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Abstract

Investigating rainfall infiltration mechanisms and slope stability dynamics under varying
vegetation cover conditions is essential for advancing ecological slope protection method-
ologies. This research focuses on large-scale outdoor slope models, with the objective
of monitoring soil moisture variations in real-time during rainfall events on four types
of slopes: bare, herbaceous, shrub, and mixed herb-shrub planting. Combining direct
shear tests for unsaturated soil with numerical simulations, and considering the weakening
effect of water on shear strength, this study analyzes slope stability. The findings reveal
significant spatial variations in rainfall infiltration rates, with maximum values recorded at
a burial depth of 0.2 m, declining as the burial depth increases. Different types of vegeta-
tion have distinct impacts on slope infiltration patterns: herbaceous increases cumulative
infiltration by 21.32%, while shrub reduces it by 61.06%. The numerically simulated mois-
ture content values demonstrate strong congruence with field-measured data. Compared
with monoculture herbaceous or shrub root systems, the mixed herb—shrub root system
exhibits the most significant enhancement effects on shear strength parameters. Under high
water content conditions, root systems demonstrate substantially greater improvement
in cohesion than in internal friction angle. Before rainfall, shrub vegetation contributed
the most significant improvement to the safety factor, increasing it from 2.766 to 3.046,
followed by herbaceous and mixed herb—shrub vegetation, which raised it to 2.81 and 2.948.
After rainfall, mixed herb-shrub vegetation demonstrated the greatest enhancement of the
safety factor, elevating it from 1.139 to 1.361, followed by herbaceous and shrub vegetation,
which increased it to 1.192 and 1.275. The study offers preliminary insights and a scientific
basis for the specific conditions tested for selecting and optimizing eco-friendly slope
protection measures.
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1. Introduction

Landslides are frequently observed in many regions, with over 90% of them induced
by natural rainfall [1-3]. Vegetation-based slope protection is an effective ecological slope
stabilization method that utilizes the hydrological and mechanical effects of plant roots to
regulate soil properties and enhance slope stability [4-8].

Extensive research efforts have led to measurable advancements in this field. In
hydrologic effects, the plant canopy and litter layer can intercept rainfall and reduce surface
erosion [9], while root systems significantly alter the hydraulic properties of soil, thereby
regulating rainfall infiltration patterns and pore water pressure distribution within slopes.
For instance, a comprehensive review by Lobmann et al. [10] emphasizes that herbaceous
vegetation plays a critical and complex role in slope stability, primarily through root
reinforcement, though its effects on hydrological processes may be species-specific and
context-dependent [11,12]. Wu et al. [13] and Nguyen et al. [14] employed limit equilibrium
methods, indicating that rainfall characteristics are primary external triggers for instability.
Qi and Hu [15] found that vegetated slope protection utilizes vegetation’s mechanisms of
moisture retention and soil conservation to stabilize slope and protect surfaces.

In mechanical effects, the mechanical reinforcement provided by plant roots is a key
factor in enhancing the shear strength of soil. This reinforcement is typically achieved
through additional root cohesion. Studies have shown that different types of vegetation
provide varying degrees of stabilization. For example, herbaceous plants, with their dense
and fibrous root systems, are highly effective in stabilizing surface soils [16,17], while
shrubs, with their deeper and stronger taproot systems, provide anchoring effects that
stabilize deeper slope layers [12,18,19]. Yu et al. [20] used the self-built experimental area
around the Xining Basin as an example to evaluate the reinforcement effect of plant roots
on slope soil. Yildiz et al. [21] explored the extent to which vegetation enhances slope
stability, emphasizing the quantification of vegetation’s contribution to soil shear strength
as a critical determinant of slope safety factors. Yi et al. [22] posited that vegetation plays
a crucial role in stabilizing soil on slope and preventing soil erosion. Cheng et al. [23]
comprehensively evaluated the hydraulic and mechanical properties of plant-soil through
on site tests combined with indoor triaxial tests, the results showed that vetiver reinforced
soil more effectively than herbaceous.

Numerical simulation has been widely employed to investigate these effects. For
instance. Ji and Yang [24] conducted finite element analyses of vegetated slopes with
different root configurations using PLAXIS 3D AE software. Kokutse et al. [25] applied the
strength reduction method to evaluate the stability of herbaceous and shrub vegetation
on various slope types. Their findings underscore the significant role of rainfall among
influencing factors, highlighting its importance in slope stability analysis.

However, current research has predominantly focused on the individual effects of
herbaceous [16,17] or shrub vegetation [12,18,19]. For instance, studies by Marzini et al.
and Lobmann et al. have provided valuable insights into the reinforcement effects of single-
species vegetation [10,12], yet they primarily examined them in isolation. There remains a
relative scarcity of studies that directly compare the synergistic or antagonistic interactions
within mixed vegetation systems under identical conditions. Furthermore, the coupling
mechanisms among vegetation type, associated hydrological changes (infiltration/runoff),
and the mechanical response of slope systems require more comprehensive investiga-
tion. While some studies have explored hydrological or mechanical effects separately, an
integrated analysis that captures their complex interplay in mixed planting schemes is
still lacking [26-28].

Consequently, it is imperative to explore the rainfall infiltration and stability of slopes
with single-species and mixed-species vegetation planting under rainfall condition. This
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study carries out extensive slope model rainfall experiments to explore the impact of
various vegetation planting modes on slope infiltration patterns, specifically focusing on
bare, herbaceous, shrub, and mixed herb—shrub slope. Through the combination of labora-
tory experiments and numerical simulations, a numerical model of slopes is developed,
considering the influence of soil moisture content on shear strength parameters and the
mechanical effects of root systems. This study further explores the impact mechanism of
different vegetation planting forms on slope stability under rainfall.

