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A B S T R A C T

This study assessed root reinforcement on slopes influenced by various herbaceous species. The
study examined the distribution, structural traits of these species, and their root systems, as well
as their biomass. We established a quantitative model for evaluating root reinforcement at the soil
interface influenced by different herbaceous colonizers. The focus was on a mining environment,
specifically measuring root reinforcement at a dumpsite slope. The results showed that the her-
baceous plants in the dumpsite included Candian fleabane (Conyza canadensis), Annual bluegrass
(Poa annua), and Suaeda (Suaeda glauca), and the weights of the three herbaceous plants in
descending order were Annual bluegrass, Candian fleabane, and Suaeda. Notably, the tensile
strength of annual bluegrass roots peaked when diameters were less than 0.4 mm. Statistical
analysis revealed significant variations in root tensile strength (p < 0.05, ANCOVA), root area
ratio, and reinforcement (average values from 0 to 10 cm, p < 0.05, ANOVA) among the species.
Canadian fleabane demonstrated the greatest root area ratio and reinforcement throughout the
soil profiles. The integration of these herbaceous species increased the surface layer’s stability of
the slope by 21.6 % and marginally expanded the cross-sectional area of the landslide mass.

1. Introduction

Shallow landslide is a common natural disaster, mainly occurring in slope structures in forests, riverbanks and other areas [1–3].
Currently, soil bioengineering technology has been widely applied in controlling shallow slope landslides [4–7]. Plants play a key role
in soil bioengineering technology. Plant roots can form complex network structures in the soil. These roots can anchor soil particles and
prevent soil erosion and slope collapse. The role of pioneer species of herbaceous plants should be considered in soil bioengineering
technology, which can achieve rapid land cover, good root development and can adapt to the environment. During the preliminary
stages of ecological engineering aimed at slope restoration, herbs are selected as pioneer species for their swift growth and compre-
hensive coverage of the slope surface. It is crucial to conduct further investigations to verify the stabilizing contributions of these
plants.
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Current research shows that plants can improve slope stability in terms of both hydrological action and mechanical reinforcement.
In hydrology, plants absorb and release water from the soil into the atmosphere through leaf transpiration, which helps regulate soil
matric suction [5]. Plant roots can penetrate and occupy soil pore space, thereby improving soil hydraulic characteristics [8–10].
Above-ground parts of plants (such as trunks, leaves, etc.) can intercept precipitation and disperse its impact force, reducing the direct
erosion and erosion of precipitation on the soil surface. The hydrologic reinforcement of plants plays a key role in maintaining slope
stability, especially when the soil depth is greater than 1m [11].The main role of plants in suppressing shallow landslides is root
reinforcement [12]. Root reinforcement is defined as "root reinforcement" added to soil cohesion. And many researchers have been
devoted to accurately quantifying root reinforcement on the surface [13].

To measure root reinforcement, theoretical models are routinely applied. These frameworks are derived from the root’s configu-
ration at the shear plane and its dynamic interactions with the soil, enabling a detailed measurement of reinforcement. Presently, the
dominant models are the Wu-Waldron model (WWM), the fibre bundle model (FBM), and the root bundle model (RBM). The WWM,
formulated by Wu et al. [14] and Waldron [15], suggests that roots crossing the shear plane break simultaneously under external load.
This assumption leads to an overestimation of reinforcement effects, as actual root breakage is staggered [16,17]. The FBM, employed
by Pollen and Simon [16], operates as a progressive loading model where roots fracture incrementally, adjusting the distribution of
tensile forces until the complete fracture of all roots. This approach provides enhanced accuracy over the WWM [18] and is broadly
accepted [2,19,20]. Schwarz et al. [21] originally proposed the RBM, which was later augmented by the incorporation of the Weibull
survival function, resulting in the RBMW [22]. This adaptation has established itself as the benchmark for evaluating woody plant
reinforcement [23–25].

