Specifically, vegetation-induced surcharge and limited deep rooting in 
clay soils can counteract stabilizing effects, occasionally leading to reduced stability31. These findings emphasize 
the necessity of site-specific assessments of vegetation types and soil conditions in ecological slope design.

Accordingly, although extensive research exists, a fully integrated understanding of how vegetation 
characteristics and rainfall jointly influence loess slope stability remains lacking, highlighting the need for more 
comprehensive hydro-mechanical analyses under variable environmental conditions. Based on these research 
gaps, this study develops a fully coupled hydro-mechanical numerical model to investigate rainfall-induced 
instability of loess slopes and the stabilizing effects of vegetation root systems. The model integrates rainfall 
infiltration processes, root mechanical reinforcement, and water uptake dynamics, allowing for a more realistic 
simulation of root-soil–water interactions under varied slope and climatic conditions. This study quantitatively 
assesses the role of vegetation in enhancing slope stability and identifies the conditions under which vegetation 
reinforcement becomes less effective or even detrimental by systematically varying root tensile strength, rooting 
depth, slope angle, and rainfall intensity. The results provide theoretical insight and practical reference for 
vegetation-based slope protection strategies in loess regions.

Methodology
Rainfall effect mechanism
Numerical simulation of rainfall infiltration typically requires the consideration of complex interactions between 
water flow and soil, involving the coupling of seepage and mechanical analyses. In mechanical analysis, the total 
stress distribution of the soil σ is combined with the pore water pressure u to compute the effective stress, which 
serves as the basis for evaluating soil deformation, stress, and shear strength. The mechanical behavior of the soil 
follows the stress equilibrium equation, given as follows:
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	 ∇ · σ + f = 0� (1)

where ∇ is a differential operator acts on a second-order tensor, σ is the stress tensor, and f is the body force 
vector (external force per unit volume), with both deformation and stress being determined based on the soil’s 
constitutive model.

The Richards equation, or the unsteady-state Darcy equation, is generally employed to describe water 
movement within the soil and to obtain parameters such as hydraulic head, permeability coefficient, and pore 
water pressure to analyze seepage in unsaturated soil slopes.

	
∂θ

∂t
= ∇ · (k ∇h) + S� (2)

where θ is the volumetric water content of the soil, k is the permeability coefficient of unsaturated soil (m/s), h is 
the pressure head (m), and S denotes the source term. The relationship between matric suction and volumetric 
water content is described using a soil–water characteristic curve (SWCC) to accurately simulate the unsaturated 
infiltration process during rainfall events. This study adopts the Van Genuchten (VG) model, which provides a 
widely accepted empirical formulation for describing unsaturated soils. The VG model32 is widely employed to 
represent the SWCC and to describe the underlying mechanisms of soil water transport. In seepage analysis, the 
model primarily characterizes the variation in soil water saturation under different pressure heads, expressed as 
follows:

	 θ = θr + Se (θs − θr)� (3)

where θs and θr  are the saturated and residual volumetric water content of the soil, respectively. Se is the effective 
saturation, expressed as follows:

	 Se = [ 1 + (α | h |) n] −m� (4)

where α , n , and m are parameters of the VG model. Typically, m = 1 − 1
n . The parameter α is a constant 

related to soil particle size and pore structure, controlling the steepness of the soil water retention curve.

Root system mechanism
Mechanical reinforcement
Plant root systems interact with the soil through their fibrous structure, enhancing the shear strength and overall 
stability of the soil. When vegetation grows on a slope, its roots penetrate and bind soil particles, forming a 
root-soil composite that increases the soil’s tensile and compressive strength. This study applies Wu’s model33 to 
calculate the additional cohesion provided by vegetation roots, expressed as follows:

	 croot = λ × Troot × Rf × RAR� (5)

where croot is the cohesion imparted by the root system (kPa), λ is the correction factor accounting for the effect 
of gradual root failure on soil shear strength, with a typical value of 0.434. Troot is the tensile strength of the plant 
roots (kPa), which in reality varies with root diameter. This study assumes that all vegetation roots have the same 
diameter, which simplifies the calculations. RAR is the root area ratio, which is defined as the root cross-sectional 
area per unit of ground surface area. Rf  is the root orientation factor24, which can be defined as follows:

	 Rf = sin η + cos η tan ϕ� (6)

where η is the angle formed between the vertical direction of the root and the failure plane assumed during root 
breakage, and ϕ is the internal friction angle of the soil. This study assumes that root failure occurs perpendicular 
to the slope surface, corresponding to Rf = 1.0.

The root reinforcement modeling in this study follows the framework of Wu’s model, which estimates the 
additional shear strength contributed by plant roots. As direct experimental validation of the model lies beyond 
the scope of this study, parameter values are extracted from existing literature based on typical vegetation types 
found in loess areas. In particular, the root tensile strength and root area ratio parameters are taken from35, 
which examines several forest species in the Alps and Prealps of Lombardy. That study provides tensile strength–
diameter relationships and root distribution profiles with soil depth, applicable for slope stability modeling. In 
this research, Salix purpurea is selected as the representative species. The root tensile strength is set at 51.47 MPa, 
and the root area ratio is defined as 0.049%, considering variations with depth and root type. These parameters 
are incorporated into Wu’s model to simulate the reinforcement effects of vegetation roots on slope stability.