2. Rainfall Infiltration Testing in Large-Scale Vegetated Slopes
2.1. Study Area

This study was conducted at the Ecological Restoration Pilot Base of Hubei University
of Technology, located in Wuhan, Hubei Province, China. The city experiences a humid
subtropical monsoon climate, characterized by distinct seasonal variations with hot, humid
summers and cool, damp winters. The mean annual temperature is 16.7 °C, and the average
annual rainfall is approximately 1260 mm, the majority of which occurs during the intense
monsoon season between June and August. Geotechnically, the site is situated on typical
Quaternary alluvial deposits of the Yangtze River Plain, which are highly representative
of the region’s geomorphic conditions. This site was selected not only due to its climatic
and geological representativeness but also because it offers comprehensive experimental
facilities, including advanced monitoring instrumentation and controlled slope models,
which are essential for large-scale, long-term hydrological and geotechnical monitoring [29].

2.2. Soil Basic Parameters

The test soil was obtained from a construction foundation pit in the Nanhu, Hong-
shan District, Wuhan, with a sampling depth of approximately 5 to 7 m. According to
the GB/T 50123-2019 [30] standard for geotechnical testing methods, the basic physical
indicators of the soil sample are measured, as shown in Table 1. According to the USDA
soil classification system in the United States, the content of sand particles (>0.05 mm), silt
particles (0.05-0.002 mm), and clay particles (<0.002 mm) in the experimental soil is 13%,
61%, and 26%, respectively. The soil sample is classified as loam, C, = dgy/d19 = 23.77 > 5,
Ce = d30?/(dep % d1o) = 1.83, Between 1~3, indicating a well-graded particle size distribu-
tion, as shown in Figure 1.
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Figure 1. Particle size distribution curve of the soil.
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Table 1. Basic physical properties of Wuhan loam.
Liquid Plastic Maximum Opt.lmum Na.tural
Name .. o . Dry Moisture Moisture
Limit wp, Limit wp .
Density pq Content wop Content w
Loam 41% 23% 1.75 g/cm3 20% 15.6%

2.3. Model Design

The experimental site is located at the ecological restoration pilot base of Hubei
University of Technology in Wuhan. To simulate a realistic yet controlled slope environment,
the slope model was constructed with concrete aerated bricks and coated with cement
mortar for structural stability and surface integrity. The crest and sides were lined with
waterproof materials to prevent rainwater infiltration and mutual interference between
models. Furthermore, to facilitate prompt rainwater drainage, a 30 cm wide and 20 cm
deep collection trough was situated at the foot of the slope.

The soil moisture monitoring equipment employs RS485-type soil moisture transmitter
produced by Shandong Jianda Renke Company, primarily consisting of sensor and data
acquisition, which are connected in parallel, the relevant technical parameters are shown
in Table 2. To meet the demand for long-term accurate detection of changes in slope
moisture content, the sensors were calibrated for pressure, temperature, and sensitivity
before the experiment. After precise calibration, the sensors were buried along the slope’s
axis at depths of 0.2 m, 0.4 m, 0.6 m, and 1.0 m to capture the moisture profile. During
the backfilling process, to minimize disturbance and maintain natural soil stratification,
the soil was layered in accordance with the sensor distribution, with compaction applied
along the parallel slope direction for each soil layer. The weather station employs a pH
automatic weather station produced by Wuhan Xinpu Technology Company to monitor
meteorological conditions at the test site in real time, as shown in Figure 2. The real scene
of the model and the sensor layout are shown in Figures 3 and 4.

Table 2. Technical parameters of sensors.

Parameter

Range Accuracy, A  Resolution, R  Response Time, f Measurement Area, Am

Water content, 6(%)

0~100% +£2.5% 0.1% <ls ®7 x 7 cm cylinder

(b)

Figure 2. Equipment tested; (a) moisture sensor; (b) data acquisition; (¢) pH automatic weather station.
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Figure 3. Field photograph of the slope model.
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Figure 4. Schematic diagram of the slope model; (a) cross-section; (b) front view.

2.4. Vegetation Cultivation

Wuhan, Hubei belongs to a subtropical monsoon climate characterized by distinct
seasons and abundant rainfall. Due to these characteristics, cynodon dactylon and mag-
nolia multiflora have become commonly used dominant herbaceous and shrub species
in the region. Cynodon dactylon is effective in slope protection. Magnolia multiflora
is an excellent soil and water conservation shrub. Its developed root system can retain
water and stabilize soil, and its stems and leaves can resist rainwater erosion on slopes.
Therefore, this experiment selected cynodon dactylon and magnolia multiflora as the slope
protection vegetation [15,31].