The quantification of root reinforcement is essential for the application of soil bioengineering methods in stabilizing slopes. In
practical engineering, diverse herbaceous plants are planted on slopes to maintain their long-term stability. The stability of a slope
cannot be linked exclusively to one type of root when evaluating the reinforcement offered by various herbaceous species. Slope
stability is notably affected by species diversity [26], with different plants exhibiting varied effects on soil reinforcement. Therefore,
precise prediction of root reinforcement is vital for improving slope stability and preventing shallow landslides. Zhang et al. [17]
introduced the species importance value and formulated the concept of "relative root reinforcement." In a related study, Hao et al. [27]
utilized this approach to evaluate root reinforcement resulting from the colonization by a range of herbaceous plants. This study
leverages the interconnectedness of root reinforcement and root growth dynamics, integrating the distribution and growth traits of
herbaceous plants to refine the method for quantifying root reinforcement [27]. The aims of this research include: (1) developing and
validating a quantitative framework for root reinforcement amid various colonizing herbaceous species; (2) calculating the biomass of

Fig. 1. Quantitative scheme for the root reinforcement on the soil surface under the condition of colonization of various herbaceous plants.
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these plants, considering both plant distribution and root architecture; (3) detailing the distribution and reinforcement capacity of
roots for each species; (4) evaluating root reinforcement in herbaceous colonization scenarios and examining the resultant stability
improvements of the slope’s surface layer. This investigation seeks to contribute valuable insights for subsequent research on root
reinforcement within herbaceous plant-colonized slopes.

2. Materials and methods

2.1. Quantitative scheme of root reinforcement under the condition of colonization of various herbaceous plants

This study devised a framework to quantify root reinforcement, incorporating the distribution traits of plants alongside the geo-
metric, distributive, and tensile biomechanical properties of roots, as shown in Fig. 1. The characterization of the local distribution of
herbaceous plants involved metrics such as relative density, frequency, and coverage, whereas root geometry was defined through
metrics of expansion, depth of growth, and branching. These parameters effectively discern the various types of root reinforcement and
evaluate the capabilities of the herbs [17,28]. The biomass of the herbaceous plants was calculated using the TOPSIS method [29]. In
parallel, the FBM was employed to determine root reinforcement [30]. The calculated weights and root reinforcement of the herba-
ceous plants were amalgamated to ascertain the effective reinforcement per species, culminating in a comprehensive assessment of the
reinforcement impact on the topsoil under herbaceous colonization. The mining site was selected as the study site to validate the
viability of the proposed framework. An exposition of the protocol for parameter collection and computation is provided subsequently.

2.2. Study sites and investigation of herbaceous plant growth indicators

The study site is Fuxin, Liaoning Province, China (42◦01′17.83"N, 121◦40′13.17"E). The dumpsite is located southwest of the
mining area, covering an area of 13 km2. This study selected a mixed planting area of herbaceous plants, including Candian fleabane
(Conyza canadensis), Annual bluegrass (Poa annua), and Suaeda (Suaeda glauca) [27].

The sampling approach was utilized to evaluate the growth metrics of herbaceous plants, and the sampling distribution is shown in
Fig. 2a. At each designated point, records were made of the number and coverage associated with each plant type. These data were
used to compute the relative density, frequency, and coverage of three specific herbaceous species, aligning with the approach
described by Zhang et al. [17]. Roots were extracted using the excavation technique, during which measurements of horizontal
expansion, growth depth, and branching to the third tier were conducted. Each species was subjected to 5 rounds of sampling, as shown
in Fig. 2b.

2.3. Calculation of herbaceous plant weights

The assessment of herbaceous plant mass is based on six indicators, as detailed in Section 2.2. The TOPSIS method, a ranking
technique that aims for closeness to an ideal outcome, presumes that each utility function maintains monotonicity. This method is
extensively applied for aggregate evaluations across groups, leveraging the entirety of the original dataset to precisely delineate
distinctions among proposed evaluations. Within this framework, the aggregate distances to both the ideal positive and negative
solutions are calculated for each scheme. A scheme is deemed superior if it approximates the ideal positive solution and deviates from
the negative one. Here, the ideal positive solution embodies the condition wherein all index values are at their optimum, whereas the
negative ideal solution represents the state where all indices are at their least advantageous. This investigation included three her-
baceous plants and six evaluative indices, all of which are positive indicators (i.e., higher values signify enhanced outcomes). The
weight calculation steps of herbaceous plants are as follows.