Hydrological effects
Plant root systems can also improve soil moisture conditions by absorbing and retaining water, reducing the risk 
of landslides resulting from slope wetting. Compared to unsaturated bare slopes, the seepage and stability analysis 
of vegetation-covered slopes requires consideration of suction changes caused by transpiration and of the altered 
soil hydrological properties due to plant influence. Two primary simulation methods are commonly employed 
to investigate the process by which plants absorb water from the soil through their roots during transpiration: 
microscopic and macroscopic models. Microscopic models focus on the interactions between individual roots 
and soil particles within the soil–plant system, considering the water potential of both roots and surrounding 
soil. These models describe the direction and movement of water through individual roots similarly to Ohm’s 
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law36. Although microscopic models provide more accurate predictions of the water absorption process, they are 
computationally intensive and generally suited to small-scale studies. Therefore, this study adopts a macroscopic 
model to investigate large-scale vegetation coverage on loess slope surfaces. The soil-vegetation system is treated 
as a whole. The water absorption by the vegetation roots is considered a source term inserted into the Richards 
equation, expressed as follows:

	

∂

∂x

(
k

∂h

∂x

)
+ ∂

∂y

(
k

∂h

∂y

)
− S (ψ) = ∂θ

∂t
� (7)

where ψ is the soil matric suction (kPa). This study applies the source term S(ψ) in the Richards equation, 
representing root water uptake as a depth-dependent function. The spatial distribution of water uptake by plant 
roots follows the Feddes model37, which considers both soil water availability and root distribution with depth. 
The water absorption source term by the vegetation is expressed as follows14:

	 S (ψ) = F (ψ) G (H) Tp� (8)

where Tp is the potential transpiration rate of the plant roots (m/s), G(H) = 1/H1 is a function utilized to describe 
the morphology of plant roots, where H1 is the root depth (m), and the root water absorption reduction function 
F (ψ)37 is described as follows:

	

F (ψ) =





ψ
ψan

ψ < ψan

1 ψan ≤ ψ < ψd
ψw−ψ

ψw−ψd
ψd ≤ ψ < ψw

0 ψw ≤ ψ

� (9)

where ψan is the critical matric suction (kPa) for oxygen stress in the soil, ψd is the critical matric suction (kPa) 
for water stress in the soil, and ψw  is the soil suction (kPa) corresponding to the plant wilting point, beyond 
which the plant begins to enter an irreversible wilting state, and the roots are unable to continue absorbing water 
from the soil.

Finite element model and stability analysis
This study develops a numerical model to analyze the stability of vegetation-covered loess slopes under rainfall 
infiltration conditions, incorporating both geometric characteristics and material properties of the slope. The 
model consists of two primary components: the solid mechanics module and the Darcy’s law module. The solid 
mechanics module simulates the mechanical behavior of the slope, including soil stress, deformation, and the 
reinforcing influence of vegetation roots. The Darcy’s law module models rainfall infiltration and root water 
absorption, capturing water movement through unsaturated soil. The Mohr–Coulomb constitutive model 
describes the mechanical properties of the loess slope’s soil and rock mass, while the Richards equation governs 
fluid flow in variably saturated porous media, accounting for nonlinear flow dynamics.

Slope geometrical model
The numerical analysis model for the stability of vegetation-covered loess slopes under rainfall infiltration 
conditions primarily comprises three components: the soil and rock mass of the loess slope, the surface 
vegetation-covered zone, and the rainfall infiltration boundary conditions. These components are integrated 
and coupled within the numerical simulation software COMSOL Multiphysics and applied to analyze loess slope 
stability.

The soil and rock mass of the loess slope is divided into root and non-root zones by assigning different 
material properties. The surface vegetation-covered zone is located above the slope surface, with a uniform 
thickness, using enhanced soil mechanical and permeability parameters, and considering both mechanical 
reinforcement and hydrological effects. Volumetric water content and matric suction are monitored at locations 
marked in Fig. 1a, with monitoring points A, B, and C at the slope shoulder, D, E, and F at the slope waist, and 
G and H at the slope toe. Figure 1a indicates that monitoring points are organized into three groups located at 
the slope crest, mid-slope, and toe. Within each group, points are vertically distributed below the slope surface at 
1.5 m intervals, covering both vegetation-reinforced and rootless zones. This layout enables detailed observation 
of infiltration dynamics and mechanical responses across different slope zones.

A mesh sensitivity analysis is conducted using three global mesh schemes to evaluate the influence of mesh 
size on simulation accuracy and computational efficiency: coarse (element size 2 / minimum size 0.01), medium 
(1.2 / 0.0045), and fine (0.5 / 0.001). The analysis focuses on the factor of safety (FOS), pore water pressure, 
degree of saturation, and infiltration calculation time after 50 h of rainfall. Results show that all three mesh 
schemes produce comparable FOS values (ranging from 1.1775 to 1.19), indicating convergence in overall slope 
stability. However, the medium mesh captures pore pressure and saturation distribution more accurately than 
the coarse mesh, particularly in critical zones such as the root zone and slope toe, while avoiding the high 
computational cost of the fine mesh (100 s vs. 1098 s).

In addition, based on the selected medium mesh, a locally refined mesh is developed to enhance simulation 
accuracy in critical areas while maintaining computational efficiency. The local refinement primarily targets the 
slope surface, the vegetation root zone, and regions expected to exhibit steep hydraulic gradients during rainfall 
infiltration. Compared to the fully fine mesh, the locally refined mesh achieves a similar level of accuracy in 
terms of pore water pressure and saturation distribution while significantly reducing computation time from 
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1098 to 844 s. This indicates that local refinement effectively balances the need for detailed resolution in sensitive 
areas with overall computational cost. Therefore, the final mesh configuration adopts a medium-density global 
mesh combined with targeted local refinements, as shown in Fig. 1b.

Rainfall infiltration-stress-deformation coupling of unsaturated soil slopes
Rainfall infiltration leads to changes in the volumetric water content of the soil and rock mass, which in turn 
affect both the sliding force and the self-weight stress acting on the slope. In addition, variations in volumetric 
water content cause changes in matric suction within the soil layers, which subsequently influence the effective 
stress acting on the slope. As water infiltrates the soil and rock mass, a seepage field forms. The slope’s soil 
deforms due to the combined effects of loading and seepage, generating a stress field. These two fields interact 
and influence each other until they reach an equilibrium state. The changes in self-weight stress and effective 
stress in the model during the rainfall infiltration process are considered key factors influencing slope stability. 
Based on this model, the effects of self-weight stress and effective stress variation under rainfall infiltration 
are incorporated to establish a numerical analysis model for the stability of loess slopes subjected to rainfall 
infiltration.