The selected planting density is 6.5 g/m?, and the seeding quantity for each slope
amounts to 39 g. The total seeding amount for the mixed planting of cynodon dactylon
and magnolia multiflora on the slope is 39 g (usage ratio of 1:5 between cynodon dactylon
and magnolia multiflora). Prior to seeding, uniformly moisten the slope surface to ensure



Appl. Sci. 2025, 15, 9831 6 of 25

thorough soil saturation. After determining the seed quantity, sow accordingly and overlay
the slope surface with a layer of fine soil approximately 2—4 mm thick. Subsequently, the
fine soil layer was watered to thoroughly moisten it and create a unified surface. Water
and apply nutrient solution regularly to stimulate vegetation growth. Record the average
vegetation height and coverage every 7 days, as shown in Figure 5, 70 day vegetation
growth as shown in Figure 6. The average plant height was measured as the vertical
distance from the lowest point of the rootstock to the top of the stems and leaves. During
each sampling event, several plants were randomly selected within the designated area.
Their stems were straightened, and a steel tape measure was used to take the measurements.
The maximum and minimum values were excluded, and the mean of the remaining data
was taken as the average plant height. Vegetation coverage was evaluated as the ratio of the
total vertical projection area of all plants in a given area to the area’s total size. In practice, a
custom-made cardboard frame measuring 0.1 m by 0.1 m and divided into 0.01 m intervals
was placed at predefined sampling points. A fine needle was inserted vertically into each
vertex of the grid from top to bottom and from left to right. When the needle touched
vegetation, the point was recorded as “present”. It should be noted that the four types of
slopes described in the text were constructed using the soil physical properties presented
in Table 1.
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Figure 5. Vegetation growth record; (a) average vegetation height; (b) vegetation coverage.

Figure 6. Growth chart of vegetation at 70 days; (A) cynodon dactylon; (B) magnolia multiflora;
(C) mixed planting.
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3. Test Results and Analysis

From 19 to 20 September 2021, the slope experimental site experienced a natural
rainfall event lasting a total of 9 h, with a cumulative rainfall of 40.5 mm. Data from this
period were selected for analysis. Since no significant change occurred in deeper soil layers,
only 0.2 m and 0.4 m deep soil layers were analyzed, so as to study the spatiotemporal
response of soil water content under natural rainfall conditions.

3.1. Empirical Patterns of Spatiotemporal Variation in Slope Moisture Content

As shown in Figure 7, in the bare slope, from 1 h to 5 h of rainfall, there is a noticeable
increase in moisture content within the 0.2 m soil layer across all areas, while the 0.4 m soil
layer shows minimal change. This suggests that without vegetation protection, rainwater

is primarily partitioned into infiltration within the 0.2 m soil layer and surface runoff along
the slope.
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Figure 7. Temporal and spatial variations in moisture content in different soil layers; (a) bare;
(b) herbaceous; (c) shrub; (d) mixed.

In the herbaceous slope, during the first 3 h, there is no significant change in water
content at depths of 0.2 m and 0.4 m. This suggests that vegetation interception delays
the infiltration of rainwater to the slope surface. From 3 to 5 h, the mid-slope regions
exhibit consistent increase in soil moisture content. From 5 h and 9 h, the rate of moisture
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increase decelerates at the 0.2 m and 0.4 m depths in mid-slope areas, whereas the lower
slope regions begin to show rising moisture levels. As the mid-slope soil nears saturation
moisture content, water gradually infiltrates toward the lower slope regions.

In the shrub slope, soil moisture content remains relatively stable across all soil layers
during the first 5 h. During the period from 5 h to 7 h, soil moisture content at a depth of
0.2 m within the mid-slope region experiences a slight increase. From 7 h to 9 h, the rate of
soil moisture increase within the 0.2 m soil layer in the mid-slope region decreases, while
there is a marginal rise in moisture content in the lower slope regions of this layer. This
pattern aligns with the trends observed in the herbaceous slope, but the change range of
shrub slope is small. The predominant factor is the relatively weaker rainfall interception
capacity of the magnolia multiflora canopy, leading to reduced rainfall interception and
increased surface runoff.

During the first hour, moisture content remains constant across all soil layers in the
mixed vegetation slope. Between 1 h and 5 h, the 0.2 m soil layer in the mid-slope region
shows a significantly higher increase rate than the 0.4 m layer. Additionally, soil moisture
in the lower slope areas approaches saturation. From 5 h to 9 h, moisture content declines
noticeably within the 0.2 m soil layer in the mid-slope region, while showing a consistent
upward trend in the 0.4 m soil layer. Meanwhile, soil moisture in the lower slope regions
experiences a declining trend.

3.2. Empirical Patterns of Infiltration Rate and Cumulative Infiltration on Slope

The rainfall infiltration rate refers to the rate at which the rainfall amount per unit
area enters the soil within a unit of time, typically reflecting the soil’s water infiltration

capacity [32]. It is calculated by:
A Vi

V_EXE

where Aw is the change in volumetric moisture content from the initial value (%), At is the

1)

time interval (h), A. is the effective rain-receiving area of the slope (m?), V; is the volume of
soil within the sensor measurement range (m3).

Cumulative rainfall infiltration refers to the total volume of rainwater that successfully
penetrates the ground surface and enters the slope soil mass during a rainfall event. It is
derived by integrating the infiltration rate curve over the specified time interval [33,34].

As shown in Figure 8, the highest infiltration rates for each type of slope occur at a
burial depth of 0.2 m. Specifically, the maximum rates are measured as 2.938 x 1072 m/h
for the bare slope, 1.841 x 1072 m/h for the herbaceous slope, 0.914 x 102 m/h for the
shrub slope, and 5.821 x 102 m/h for the mixed slope. Moreover, as the burial depth
increases, the infiltration rates of all types of slopes show a decreasing trend.

