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Eco-engineering effects of Setaria
viridis and Panicum bisulcatum
Thunb roots on slope stability
under controlled moisture
conditions

Jinguo Lyu'3, Yanli Zhang?, Te Dai2, Wenqi Wang>" & Songjiang Sang*

The slope protection effect of herbaceous plants is closely related to plant species, root content in the
soil, and soil moisture content. This study focuses on the roots of common herbaceous plants, such

as Panicum bisulcatum Thunb and Setaria viridis, on the slopes of the Fuxin Haizhou open-pit coal

mine. Field measurements were taken to determine the root content at different soil layer depths,

the reinforcement effect of plant roots on soil stability was further examined through theoretical
analysis of their mechanical contribution to anti-sliding performance. Laboratory tests were performed
to measure the changes in shear strength of root-soil composites under different moisture content
conditions. Numerical simulations were used to analyze the slope protection effect of herbaceous plant
root systems under varying moisture content conditions. The results showed that the root systems of
herbaceous plants increased the soil’s cohesion, restricted lateral deformation, and improved the soil’s
shear strength. The cohesion and shear strength of the root-soil composite decreased with increasing
moisture content, while the internal friction angle increased slightly, though not significantly. The
stability factor of root-soil slopes and bare soil slopes first increased and then decreased when the
slope moisture content ranged from 9 to 13%, indicating that herbaceous plants have considerable
potential for enhancing shallow slope stability and can be effectively applied in ecological restoration
and slope protection in mining areas.
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The stability of mine slopes is a common issue in geological hazards, directly affecting the safety and economic
benefits of mining operations. It has drawn significant attention from researchers in the relevant fields. In recent
years, the reinforcing effect of plant root systems on soil has gained increasing recognition and has gradually
been applied in practical engineering projects.

Vegetation restoration and ecological reconstruction are essential measures to mitigate the ecological
damage caused by open-pit mining, control the occurrence of shallow-seated slope geological hazards, and
achieve sustainable ecological mining'. Plant root systems enhance slope stability through both hydrological
and mechanical effects. The presence of roots prevents direct rainfall-induced erosion and scouring of slope
soil, suppresses surface runoff, and reduces soil loss caused by heavy rainfall and other extreme weather events.
Simultaneously, roots provide anchorage and soil reinforcement, restricting lateral deformation of surface soil
under stress. For slopes with shallow slip surfaces, well-developed root systems can grow below the slip surface,
generating shear resistance between the roots and soil, thereby anchoring the slope soil. When the slip surface
is deeper, roots primarily act as reinforcement elements, enhancing the mechanical properties of the soil mass.

Many scholars have conducted extensive research to explore the root reinforcement mechanisms and identify
factors influencing root-soil interaction. Researchers worldwide have developed scientific root-soil mechanical
models through numerical simulation methods?* to investigate the mechanical processes of root reinforcement or
employed experimental methods to study root distribution patterns*~’, growth duration®’, and plant species'®!!
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to examine their effects on soil reinforcement. Wang et al.!> found that the soil reinforcement effect of roots
is related to root structural types, and classifying root systems can better reveal the underlying reinforcement
mechanisms. Sun Qingmin'? analyzed the shear strength factors of 16 plant root-soil composites and discovered
that various factors strongly correlate with soil cohesion and internal friction angle, with the highest correlation
observed between cohesion and dry density. Mao Xurui'* conducted direct shear tests on different plant root-
soil composites and found that roots mainly enhance soil shear strength by increasing soil cohesion. Zhu Jinqi'®
quantitatively evaluated the soil reinforcement effect of root systems by analyzing the stress mechanisms of roots
at different growth stages based on direct shear tests and root pull-out tests, optimizing the Wu model from
a time perspective. Wang Wengi et al.!® regarded root-soil composites as materials capable of improving the
shear strength of in-situ soil and proposed a mechanical model for enhanced soil consolidation. Li Xunchang!’
used FLAC®P software to simulate slopes with Artemisia plants at various angles and calculated slope stability
coefficients under different conditions, concluding that plant roots enhance soil mechanical strength. Ekanayake
and Phillips'®!® introduced an energy-based model for evaluating the soil reinforcement effect of herbaceous
plant roots, linking the energy consumed during shear to the shear strength of root-soil composites, inferring
root reinforcement effects on soil shear strength from an energy perspective. Although simple to calculate, this
model has limited accuracy for root-soil composites with thicker roots.