In the above elastoplastic model, a new set of solid mechanics and Richards equation interfaces is added to 
simulate the working conditions of rainfall infiltration in loess slopes. In the newly integrated Richards equation 
module, the surface rainfall inlet of the slope’s soil and rock mass is defined. The rainfall infiltration rate in 
the Richards equation module is expressed by the normal flow velocity. This allows for the calculation of the 
saturation, displacement, stress, and equivalent plastic strain distributions in the loess slope under continuous 
rainfall infiltration conditions, providing dynamic monitoring of the moisture infiltration process. It captures 
the spatial and temporal variations in water content and provides a quantitative analysis of the seepage and 

Fig. 1.  (a) Slope geometry model and measurement point setting schematic. Points are distributed at the crest, 
mid-slope, and toe, with a vertical spacing of 1.5 m, covering both the vegetation-reinforced zone and the 
rootless zone. (b) Optimized mesh configuration with medium global density and local refinement in critical 
zones.
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stress system responses of the loess slope, considering various influencing factors such as slope angle and rainfall 
intensity.

Both the soil–water characteristic and the permeability function curves in this model are derived from the 
Van Genuchten model32. In the COMSOL Multiphysics Richards equation interface, user-defined functions 
simulate both the reinforcing effect of vegetation roots on soil stability and the impact of plant transpiration on 
water movement. The governing equation is as follows:

	
∂

∂t
(θsρ) + ∇ · (ρu) = Qm� (10)

	

∂

∂t
(θsρ) = ρ

(
SeS + Cm

ρg

)
∂p

∂t
� (11)

	
u = −Kskr

ρg
(∇p + ρg)� (12)

where Qm is the mass source term, ρ is the density of soil (kg/m3), p is the pore water pressure (kPa), Cm is 
the specific volume of water (1/m), S is the storage coefficient (1/Pa), u is the flow velocity vector, g is the 
gravitational acceleration (m/s2), Ks is the saturated permeability of the soil (m/s), and kr is the relative 
permeability, represented as follows:

	
kr = Se

(
1 −

(
1 − S

1
m

e

)m)2
� (13)

where m is the fitting parameter of the VG model.

Boundary condition setup
It is assumed in the solid mechanics module that the soil layer is supported by a hard and rough foundation, with 
fixed constraints applied along the horizontal lower boundary. Roller support boundary conditions are imposed 
on the vertical boundaries on both the left and right sides of the model, ensuring that horizontal displacement 
remains zero along these edges. The upper boundary of the model is defined as a free surface, allowing for 
unrestricted displacement.

Within the Darcy’s law module, pressure boundary conditions are applied along the lower sections of the 
model’s left and right sides up to the groundwater level, while all other boundaries are specified as no-flow 
conditions. A normal inflow velocity is applied on the surface of the loess slope or the vegetation-covered 
surface, serving as the rainfall infiltration boundary condition.

Calculation of the FOS after rainfall
Based on the previously obtained results, an additional solid mechanics module is introduced to determine 
the equivalent plastic strain distribution within the slope’s rock-soil mass under seepage conditions, using the 
strength reduction method for analysis.

The finite element method based on strength reduction is a widely accepted approach for assessing slope 
stability. Its core principle involves solving for the slope’s limit state within an elastoplastic finite element model 
through numerical analysis techniques. Specifically, the method entails the gradual reduction of the strength 
parameters of the slope’s rock-soil mass using numerical software, which leads to a progressive loss of shear 
resistance until slope failure is achieved. At this point, the strength reduction factor is adopted as the safety 
factor, representing the remaining strength capacity of the slope. In addition, the software can identify the 
potential sliding surface of the slope by analyzing the equivalent plastic strain.

The finite element strength reduction method is applied for slope stability analysis using COMSOL 
Multiphysics. The setup process is as follows: after establishing the loading conditions, the cohesion c and 
internal friction angle φ are parameterized and defined as functions of the FOS, formulated as follows:

	
cF = c

F OS
; ϕF = arctan

( tan ϕ

F OS

)
� (14)

where c and φ are the actual cohesion and internal friction angle of the soil, cF  and φF  are the reduced cohesion 
and internal friction angle of the soil. FOS is the reduction factor. Then, utilizing the software’s auxiliary scanning 
function, FOS is incrementally adjusted, resulting in a gradual reduction in soil material properties and shear 
strength until slope instability and failure occur. At this critical stage, the FOS represents the slope’s stability 
safety factor, and the corresponding reduced values of c and φ are determined. The possible yield surface 
is identified by analyzing the equivalent plastic strain contour map derived from the computational results. 
When the equivalent plastic strain is greater than 0, it indicates that the soil has yielded. Areas with larger 
equivalent plastic strain exhibit greater plastic deformation in the soil, and therefore, these areas can be utilized 
to characterize the slip surface of slope instability and failure.

Parameter selection
Based on previously published experimental and numerical studies on loess slope stability, the material 
parameters employed in this model are listed in Table 1. All parameter values listed in Table 1 are adopted 
from previously published experimental or numerical studies concerning loess slope stability. Specifically, the 

Scientific Reports |        (2025) 15:23233 6| https://doi.org/10.1038/s41598-025-06400-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


soil physical and mechanical parameters (density, cohesion, friction angle, permeability) are derived from6,24,38, 
while the hydraulic parameters and transpiration rate are referenced from root-soil interaction studies such as28. 
Detailed references are provided in the text.

The overall numerical procedure adopted in this study is described as follows: the numerical simulation is 
conducted in three sequential stages to accurately capture the coupled hydro-mechanical behavior of the slope 
under rainfall conditions. First, the initial stress field and moisture distribution of the slope are established by 
applying self-weight loading and solving a steady-state unsaturated seepage problem without rainfall infiltration. 
The initial hydraulic conditions, including pore water pressure, matric suction, and volumetric water content, 
are determined based on the SWCC based on the VG model, with a groundwater table specified near the slope 
toe. Above the groundwater table, the pore water pressure follows a hydrostatic distribution under unsaturated 
conditions, resulting in a depth-dependent moisture profile where the degree of saturation gradually decreases 
from near-saturated conditions close to the groundwater table to lower saturation near the slope surface. This 
approach ensures consistency between the hydraulic and mechanical initial states prior to rainfall infiltration 
and provides a realistic representation of the natural unsaturated soil condition. The established initial fields are 
a stable baseline for the following rainfall infiltration analysis.