In the 0.2 m soil layer, the herbaceous slope exhibits a lower infiltration rate than the
bare slope, while in the 0.4, 0.6, and 1.0 m soil layers, it is higher than that of the bare
slope. As shown in Figure 9, the cumulative infiltration of herbaceous slope is greater
than that of bare slope, with an increase of 21.32%, This reflects the positive influence of
cynodon dactylon on increasing rainwater infiltration. For the shrub slope, the 0.2 m layer
shows lower infiltration than the bare slope, but no significant difference occurs at deeper
layers (0.4-1.0 m). Its cumulative infiltration is 61.06% lower than the bare slope’s. This
indicates that the multiflora rose has suppressed rainwater infiltration. The mixed slope
surpasses the other three types at 0.2 m depth, with little divergence from the herbaceous
slope below this depth. The mixed vegetation enhances infiltration capacity by 77.07%.
This demonstrates that mixed vegetation enhances rainwater infiltration and that this effect
is stronger than that of cynodon dactylon.
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Figure 8. Temporal variations in infiltration rates at different burial depths; (a) 0.2 m; (b) 0.4 m;
(c) 0.6 m; (d) 1.0 m.
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4. Strength and Hydraulic Properties of Unsaturated Rooted Soil
4.1. Materials and Methods

To characterize the hydro-mechanical properties of the soil, key parameters including
the soil-water characteristic curve (SWCC), permeability coefficient, and shear strength
parameters were obtained experimentally. These parameters are critical inputs for the
subsequent numerical simulation studies. Figure 10 illustrates the instruments and equip-
ment used for measuring these three indicators. Among them, the soil-water characteristic
curve test and the permeability test were conducted using the GCTS Fredlund pressure
plate apparatus produced by Shuangjiete Technology (Beijing, China) company and the
double-cell falling-head automatic permeameter manufactured by Tuoce (Suzhou, China)
company. The shear test was performed using the HC-UDR-300 triple unsaturated soil
direct shear apparatus produced by Suzhou Huicai Technology (Kunshan, China) company,
which allows for the independent application of matric suction and shear stress.

(c)

Figure 10. Experimental apparatus; (a) triple direct shear apparatus; (b) fredlund SWCC device;

(c) variable head permeameter.

The plant roots used in the experiment were taken from plants grown under the
same conditions and at the same time as the slope models. Insert ring knives into three
different positions in the cynodon dactylon pot. The mass of cynodon dactylon roots
extracted from the three ring knives is averaged, yielding a root mass of 0.2 g, and the root
length of cynodon dactylon is 15 cm. On the shrub slope, the average spacing between
magnolia multiflora plants is measured to be 25 cm. After excavating the root system
from the magnolia multiflora planting pot, the average length and diameter of the roots
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are determined to be 50 cm and 5.3 mm, respectively. The volumetric cylinder method
is employed to measure the volume of magnolia multiflora plant roots. Comparing this
volume with that of the growing soil, the root inclusion rate of magnolia multiflora is
determined to be 0.085%. This corresponds to 5 roots, each measuring 2 cm in length,
within the ring knives. Based on the root mass ratios between herbaceous slope and
mixed slope for cynodon dactylon, and between shrub slope and mixed slope for magnolia
multiflora, the respective root biomass contributions of both species in the mixed soil system
were determined. Instructions for the production process of a ring knife sample containing
root soil: The root system of cynodon dactylon was mixed evenly with a prepared soil
sample and poured into a sample maker, then compacted with a jack. The root system of
magnolia multiflora was cut into a length of 2 cm with scissors, inserted into the soil sample
of the sample maker by hand, and finally compacted with a jack. The arrangement of the
root system must ensure uniform distribution within the ring knife. To ensure that the
compactness of the samples matched that of the slope model, ring-knife samples with dry
density of 1.5 g/cm3 were prepared, the diameter is 61.8 mm and the height is 2 cm, with
quality moisture contents of 16%, 18%, 20%, 22%, 24%, 26%, as shown in Figure 11. Set the
shear loading rate to 0.8 mm/min through the computer, with a final shear displacement of

6 mm and an axial loading rate of 1 mm/min.

Figure 11. Soil sample preparation; (a) cynodon dactylon pot; (b) roots of cynodon dactylon;
(c) excavated magnolia multiflora; (d) roots of magnolia multiflora; (e) ring knife soil sample;
(f) damaged soil sample.

Utilizing the VG model proposed by Van Genuchten to fit the soil water characteristic
curve and obtain the corresponding parameters [35], the VG model is as follows:

0s — 6,

P @

@
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where 6 represents the variable of soil volume moisture content (%); 6, represents resid-
ual moisture content (%); 05 represents saturated moisture content (%); a, m and n are
parameters, m =1 — 1/n; ¥ represents the value of air-entry suction.

The permeability coefficient of the soil sample is obtained according to the follo-

wing formula:

H
Kp =23 oo 0

Aty — 1) 8H, ©)

where 2.3 is a unitless conversion coefficient between natural logarithms and common
logarithms; a denotes the cross-sectional area of the water head tube (cm?); L represents
the height of the seepage path (cm); A indicates the cross-sectional area of the ring-knife
sample (cm?),t, — t represents the time interval (s), H; and H, represent the initial water
head and the final water head (mm).

The permeability coefficient at a water temperature of 20 °C was converted using the
following formula:

Ky = Ky-1- (4)
1120

where Kt and Kj( represent the permeability coefficients of the soil sample at water tem-
peratures of T °C and 20 °C (cm/s), T and #,9 denote the dynamic viscosity coefficients of
water at temperatures T °C and 20 °C.

The measured cross-sectional area of the water head tube was 0.562 cm?, the cross-
sectional area of the ring-specimen was 30 cm?, the seepage path is 4 cm, and the time
difference is 5 s.