Despite these advances, important limitations remain in root-soil mechanical modelling. Classical Wu model
and their extensions—which conceptualize roots as tensile elements contributing an apparent cohesion—offer a
practical engineering route, but they often assume uniform root distributions and may not capture natural spatial
heterogeneity. In contrast, fracture-mechanics based approaches such as the Fiber Bundle Model (FBM)? can
simulate progressive root failure and better reflect actual failure mechanisms; however, FBM requires extensive
datasets (root-diameter and tensile-strength distributions, root counts and spatial arrangement) that are difficult
and time-consuming to obtain in the field. Given that the present study focuses on controlled laboratory direct
shear tests to systematically observe the relative effects of root content and soil moisture on shear strength, and
because the full set of root-system mechanical distribution data required to fully parameterize detailed models
(e.g. FBM) was not available, we did not directly input experimental parameters into any numerical model
for parameterization. Instead, our analysis is driven by experimental results and uses FBM model concepts of
equivalent root cohesion for qualitative and semi-quantitative interpretation, ensuring conclusions are based on
observable tests and remain practically applicable.

To facilitate links between our laboratory results and engineering practice, we reference Greenwood’s
engineering approach?!, which represents vegetation effects as an equivalent apparent cohesion together with
hydrological terms, enabling routine limit-equilibrium comparisons of factors of safety between vegetated and
bare conditions. This provides justification for interpreting experimental findings using an equivalent-root-
cohesion concept when detailed mechanistic parameterization is not achievable.

Due to the loose nature of mine spoil, mine slopes are prone to landslides and other geological hazards.
Furthermore, the root reinforcement effect on soil is influenced by environmental factors, necessitating
further analysis of its stabilizing mechanisms. The primary objectives of this study are to: (1) investigate the
reinforcement effects of two common herbaceous plants (Panicum bisulcatum Thunb and Setaria viridis) on
slope soil under controlled moisture conditions, (2) quantify the contributions of root content and soil moisture
to the shear strength of root-soil composites using indoor direct shear tests and the Mohr-Coulomb criterion,
and (3) provide insights for ecological restoration and slope stabilization in mining environments.

This study, based on the Haizhou open-pit coal mine in Fuxin, Liaoning Province, China, selects the most
common herbaceous plants on the northern slope—Panicum bisulcatum Thunb and Setaria viridis—as research
subjects. Utilizing root-soil composite indoor direct shear tests combined with the Mohr-Coulomb strength
criterion, this study investigates the reinforcement effects of herbaceous plant roots on soil stability. The research
findings aim to provide a scientific basis for the ecological restoration of mine slopes.

Mechanical analysis of root-soil interaction

Mechanical modeling of root consolidation and soil modification

The soil influenced by root systems can be regarded as a root-soil composite. When the shallow root-soil
composite on a slope undergoes critical instability and slides along the slip surface, the Mohr-Coulomb strength
criterion, combined with the reinforced soil principle, can be used to analyze the improvement of shear strength
in shallow slope soil by herbaceous plant roots. Therefore, the shear strength of the root-soil composite?> must
satisfy Eq. (1).

T=octanp+ c+ AT (1)

In the equation, 7 represents the shear strength of the root-soil composite; o denotes the normal stress of the soil
without roots; ¢ is the internal friction angle of the soil without roots; c refers to the cohesion of the soil without
roots; and At represents the increment of shear strength induced by the root-soil composite, referred to here as
the total additional shear strength.

By establishing a mechanical interaction model between herbaceous plant roots and soil, the increase in
shear strength A7, due to root reinforcement can be quantitatively described. Taking the analysis of a single root
as an example, the simplified mechanical analysis diagram is shown in Fig. 12°. Assuming the thickness of the
soil shear zone is H, the angle between the single root and the soil layer is «, and the shear deformation angle of
the single root (shear strain) is 6, the additional shear strength A7, contributed by the single root to the soil can
be expressed as:
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Fig. 1. A mechanical model of root-soil interaction.

Arp = % sin (90° — 0) + % cos (90° — ) tan (2)

H 1
0 = arctan | ———— | = arctan | ———— (3)
X+ 2= k + (tan o)

In the equation: T represents the tensile force of a single root; a denotes the area of soil influenced by the single
root; X is the horizontal displacement of the single root; and k is the shear deformation ratio, with the thickness
of the soil shear zone H, where k=X/H.