After establishing the initial conditions, rainfall infiltration is simulated by applying a constant flux boundary 
condition with a uniform rainfall intensity on the slope surface. The rainfall rate exceeds the soil’s saturated 
hydraulic conductivity to ensure continuous infiltration without immediate surface runoff. No temporal variation 
in rainfall intensity is considered, and the infiltration boundary remains active for a specified duration to capture 
the dynamic evolution of pore water pressure, degree of saturation, and stress redistribution within the slope 
during the rainfall event. During the infiltration stage, a fully coupled hydro-mechanical analysis is performed, 
simultaneously solving the Richards equation for unsaturated water flow and the mechanical equilibrium 
equation for soil deformation. A segregated solver strategy is employed within the fully coupled framework, 
solving the hydraulic and mechanical variables sequentially within each time step until convergence is achieved. 
A relative convergence tolerance of 10−3 is adopted to ensure numerical stability and solution accuracy.

After completing the rainfall infiltration simulation, the final stress and displacement fields are used as initial 
conditions for the post-rainfall slope stability assessment. The strength reduction method is applied, wherein the 
shear strength parameters of the soil are gradually reduced until failure occurs, allowing for the calculation of the 
FOS of the slope after rainfall. The failure criterion is defined by either the divergence of the numerical solution 
or a significant, continuous increase in displacement without achieving equilibrium. This sequential three-
stage modeling approach ensures that the transient interactions among rainfall infiltration, pore water pressure 
evolution, soil deformation, and stability degradation are accurately captured throughout the simulation process. 
The overall structure of this study is illustrated in Fig. 2.

Results
Rainfall infiltration-induced deformation of loess slopes
Spatial and temporal distribution of moisture content in loess slopes
As rainfall occurs, water infiltrates the soil through its pores, resulting in an increase in moisture content. This 
process advances further with the continued duration of rainfall, affecting the soil’s physical and mechanical 
properties. Based on the numerical model results of this study, Fig.  3 presents the evolution of the degree 
of saturation (dimensionless, 0–1) within the slope at different infiltration times (0, 20, 40, and 80 h) under 
continuous rainfall. Red areas in the figure correspond to lower saturation levels, while blue areas indicate higher 
saturation levels. The downward movement of the saturation front is clearly observed through the progression 
of color transitions and contour shifts, indicating the gradual advancement of the wetting front and moisture 
accumulation within the slope body, particularly in the vegetation-reinforced zones.

The soil surface begins to absorb moisture in the early stages of rainfall. As rainfall continues, water 
percolates downward, increasing the moisture content of the soil. The distribution of soil moisture following 
rainfall infiltration reveals that, as time progresses, the initially dry areas gradually become saturated, with the 
saturated zone continuing to extend deeper into the soil. At different stages of rainfall infiltration, the saturation 
distribution within the slope exhibits distinct characteristics. During the initial stages of rainfall, the saturated 
zone is primarily concentrated at the surface. As infiltration time increases, the saturated zone gradually extends 
deeper, forming a deeper saturated layer. As infiltration time further increases, the unsaturated area gradually 
decreases, and this reduction corresponds to the natural shape of the slope, indicating that moisture penetration 
is uniform and thorough.

As soil moisture content increases due to rainfall infiltration, the shear strength of the soil decreases, which 
heightens the risk of slope failure. Therefore, with the continued infiltration of rainfall over time, the slope’s 
stability is expected to decline, increasing the likelihood of a landslide.

Parameter Symbol Value Parameter Symbol Value

Soil density ρs( kg m-3) 1600 Cohesion c (kPa) 25

Saturation moisture content θs 0.35 Friction angle φ(◦) 20

Residual moisture content θr 0.025 Saturated permeability Ks (m s-1) 5 × 10–6

Root transpiration rate Tp (m s-1) 1 × 10–6

Table 1.  Model parameters.
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Figure 4a illustrates the variation in soil volumetric water content at different locations within the slope as 
the rainfall duration increases, with a constant rainfall intensity of 0.2 m/d. Points A, B, and C represent three 
locations vertically spaced 1.5 m apart near the top of the slope. From the figure, approximately 3 h after the 
onset of rainfall, the water content at point A begins to increase. Around 25 h later, the water content at point 
B starts to rise, while the volumetric water content at point C remains nearly unchanged throughout the 50-h 
rainfall period. This indicates that the model effectively simulates the gradual filling of soil pore spaces from the 
top downward.

Before the increase, there is a brief decrease in the soil’s volumetric water content, which results from the 
redistribution of moisture within the soil. After the rainfall begins, water initially infiltrates the upper layers of 
the soil, while the deeper layers do not absorb any moisture. Hence, the distribution of moisture within the soil 
changes, leading to a temporary reduction in water content in the deeper layers.

Points D, E, and F are located beneath the slope, and the changes in volumetric water content at these locations 
exhibit a pattern similar to that of the first three points. Initially, a slight decrease in volumetric water content is 
observed, followed by a gradual increase as the rainfall continues to infiltrate the soil. The figure also shows that 
the initial volumetric water content at the top, surface, and base of the slope is not uniformly influenced by the 
groundwater level. Over time, the rate of increase in volumetric water content at each location gradually slows 
down, ultimately reaching a saturated water content of 0.35. This confirms that the soil in these areas has attained 

Fig. 3.  Saturation distribution contour map of loess slope under diachronic factors.

