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It is of great significance to study the mechanical properties of plant roots and root-soil interactions 
on the effect of root consolidation. In order to study the mechanical effects of herbaceous plant root 
systems on the slopes of the Haizhou open-pit mine, Medicagosativa L.( Species 1), Iris lactea Pall. 
var.chinensis (Fisch.) Koidz.( Species 2), and Euphorbia hypericifolia L.( Species 3) were taken as the 
research objects to carry out indoor root tensile tests, in situ shear tests, quantitatively calculated the 
additional cohesive force of the root system with Wu and FBM models, compare the applicability of 
the two models, and the Wu model was modified to compare the soil consolidation effects of different 
plant root systems; A simplified slope numerical model was used to investigate the shallow damage 
protection effect of rooted slopes with the same root area ratio. The results showed that (1) the tensile 
strength of the root systems of the three herbaceous plants increased with the root diameter in a 
power function relationship, and the tensile strength decreased with the root diameter in a power 
function relationship; (2) The Wu modification coefficients of Species 1, Species 2, and Species 3 were 
0.17, 0.15, and 0.58, respectively. Comparing the modification coefficients of the three herbaceous 
plants, Species 3 had the largest modification coefficients; Species 1 was the second largest, and 
Species 2 had the smallest modification coefficients; the actual increment in cohesive force was close 
to that in the FBM model, and the FBM model was significantly better than the Wu model; (3) The 
mechanical and morphological properties of Species 3 made its root system consolidation effect the 
greatest compared with Species 1 and Species 2 root-soil interaction.
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Mining, road construction, water conservancy, civil engineering, and other engineering construction produce 
many artificial slopes. The occurrence of slope landslides, mudslides, and other geologic disasters cause huge 
property losses and, at the same time, produce large-scale soil erosion. Engineering slope protection can 
effectively prevent and control slope disasters. However, the construction cost is high, life is limited, and visual 
gray pollution, ecological imbalance, etc. are caused. Plant slope protection can inhibit topsoil erosion, prevent 
shallow landslides, and reduce water loss, but it also has the advantages of low construction and maintenance 
costs and high social and ecological benefits. Plant protection alone or with engineering slope protection for 
slope protection has become the direction of development, and the plant root system is the basis of plant slope 
protection. The shallow herbaceous root system and soil interact to form a root-soil complex, which improves the 
shear strength of the soil body, and the shallow and deep root systems work together to restrain the deformation 
of the soil body and increase stability. Numerous plant root systems intertwine to form a dense cover layer to 
prevent soil erosion1,2. Mechanical models can be used to quantify the reinforcing effect of plant roots on the 
soil body. There are currently three major mechanical models for root enhancement of soil shear strength, i.e., 
WWM3,4 (from now on referred to as Wu), FBM5,6, and RBM7 models, with the more refined model being the 
RBM model.

Although the Wu and FBM models are not the most advanced, their parameters are easier to obtain and 
simpler to calculate, so many scholars widely use the model8–13. L. J. Waldron3 and T. H. Wu4 proposed the 
WWM model that plant roots’ mechanical properties affect soil shear strength. However, the model assumes that 
all the roots in the root-soil composite fracture at the same time when it is subjected to shear, while the actual 
situation is that there are differences in the moments and durations of the fracture of each root, so the model 
overestimates the ability of the root system to increase the shear strength of the soil body of the slope8. Pollen 
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and Simon5 proposed and validated the root-soil interaction fiber bundle model (FBM), which can reflect the 
complete situation damage process of root damage by force in soil14. During the gradual increase of load in the 
FBM model, the weakest root breaks first, and the load it bears is equally distributed by the remaining roots, 
and so on, until the last root breaks, which can more realistically reflect the root-soil interactions8. Schwarz et 
al.7 proposed the RBM model based on the FBM model, which has more considerations but does not apply to 
herbaceous plants15. When calculating the enhancement effect of the root system on soil shear strength, the 
RBM model thoroughly considered the influence of the strength of the root system in the soil, the friction 
between root and soil, and other related parameters on the soil shear strength, including the complete stress-
displacement relationship curve including the residual stress of the root system after reaching the peak load. 
However, the evaluation of the correlation between root tensile strength and slope stability assumed the absence 
of root-soil interaction, which exists7. The Wu and FBM models can be used to calculate the additional cohesive 
force of herbaceous plant root systems, thereby obtaining the root system’s mechanical properties and the root-
soil complex’s shear properties, which are essential for studying the root fixation effect on slopes. They can be 
simulated to quantitatively determine the effect of root fixation16–18. In order to study the mechanical effect of 
the herbaceous root system on slopes of the Haizhou open-pit mine, Species 1, Species 2, and Species 3 were 
taken as research objects, indoor root tensile tests and in situ, shear tests were carried out, the Wu and FBM 
models quantitatively calculated the additional cohesive force of the root system, and the applicability of the two 
models was compared. The Wu model was modified to analyze the mechanical properties of the root systems 
of different plants and to compare the effect of soil fixation on the root systems of different plants. A simplified 
slope numerical model was used to investigate the shallow damage protection effect of rooted slopes with the 
same root area ratio. The research results provide empirical guidance and practical significance for improving 
the stability of mine slopes in herbaceous plants. A schematic diagram of the plant-cemented slope is shown in 
Fig. 1.