4.2. Results

Figure 12 illustrates the relationship between shear strength and normal stress of
soil samples with different moisture contents. The shear strength exhibits a significant
positive correlation with normal stress but decreases markedly with increasing water
content. According to the Mohr-Coulomb shear strength formula, the shear strength
of soil is primarily determined by cohesion ¢ and the internal friction angle ¢. After
linear fitting of Figure 12, the slope and intercept of the obtained line represent the in-
ternal friction angle and cohesion of the soil sample, respectively, as shown in Figure 13.
Under different moisture content conditions, the internal friction angle and cohesion
of the four soil samples decrease with increasing moisture content. When the mois-
ture content is the same, the order of cohesion and internal friction angle is as follows:
mixed > magnolia multiflora > cynodon dactylon > bare. Soil with roots shows a more
noticeable increase in cohesion at higher moisture content levels compared to bare soil.
However, the increase in internal friction angle is not as significant [36-38].

The soil-water characteristic curves for different soils with roots and the fitted param-
eters of the Van Genuchten (VG) model are shown in Figure 14 and Table 3, respectively.
The permeability coefficients are presented in Table 4.

Table 3. Parameters fitted by VG model.

Root Soil Type Scale Parameter Fitting Parameter Shape Parameter
a (kPa~1) m n
Bare 50.40 0.395 1.653
Cynodon dactylon 48.90 0.375 1.600
Magnolia 45.56 0.388 1.635
multiflora

Mixed 46.51 0.403 1.674
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Figure 12. Variation in soil shear strength with moisture content and normal pressure (soil type: loam;
dry density: 1.5 g/ cmd); (a) bare; (b) cynodon dactylon; (¢) magnolia multiflora; (d) mixed.
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Figure 14. Fitting of SWCC with VG model; (a) bare; (b) cynodon dactylon; (c) magnolia multiflora;
(d) mixed.
Table 4. Permeability coefficient at saturation.
Root Soil Type Bare Cynodon Dactylon Magnolia Multiflora Mixed
SHC (cm/s) 247 x 1074 437 x 1074 446 x 1074 477 x 1074

5. Stability Analysis of Slope Protected by Different Vegetation
5.1. Reliability Evaluation of Numerical Simulation—Model Establishment

Numerical simulation simulates the different behaviors of slopes under various events
by establishing numerical models. Once the simulated behaviors can reproduce the behav-
iors observed from field experiments, this numerical model can be considered validated [39].
The numerical simulations were conducted using Geostudio 2021.1 software developed
by Seequent Limited, with the seep/w module employed to validate the reliability of the
numerical modeling.

A seepage analysis model was established based on actual dimensions (the mixed slope
was selected as the representative case due to the highest complexity of its computational
model), as illustrated in Figure 15. The slope was divided into three primary zones: upper,
middle, and lower slopes. Each zone was further subdivided according to the positions
of moisture sensors and the depth of vegetation root influence, with relevant parameters
assigned, including soil-water characteristic curves, initial moisture content, and hydraulic
conductivity. The root influence zones of cynodon dactylon and magnolia multiflora
extended vertically to depths of 0.15 m and 0.5 m below the slope surface. The average
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rainfall intensity was applied as the flow boundary condition on the slope surface. The
analysis type was set to transient seepage. Impermeable boundaries are established at the
top and bottom of the slope. Based on actual rainfall conditions, the rainfall boundary
condition is set to 4.5 mm /h for a duration of 9 h, each calculation step takes 1 h, and the
grid was divided into quadrilateral squares with a size of 5 cm, comprising 2168 nodes
and 2074 elements. The reliability of the model was verified by comparing the simulated
moisture content values with real-time monitoring values [40,41].

Mixed planting area Shrubs area Herbaceous area I Moisture sensor

2.5

2.0

1.5

middle

Height H/m

05

.
0.0 | |
0 1 2 3 4 5
Length L/m

Figure 15. Seepage analysis numerical model.

5.2. Results Analysis

Figure 16 presents a comparative analysis of the measured and simulated volumetric
water content values obtained from multiple sensor points installed at different burial
depths within mixed slope under sustained rainfall conditions. It can be observed that
the discrepancies between the measured and simulated values are relatively small and fall
within an acceptable margin of error. More importantly, both datasets exhibit consistent
temporal variations and distribution trends, indicating that the model accurately captures
the hydrological processes. Given the close agreement between the observed and simu-
lated results, the potential deviation introduced into subsequent slope stability analysis is
considered negligible. These results collectively demonstrate the fundamental reliability of
the numerical model in simulating water movement within vegetated slope systems under
rainfall infiltration conditions.

5.3. Stability Analysis of Slope Protected by Different Vegetation—Model Establishment

Based on the seepage analysis results, numerical analysis was carried out using
the slope/w module in Geo-studio to assess the stability of slopes protected by various
vegetation types. The safety factor was calculated using the Morgenstern-Price method
within the limit equilibrium framework, with the Mohr-Coulomb strength criterion serving
as the theoretical basis [42]. The boundary range has a certain impact on the accuracy of
calculations when using finite element analysis for slope models. Therefore, to adjust for
this, the slope model was proportionally scaled up by five times [43]. The division of the
stability calculation model is shown in Figure 17.
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Figure 16. Measured and simulated water content for monitoring points at different depths; (a) 0.2 m;
(b) 0.4 m; (c) 0.6 m; (d) 1.0 m.