 

Fig. 2.  Framework for assessing the stability of vegetated loess slope.
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full saturation, transitioning from an unsaturated to a saturated state. Figure 4b presents the temporal variation 
of volumetric water content at point A under different rainfall intensities.

In nature, the transpiration rate of plants is relatively low, and its effect on the slope is a long-term process. 
The transpiration rate is appropriately increased to make the difference in pore water pressure distribution more 
noticeable. Figure 5a illustrates the temporal variation of pore water pressure in the soil, with the impact of 
rainfall excluded to provide a clearer understanding of how the root water uptake model influences pore pressure 
within the slope soil. Over time, a gradual decrease in pore water pressure at the surface is observed. After 60 h 
of transpiration, the pore water pressure increases by 4.6 times compared to its initial value, highlighting the 
significant impact of root water uptake. The pore water pressure envelope exhibits a parabolic shape, with the 
minimum pore pressure occurring in the middle of the root zone.

As rainwater infiltrates, the slope soil becomes progressively saturated from top to bottom. However, the 
effect of root water uptake reduces the rate at which saturation occurs. Figure 5b illustrates the variation in 
pore water pressure within the slope soil during the 50 h rainfall period and the subsequent 50 h period after 
the rainfall ceases. During the first 0 to 50 h, as rainfall infiltrates, the pore water pressure at the slope surface 
gradually increases. After the rain stops, the pressure begins to decrease steadily, primarily due to the effect of 
root water uptake. The inflection points of each pore water pressure curve represent the process of moisture 
front displacement and gradual recovery driven by water forces within the soil. Figure 6 shows the FOS of the 
loess slope at various time intervals, which is calculated using the strength reduction method. Before 50 h, the 
FOS of the slope continually decreases, indicating that rainfall is the primary factor contributing to slope failure. 
The stability decreases more significantly at the early stage of rainfall and after prolonged exposure. After the 
rainfall ceases, influenced by water uptake and transpiration, the FOS increases, indicating that the slope regains 
stability.

Fig. 5.  Pore water pressure distribution under continuous rainfall: (a) only transpiration; (b) rainfall and 
transpiration.

 

Fig. 4.  Variation curve of volume moisture content of the loess slope under diachronic factors: (a) different 
locations; (b) different rainfall intensities.
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Spatial and temporal distribution of displacement in loess slopes
As the rainfall infiltration time accumulates, the stress–strain behavior of the loess slope undergoes a series of 
complex changes. Rainfall infiltration increases the moisture content of the loess slope soil, elevating the pore 
water pressure within the slope. This subsequently reduces the soil’s effective stress, which in turn diminishes 
its shear strength and compromises the overall slope stability. Figure  7 illustrates the slope’s displacement 
distribution at different infiltration time intervals (0, 20, 40, and 50 h), as derived from the two-dimensional 
numerical simulation results.

The stress within the geotechnical body of the slope exhibits a radiating pattern from the interior outward, 
and with increasing depth, the stress level gradually rises from the surface to the deeper layers, forming a wave-
like, layered distribution. Even under the influence of rainfall infiltration, the stress distribution pattern of the 
slope remains largely consistent with its original state. The comparative analysis reveals that stress concentration 
primarily occurs at both the slope crest and toe. In addition, the plastic strain distribution map indicates that 
rainfall infiltration intensifies strain at the slope toe, a phenomenon that aligns closely with the stress distribution 
patterns observed in the contour analysis.

Stability of loess slopes and analysis of vegetation slope protection effects
This section presents a series of parametric analyses conducted to achieve a more comprehensive understanding 
of the key factors affecting the stability of vegetated slopes with root reinforcement under unsaturated conditions. 
The slope stability FOS was calculated and compared across various scenarios using the previously discussed 
strength reduction method. This method facilitated the evaluation of how rainfall infiltration influences slope 
stability while also examining the contribution of vegetation roots to reinforcing the slope’s structural integrity. 
The parameters considered in this analysis are detailed in Table 1. Figure 8 depicts the simulation results at the 
critical failure point of the loess slope, depicting the distributions of equivalent plastic strain and displacement. 
Figure 8a indicates that a continuous high-strain zone develops from the slope surface to the slope toe, indicating 
the formation of a potential sliding surface. Figure  8b shows the corresponding displacement distribution, 
where large displacements are concentrated along the same path as the plastic strain zone, further confirming 
the location and shape of the failure surface. These results show that the slope undergoes progressive failure, 
characterized by localized plastic deformation and significant displacement accumulation along the critical slip 
surface.

Fig. 7.  Displacement distribution of the loess slope under diachronic factors.

 

Fig. 6.  FOS varying with rainfall time.
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Effect of slope gradient
The increase in slope angle results in a larger component of gravity along the slope direction. As the slope 
angle increases, the gravitational component of the soil’s self-weight also rises along the slope, raising the risk 
of landslides or soil sliding. Slopes with steeper gradients are more susceptible to sliding under external forces, 
such as rainfall or earthquakes. The analysis of the slope angle’s impact focuses primarily on evaluating how the 
slope’s stability changes at various angles, assessing its susceptibility to instability. This section sets eight different 
slope angles, with the rainfall duration controlled at 50 h, the infiltration rate at 0.01 m/h, and the vegetation 
root depth at 1 m. The stability safety factors for both bare and vegetated slopes are calculated using the model, 
as listed in Table 2.

Figure  9 illustrates the stability of both bare and vegetated slopes under varying slope conditions. The 
simulation results clearly demonstrate that the slope angle plays a critical role in influencing the FOS. Under 
identical rainfall conditions, steeper loess slopes are more prone to instability. The FOS for slopes covered with 
vegetation is greater than that for bare soil slopes, indicating that the presence of plant root systems contributes 
to improved slope stability. When the slope is 1:0.5, the FOS increases by 16.28% due to vegetation reinforcement, 
while for a slope of 1:5, the FOS increases by only 1.86%. This indicates that as the slope angle increases, the 
reinforcing effect of vegetation on loess slopes becomes more significant.