Step 1. The normalized initial matrix A(aij) was constructed, which is calculated by Equation (1).

A=

⎛

⎝
a11 … a16
⋮ ⋱ ⋮
a31 ⋯ a36

⎞

⎠ (1)

Fig. 2. a) Sampling distribution map of the herbaceous plant growth index survey. The sampling site is on the slope surface, the number of sample
squares is 8, the size of each quadrat is 1 m × 1 m, and the interval between every two sample squares is 1 m. b) In situ sampling map.
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The i represent the types of herbaceous plants,the value ranges from 1 to 3, corresponding to Candian fleabane, Annual bluegrass
and Suaeda respectively; j is the 6 evaluation indicators, the value ranges from 1 to 6, in order of relative density, relative frequency,
relative coverage, root expansion, root growth depth and number of root branches; for example, a11 represents the relative density
value of Candian fleabane, and so on.

Step 2. A weighted norm matrix was constructed by initializing the matrix, and the attributes were vectorized, that is, which is
calculated by Equation (2).

xij =
aij
̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
a2
ij

√ (2)

xij is expressed as the vectorized value of each indicator of each herb. xij is arranged in order to finally get the normalized matrix X
after normalization, which is calculated by Equation (3).

X=

⎛

⎝
x11 … x16
⋮ ⋱ ⋮
x31 ⋯ x36

⎞

⎠ (3)

Step 3. The distance between the evaluation object and the optimal and inferior solutions was calculated (D+
i and D−

i )

The optimal and worst solutions were identified by determining the maximum and minimum values of each column in matrix X,
respectively. Distances from each evaluation object to these solutions were computed according to Equations (4) and (5).

D+
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑6

i=1

(
X+

j − xij

)2

√
√
√
√ (4)

D−
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑6

i=1

(
X−

j − xij

)2

√
√
√
√ (5)

Step 4. Herbaceous plant weight calculation (ωi)

The weights of herbaceous plants were utilized to calculate each evaluation object’s closeness to the optimal solution, as prescribed
by Equation (6).

ωi =
D−

i
D+

i + D−
i

(6)

In Equation (6), ωi is the weight value of the herbaceous plant; the larger ωi is, the better the evaluation object.

2.4. Root area ratio distribution and root tensile strength

The root area ratio, quantifying root distribution within the soil profile, is derived using the formula:

RAR=
∑N

i=1

πd2
i

4A
(7)

N indicates the total number of roots; di denotes the diameter of the i-th root; and A signifies the soil profile area. The excavation
method facilitated measurements of the root area ratio across soil profiles at depths ranging from 2 to 12 cm, at 2 cm intervals. The
diameter of one root on each soil profile was recorded, and the root diameter was measured using a Vernier calliper with an accuracy of
±0.01 mm. Images were captured with a 64-megapixel camera, and diameters were determined through pixel conversion.

The mechanical impact of plant roots was assessed by their tensile strength, providing more accurate insights than prior meth-
odologies [31]. Roots were harvested, cleaned of surface soil, and immersed in a 15 % alcohol solution for preservation and viability
maintenance [32], then stored at 4 ◦C in an incubator. Their biomechanical properties were analyzed using an electronic tension
meter. Segments of roots, precisely 5 cm in length, were prepared, with surface moisture removed by absorbent paper. Diameters were
similarly measured using a Vernier caliper. To guarantee the precision of experimental data, measurements were taken within 3 days
post-collection, focusing exclusively on data from root fractures occurring in the middle 1/3. Extensive research has established a
power-law relationship between root tensile strength and diameter [23,33–35], expressed as:

F= adb (8)

where F is the tensile strength; and a and b are the respective fitting coefficients, with d representing the diameter of the root.
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2.5. FBM quantifies root reinforcement