12 —

Herbaceous area Bare soil area / Bolt

Height H/m

| |
0 5 10 15 20 25
Length L/m

Figure 17. Stability analysis numerical model.
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Linear regression was performed on the relationship between shear strength param-
eters and volumetric moisture content, as shown in Table 5. Subsequently, cohesion and
internal friction angle were assigned to different regions according to the initial mois-
ture content. Due to the small diameter and high density of cynodon dactylon roots, the
zone within 0.15 m below the slope surface of the herbaceous slope was simplified as a
cynodon dactylon root-soil composite, with its strength parameters are assigned based on
the moisture content. In contrast, magnolia multiflora, being a shrub species with larger
root diameters and lower density, primarily reinforces the slope through the anchoring
force provided by its robust root system, Since it is extremely difficult to accurately simulate
the mechanical equivalence of magnolia multiflora root systems, the method of simplifying
magnolia multiflora roots into anchor rods is adopted to approximately reproduce their
reinforcing effects on slopes. Therefore, the region within 0.5 m below the slope surface
of the shrub slope was modeled using anchor rods embedded at 1.2 m intervals, assigned
with tensile strength and pullout resistance, and the shear strength parameters of the soil
were still assigned based on the values for bare soil. Within the mixed slope, the soil layer
extending 0.15 m below the slope surface is represented as a cynodon dactylon root-soil
composite, while the magnolia multiflora roots within the soil layer extending 0.5 m below
the slope surface are simplified as anchor rods [44—46].

Table 5. Linear equation of shear strength parameters and moisture content.

Root Soil Type Cohesion c/kPa Internal Friction Angle ¢/°
bare y=—221.45x +112.14 y = —88.57x + 41.57
cynodon dactylon y=—208.47x +111.93 y=—128.11x + 57.64
magnolia multiflora y = —234.29x + 123.87 y =—131.39x + 59.77
mixed y =—214.93x + 123.66 y=—139.94x + 64.22

To fully assess the long-term stability of the slope, the rainfall duration was set to 112 h
with stability calculations conducted at 8 h intervals, resulting in 15 calculation steps. Many
scholars have used limit equilibrium method to investigate slope’s stability [47]. However,
the shear strength parameters of rooted soil was treated as a constant value [5,19,27]. The
soil shear strength parameters undergo weakening under water influence, neglecting this
effect can overestimate slope stability [48]. Hence, in order to accurately evaluate slope’s
stability, a technique of gradually assigning shear strength parameters and individually
computing the slope’s stability at each stage was implemented. Firstly, the seep/w module
was utilized to simulate the infiltration of rainfall and obtain the variation in volumetric
water content at each monitoring point within the slope. Subsequently, the corresponding
shear strength parameters for each monitoring point at each stage were calculated based
on Table 5. Finally, the shear strength parameters were incrementally assigned step by step
in the slope/w.

It should be noted that the stability analysis is based on the spatiotemporal variation in
moisture content rather than direct measurement of pore water pressure or matric suction,
representing a simplified approach [28,48].

5.4. Results Analysis

The slope stability shows a notable correlation with rainfall duration, showing an
overall decreasing trend in safety factor during rainfall, as shown in Figure 18. The safety
factor of the bare slope is consistently lower than that of the vegetated slopes. Before
rainfall, the shrub slope exhibited the highest safety factor, reaching 3.046, followed by
the mixed slope (2.948) and the herbaceous slope (2.81). Compared to the bare soil slope’s
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safety factor of 2.766, these values represent increases of 0.28, 0.182, and 0.044, respectively.
After rainfall, the mixed slope demonstrated the highest safety factor at 1.361, followed
by the shrub slope (1.275) and the herbaceous slope (1.192). Compared to the bare soil
slope’s safety factor of 1.139, these values correspond to improvements of 0.222, 0.136, and
0.053, respectively.
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Figure 18. SF Changes with rainfall; (a) variation in SF; (b) SF before and after rainfall.

The initial moisture content of the shrub slope averaged 27.96%, while that of the
mixed slope averaged 29.16%. Owing to its lower initial moisture content, the shrub slope
exhibited higher shear strength parameters than the mixed slope. This accounts for the
shrub slope’s superior safety factor prior to rainfall. As the rainfall continued, the moisture
content within the slope gradually approached saturation. The difference in moisture
content between the slopes diminished, leading to the safety factor of the mixed slope
gradually surpassing that of the shrub slope. Therefore, under the experimental conditions,
the trends and relative performance of the safety factor improvements by herbaceous,
shrubs, and mixed vegetation generally followed the order of mixed > shrub > herbaceous,
which is largely consistent with the conclusions drawn from the shear tests.

The system identified a total of 405 distinct slip surfaces through computational
analysis. Among these, the slip surface associated with the minimum safety factor is
considered the critical slip surface. In Figure 19, the critical slip surface is represented
by the white arc, the corresponding safety factor value is marked by the red dot, and R
denotes the radius of the slip surface. It is observed that the position of the critical slip
surface varies significantly before and after rainfall events. As rainfall progresses, rainwater
initially infiltrates the shallow soil layers, resulting in increased moisture content and a
consequent reduction in shear strength due to matric suction loss and soil softening. This
degradation of near-surface soil properties reduces slope stability and causes the critical
slip surface to migrate from a deeper position under pre-rainfall conditions to a shallower
depth following rainfall infiltration.