Materials and methods
 Experiment material
The test soil and root system originated from the northeast corner of the north gang of Haizhou open-pit 
coal mine in Fuxin City, Liaoning Province, with the location center coordinates of 121°41′1.58″E longitude 
and 41°59′57.44″N latitude, and an elevation of 143 m. The test soil and root system are from the northeast 
corner of the north gang of Haizhou open-pit coal mine in Fuxin City, Liaoning Province. Species 1 belongs 
to perennial herbaceous plants with thick and robust roots that penetrate deep into the soil layer, and it is 
often the plant of choice for soil and water conservation and soil stabilization on slopes19. Species 2 is because 
of its dense clumping, well-developed root system, resistance to cold and drought, waterlogging, saline and 
alkaline, trampling, barrenness, resistance to pests and diseases, and can adapt to a wider range of ecological 
environments. It is an excellent plant for soil improvement and maintenance of slope stabilization20. Species 3 
belongs to the annual herbaceous Euphorbiaceae, Euphorbia spp. The study area is an open-cast coal mine, and 
the seeds of this plant may have been brought by coal trucks and adapted to the local climate. The root systems 
of the test plants were all Species 1, Species 2 and. Species 3 in the field in the study area, and all of them were 
grown in the same place. The slope gradient of the area where the plants were grown was approximately 37°. For 
the control variable, the three herbaceous plants sampled were all fresh, rooted plants with the same growing 

Fig. 1.  Schematic diagram of plant soil consolidation slope protection.

 

Scientific Reports |        (2025) 15:24916 2| https://doi.org/10.1038/s41598-025-09581-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


environment, exhibiting normal growth, and free from pests and diseases. All had a 6-month growing cycle.The 
foam was added to the inside of the root collection box to avoid damage to the roots during transportation. The 
plants were excavated using the whole-plant excavation method, and each plant was excavated as eight plants. 
After excavation, the soil samples on the surface of the root system were rinsed with water and air-dried on 
absorbent paper for immediate testing, and part of the root system was used for tensile strength determination; 
the other part was used for the root-soil composite shear test. The unfinished test root systems were kept fresh 
in a refrigerator at 4 °C, and the tests were completed within 7 d. The root systems were dried on absorbent 
paper immediately after the tests. Both Species 1 and Species 3 consisted of a main root and lateral root; there 
were many fine roots on the main root and lateral root, the main root system was large, the lateral root system 
was small, Species 1 had fewer fibrous roots, and tomato Species 3 had more fibrous roots, and Species 1 root 
system was straighter.In contrast, the tomato Species 3 root system had more curved roots. Species 1 has a fast 
growth rate, a strong root system, and strong adaptability to the environment of soil samples in the study area. 
It can quickly form a root system in the shallow soil layer to achieve the strength and depth of soil consolidation 
and slope protection. The large number of fibrous roots and curved morphology of the root system of Species 3 
is favorable for fully absorbing water and nutrients, which also makes the contact area with the soil larger, and 
the effect of soil consolidation is better. The root morphology of the three herbaceous plants is shown in Fig. 2.