The FBM was used to calculate the root reinforcement [36]. FBM model is more accurate in predicting root reinforcement. In
addition, the implementation of this model is simple and only a few parameters need to be calculated [34]. Assuming that there are N
roots on a soil profile, the roots are sorted according to the strength of the roots, that is, the strongest root is recorded as number 1, and
the weakest root is recorded as numberN. For roots with root number n (1< n<N). When partial roots fail, the force exerted on the soil
profile is borne by the remaining roots. When the j-th root fails, the root reinforcement is:

Δs=Rf
F

∑j
n=1

(
(π/4)d2

n
)
∑j

n=1
RARn (9)

In the equation, Rf is the root-direction factor; when the root is broken, the force is distributed according to the number of roots,
that is,

π
4
d2
j Trj =

F
j

(10)

Therefore, the root reinforcement of herbaceous quantified by the FBM is:

Δs=Rf × max
(
TrjRARjj

)
(11)

Wu et al. [14] determined that the root factor ranges from 0.92 to 1.31. For this study, a constant value of 1.2, commonly employed
in root reinforcement quantification, was adopted:

Δs=1.2 × max
(
TrjRARjj

)
(12)

Based on Equations (6)–(10), a mathematical model using the FBM was developed to calculate the additional cohesion contributed
by each herbaceous root to the soil profile, incorporating both the tensile strength of the roots and their distribution within the soil
profile.

2.6. Root reinforcement under the condition of colonization of various herbaceous plants

To assess the extent of root reinforcement under various herbaceous colonization conditions, this study incorporates the weights of
herbaceous plants to derive the effective root reinforcement for each species, where:

ΔEsz =
ωi

∑m

i=1
ωi

Δsz (13)

c=
∑m

i=1
ΔEsz (14)

ΔEsz is the effective root reinforcement of the z-th grass species. Δsz is the root reinforcement of the z-th grass calculated by FBM, m
is the number of grass species, and c is the root reinforcement of various herbaceous plants under colonization conditions.

2.7. Statistical analysis

The data’s adherence to normal distribution was confirmed by the Kolmogorov-Smirnov test at a 1 % significance level, and

Fig. 3. The slope model diagram. The root reinforcement of herbaceous plants was mainly manifested in the surface layer of the slope. The slope
angle is 45◦.
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variance homogeneity was verified using the Levene test. Variance analysis explored the disparities in root growth characteristics, root
area ratios, and root reinforcement across species. Differences in root tensile strength among the three herbaceous plants were
examined using ANCOVA, with root diameter serving as the covariate. The relationship between root tensile strength and diameter
was modeled through power-law regression. All statistical analyses were executed in Python.

2.8. Slope surface stability analysis

The influence of plant roots on slope stability is primarily observed at the soil surface. A slope model was developed to investigate
this effect, focusing on local slopes with an inclination of 45◦, as identified in on-site engineering surveys, as shown in Fig. 3. Me-
chanical soil parameters were adopted from Hao et al. [27] (Table 1). The additional root cohesion calculated by the model in Section
2.6 was added to the surface of the model. Since the plant growth depth was only 10 cm below the surface, the reinforcement of plant
roots was added to the surface 10 cm (the average value of 0–10 cm root reinforcement was added). In this calculation, the influence of
root growth direction was ignored, and only a fixed value of 1.2 was used to replace the root growth direction factor when calculating
root reinforcement in FBM model. The entire slope surface was fortified with roots, ensuring comprehensive reinforcement. Following
model construction, the slope’s safety factor was determined using the simplified Bishop method. A comparative analysis of the safety
factors under conditions with and without root reinforcement was performed to evaluate their effectiveness.