If there are n roots acting within an area A of the soil, with the tensile forces of the roots represented by T,
T, ..., T, the shear deformation angles by 6,, 6,, ..., 6 , the horizontal displacements by X, X, ..., X, and the
shear deformation ratios by k,, k, ..., k , then the additional shear strength contributed by the root system to
the soil can be expressed as:

T; sin (90° — 0, T; 90° — 6;
5 T sin( ) | STicos( )

1 i ® (4)

A’TT =
0; = arctan LH = arctan % (i=1,2,...,n) (5)
Xi + m kz + (tan ai)

By substituting Eq. (4) into Eq. (1), the general calculation formula for the shear strength 7 of the root-soil
composite can be obtained as:

> T cos (90° — 65;)
+ A

3" Ty sin (90° — 91-)) ©)

T= (atan (o + Apm) tancp) + <c—|— Acy, + 1

From Eq. (6), it can be seen that the shear strength of the root-soil composite is mainly related to the internal
friction angle, cohesion, and the tensile strength of the roots. In the vast majority of cases, during the process
of pulling out the roots of herbaceous plants from the soil layer, the roots are pulled apart. Therefore, the tensile
strength of the roots is less than the bonding and friction forces between the roots and the soil. The tensile
strength of roots with different diameters can be measured experimentally in the laboratory.

If the proportion of roots in the root-soil composite is small, it can be assumed that the internal friction angle
is still predominantly determined by the soil, and the increase in cohesion is mainly due to the mechanical effects
of the roots on the soil. Consequently, Eq. (7) can be further simplified to:

T= (U+ ZTiCOsjflgoo _ai))tanaer (C+ 3T sin (90° _ei)> .,

A

Root reinforcement mechanical model

For herbaceous plants with finer roots and shallow growth depths, the primary function is soil reinforcement,
so a reinforced anti-sliding mechanical model is recommended; for those with thicker roots and deeper growth
depths, the main function is anchorage, so an anchored anti-sliding mechanical model should be used.

(1) Reinforced anti-sliding mechanical model.

On a slope with an angle of &, assuming that the potential slip surface is parallel to the slope surface and the
total weight of the potential sliding mass is G, the root-soil composite near the slip surface is relatively weak and
its strength is similar to that of the native soil. Therefore, the mechanical properties of the root-soil composite
can be neglected, and the mechanical effect of plant roots plays a key role in soil reinforcement and landslide
resistance. Based on the above assumptions and in combination with Eq. (4), the residual sliding force P, of the
sliding mass can be expressed as:
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P, =Gsina — [G cosatan @ + cAs + ZT,L- sin (90° — 6;)+ ZTi cos (90° — 6;) tan gp] (8)

Let k = Gcosatan p + cAg; Ry = sin (90° — 6;) + cos (90° — 6;) tan ¢, generally, Ry can be taken as 1.0
(fully mobilized strength) or 1.2 (partially mobilized)*; F' = Z T, then the above equation can be simplified
as:

P, =Gsina — (k+ 1.2F) )

In the equation, ¢ denotes the internal friction angle of the potential sliding soil; ¢ denotes the cohesion of the
potential sliding soil; A_denotes the area of the potential sliding surface; and ) _ T’ represents the total tensile
force generated by the roots of herbaceous plants.

(2) Anchorage anti-sliding mechanical model.

On a slope with an angle of «, consider an arbitrary infinitesimal segment d/ of a main or coarse root located
at a depth z from the ground surface. Let 4 denote the static friction coefficient between the root and the soil, y
the unit weight of the soil, and 0 the inclination angle of the root segment, as shown in Fig. 2.

When the shallow soil of a slope undergoes critical sliding along the shear plane, the maximum static friction
force df experienced by a micro-segment root is:

df = pyze2mr edl (10)

The vertical projection component of dfis:

df, = df ecos = puyze2nredlecosd = yuyze2nredz (11)

If the average radius distribution function of the root system along depth z is D(z), and the root number
distribution function along depth z is N(z), then the vertical component of the maximum static friction force F,
of the root system within the depth range H is given by:

H
F, =2nrtan (¢ + Acpm)/ D(z)e N (z)ezdz (12)
0

In the formula, p = tan (¢ + Apy,) represents the static friction coefficient, and ¢ + Ay, denotes the
internal friction angle of the root-soil composite. The component of the frictional resistance provided by the
root system along the slope angle, F , is given by:

F, = F.sina (13)

If critical instability and sliding occur along the weak surface (sliding surface), and the residual thrust is parallel
to the slope surface, the residual thrust P, of the sliding mass can be calculated as:

P, =Gsina — Gceosatan p — cAs (14)

To maintain the stability of the shallow slope soil, the following condition must be satisfied:

Fa—RsZOOTFa/PSZl (15)

Experimental study on the shear characteristics of root-soil complexes of
herbaceous plants

Sample collection

Setaria viridis is an annual late-spring herbaceous plant with flat leaves that have rough edges. It grows to a height
of approximately 10-100 cm, with basal stems reaching 4 ~7 mm in diameter. This species is widely distributed
in China, thriving in fields, roadsides, slopes, and various herbaceous plant communities. It is commonly found
in loose, fertile soils rich in humus, such as sandy or clay soils, and exhibits strong environmental adaptability
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Fig. 2. Schematic diagram of anti-slip of herbaceous plant roots.
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with low water requirements. Foxtail grass belongs to the Poaceae family and has a fibrous root system, primarily
composed of fine roots. Panicum bisulcatum Thunb, also a member of the Poaceae family and classified under
the Panicum genus, is an annual herbaceous plant. It has slender, relatively rigid culms that grow upright or with
basal nodes that may root, reaching a height of 0.5-1 m. Panicum bisulcatum Thunb typically inhabits moist
wastelands and primarily propagates through seeds. Setaria viridis and Panicum bisulcatum Thunb are the most
common herbaceous species in the Haizhou mining area, exhibiting abundant growth and providing a sufficient
supply of experimental materials, as shown in Fig. 3.

Both Setaria viridis and Panicum bisulcatum Thunb. are common herbaceous plants widely distributed in
northeastern China, including the Haizhou mining area where our study was conducted. The plant materials
were formally identified by the corresponding author Wenqi Wang based on morphological characteristics using
standard taxonomic references. To ensure traceability, voucher specimens of both species have been deposited
in the Herbarium of Liaoning Technical University (Fuxin, China). The accession numbers are: LNTU-
FX-2024-004 for Setaria viridis and LNTU-FX-2024-005 for Panicum bisulcatum Thunb.

Relationship between root content and depth
The study on the root growth patterns of herbaceous plants reveals that root diameter varies at different soil
depths?. To characterize the root-soil composite properties at different depths, the root content is used as an
indicator to determine the proportion of root-soil mixtures. Based on the actual root content in the shallow soil
of the Haizhou open-pit mine slope, the root content ratio of the remolded soil is designed accordingly.

In this study, root content was defined as the dry mass of roots relative to the dry mass of the corresponding
soil sample, expressed as a percentage (%). The calculation follows Eq. (16):

mi

M= X 100% (16)

where 7 is the root content (%), m1 is the dry mass of roots (g), and m is the dry mass of soil (g).

Field measurements were conducted using a profile method, with a 10 cm x 10 cm area sampled beginning
2 cm below the slope surface. For each plant, four horizontal profiles were excavated at 2 cm vertical intervals.
Roots from each profile were carefully extracted, dried, and weighed. Soil dry density was measured and
multiplied by layer volume to obtain soil dry mass. The natural root content at each depth was then calculated,
and the mean values across five Setaria viridis plants were taken as the representative root content for that depth.
The same procedure was applied to Panicum bisulcatum Thunb., and comparable root content profiles were
obtained for this species.

Field results showed that root content was significant only within the 0-8 cm depth range; below 8 cm,
root content was negligible. Based on these statistics, the laboratory direct shear tests were designed with root
contents of 0.4%, 0.3%, 0.2%, 0.1%, and 0%, corresponding to average root contents at depths of 0-2 cm, 2-4 cm,
4-6 cm, 6-8 cm. The soil profile is shown in Fig. 4, and the statistical results are presented in Table 1.

Specimen preparation and testing

The root content of the soil used in the experiment was designed based on the root content ratio of the
undisturbed soil. Rooted and non-rooted soil samples were collected from the Haizhou open-pit coal mine.
After being brought back to the laboratory, the roots were removed, the attached soil particles were washed off,
and the roots were naturally air-dried until their weight stabilized. All soil samples were placed in an XMA-2000
electric hot-air drying oven and baked at 105°C for 24 h to completely remove the moisture. After drying, the
soil was sieved, and the roots were cut into 2 cm sections.

Based on the measured moisture content, different water content conditions were established to simulate
the root-soil reinforcement behavior under varying rainfall and weather scenarios®®. Accordingly, three sets
of remolded soil samples were prepared with water contents of 9%, 11%, and 13%. Shear samples with root
content ratios of 0%, 0.1%, 0.2%, 0.3%, and 0.4% were prepared for each moisture condition, corresponding to

(a) Panicum bisulcatum Thunb (b) Setaria viridis

Fig. 3. Object of study.
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Fig. 4. Schematic diagram of soil profile.