Surface soil was obtained at the plant growth site. The soil bulk weight was 1.32 g/cm3 by the ring knife 
method, the soil pH was 8.41 by the pH method, the liquid limit and plastic limit were 29.25% and 19.39%, 
respectively, by the combined liquid-plastic limit method, the moisture content of the soil was 15% by the drying 
method, and the maximum dry density of the soil was 1.889 g/cm3 by the percussion test. The sieve method 
measured the soil particle gradation of > 5.00, > 2.00 to 5.00, > 1.00 to 2.00, > 0.50 to 1.00, 0.25 to 0.50, 0.074 
to 0.25, and < 0.074 mm particles accounted for 8.46%, 15.24%, 10.78%, 10.02%, 17.78%, 31.05% and 6.67%, 
respectively.

Experiment method
Root tensile test
Tensiometer by Aigu zp-500 digital display push-pull tensiometer, by the fixture, tension frame, electronic 
digital display tensiometer, signal collection device, etc., range displacement of 500 N, accuracy ± 0.1 N; measure 
root diameter and root length of the vernier caliper for the electronic digital display vernier calipers, range 
of 150 mm, accuracy ± 0.01 mm. Three kinds of plants were selected: several whole plants with different root 
diameters of the root system, with scissors to cut them unbroken; the length of the root segments with no 
damage, small bending amplitude, and small changes in root diameter were (100 ± 5) mm, and several single 
roots with different root diameters were prepared as a group for single-root tensile test, and the difference in 
the diameter of the two ends of the root segments should be within 0.3 mm, and those exceeding the difference 
should be discarded. For each plant root system, 100 groups were prepared. Due to the stress concentration effect 
in the contact position between the fixture and the root, it is easy to fracture the root in the part near the fixture 
during the test due to clip breakage or root skin peeling, so sandpaper was glued to the fixture jaws to reduce the 
root skin peeling or the specimen being clipped off.

The vernier calipers measured the diameters of the two ends of the prepared root segments and three positions 
in the middle. The average value was taken as the root diameter of the root segments, which was recorded, and 
then the root segments were fixed on the digital push and pull tensiometer. The fixtures fixed the two ends, and 
the length of the fixed root was 1 cm. The test root segments were 8 cm. After the root segments were fixed, the 
tensiometer was zeroed, and the pulleys were evenly rotated (the speed was 10 mm/min) until the roots were 
pulled off. The maximum pull force was recorded in the course of the tensile damage. The maximum tensile 
force was recorded during tensile damage. Changes in root length and tensile strength of some root segments 
were recorded during tensile damage to determine the changes in root stress with strain. In order to ensure the 
accuracy of the data, the test of root breakage due to pinching off or root skin detachment near the fixture part 
was regarded as a failure, and only the data of root breakage at the position of 1/3 to 2/3 were retained. The tensile 
strength was calculated using the formula21:

Fig. 2.  Morphological distribution of the three herbs.
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T = 4F

πd2 � (1)

Where: F is the tensile force (N), d is the root diameter (mm), T is the tensile strength (MPa).
From Hooke’s law, the material in the unidirectional stress state, the stress is proportional to the strain:

	
E = σ

ε
� (2)

Stress σ = T (MPa), strain ε = ΔL/L, elongation; L is the length of the root section (cm), all 10 cm; ΔL increase in 
root length after tension (mm); and E modulus of elasticity (MPa).

Design of in situ soil extraction shear tests
The original sampling soil shear test device is shown in Fig. 3; the shear system mainly consists of the upper and 
lower straight shear box, the upper box cover, the baffle plate, and the guide rail, the total height of 200 mm of 
which the upper box is 100 mm, the lower box is 100 mm, the material of the box body is a 5 mm thickness of 
the PVC board, the box body internal polishing and sanding. The lower straight shear box is fixed on the ground 
with the steel base plate through bolts, and the lower straight shear box is fixed during the whole straight shear 
test. Between the upper and lower straight shear box, steel balls were placed on the wall of the box in the sliding 
direction, and there was a groove in the sliding direction of the lower box wall so that it could be put into the steel 
balls. A stopper is mounted outside the lower box wall to prevent the upper box from slipping sideways during 
shearing, thereby preventing it from sliding out of the steel balls. The shearing device was fabricated according 
to the literature12.