In summary, under rainfall conditions, slope stability gradually weakens primarily due
to the increase in moisture content within the slopes, leading to a decrease in shear strength.
Vegetated slopes exhibit stronger stability than the bare slope, because the presence of
roots increases the shear strength of the soil [49,50]. When the moisture content is higher,
the cohesion of root-soil composite increases more significantly, and the increase in shear
strength is mainly provided by cohesion [51]. Due to the presence of roots, the matric
suction within the soil increases the shear strength of the slope soil to a greater extent in
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vegetated slopes [28,52]. Furthermore, the canopy of vegetation can slow down the falling
speed of rainwater, slowing down the rainfall’s impact on the slope surface. After rainfall
ceases, the transpiration process of vegetated soil gradually evaporates moisture from the
slope, increasing matric suction and contributing to the stability of the slope [14,22].
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Figure 19. Cloud map of slope slip surface before and after rainfall; (a) bare; (b) herbaceous; (c) shrub;

(d) mixed.

Various types of vegetation have different impacts on improving slope stability. The
roots of herbaceous vegetation are shallow and fine, mainly strengthening the superficial
layers of the slope, this improvement is somewhat limited. Additionally, experiments
on rainfall infiltration show that the presence of cynodon dactylon roots increases the
amount of water entering the slope, significantly reducing the shear strength of herbaceous
slopes. In contrast, shrub vegetation, with its extensive root system, greatly improves slope
stability by securing the slope. Moreover, experiments indicate that magnolia multiflora
roots decrease the amount of water infiltrating the slope, resulting in higher matric suction
and improved shear strength. Mixed vegetation has a more complex root system, allow-
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ing roots to mobilize more soil to resist shear deformation, leading to stronger root-soil
interactions. It is evident that under mixed distribution, the root reinforcement effect is
more significant [53].

6. Discussion
6.1. Effects of Vegetation on Slope Rainfall Infiltration

In the bare slope, little variation in infiltration rates occurs at depths of 0.4 m and
below, mainly because the lack of vegetation cover generates substantial surface runoff,
thereby limiting rainfall infiltration into deeper layers.

At the 0.2 m depth, the herbaceous slope exhibits a marginally lower infiltration rate
than the bare slope, which results from the dense canopy of cynodon dactylon effectively
intercepting rainfall, causing partial water retention on the slope surface. However, at
deeper depths, the herbaceous slope demonstrates higher infiltration rates than the bare
slope. This is primarily due to the root system development and metabolic activity of
cynodon dactylon, which significantly improves soil structure, thereby markedly enhancing
soil permeability and porosity in the rhizosphere [52].

At 0.2 m burial depth, the shrub slope exhibits lower infiltration rates compared to both
the bare and herbaceous slope. At greater depths, there is no discernible difference from the
bare slope. The reason stems from the comparatively larger root diameters of shrub species,
which occupy soil macropores, consequently reducing infiltration capacity and inducing
hydrophobicity in the rhizosphere. Plant root systems are predominantly concentrated in
shallow soil layers, with magnolia multiflora exhibiting significantly higher root density in
surface horizons compared to deeper strata. This root-induced hydrophobicity is primarily
manifested in the superficial slope layers, impeding vertical percolation of rainfall into
deeper soil layer [54-56].

The mixed slope has a more complex canopy and root structure. Its canopy density
is lower than the herbaceous slope, resulting in reduced rainwater interception capacity,
and the surface runoff is less than that of the shrub slope. Compared with the slope with
herbaceous and shrub planting forms, the mixed slope can make more rainwater fall to
the slope, providing a prerequisite for rainwater infiltration into the slope. For the root
structure under the slope, the growth and metabolism of herbaceous root in the shallow
layer of the slope make the soil loose, increased the porosity of the shallow soil of the slope,
and weakened hydrophobicity of the shrub. Additionally, mixed planting sites demonstrate
superior growth performance, which contributes to the higher infiltration capacity of mixed
slope compared to the other three types of slope [57].

In this study, the seepage analysis revealed that mixed planting and herbaceous plant-
ing significantly increase the slope’s water infiltration capacity, contrary to the conclusions
drawn in references [14,54], but consistent with references [52,55]. Therefore, although
vegetation is often reported to affect soil permeability and water retention [28], the find-
ings of this study indicate that this influence is not absolute but is determined by more
complex factors. Specifically, this discrepancy can be attributed to the varying effects of
vegetation on slope seepage regulation, influenced by factors such as vegetation species,
growth cycles, slope soil types, compaction, as well as rainfall characteristics, intensity, and
boundary conditions [58,59].

6.2. Effects of Vegetation on Slope Stability

The decrease in slope stability during rainfall is primarily caused by the increase in
moisture content, which leads to a decrease in matric suction and subsequently reduces
shear strength [60,61]. Natural rainfall experiments have shown that both herbaceous
and mixed vegetation enhance the infiltration of rainfall into the slope. However, the



Appl. Sci. 2025, 15, 9831

21 of 25

stability of mixed and herbaceous slopes is higher compared to bare soil slope, which
seems contradictory. In fact, rainfall infiltration significantly affects soil moisture in the
rhizosphere but has little impact on soil moisture in the deeper layers of the slope. And
when analyzing slope infiltration, we found that the peak infiltration rate is only significant
at a depth of 0.2 m, but becomes very small at greater depths. Therefore, vegetation
increasing rainfall infiltration on slope does not affect the stability of the deeper layers of
the slope [56]. Furthermore, at higher moisture content levels, there is a greater increase
in cohesion of root-soil composite. Despite the larger rainfall infiltration in mixed and
herbaceous slope, their increase in shear strength compared to bare soil slope is even greater.
Therefore, the increase in internal moisture content of mixed and herbaceous vegetation
slope does not surpass the stabilizing capacity of vegetation. In other words, the positive
effect of vegetation roots in reinforcing and anchoring the slope outweighs the negative
effect of rainfall infiltration on the slope [62,63].