Plant species Soil depth(cm) | Average root content(%)
0~2 0.381
2~4 0.295
Panicum bisulcatum Thunb
4~6 0.204
6~8 0.112
0~2 0.373
2~4 0.289
Setaria viridis
4~6 0.193
6~8 0.097

Table 1. Root system statistics.

(a) Remodelled root-soil composite

Fig. 5. Shear specimen preparation.

root depths of 0-2 cm, 2-4 cm, 4-6 cm, and 6-8 cm, respectively. All tests were completed within three days to

(b) XMA-2000 electric blast drying oven

prevent root decay, ensuring the biological activity was maintained. The procedure is illustrated in Fig. 5.

The soil and roots were thoroughly mixed, and after compaction, four shear samples were prepared for each
soil type using a ring cutter. During the test, different moisture content samples were prepared by adding water

to the dried soil.

The shear strength of the root-soil composite was determined using a direct shear apparatus. The shear rate
for the test specimens was set at 0.8 mm/min, with four samples tested in each group. Normal stress of 100, 200,
300, and 400 kPa, determined according to the testing standard and the apparatus loading specifications, were
applied to the samples. During horizontal shearing, readings were recorded from the dial gauge, and the test
was terminated when the values ceased to increase. The maximum value was recorded. The specific equipment

is shown in Fig. 6.
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(b) Direct shear apparatus control console

Fig. 6. Test equipment of direct shear.

Fig. 7. Shear failure of specimen.

Shear failure characteristics of root-soil composite specimens
As shown in Fig. 7, during the shear process of the specimens, most roots were pulled out, while root breakage
was relatively rare. The primary reason for this is that the shear test of the remolded root-soil composite differs
from in-situ shear tests. When the roots are extracted from the soil layer in the test area, the initial stress state
between the roots and the soil is disrupted, leading to a higher degree of root vitality loss in the remolded root-
soil composite. This reduces the ability of the roots to effectively reinforce the soil. Compared to the shallow
root-soil composite in natural slopes, the interaction force between the remolded roots and soil is weaker.
Consequently, under shear stress, roots in the remolded composite are more likely to be pulled out rather than
sheared or broken. Therefore, in the indoor direct shear tests, the roots of Setaria viridis predominantly exhibited
pullout behavior.

The reported cohesion intercepts are Mohr-Coulomb intercepts fitted over the selected normal stress range
and may include apparent cohesion effects; the focus of this study is on the relative trends in shear strength
enhancement due to roots rather than absolute cohesion values.
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Data processing and analysis

Analysis of shear strength of root-soil composite under different moisture contents

The shear strength of the root-soil composite with different moisture contents for two herbaceous plants is
shown in the curve in Fig. 8, as a function of root content. For Setaria viridis root-soil composite, the shear
strength increased with the root content in the range of 0 ~ 0.4%. Under all four normal pressure conditions, the
average increase in shear strength was around 10% for every 0.1% increase in root content. Specifically, under the
condition of 11% moisture content and a normal pressure of 200 kPa, the shear strength at a root content of 0.2%
increased by 0.5% compared to a root content of 0.1%, which was the smallest increase. At 9% moisture content
and 100 kPa normal pressure, the shear strength at 0.1% root content increased by 38.1% compared to the pure
soil, which was the largest increase. Similarly, under 9% moisture content and 100 kPa normal pressure, the shear
strength of Setaria viridis root-soil composite increased by 42.3% compared to pure soil, with a corresponding
root content of 0.4%.

For Panicum bisulcatum Thunb, there was an optimal root content of approximately 0.3%, and this optimal
root content was not affected by changes in the moisture content of the root-soil composite. For Setaria viridis,
the shear strength of the root-soil composite increased with root content in the range of 0 ~0.4%. Overall, the
shear strength of the root-soil composite for both herbaceous plants decreased with increasing moisture content.

Variation of shear strength parameters of root-soil composite at different soil depths

Record the maximum shear stress of the specimens under different normal stresses to obtain the relationship
curve between shear strength and vertical pressure for different samples. Analyze the shear strength parameters
of the soil based on the Mohr-Coulomb strength criterion, as shown in Fig. 9 and Fig. 10.

The cohesion of the Panicum bisulcatum Thunb root-soil composite first increases and then decreases with
depth, which may be related to the optimal root content in remolded soil. When the soil depth is 2 ~4 cm and the
moisture content is 9%, the cohesion of the Panicum bisulcatum Thunb root-soil composite increases by 222.1%
compared to rootless soil.