During the test, the upper box cover is used solely to compact the soil to its natural state of tightness, similar 
to the shearing process. There is no upper box cover to ensure that the condition of its shear is within the natural 
condition. In the test, upper box horizontal movement thrust directly from the dynamometer is conducted as 
far as possible to make the horizontal thrust gauge thrust line of action close to the centerline of the shear seam. 
At the test end of the thrust gauge, a very stiff steel head is installed so that it acts directly on the bottom of the 
upper box, and a steel bar is placed on the bottom of the upper box so that all of its thrust acts as close as possible 
to the centerline of the shear seam. The thrust gauge is mounted on a horizontal support with a rotating wheel, 
and the displacement pushed by the gauge is 1 mm for one revolution of the wheel. When the shear test is over, 
use vernier calipers to measure (accuracy of ± 0.01 mm) the root diameter on the shear surface and record the 
root position; use a 64-megapixel camera to photograph the root morphology distribution map of the soil profile 
and import it into the Adobe photoshop CS6 software to get the changes in the root area ratio at different depths 
based on the conversion relationship between the root diameter and the scale of the ruler. The root-soil complex 
shear tests were all repeated three times, and the cohesive force was averaged.

Calculation of additional root cohesion
WWM model
Waldron3 and Wu4 proposed the Wu model for enhancing the shear strength of soil by mechanical properties of 
plant roots, in which the increment of shear strength is closely related to the tensile strength of the root system. 
T﻿he increment of shear strength is calculated with reference to Eq. 3.

Fig. 3.  In-situ shear test setup.
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	 ∆S = 1000TN (RAR)(sin θ + cos θ tan φ)� (3)

Where: ΔS is the soil shear strength increment (kPa) induced by the root system of the soil for the root 
perpendicular to the shear surface, TN is the average tensile strength of the root system (MPa), φ is the effective 
internal friction angle of the soil (°), θ is the bending angle of the root system in the process of shear (°), and 
RAR (A/As) is the ratio of the cross-sectional area of the root system to the root-soil shear surface area, which is 
known as the root-soil area ratio11. The force diagram of the vertical shear surface of the root system is shown 
schematically in Fig. 4, where h is the width of the shear zone (mm), x is the horizontal displacement of the root 
system (mm), and τr is the friction between the root-soil composite (N).

When the root system is perpendicular to the shear surface, Wu et al.4 concluded that the variation interval 
of (cosθtanφ + sinθ) values when the shear deformation angle θ = 40° to 70° and the internal friction angle φ = 25° 
to 40° of the root-containing soil body varies within the range of 0.92 to 1.31 and will take the average value of 
1.2. After unifying the units, the increase in shear strength of the root-soil complex provided by the root system 
in the Wu model is simplified to Eq. 4.

	
∆SW W M = 1200TN RAR = 1200TN

A

As
= Rf

n∑
i=1

Fi

As
� (4)

Since the fracture of the root system during shear is a process from fine to large roots, which transforms the 
tensile force of the root system itself into the friction force at the root-soil interface, and since eventually, the 
main root may not fracture, resulting in a higher increase in shear strength than the measured value obtained by 
using this model13, a correction factor, ks, was introduced.

	 ∆S1 = ks∆SW W M � (5)

ΔSWWM model the cohesive force of root-increased soil obtained from theoretical calculations, and ΔS1 is the 
cohesive force of root-increased soil obtained from experiments. Corresponding herbaceous amendment 
parameters were obtained based on their ratios. The model’s main parameters affecting root soil consolidation 
are the root area ratio RAR, the average tensile strength TN, and the correction coefficient ks of the model.

	
ks = ∆S1

∆SW W M
� (6)

The root area ratio was calculated using the ratio AS of the total root cross-sectional area A at the shear to the 
cross-sectional area of the soil, using the formula:

	
RAR = A

As
=

n∑
i=1

πniDi
2

4As
� (7)

Where: RAR is the root area ratio; n is the number of roots in the shear surface (n).