6.3. Limitation

While this study provides valuable insights into the effects of vegetation on slope
stability under rainfall conditions, it is important to acknowledge the limitations and simpli-
fying assumptions inherent in our methodological approach, which should be considered
when interpreting the results.

The numerical stability analysis was conducted in a two-dimensional plane, simplify-
ing the root system of magnolia multiflora into anchor rods is a simplified approach. The
assumption of uniformity in the out-of-plane direction may exaggerate the mechanical
reinforcement effect of simulated anchor rods (representing shrub roots), particularly their
continuity and tensile resistance. Consequently, the stability enhancements attributed to
shrub and mixed vegetation, as quantified by the factor of safety, should be viewed as
relatively conservative estimates. A more realistic three-dimensional analysis might yield a
less pronounced but potentially more accurate assessment of root reinforcement.

The soil properties across all slope models were assumed to be homogeneous. Al-
though great care was taken during model construction to ensure consistency, this simplifi-
cation does not fully capture the natural spatial variability of soil characteristics (composi-
tion, density, hydraulic properties) encountered in field conditions, which could influence
both infiltration patterns and mechanical behavior.

The initial volumetric water content differed between the slopes prior to rainfall,
notably for the shrub-covered slope (27.96%) and the mixed vegetation slope (29.16%).
This variation, though relatively small, likely contributed to the observed differences in
pre-rainfall safety factors. The lower initial moisture content in the shrub slope would have
resulted in higher initial matric suction and shear strength parameters, thereby enhancing
its apparent stability compared to the mixed slope. Therefore, while vegetation type plays a
significant role, attributing the pre-rainfall stability difference solely to the root architecture
overlooks the confounding effect of initial hydrological conditions.

The findings are based on two specific plant species (cynodon dactylon and magnolia
multiflora). The generalization of these results to other species with different root archi-
tectures (taproot and fibrous), drought resistances, and growth rates should be made with
caution. Different species combinations might yield contrasting outcomes. This experiment
captured the short-term effects during a single rainfall event. Long-term processes, such
as root decomposition, ecological succession, and interspecies competition, which could
significantly alter the soil structure and reinforcement mechanisms over time, were not
investigated. The rainfall scenario (40.5 mm over 9 h) represents only one hydrological con-
dition. The performance of vegetation, especially mixed planting, might differ under more
extreme conditions (intense short-duration storms or prolonged drought followed by rain),
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which are expected to become more frequent under climate change. Future research should
incorporate long-term monitoring and a wider range of climatic scenarios to validate and
extend the present findings.

7. Conclusions

This study is based on outdoor large-scale slope model experiments under a specific
rainfall condition and for selected vegetation species. The experimental slope includes
bare, herbaceous, shrub, and mixed herb—shrub slope. Combining unsaturated soil direct
shear tests and numerical simulations, numerical models of four slopes are established,
considering the weakening effect of water on shear strength parameters and the influence
of root systems. The aim is to explore the influence mechanism of different vegetation types
on slope rainfall infiltration and stability under rainfall, and provide scientific basis for the
selection and optimization of ecological slope protection vegetation. The following major
findings were obtained:

1.  Under rainfall conditions, the infiltration rate of the slope exhibits significant spatial
variability. The peak rainfall infiltration rates for all four types of slopes occur at a
burial depth of 0.2 m, gradually decreasing with increasing burial depth. Various
types of vegetation have distinct impacts on the regulation of a slope’s infiltration
capacity. The presence of herbaceous and mixed vegetation encourages rainfall
infiltrate, resulting in a significant increase in cumulative infiltration by 21.32% and
77.07%, compared to the bare slope. In contrast, the infiltration rate and cumulative
infiltration of shrub slope are lower than that of bare slope, leading to a decrease in
cumulative infiltration by 61.06%.

2. When the moisture content was the same, the mixed roots soil had the highest shear
strength, followed by shrub, herbaceous and bare soil. As the moisture content
increased, the shear strength gradually decreased. Under elevated water content
conditions, root systems exhibit a substantially stronger enhancement effect on soil
cohesion compared to the improvement in internal friction angle.

3. The enhancement effect of vegetation on slope stability varies significantly depending
on vegetation type. Before rainfall, the shrub slope exhibited the highest safety factor,
reaching 3.046, followed by the mixed slope (2.948) and the herbaceous slope (2.81).
The safety factors for the shrub, mixed and herbaceous slopes increased by 0.280,
0.182 and 0.044, compared to the bare slope’s safety factor of 2.766. This difference is
primarily due to the lower initial moisture content of the shrub slope, resulting in a
more substantial increase in shear strength parameters and ultimately leading to a
higher safety factor than the mixed slope.

4. Asrainfall continues, the moisture content within each slope gradually tends towards
saturation, reducing the differences between them. After rainfall, the mixed slope
exhibits the highest safety factor at 1.361, followed by the shrub slope (1.275) and
the herbaceous slope (1.192), The safety factors for the mixed, shrub and herbaceous
slopes increased by 0.222, 0.136 and 0.053, compared to the bare slope’s safety factor of
1.139. Therefore, under the experimental conditions, the mixed herb—shrub vegetation
scheme showed a potential synergistic effect.
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