In contrast, the cohesion of the Setaria viridis root-soil composite decreases with depth. At a moisture content
of 9% and a depth of 0~2 cm, the cohesion of the Setaria viridis root-soil composite reaches its maximum,
increasing by 185.8% compared to rootless soil.

Compared to Setaria viridis, the internal friction angle of the Panicum bisulcatum Thunb root-soil composite
shows a more significant variation with depth, indicating that the root system of Panicum bisulcatum Thunb has
a greater influence on the internal friction angle of the soil than Setaria viridis roots.

Analysis of herbaceous root-sliding resistance effect at different moisture contents
Calculation method for slope stability factor

The slope stability factor, also known as the slope safety factor, is an important parameter for determining
whether a slope will experience landslides or other forms of failure. The limit equilibrium method?” is a widely
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Fig. 8. Shear strength of root-soil composite as a function of root content at different moisture contents.
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Fig. 10. Relationship between soil depth and internal friction angle under different moisture contents.

used approach for determining slope stability. This method uses the ratio of the resisting forces to the driving
forces in the slope as the basis for judgment, i.e.:

[ (c+ otanp)dA

K =
deA

(17)

When the slope stability factor is greater than 1.2, the slope is considered stable.

In this study, GEO-SLOPE software was used, specifically the SLOPE/W module, to simulate the slope and
calculate the slope stability factor using the limit equilibrium method. Based on the topography of the open-pit
mine, a simplified slope model was established, as shown in Fig. 11. The slope soil layers are divided into artificial
fill (Q 4m1) and Quaternary alluvial and floodplain loose layers (Q 4ap1), with a surface fill thickness of 0.5 m.

As shown in Table 1, the root content in the soil changes with depth. Table 2 shows that the mechanical
properties of the soil also vary with different root contents. To more accurately simulate the effect of roots on
the soil, the surface soil within the root influence zone is divided into layers, with a thickness of 2 cm per layer,
totaling 4 layers.

The limit equilibrium method for calculating the slope stability factor requires three parameters: the weight
of the soil, the cohesion, and the internal friction angle. Stokes?® found that the weight of the roots does not
affect slope stability. Therefore, in this study, the effect of root weight is not considered in the calculation of slope
stability.

The densities of the bedrock and surface soil, as well as the values of the cohesion and internal friction angle
of the root-soil composite under different moisture contents and root contents (from Table 2), are assigned
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Fig. 11. Geometric size of slope model.

Root types Moisture content(%) | Root content(%) | Depth of root action(cm) | Angle of internal friction(°) | Cohesion(kPa)
9% 0 0 24.77 22.8
Plain soil 11% 0 0 22.14 42.6
13% 0 0 20.78 36.0
0.1% 6~8 23.56 48.5
0.2% 4~6 22.78 55.1
9%
0.3% 2~4 22.05 69.1
0.4% 0~2 20.86 66.4
0.1% 6~8 20.12 46.7
0.2% 4~6 20.23 48.2
Panicum bisulcatum Thunb | 11%
0.3% 2~4 17.64 66.2
0.4% 0~2 19.80 50.3
0.1% 6~8 22.09 37.2
0.2% 4~6 21.13 45.2
13%
0.3% 2~4 23.54 42.5
0.4% 0~2 21.13 36.0
0.1% 6~8 21.42 48.0
0.2% 4~6 21.11 57.5
9%
0.3% 2~4 21.02 59.1
0.4% 0~2 21.86 60.1
0.1% 6~8 21.12 43.2
Setaria viridis
0.2% 4~6 21.46 44.7
11%
0.3% 2~4 23.35 44.1
0.4% 0~2 23.52 46.5
0.1% 6~8 20.82 38.6
13%
0.2% 4~6 23.09 36.3
0.3% 2~4 23.20 37.1
0.4% 0~2 23.06 41.0

Table 2. Mechanical parameters of shear soil samples under different conditions.

to the corresponding regions to simulate the effect of roots on the surface soil. The slip surface of the slope is
determined, and using the software’s solving module, the slope stability factor under different root influences is
obtained.