FBM model
There exist three ways of force allocation in the FBM model. They are allocation by root area, allocation by root 
diameter and allocation by root number6. Mao Z et al.6 considered the root number approach for allocation as 
more advanced. Assuming the presence of roots in a given soil block, the area of the block is denoted as and the 
total number of roots is denoted as N22. The roots are ranked according to their tensile strength (i.e., strongest 
to weakest are roots numbered 1 to N). For the nth root among them (1 ≤ n ≤ N), An denotes the diameter of the 
root; denotes the cross-sectional area of the root; RARn denotes the root area ratio (RARn=An/As = πDn

2/4As); 
and T denotes the tensile strength. During loading, when one or more roots break, the force on their roots is 
carried by the remaining roots. When root j breaks, the effect of root reinforcement can be characterized by 
Eq. 8:

Fig. 4.  Schematic representation of forces bearing roots perpendicular to the shear surface.
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∆S = 1000Rf

F∑j

n=1 ((π/4)Dn
2

j∑
n=1

RARn� (8)

Where 1000 is the conversion constant from MPa to kPa and is the root orientation factor. In order to compare 
the WWM model, the root orientation factor is taken as 1.2, concerning the literature4. Distribution by the 
number of roots when the fracture occurs at root j, it is calculated concerning Eq. 9.

	
π

4 D2
j Tj = F

j
� (9)

Bringing Eq. 9 into Eq. 8 yields:

	
∆S = 1000Rf Tj

(π/4)D2
j j

A
= 1000Rf TjRARjj� (10)

The increment of cohesion due to the distribution by the number of roots by the FBM model is:

	 ∆SF BM = 1200 × max(TjRARjj)� (11)

Slope calculation model and parameters
Soil was collected from the plant growth area. Soil samples were taken from the mineral and guest soil layers 
(rootless soil) with a ring knife (Φ61.8 mm × 20 mm). The desired soil samples (rootless soil) were taken from 
the loam layer and vein of ore using a ring knife (61.8 mm × 20 mm). The soil samples were taken at 0.3 and 
0.6 m below the ground surface.The growth form of herbaceous plants was sampled using a paring knife to 
remove excess soil along the edge of the loop knife. After sampling with the ring knife, the soil was covered with 
the ring knife cover and sealed. Ring knife cover, sealed, and brought back to the laboratory. The soil samples 
were immediately analyzed in the laboratory using a balance (accuracy ± 0.01 g). Moreover, five samples were 
used to measure the natural density of the soil. The natural density of the soil was measured. The cohesion and 
angle of internal friction of the loam layer and vein of ore were obtained from the in situ soil shear test.The other 
mechanical parameters of the loam layer and vein of ore in the slope model are set according to the literature23,24.

Fig. 5.  Schematic diagram of the side slope.

 

Soil types Densities kg/m− 3 Modulus of elasticity /MPa Poisson’s ratio
Cohesion
/kPa internal friction angle/° Tensile strength/kPa

Loam layer 1320 5 0.25 8.28 17.8 0

Vein of ore 1860 50 0.35 4.98 35.8 2.0

Table 1.  Model parameters.
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This paper, FLAC3D is used to establish the herbaceous plant root reinforcement drainage field slope model, 
and the stability analysis is carried out. The mechanical parameters of the model are shown in Table 1, and the 
internal friction angle and cohesion of the guest soil layer are derived from the test, as shown in Table 1.The grid 
division is shown in Fig. 5. The bottom width of the slope model is 11 m, and the height is 8 m, in which the 
side slope is 5 m high, the slope is 45°, and the thickness of the guest soil layer is 0.5 m. The strength reduction 
method analyzed the slope model, and the stability analysis was carried out.The strength discount method was 
used to calculate the factor of safety (FS) for the bare soil slope and the slope with the same root area ratio of 
the three herbaceous plants to determine the effect of soil consolidation of different plant roots when the RAR 
was 0.05%, to quantify the reinforcement effect of plant roots on the slope through the factor of safety, and 
to provide a basis for the selection of the plant Species for slope protection.A schematic of the slope model is 
shown in Fig. 5. .According to Eq. 12, a root area ratio of 0.05% for Species 1, Species 2, and Species 3 resulted in 
incremental clay cohesion in the guest loam layer of 1.781 kPa, 6.816 kPa, and 7.152 kPa, respectively.