3. Results

3.1. Indicator survey results and herbaceous plant weights

Table 2 presents the data for six indicators pertaining to three herbaceous species, with the normalized results displayed in Fig. 4.
The survey showed that Annual bluegrass had the highest values in relative density, frequency, and coverage among the species
examined. Distribution-wise, Annual bluegrass dominates, followed by Canadian fleabane and Suaeda. There were significant vari-
ations in root expansion, growth depth, and branch number across the species (p < 0.05, ANOVA). Annual bluegrass had the largest
root growth in the horizontal direction, which was 8 0.89 and 7 0.36 cm larger than Candian fleabane and Suaeda. The root growth
depth of Candian fleabane was the largest, and the number of branches was obviously dominant. Based on the analysis of the six
indicators, it can be seen that Annual bluegrass has an obvious advantage in the local area, and its normalized results occupy the largest
area, followed by Candian fleabane and Suaeda. After calculation by the TOPSIS method, the weights of the three herbaceous plants in
descending order were Annual bluegrass (60.52 %) > Candian fleabane (28.72 %) > Suaeda (10.76 %).

3.2. Root tensile force

Fig. 5 demonstrates the relationship between root tensile strength and diameter for these species, showing that tensile force es-
calates with increasing diameter, adhering to a power-law dynamic. Employing Formula 8, the modeling of this relationship yielded
results that underscore the varying tensile properties of the roots, differentiated by distinct fitting coefficients a and b. The fit quality
for the species ranged between 0.8 and 0.9, with more scattered data points at smaller diameters. Specifically, within the 0.2–0.4 mm
diameter range, Annual bluegrass exhibited the highest root tensile strength, outperforming Canadian fleabane and Suaeda. Significant
disparities in root tensile strength were confirmed among these species (P < 0.05,ANCOVA).

3.3. Root area ratio and root reinforcement

During this study period, root growth depth was consistently 10 cm, and Fig. 6a illustrates the average root area ratio (RAR) within
the 0–10 cm soil profile. Noteworthy differences in RAR were observed among the species (p < 0.05, ANOVA), with Canadian fleabane
achieving the highest RAR, followed by Suaeda and Annual bluegrass. Fig. 6b details the average additional root cohesion within the
same soil profile depth, highlighting significant variations (p < 0.05, ANOVA) in root cohesion, ranked as Canadian fleabane > Annual
bluegrass > Suaeda. Contrary to the implications of the root-area ratio, this metric proved ineffective for comparing root cohesion
between species; for example, although Suaeda’s root-area ratio surpassed that of Annual bluegrass, its cohesion was comparatively
lower.

3.4. Root reinforcement and stability of slope surface under the condition of colonization of various herbaceous plants

Fig. 7 illustrates the effective root reinforcement across three herb species, indicating substantial differences. Annual bluegrass
demonstrates the highest relative root reinforcement at 6.47 kPa, while Suaeda exhibits the lowest at merely 0.5 kPa. Under the

Table 1
Soil properties of the study site.

Soil type ρ (g cm − 3) ds ω (%) c(kPa) φ (◦)

Foreign soil 1.41 ± 0.13 2.7 8 ± 1 3.71 10

W. Yin et al.
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condition of multi-herbaceous plant colonization, the root reinforcement was 11.48 kPa, among which Annual bluegrass contributed
the most to the root reinforcement (56.3 %), and the rest were Candian fleabane (39.27 %) and Suaeda (4.38 %). The surface stability
of the slope reinforced by herbaceous plants is shown in Fig. 8. The safety factor of the bare soil slope is 1.522, and that of the slope
reinforced by herbaceous plants is 1.851. Herb reinforcement improves slope stability by 21.6 %. Comparing the slope slip surface
morphology under the two conditions, the slope slip surface depth and landslide area increase after the herb reinforcement.

Table 2
Indicators survey results of Candian fleabane, Annual bluegrass, and Suaeda, the existence of root expansion, root growth depth, and root expansion
among different species Significant difference (p < 0.01, ANOVA). (Capital letters represent ANOVA results at a significance level of 0.01).

Species Relative frequency
(%)

Relative density
(%)

Relative coverage
(%)

Root extension
(cm)

Root growth depth
(cm)

Root branches number
(item)

Candian
fleabane

30 8.8 21.4 10.33 ± 2.80A 11.02 ± 0.84A 4 0.8 ± 3.82A

Annual
bluegrass

40 86.1 66.5 19.2 2 ± 2 .88B 7.59 ± 0.91B 15.4 ± 5.24B

Suaeda 30 5.1 12.1 11.86 ± 2.17C 8.79 ± 1.75C 23.2 ± 2.86C

Fig. 4. The normalized distribution of growth indicators. RD: relative density, RF: relative frequency, RC: relative coverage, RE: root expansion,
RGD: root growth depth, RBN: root branch number.