Slope stability analysis
The values of cohesion and internal friction angle at different depths from Table 2 are assigned to the model, and
the range of the slope slip surface is determined. The calculation results are shown in Fig. 12, Fig. 13 and Fig. 14.
When the moisture content is between 9 and 13%, the slope stability factor first increases and then decreases.
When the soil is particularly dry, an appropriate increase in moisture content can reduce the frictional resistance
between soil particles, making them more easily movable and compacted, thereby increasing the dry density of
the soil, enhancing shear strength, and improving slope stability. However, as the moisture content continues to
increase, the cohesion between the soil particles decreases, leading to reduced shear strength and a decrease in
the stability of the shallow soil layers of the slope. The stability trends for slopes with and without roots follow
the same pattern with changes in moisture content.
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Fig. 12. Stability analysis of plain soil slope under different moisture contents.
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Fig. 13. Stability analysis of slopes planted with Panicum bisulcatum Thunb under different moisture contents.

Roots improve the stability of the slope at different moisture contents. The variation in slope stability factor
with moisture content is shown in Table 3. However, it is important to note the following considerations: When
the moisture content in the slope soil increases by the same amount, the increase in stability for slopes with
different root types is generally smaller than that for bare soil slopes. This suggests that the influence of roots
moderates the effect of moisture on slope stability, but this effect is limited.

Global factor of safety and reinforcement depth: The factor of safety reflects the balance of forces or moments
along the critical slip surface, which in this model is located several meters below the ground surface. The
modeled root system is restricted to a depth of approximately 0.08-0.10 m. Given this, root reinforcement is
unlikely to influence the global factor of safety for deep-seated slip surfaces. Shallow roots may contribute to
the stability of surficial soil layers or reduce erosion but cannot significantly alter the mechanics of deeper slip
surfaces.

magnitude of differences: differences in factor of safety between vegetated and bare slopes are relatively small.
Such differences may arise from modelling uncertainties, moisture variation, rounding errors, or numerical
setup, rather than reflecting a significant mechanical effect of roots.
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Fig. 14. Stability analysis of slopes planted with Setaria viridis under different moisture contents.

Type of slope moisture content(%) | Slope stability factor
9% 2.052
Plain soil slope 11% 2.206
13% 2.158
9% 2.077
Planting of Panicum bisulcatum Thunb slopes | 11% 2.218
13% 2.163
9% 2.097
Planting of Setaria slopes 11% 2.209
13% 2.167

Table 3. Rlationship between the stability coefficient of different types of slopes and the moisture content.

Implications for root reinforcement: While shallow roots may help reduce surface erosion or shallow slips,
their influence on deep-seated stability is negligible. Therefore, the slight increase in factor of safety for vegetated
slopes should be interpreted with caution. These results do not provide strong evidence of root reinforcement for
deep slip surfaces within the limits of the current modelling setup.

In summary, moisture content has a clear influence on slope stability, with an optimal range where stability
is maximized. Vegetation appears to buffer moisture-related stability changes in the surface soil to some extent,
but the modeled shallow root layer does not significantly affect the global factor of safety for deep-seated slopes.
Consideration of this limitation is essential for the accurate interpretation of the results.

Limitations

The present study was conducted on remolded root-soil composite under controlled laboratory conditions,
with root geometry altered by cutting and drying. Matric suction was not measured or controlled, and the
reinforcement depth was shallow (<10 cm), which may not fully capture field-scale slope processes. The applied
normal stresses in the shear tests were higher than typical near-surface overburden in the rooted zone; therefore,
the absolute cohesion values should not be directly generalized to shallow field conditions. The numerical
modelling is intended as an illustrative application and can serve as a clear example of the limitations of such
approaches; extrapolation to natural slopes should be made cautiously given the site-specific soil conditions and
the limited number of plant species tested.

Discussion

Previous studies have shown that the root content in the soil is a significant factor affecting the soil’s shear
strength. This paper finds that the shear strength of the root-soil composite increases as the root content in the
soil increases until it reaches the optimal root content. This is consistent with Wang Yuanzhan’s findings®®, where
it was observed that for remolded grass root-reinforced soil, there is an optimal root content that maximizes its
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strength. Similarly, Liao Bo® and others found that there is an optimal root content that results in the maximum
shear strength of the root-soil composite.

In this study, remolded soils were used for indoor direct shear testing based on several considerations.
Firstly, laboratory conditions offer better control over variables such as temperature, humidity, and vegetation
interference, thereby improving the repeatability and comparability of experimental results. Secondly, field
conditions are often highly variable, and soil moisture is significantly influenced by rainfall and evaporation,
making it difficult to achieve precise, multi-gradient water content control. In contrast, the use of remolded soil
in laboratory settings allows moisture content to be adjusted as needed to meet specific test design requirements.
Additionally, due to the complex topography of mining slopes, construction disturbances, and high safety risks,
conducting in situ shear tests presents substantial technical challenges and operational difficulties. And the
mechanical responses of remolded soils to changes in root content and moisture conditions are largely consistent
with those of undisturbed soils. Therefore, remolded soil can serve as an effective medium for studying the shear
performance of root-soil composites®"*2.