Test data processing
The collected data were processed and analyzed using Excel. The significance of the root diameter and its 
mechanical properties were fitted to a curve function and analyzed by one-way ANOVA, and plotted using the 
software Origin 2018.

Results and discussion
Experiment results
Figure 6 is used to derive the results. The root tensile strength and tensile strength of the three herbaceous 
Species in the study area were all related to the root diameter in a power function, with the tensile strength being 
positively correlated with the root diameter and the tensile strength being negatively correlated with the root 
diameter.

Fig. 6.  Relationship between tensile strength and tensile strength and root diameter.
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The experimental results are shown in Table 2; Figs. 7 and 8. The Wu correction coefficients of Species 1, 
Species 2, and Species 3 were 0.17, 0.15, and 0.58, respectively; comparing the correction coefficients of the three 
herbaceous plants, Species 3 was the largest, Species 1 was the second largest, and Species 2 was the smallest; the 
actual increment of cohesive force was close to that in the FBM model, and the FBM model was significantly 
superior to the Wu model; the root area ratio and the additional cohesive force of the root system were both 
reduced with the increase of the depth gradually; The increment of the additional cohesive force of root system 
after Wu model correction was closest to FBM model for Species 1, followed by Species 3, and the furthest 
difference was for Species 2 root system; Mechanical and morphological properties of Species 3 gave its root 
system the most significant effect on soil consolidation compared to Species 1 and Species 2 root-soil interactions.

The experimental results are shown in Fig. 10. The maximum shear strain increments of the three herbaceous 
shallow slopes were reduced compared to the bare slopes, and all formed circular arc-shaped slip surfaces during 

Fig. 8.  Relationship of root additional adhesion with depth of herbaceous plants.

 

Fig. 7.  Root area ratio varies with depth.

 

Floristics RAR/% △S1/kPa △SWWM/kPa ks △SFBM/kPa

Species 1 0.13 2.74 13.04 0.17 2.79

Species 2 0.019 2.59 17.25 0.15 4.63

Species 3 0.023 3.29 5.67 0.58 5.04

Table 2.  Correction coefficient.
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instability. The upper-stress concentration phenomenon on the circular slip surface of slopes was improved, 
with the most obvious improvement in the shallow slopes of Species 3. The maximum shear strain increment 
of Species 1, Species 2, and Species 3 shallow slopes were reduced by 8.11%, 10.92%, and 13.75%, respectively, 
compared with the improved soil slopes, so the effect of soil consolidation of Species 3 was the most effective.

Discussion
Tensile force and tensile strength as a function of root diameter
Based on the single root tensile test, various indexes were collected and counted, including the number of 
successful samples in the test, root diameter, tensile force, tensile strength, and average tensile strength. The 
successful sample size of Species 1 was 55 groups, with root diameter ranging from 0.24 to 4.76 mm, tensile 
force from 1.7 to 141.1 N, tensile strength from 7.67 to 38.20 MPa, and average tensile strength of 11.33 MPa; 
Successful samples of the Species 2 root system were 66 groups, with root diameter ranging from 0.10 to 
0.86 mm, tensile strength from 0.9 to 23.2 N, tensile strength from 26.90 to 114.60 MPa, and average tensile 
strength of 43.71 MPa; The success of the samples of Species 3 was 49 groups, with root diameter ranging from 
0.20 to 3.70 mm, tensile force from 0.6 to 66.2 N, tensile strength from 5.88 to 76.40 MPa, and average tensile 
strength of 10.18 MPa. Among them, the Species 2 root test had the smallest range of root diameters and the 
most considerable average tensile strength. According to the results of single-root tensile experiments of the 
three herbaceous plants, the fitting relationship between root tensile strength and tensile strength and root 
diameter is shown in Fig. 6. The curvilinear regression fitting of Species 1, Species 2, and Species 3, tensile force 
F with root diameter D, showed a power function relationship. The functional relationship between tensile force 
and root diameter was, F = 13.009D1.516, F = 28.159D1.683, F = 12.818D1.349, respectively. The root 
system tensile force increased with the increase in root diameter, which was positively correlated with the root 
diameter. The tensile strength obtained from the plant test was divided by the corresponding root area to obtain 
the corresponding tensile strength. The tensile strength T of Species 1, Species 2, and Species 3 was nonlinearly 
fitted to the root diameter D. The best fitting relationships were all power function relationships. The functional 
relationships between tensile strength and root diameter were, T = 16.062D−0.430, T = 30.397D−0.542, 
T = 9.656D−0.824, respectively. The tensile strength of the root system decreased with the increase in root 
diameter and was negatively correlated with root diameter. The tensile strength properties of the root systems of 
the three herbaceous plants were analyzed by covariance analysis, and there were significant differences in their 
mechanical properties (P < 0.01).