Effect of rainfall patterns
The intensity and duration of rainfall affect soil moisture content, soil strength, and groundwater levels, altering 
slope stability. Intense rainfall rapidly increases soil moisture content, which in turn reduces the shear strength 
of the soil. This effect is particularly pronounced in regions with steeper slopes, where high-intensity rainfall 

Fig. 9.  Effect of slope on FOS.

 

Conditions Slope gradient I FOSbare FOSroot Conditions Slope gradient I FOSbare FOSroot

1 1:0.5 1.09 1.2675 5 1:1.5 1.76 1.85

2 1:0.8 1.35 1.4675 6 1:2 2 2.08

3 1:1 1.47 1.59 7 1:3 2.42 2.48

4 1:1.2 1.59 1.7 8 1:5 3.22 3.28

Table 2.  FOS of the slope under different working conditions.

 

Fig. 8.  Distribution of equivalent plastic strain (a) and displacement (b) of the loess slope under instability.

 

Scientific Reports |        (2025) 15:23233 11| https://doi.org/10.1038/s41598-025-06400-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


quickly saturates the soil, resulting in a significant buildup of pore water pressure and increasing the likelihood 
of landslides. Intense rainfall typically triggers rapid landslides over a short period, especially in loose or highly 
permeable soils.

Rainfall duration determines the process of water infiltration and soil saturation. Prolonged rainfall has a 
cumulative effect on the slope, as it raises groundwater levels and increases the wetting depth of the soil. In 
regions with high water tables, continuous rainfall enables moisture to penetrate deeper soil layers, increasing the 
gravitational load on the slope and reducing the soil’s shear strength, elevating the risk of instability. Therefore, it 
is essential to consider rainfall factors when assessing slope stability. Figure 10 illustrates the results of this study, 
which examined the influence of rainfall duration and intensity on slope stability.

Figure 10 illustrates the stability of both bare soil slopes and vegetated slopes under varying rainfall durations 
and intensities. The simulation results demonstrate that rainfall conditions significantly affect the FOS. As 
rainfall duration increases, the surface soil of the slope progressively becomes saturated, leading to a reduction 
in shear strength. This reduction increases the slope’s susceptibility to instability. Figure 10a shows the change 
in FOS for slopes with different gradients under continuous rainfall at a rate of 0.01 m/h. Within 100 h, the 
FOS of the bare slope declines from 1.63 to 1.01, a reduction of 38%, while the vegetated slope’s FOS decreases 
by only 12.5%. This result shows that the rate of FOS reduction is smaller for vegetated slopes under rainfall, 
indicating that plant roots significantly reinforce the slope. Figure 10b presents the variation in the FOS for both 
bare soil slopes and vegetated slopes under different rainfall intensities. As rainfall intensity increases, slope 
stability decreases. This finding implies that heavy rainfall or storms serve as significant triggers for landslides. 
A comparison between the two slope types reveals that, under identical rainfall conditions, the vegetated loess 
slope exhibits greater stability.

Effect of vegetation reinforcement
Rainfall-induced slope instability results from soil saturation, elevated groundwater levels, and erosive water flows, 
which collectively reduce soil shear strength and raise mass movement. Vegetation mitigates these destabilizing 
effects through integrated biomechanical and hydrological mechanisms. Roots mechanically reinforce slopes by 
binding soil particles and increasing shear resistance through tensile strength, while simultaneously regulating 
soil hydrology via water uptake, delaying saturation, and the accumulation of pore pressure.

This section investigates the effects of different vegetation types and root depths on slope reinforcement 
under rainfall conditions, with simulations performed across various scenarios to assess their impact. This study 
utilizes numerical simulations under controlled rainfall intensity (0.01 m/h) and slope geometry to systematically 
evaluate how root system characteristics influence these stabilization processes. The analysis quantifies their 
relative contributions to slope stability by isolating two key variables, vegetation species (determining root 
tensile strength) and root depth.

This study uses different root tensile strengths to represent various vegetation species applied for slope 
reinforcement. Based on Eq.  (5), a direct relationship is established among vegetation type, planting density 
(reflected by the root area ratio), and the additional cohesion provided by the root system. Varying levels of 
additional cohesion are derived by adjusting root tensile strength and the root area ratio, enabling the simulation 
of different vegetation configurations on the slope surface. Accordingly, setting distinct values of additional 
cohesion in the model facilitates a realistic representation of various vegetation types and planting strategies 
commonly implemented in ecological slope stabilization.

Six levels of additional cohesion, 10, 20, 30, 40, 50, and 60  kPa, are selected to systematically investigate 
the influence of different vegetation types and root system characteristics on slope stability. The root tensile 
strength and distribution parameters employed in this study are based on empirical data from representative 
vegetation species commonly found on loess slopes to enhance realism35,39. These values correspond to realistic 
ranges derived from empirical measurements of various vegetation species typically used in ecological slope 

Fig. 10.  Influence of rainfall pattern on FOS: (a) different slope gradients; (b) different rainfall intensities.
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protection, as well as differing root densities. Lower cohesion values (10–20  kPa) represent shallow-rooted 
grasses or sparsely distributed shrubs, whereas higher values (50–60 kPa) reflect dense-rooted woody plants 
such as Robinia pseudoacacia or Salix purpurea. This parameterization enables the simulation to capture the 
variability in vegetation reinforcement capacity across diverse ecological conditions and planting strategies.

The simulation results highlight the critical influence of vegetation characteristics, specifically root 
tensile strength and root depth, on slope stability under rainfall conditions. Figure 11a illustrates the impact 
of vegetation type on slope stability. The results show that increasing root tensile strength leads to a marked 
improvement in the FOS and a significant reduction in plastic strain development. Specifically, enhancing the 
additional cohesion from 10 to 60 kPa results in an approximate 5% increase in the FOS under identical rainfall 
conditions. An increase in the tensile strength of the root system under the same rainfall conditions leads to 
greater cohesion provided by vegetation, improving slope stability.