In real-world slope conditions, prolonged or intense rainfall can significantly reduce soil strength and may
even trigger slope failures. Some herbaceous species—particularly those with sparse or highly permeable root
systems—may facilitate water infiltration and accelerate slope saturation, thereby exerting a negative influence
on slope stability®®. For instance, Wang** demonstrated through simulated experiments in expansive soils that
high-intensity rainfall weakens the stabilizing effect of plant roots in the shallow layer, underscoring the need
for future studies to incorporate rainfall-infiltration processes into comprehensive stability assessments. Future
experimental and numerical studies should therefore introduce rainfall infiltration models to more accurately
evaluate the risk of such "bio-facilitated infiltration" mechanisms.

Many shallow landslides and surficial instabilities occur within the upper 0.5-1.0 m of slopes, particularly
in fill slopes or erosion-prone areas®>=3’. Herbaceous plant roots can enhance shallow-layer shear strength and
reduce surface runoff, thereby delaying the onset and progression of slope failure. Zhou®® further noted that even
when roots do not penetrate potential slip surfaces, their homogenized reinforcement in the upper soil layers can
effectively retard the development of shallow failures. This is especially relevant for practical applications such as
mine reclamation and vegetation-based slope stabilization.

It should be emphasized that this study specifically focused on two common herbaceous species (Panicum
bisulcatum Thunb and Setaria viridis) that dominate the slopes of the Fuxin Haizhou open-pit coal mine.
Woody plants, by contrast, typically possess both finer roots and thicker anchoring roots, thereby exerting dual
reinforcement and anchorage effects. Although this was beyond the scope of the present experiments, such
species merit further investigation in future studies.

Therefore, although this study is based on controlled laboratory tests, the findings hold valuable implications
for the selection, spatial arrangement, and surface reinforcement design of herbaceous vegetation in engineering
practice. Given the limited rooting depth of herbaceous species, future research by our group will explore the
reinforcement potential of woody plants or mixed-root systems to achieve combined shallow and deep soil
stabilization. On the slopes of the Fuxin Haizhou open-pit mine, the commonly occurring herbaceous vegetation
consists mainly of two species (Panicum bisulcatum Thunb and Setaria viridis), while woody plants are scarce
and were not included in this study. Although woody plants can provide both reinforcement and anchoring
effects due to their fine and thick roots, this study focused on the existing herbaceous vegetation. Future work
may consider incorporating woody species to further investigate ecological engineering effects.The present
study is particularly applicable to surface slope protection in mining areas, shallow topsoil layers, or early-stage
ecological restoration projects.

Conclusion

This study analyzes the soil stabilization effect of the root systems of two herbaceous plants at different moisture
contents and root contents through remolded root-soil composite indoor direct shear tests. The slope protection
effect is analyzed using numerical simulation methods, and the following conclusions are drawn:

Plant roots primarily provide additional cohesion to the soil through reinforcement, limiting lateral
deformation of the soil, thereby increasing the shear strength of the soil. Before the root content in the soil
reaches the optimal level, the shear strength of the root-soil composite increases with the increase in root content.

The shear strength of the remolded root-soil composite of Panicum bisulcatum Thunb reaches its maximum
at a root content of 0.3%, which can be considered the optimal root content for Panicum bisulcatum Thunb.
Under the same moisture content conditions, the shear strength of the Panicum bisulcatum Thunb root-soil
composite increases by approximately 24.9% compared to the rootless soil. The soil stabilization ability of Setaria
viridis is greatly affected by moisture content. At a moisture content of 9%, the shear strength of the composite is
maximized, increasing by 41.7% compared to the rootless soil.

When the slope moisture content is between 9 and 13%, the slope stability factor of the Setaria viridis slope,
Panicum bisulcatum Thunb slope, and bare soil slope first increases and then decreases. Under the same moisture
content conditions, the slope stability factor of the root-containing soil slopes is higher than that of the bare soil
slope, indicating that within this moisture range, the presence of Panicum bisulcatum Thunb roots increased
peak shear strength by up to 24.9%, and Setaria viridis roots by up to 41.7%, relative to rootless soil, thereby
improving slope stability.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author upon
reasonable request.
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