Analysis of the in situ shear test results
The cohesion increment obtained through the test was recorded as △S1; the cohesion increment calculated 
according to the Wu model was recorded as △SWWM; and the cohesion increment calculated according to the 
FBM model was recorded as △SFBM, which was calculated according to the distribution of the number of roots, 
and the calculation was referred to Eq.  11. The results of the shear test of the original samples of the three 
herbaceous plants are shown in Table 2. The actual increments of cohesion of Species 1, Species 2, and Species 
3 were 2.74  kPa, 2.59  kPa and 3.29  kPa, respectively, and the theoretical increments of the Wu model were 
13.04 kPa, 17.25 kPa and 5.67 kPa, respectively. The theoretical increments of the FBM model were 2.79 kPa, 
4.63 kPa and 5.04 kPa, respectively, and the actual increments of cohesion were closer to the increments of the 
FBM model, which was significantly better than the Wu model. The Wu correction coefficients of Species 1, 
Species 2, and Species 3 were 0.17, 0.15, and 0.58, respectively. Comparing the correction coefficients of the three 
herbs, Species 3 was the largest, and Species 2 was the smallest. The correction coefficients of the different herbs 
varied, which was attributed mainly to differences in the mechanical properties of the root system and root-soil 
interactions.

Considering from the perspective of the test process and root tensile properties, some roots of Species 1 were 
not cut during the shearing process except the primary root, and some roots were cut from the lower shear box to 
the upper shear box, and the fine roots tended to be cut, and the tensile strength was close to that of Species 3, but 
the root system had a strong resistance to deformation, which led to the number of root shear segments being 
less, and the root tensile performance was not given full play to, and the modification coefficient was smaller; In 
the Species 3 shearing process, except for the primary root, other root systems tend to shear off; the root system’s 
tensile strength is small, deformation resistance is poor, the number of fine roots is large, the primary root 
system is small, resulting in the whole play of the mechanical properties of Species 3, the correction coefficient 
is the largest; Species 2 root system root diameter is smaller, but the tensile strength is much larger than Species 
1, and through the Species 3 root system, resulting in the shear process, is the least likely to be poorly pulled, 
more likely to slip from the lower shear box to the upper shear box, ultimately resulting in the smallest correction 
coefficient. Considering the perspective of root-soil interaction, Species 1 and Species 2 root systems are elastic-
plastic materials, and the root system morphology is straight, with strong deformation resistance. The friction 
and meshing between roots and soil are slight, resulting in the mechanical properties needing to be fully utilized 
in shear damage. Among them, Species 2 has the greatest tensile strength and the most substantial deformation 
resistance, resulting in the smallest correction coefficient; Species 3 is an elastic material with weak deformation 
resistance; except for adhesion between roots and soil, the bending morphology leads to considerable friction 
and meshing between roots and soil, resulting in its mechanical properties in the process of shear damage to give 
full play to the correction coefficient is the largest.

The graph of RAR of herbaceous plants with depth is shown in Fig. 7. For the same depth of root content, 
the Species 1 root system was larger than that of Species 2 and Species 3, and Species 2 and Species 3 were close. 
The RAR all decreased gradually with soil depth; the root diameter of Species 3 was smaller and had more fine 
roots, leading to more accurate results of the shear test; Species 1 had longer roots, larger root diameters and 
fewer fine roots, leading to fewer sheared roots and smaller correction coefficients; the Species 2 root system all 
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had smaller root diameter and no main root, and the trend of RAR change was close to that of Species 3. Based 
on the modified Wu and FBM model cohesion increment of the three herbaceous plants, the additional cohesion 
increment of the corresponding root systems at different depths was calculated, as shown in Figs. 7 and 8. The 
increment of root-attached cohesion all decreased with increasing depth, which was due to the root content, and 
the change of root content was synchronized with the change of root-attached cohesion. The trends were the 
same, comparing the RAR and root-added cohesion changes at the same depth. Within the range of 0–7.5 cm 
depth, the root content of Species 3 was less, and the root-attached cohesion was greater, indicating that the root 
system of Species 3 fully exerted the ability of soil consolidation and had the best consolidation capacity. The 
closest increment of cohesion between the modified WWM model and the increment of cohesion of the FBM 
model was that of Species 1, with Species 3 coming next, and the furthest difference was that of the root system 
of Species 2. Table 2 shows that the viscous cohesion increment corresponding to Species 1, Species 2 and Species 
3 at RAR of 0.05% were 1.781 kPa, 6.816 kPa and 7.152 kPa, respectively. The calculation formula is as follows:

	
∆S0.05% = ∆S1

RAR
× 0.05%� (12)

The number of bends within the root segments of the Species 1 and Species 2 root systems tested was low. The 
number of bends within the root segments of the Species 3 root system was high. The number of bends within 
the 2-cm root segments less than or equal to two can be referred to as overall bends, and greater than two is 
referred to as localized bends, and the delineation of the bending morphology of the root system is shown in 
Fig. 9. The root-soil action mechanism can be summarised as follows: with the intensification of shear damage, 
the root system begins to stretch, and the root system and soil interface bonding and friction gradually mobilize 
and transform until the root system undergoes shearing. There is bonding and friction between the curved root 
system and the soil body and strong meshing between the curved and undulating root system tooth ribs and 
the soil body25. Root-soil meshing is significantly stronger than interfacial bonding and friction25. When the 
relative displacement of the root-soil occurs, the interfacial bonding will be rapidly destroyed. In contrast, the 
meshing effect is still able to continue to play a role in significantly enhancing the shear strength of the root-soil 
composite of Species 3.

Slope stability analysis
To quantify the effect of the root system of the three herbaceous plants on slope stabilization, the maximum 
shear strain increment of shallow slopes at a RAR of 0.05% for the bare soil slope and the three herbaceous 
plants is shown in Fig. 10, and the safety coefficients of the bare soil, Species 1, Species 2 and Species 3 slopes 
are 1.582, 1.598, 1.645, and 1.652, respectively. The maximum shear strain increments of the three herbaceous 
shallow slopes were reduced compared to the bare slopes, and all formed circular arc-shaped slip surfaces during 
instability. The upper-stress concentration phenomenon on the circular slip surface of slopes was improved, 
with the most obvious improvement in the shallow slopes of Species 3. The maximum shear strain increment 
of Species 1, Species 2 and Species 3 shallow slopes were reduced by 8.11%, 10.92% and 13.75%, respectively, 
compared with the improved soil slopes, so the effect of soil consolidation of Species 3 was the most effective.

Conclusions

	(1)	 Root tensile force and tensile strength of the three herbaceous plants in the study area showed power func-
tion relationships with root diameter; tensile force was positively correlated with root diameter, and tensile 
strength was negatively correlated with root diameter;

	(2)	 The Wu correction coefficients of Species 1, Species 2 and Species 3 were 0.17, 0.15 and 0.58, respectively; 
comparing the correction coefficients of the three herbaceous plants, Species 3 was the largest, Species 1 was 
the second largest, and Species 2 was the smallest; the actual increment of cohesive force was close to that 

Fig. 9.  Division of root bending morphology.
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in the FBM model, and the FBM model was significantly superior to the Wu model; the root area ratio and 
the additional cohesive force of the root system were both reduced with the increase of the depth gradually; 
The increment of the additional cohesive force of root system after Wu model correction was closest to FBM 
model for Species 1, followed by Species 3, and the furthest difference was for Species 2 root system;

	(3)	 Mechanical and morphological properties of Species 3 gave its root system the most significant effect on soil 
consolidation compared to Species 1 and Species 2 root-soil interactions;

	(4)	 After implanting the root system on the slope, the upper-stress concentration phenomenon on the circular 
slip surface of the slope was improved, with the best improvement in the shallow slope of Species 3.

Data availability
Data availability statement: The datasets used and/or analysed during the current study available from the cor-
responding author on reasonable request.
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