Root depth also plays a vital role. Figure 11b illustrates the effect of root depth on slope stability. As the root 
depth increases from 1.0 to 1.2 m, the FOS rises by 1.89%, and with a further increase to 2.0 m, an additional 
growth of 3.01% is observed. The FOS improves by approximately 4.9% from 1.0 to 2.0 m; however, the rate of 
improvement diminishes with greater depths, indicating a nonlinear relationship between root depth and slope 
stabilization effectiveness. Deeper roots contribute to a broader mechanical anchorage zone and enhance the 
hydrological regulation capacity, effectively delaying pore water pressure buildup and maintaining unsaturated 
conditions for extended periods.

Quantitatively, enhancing root tensile strength and increasing root depth within a reasonable range can 
improve the factor of safety by up to 5%, based on the simulation results. Accordingly, the simulation results 
demonstrate that vegetation significantly enhances slope stability during rainfall infiltration through a 
combination of biomechanical reinforcement and hydrological regulation mechanisms. An increase in root 
tensile strength enhances the effective cohesion of the soil mass, delays the onset of plastic deformation, and 
improves the factor of safety. Deeper root systems provide more effective mechanical anchorage and contribute 
to improved control of moisture infiltration and pore pressure development. However, the marginal stabilization 
effect decreases as root depth increases beyond the main critical slip surface. These findings emphasize the 
importance of selecting vegetation species with high root tensile strength and sufficient root penetration depth 
to maximize slope reinforcement under rainfall conditions.

Discussion and limitations
This section presents the key findings of the numerical simulations, focusing on the failure mechanisms, 
vegetation reinforcement effects, and the influence of vegetation characteristics under rainfall infiltration. Each 
aspect is examined in relation to established theories and prior experimental or numerical studies to validate 
the reliability and significance of the results. In addition, critical threshold conditions at which vegetation loses 
its effectiveness are identified and discussed. Finally, the limitations of the current modeling approach and 
recommendations for future investigations are highlighted.

Validation of predicted failure mechanisms
The numerical simulation outcomes indicate that the failure surfaces initiated by rainfall infiltration are 
predominantly shallow to intermediate in depth, extending from the slope surface to the toe. The failure 
mechanism is characterized by the progressive development of localized plastic deformation, followed by 
significant displacements along a continuous slip zone. This behavior corresponds closely with the findings 
from field model experiments of rainfall-induced shallow landslides, particularly in loess and other unsaturated 
soils40. The predicted failure patterns indicate that rainfall infiltration plays a primary role in weakening the 
near-surface soil layers, triggering the initiation and propagation of sliding surfaces under reduced effective 
stress conditions.

Fig. 11.  Effect of (a) vegetation type and (b) root depth on FOS.
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Further analysis of the equivalent plastic strain distributions reveals that initial plastic deformation tends to 
localize near the slope crest and mid-slope regions, where stress concentrations and moisture accumulation are 
most significant. As rainfall infiltration continues, these localized plastic zones expand downward and coalesce, 
eventually forming a continuous potential sliding surface. The displacement field supports this development, 
with the maximum displacements aligning precisely along the identified plastic strain zones. This progressive 
failure behavior is typical of rainfall-triggered landslides41, in which the gradual loss of matric suction and 
reduction in shear strength lead to a delayed but rapid failure once a critical saturation threshold is exceeded.

The simulation results validate the typical mechanisms of rainfall-induced slope instability, including the 
transition from localized deformation to a continuous slip surface, and emphasize the importance of monitoring 
near-surface soil conditions during prolonged rainfall events to anticipate potential slope failures.

Mechanisms of vegetation reinforcement on slope stability
From a mechanical perspective, vegetation roots act as natural reinforcing elements within the soil mass. Roots 
enhance the apparent cohesion of the soil and improve its shear resistance by physically binding soil particles 
and bridging potential shear surfaces42. The tensile strength of roots introduces an additional stabilizing force 
that counters gravitational driving stresses, particularly along developing failure planes. The simulation results 
demonstrate that increasing root tensile strength results in higher factors of safety and a delayed onset of plastic 
strain zones. This observation aligns with previous experimental and theoretical studies43, which showed that 
the mechanical contribution of roots can significantly enhance slope stability, particularly under saturated or 
partially saturated conditions. The reinforcement effect is especially vital in mitigating shallow failures triggered 
by rainfall infiltration.

In addition to mechanical reinforcement, vegetation roots significantly influence the hydrological behavior 
of soil during rainfall events. Root systems enhance water uptake through transpiration and modify infiltration 
patterns by establishing preferential flow paths and zones of increased matric suction. The simulation results 
indicate that the presence of roots delays the progression of the wetting front, decreases the rate of pore water 
pressure accumulation, and preserves higher suction values in the unsaturated soil layers. These hydrological 
effects effectively extend the soil’s resistance to shear failure during rainfall infiltration. Such results highlight the 
role of vegetation in regulating soil moisture dynamics and reducing the risk of rainfall-induced slope instability.

Influence of vegetation characteristics
Although the general presence of vegetation enhances slope stability, the degree of reinforcement is primarily 
determined by specific root system characteristics, such as root tensile strength and rooting depth. The numerical 
simulations presented in this study systematically assessed the influence of these two critical parameters under 
controlled rainfall infiltration scenarios. The results indicate that variations in root tensile strength and depth 
markedly affect the factor of safety, deformation behavior, and failure mechanisms of the slope. In addition, the 
efficiency of vegetation reinforcement declines under extreme slope geometries or intense rainfall conditions, 
indicating the existence of threshold conditions beyond which vegetation alone cannot effectively stabilize the 
slope.

The simulation results demonstrate that both root tensile strength and rooting depth are vital in enhancing 
slope stability during rainfall infiltration. An increase in root tensile strength contributes directly to higher 
additional cohesion within the soil mass, leading to improved shear resistance and delayed failure onset. Rooting 
depth also plays a substantial role in influencing slope performance. As the root zone extends deeper into the 
slope, a larger soil volume benefits from mechanical support and hydrological regulation. However, the rate of 
stabilization gain decreases with increasing depth, indicating a nonlinear response. This diminishing marginal 
effect shows that once the primary failure surface is entirely encompassed within the root-reinforced zone, 
additional root depth provides limited extra stabilization benefits.