Fig. 5. The relationship between the tensile force (F) and diameter (d) of plant roots. Fitting with Equation F = adb, each set of data contains 34
test samples.

W. Yin et al.
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Fig. 6. a): The root area ratio of the three herbaceous plant; b): The root reinforcement of the three herbaceous plants.

Fig. 7. The relationship between effective root reinforcement of three kinds of herbaceous plants.

W. Yin et al.
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4. Discussion

4.1. Species indicators

The composition and health of herbaceous plants are critical to their ability to reinforce slopes [26], and slope stability cannot be
strictly classified based on particular vegetation types or root systems [37]. In contrast, slope stability is related to vegetation type and
root structure type [26]. Therefore, in this study, relative density, relative frequency, and relative coverage were used to characterize
local vegetation types, and root growth depth, root expansion, and root branch number were used to characterize root structural
morphology. Annual bluegrass has good low-temperature resistance and can still maintain a green appearance at − 5. Annual bluegrass
has a developed root system and can maintain a good growth state in arid, poor soil, and thin soil areas [38], and it is a good species to
reinforce slopes. In soil bioengineering techniques, considering the excellent slope stabilization characteristics of Annual bluegrass, an
appropriate increase in the amount of Annual bluegrass planting is conducive to the reinforcement of the surface soil of the slope.
Different herbaceous plants have different root morphologies due to their growth characteristics. Additionally, root morphology is also
related to the external conditions of plant growth. Changes in soil temperature will affect root composition, starting direction,
branching direction, and growth direction. If soil temperatures deviate significantly from a species’ optimal range, this can modify the
structure and function of their root systems [39]. Additionally, the mechanical characteristics of soil influence root development;
dense, unyielding soils hinder root expansion by offering mechanical resistance [40].

In the study area of mine environment, only Candian fleabane, Annual bluegrass, and Suaeda had a large number of reproduction
and co-growth, mainly because the three herbaceous plants could adapt to the local growth environment, and the difference in their
growth weight value was mainly due to the species competition and plant evolution in the later stage. In the species competition, all
kinds of herbs need external factors such as light and nutrients. The growth space required by the plants of Candian fleabane and
Suaeda is large and the plants are tall, while the plants of Annual bluegrass are relatively small, which makes Annual bluegrass can
grow widely between Candian fleabane and Suaeda, which may be the main factor for the higher weight of Annual bluegrass. In
addition, the weight of herbaceous plants is also related to the evolution process of plants [41], and one of the main factors in the
evolution process of plants is soil conditions [42]. However, due to the complex and changeable soil conditions and the wide variety of
plants, the evolution process of plants in soil still needs more contributions from scientists.

4.2. Root tensile force

Results from tensile tests where roots slipped or fractured at the clip site were omitted, as these incidents may not accurately
represent root tensile strength but rather damage from the clipping mechanism [33,43,44]. The trend observed, where root tensile
force diminishes with increasing diameter, challenges the findings of numerous researchers [35,45–47] and is not fully explicable by
the size effect in fracture mechanics. Analyzing the contents of cellulose and lignin within roots is essential for assessing root tensile
strength [48], as environmental changes can affect cellulose levels [49]. A decrease in root diameter is associated with an increase in
cellulose, which boosts tensile strength [50]. Conversely, root tensile force is inversely related to the lignin/cellulose ratio [51].
Furthermore, root tensile strength is connected to the water content within plant cell walls; an increase in water content weakens the
bonds between cellular organic polymers by saturating the cell walls [52]. Variations in tensile strength among species are primarily
shaped by distinct species traits that dictate the specific fitting coefficients a and b [3]. The differences in root tensile forces between
species need to be further observed in the future in conjunction with root microstructure.

4.3. Root area ratio and root reinforcement

Root area ratio is an important metric for assessing the reinforcement abilities of herbaceous plants, with most species developing
roots between 10 and 20 cm below the surface [51]. Variability in root area ratios across species can be attributed to genetic factors,
local soil conditions, climatic influences, and land management practices [53]. Candian fleabane and Suaeda belong to taproot type
plants, while Annual bluegrass belongs to fibrous root type plants, the taproot diameter is larger, so the root area ratio of Annual
bluegrass is the smallest among the three herbaceous plants. In addition, because of the large root branch number of Candian fleabane,
its root area ratio has obvious advantages over the other two herbaceous plants. Root reinforcement is dictated by the distribution and
the tensile biomechanical characteristics of plant roots within the soil profile [54]. There are notable differences in root area ratio and
tensile strength among species, which significantly influence root reinforcement effectiveness. Specifically, Annual bluegrass, which
consists solely of fine roots (<0.25 mm), exhibits superior tensile strength and consequently more effective soil reinforcement [55].
The density of these fine roots within the root-soil matrix is directly linked to increased soil strength [34,56,57], although Annual
bluegrass shows a smaller root area compared to Suaeda, its reinforcement capacity is significantly enhanced.

4.4. Slope stability under the condition of colonization various herbaceous plants

Extensive interactions between plant roots and soil modify the properties of the latter [58]. The interaction between roots and soil
mechanically increases soil strength. Following plant reinforcement, the stability of the slope’s surface improves, mainly due to the
enhanced strength of the root-soil matrix. The biomechanical properties of roots enable them to resist both tensile and compressive
stresses [33,59,60], while soil primarily exhibits compressive properties and lacks tensile strength [54]. When roots fortify a slope,
they embed deeply into the soil, creating a root-soil complex that offers additional resistance to external forces [55]. This fortification
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significantly bolsters the overall strength of the slope’s soil, necessitating a higher sliding force to initiate landslides, thereby enlarging
the cross-sectional area of the landslide mass. Post-herbaceous plant reinforcement, the safety factor of the slope is enhanced by 21.6
%. This study does not account for rainfall conditions; however, under normal precipitation scenarios, plant roots fortify the surface
soil of slopes. With a slope height of 10m and a gradient of 1:1.5, under rainfall intensities of 5, 10, and 20 mm/h, the maximum soil
displacement is reduced by 89.8 %, 80.3 %, and 71.8 %, respectively, in comparison to unprotected slopes [61]. In natural envi-
ronments, slopes may be subject to severe rainfall, which significantly increases soil porosity through root penetration, thus accel-
erating the infiltration of rainwater. Differences in the root structures of various plants affect the morphology of these pores, which
may influence the stability of slopes [62]. Consequently, the reinforcement effects of diverse herbs under extreme rainfall conditions
require further investigation.

5. Conclusions

Slope stability is an important part of soil bioengineering techniques. Various herbaceous plants are usually planted on the surface
of the slope. This study focused on the reinforcement effects of various herbaceous plants in colonization conditions. The principal
findings are summarized as follows.

(1) Within a mining context, the biomass of three herbaceous species varied as follows: Annual bluegrass (60.52 %) > Candian
fleabane (28.72 %) > Suaeda (10.76 %).

(2) The root tensile force of Candian fleabane, Annual bluegrass, and Suaeda increased with the increase of diameter. Specifically,
between diameters of 0.2 and 0.4 mm, the tensile strength of Annual bluegrass significantly surpassed that of Candian fleabane
and Suaeda.

(3) Significant variations were observed in the additional root cohesion across these species, ranked from highest to lowest as
Candian fleabane > Annual bluegrass > Suaeda.

Fig. 8. Slope sliding surface and safety factor; a) Unrooted soil slope b) Plant root reinforced slope.
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(4) Reinforcement efforts involving Candian fleabane, Annual bluegrass, and Suaeda augmented slope surface stability by 21.6 %.
Post-reinforcement, there was an increase in the depth of the slip surface and an expansion in the cross-sectional area of the
landslide mass.
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