Although vegetation substantially improves slope stability under moderate conditions, its effectiveness is 
reduced beyond specific critical thresholds of slope geometry and rainfall intensity. The simulation results 
indicate that when the slope angle exceeds a certain threshold, the mechanical reinforcement provided by 
vegetation roots becomes inadequate to resist the increased gravitational driving forces, resulting in slope failure 
despite vegetation presence. This critical slope angle varies depending on soil properties and rainfall intensity. 
This observation aligns with the findings of Simon44, who reported that vegetation reinforcement becomes less 
effective on steep slopes due to geometric intensification of destabilizing forces.

Similarly, during high-intensity rainfall events that exceed the soil’s infiltration capacity, rapid pore pressure 
accumulation surpasses the hydrological buffering capability of root systems. In these situations, the soil quickly 
reaches saturation, and the associated decrease in matric suction causes a sharp reduction in shear strength, 
triggering slope failure. These results emphasize the need to carefully consider both slope angle and anticipated 
rainfall conditions when designing vegetation-based slope stabilization strategies, especially in areas vulnerable 
to extreme weather events.

The numerical simulation results validate classical mechanisms of rainfall-induced slope failure and 
demonstrate the significant reinforcement effects of vegetation through biomechanical and hydrological processes. 
The influence of root tensile strength, root depth, and threshold environmental conditions in determining slope 
stability is systematically analyzed. The findings highlight the importance of optimizing vegetation characteristics 
to achieve effective slope stabilization while acknowledging the limitations of such reinforcement under extreme 
geomorphological and climatic conditions. These insights enhance the understanding of vegetation-based 
stabilization methods and provide a foundation for advancing slope management practices.

Scientific Reports |        (2025) 15:23233 14| https://doi.org/10.1038/s41598-025-06400-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Limitations and future work
Although this study provides a preliminary assessment of vegetation-reinforced loess slope stability, certain 
limitations remain in the current research, necessitating continued improvement in future investigations:

	(1)	 This study only considers the uniform distribution of vegetation roots within the soil mass, whereas re-
al-world environments exhibit more complex spatial distribution patterns45. Future research can further 
optimize root mechanical models, incorporate more complex soil properties, and evaluate the combined 
effects of various environmental conditions. In addition, more detailed studies on vegetation types and root 
density can provide more precise guidelines for slope ecological restoration and engineering design.

	(2)	 This study sets the rainfall intensity as a constant in each case; however, the variable rainfall ephemeral 
function more accurately reflects the actual situation39. Therefore, the stability of slopes under variable 
rainfall intensity will be further examined in future studies.

	(3)	 Although this study aims to capture the representative response of loess slopes reinforced by vegetation, a 
detailed sensitivity analysis of model parameters will be conducted in future work to assess the robustness 
of the predicted stability outcomes.

	(4)	 The numerical model in this study is parameterized based on literature values and qualitatively captures the 
mechanical contribution of vegetation roots. Future efforts will concentrate on conducting direct experi-
mental verification and species-specific parameter calibration.

Conclusions
This study establishes a finite element model of a loess slope and simulates the rainfall infiltration process, 
exploring the reinforcing effect of vegetation roots on slope stability. It demonstrates the complex interactions 
among vegetation roots, soil, and rainfall-induced hydrological processes. The findings indicate that vegetation 
roots significantly enhance slope stability, particularly under rainfall conditions, where the reinforcement 
effect becomes more evident. The stability of loess slopes improves effectively by appropriately selecting and 
configuring vegetation, providing a scientific foundation for ecological restoration and disaster prevention.

•	 Rainfall infiltration has a significant impact on the hydro-mechanical behavior of loess slopes. As rainfall pro-
gresses, pore water pressure increases, matric suction dissipates, and the degree of saturation rises, especially 
in the shallow soil layers. These changes cause a gradual reduction in the soil’s shear strength and result in a 
consistent decrease in the FOS. Numerical results show that saturated zones initially develop near the slope 
toe and crest, gradually expanding inward, while the unsaturated region contracts. This infiltration-driven 
weakening mechanism serves as a primary cause of rainfall-induced slope instability and must be carefully 
addressed in slope reinforcement designs.

•	 Vegetation roots enhance the shear strength of loess slopes by contributing additional cohesion through ten-
sile resistance and interfacial bonding. They reduce soil saturation, delay the onset of instability, and mitigate 
the risk of sliding. Simulation results show that the tensile strength and rooting depth of vegetation signifi-
cantly affect slope performance. Deep-rooted vegetation improves slope stability more effectively than shal-
low-rooted systems. For example, increasing root depth from 1.0 to 2.0 m raised the FOS by approximately 
4.9%, although the rate of improvement decreased at greater depths. Similarly, under identical rainfall con-
ditions, higher root tensile strength led to a marked increase in additional cohesion and FOS. The stabilizing 
effect of vegetation becomes increasingly evident on steeper slopes: when the slope ratio was 1:0.5, root rein-
forcement increased the FOS by 16.28%, while the increase is only 1.86% at a slope ratio of 1:5.

•	 As rainfall progresses, the slope’s FOS continues to decline. In addition, slope inclination plays a significant 
role in affecting the FOS and influencing overall slope stability. Under identical rainfall conditions, steeper 
loess slopes exhibit a greater susceptibility to instability. During rainfall infiltration, continuous sliding sur-
faces and arc-shaped plastic zones emerge within the slope. The maximum strain concentration zone occurs 
at the slope toe. An arc-shaped sliding surface forms internally, extending throughout the slope, with the 
displacement direction of the sliding body aligning with the tangent direction of the sliding surface, and a 
displacement concentration zone appears at the slope toe.

Data availability
The raw data supporting the conclusions of this article will be made available by the corresponding author on 
reasonable request.
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