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At present, the root soil interface bonding is not considered in the root system of mechanical soil-fixing model. The typical
restoration plant Amorpha fruticosa, utilizing the widely used Wu model (WWM), the tensile and tensile properties of single
root, and the shear strength properties of root soil composite tailing, is analyzed by the tensile tests of plant roots, pullout tests,
and shear tests based on the effect of interfacial bond strength; based on the failure mode of root system in root soil, the
modified WWM model is used to calculate the increment of shear strength of composite tailing soil. The results showed that
@ the relationship between root diameter of A. fruticosa and tensile strength was power function. @ The bond between root
and soil becomes more tight, and the pullout strength of the root system increases significantly. ® When root soil area ratio
(RAR) is the same, shear deformation capacity of root soil composite tailing soil increases with the increase of interface
bonding strength. Under the condition of the same interface bonding strength, the cohesion of root soil composite tailing soil
is greater than that of tailing soil and increases with the increase of RAR, but the change of internal friction angle is not
significant. When the pullout strength is added to the plant root prediction model, the soil consolidation effect of the plant
root system can be better reflected. The range of the revised coefficient of the WWM model for the root soil composite tailing
soil is 0.15~0.37. The research results will provide a theoretical basis and data support for quantifying the ecological restoration
and reinforcement capacity of tailing pond shrubs and plants, slope stability, soil and water management, and other ecological
soil consolidation capacity of mines.

1. Introduction

Open-pit mining of mineral resources destroys local vegetation
and pristine terrain. The abandoned tailing in tailing ponds
seriously endangers the safety of people’s lives and properties
and the surrounding ecological environment [1, 2]. Tailing
ponds are even the focus of ecological environment manage-
ment in the mines. The core content of the management of tail-

ing dams is the stability and ecological restoration of tailing
dam slopes [3], which can effectively solve or alleviate the prob-
lems of tailing dam slope failure [2, 4], landslide accidents [5,
6], heavy metal pollution [7], and vegetation restoration [8].
The mechanical soil consolidation effect of plant roots is
controlled by multiple factors, such as the spatial distribu-
tion characteristics of root parameters such as root number,
length, surface area, root bulk density and root angle with soil
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[9, 10], root tensile and pullout mechanical properties [11],
root surface roughness, soil particle arrangement and pore
development characteristics, and other microstructural char-
acteristics [12, 13]. All of the above factors have an impact
on the vegetation-enhanced friction characteristics and soil
consolidation effects. Therefore, analyzing and quantifying
the root consolidation effect is a hot and difficult area of cur-
rent research. Wu et al. [14] established the Wu model
(WWM) to quantify the root effect on soil shear strength by
assuming that all root systems can reach the maximum tensile
strength and break at the same time [15, 16]. Studies have
shown that the shear strength of plant roots calculated by
the WWM model deviates significantly from the actual values
[17-19] and the WWM model needs to be corrected [20, 21].
Due to their simple parameters and high applicability, WWM
models have been widely used to evaluate the effect of root
consolidation [15, 22], but all lack the analysis of interfacial
cohesion effects. Therefore, it is important to carry out exper-
imental research on the shear strength of root composite tail-
ing soil based on interfacial adhesion.

At present, the influence of root soil interface adhesion
strength on the shear strength of root soil composite and its
variation law need to be further studied. In particular, the
experimental study of shear strength considering root soil
adhesion in the complex environment of open tailing has
not been carried out. In this paper, A. fruticosa was used as
the test object in the ecological restoration area of Crooked
Head Mountain tailing dam in Liaoning Province, China.
The effect of adhesion between the root soil interface on its
shear strength was analyzed by root tensile, pullout, and direct
shear tests. It compares the predicted values of WWM model
with the experimental results. It uses correction factors to
quantify the root soil interfacial adhesive action and improve
the model prediction accuracy and to provide theoretical sup-
port and practical application support for tailing ecological
restoration and vegetation slope protection.

2. Research Content and Methods
2.1. Test Materials

2.1.1. A. fruticosa Root System. The sampling site of the test
material was the second valley-type tailing dam of Xiao Xi
Gou in Crooked Head Mountain iron ore mine of Ben steel
Group. A. fruticosa is a typical representative plant for the
ecological restoration area of the outer slope of the tailing
dam. The test was conducted in August 2021 at Crooked
Head Mountain, where a 4-year old planting time of A. fru-
ticosa dam slope platform was selected. Thirty well-grown
plants were randomly selected on the platform, and the
height (122.6 +26.6cm), crown width (125.5+15.4 cm),
and ground diameter (2.0 + 0.5 mm) of the standard plants
were measured. Test samples were selected according to
the standard strains for whole plant collection. The root sys-
tem was dug out from the center of the plant to prevent
water loss. Roots and soil were quickly wrapped and trans-
ferred to the laboratory. The roots were placed in the refrig-
erator at 4 for cold storage for subsequent tests. The root
system of A. fruticosa on the site is shown in Figure 1.
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FIGURE 1: Root diagram of tailing pond plants.

According to the cumulative characteristics of root
diameters of A. fruticosa [23], root diameters accounting
for more than 85% of the total root diameter class were con-
centrated in the range of 0.5 to 4.5mm, with roots in the
range of 1.5 to 2.5 mm being the most prominent. Therefore,
roots in the range of 0.5~4.5mm were selected as the root
systems for tensile strength tests. Considering the limitation
of the test box size in laboratory drawing friction test and
straight shear test, the root of A. fruticosa with uniform
diameter, good growth, and diameter of 2mm + 0.1 mm
was selected as the root material for the test.

2.1.2. Tailing Soil. The tailing soil without plants in the tail-
ing area was taken to the test room. The tailing soil was air-
dried and baked at 105°C for 8h. It was passed through a
2mm sieve and sealed in a sealing bag to prepare root soil
composite tailing. Table 1 shows the physical index of tailing
soil. Figure 2 shows the gradation curve of tailing soil.

2.2. Determination of Root Soil Interfacial Bond Strength
Gradient. Since there are few studies on root soil interfacial
bond strength, this paper combines the findings of previous
tests on root soil interfacial bond strength and commonly
used binder materials investigated in literature [24-31], as
shown in Table 2. The results of liquid sodium silicate and
cyanoacrylate simulated root soil interfacial bond strength
tests were obtained by direct shear friction pretest, which
satisfied the statistical root soil interfacial bond strength test
(1.1~28.3 kPa range). Therefore, in this paper, three kinds of
root soil interfacial bond strength test conditions were
designed using liquid sodium silicate and cyanoacrylate,
and the entire root system skin layer was uniformly coated
with liquid sodium silicate and cyanoacrylate for the pull-
out friction test of A. fruticosa root system + tailing soil
(RS), A. fruticosa root system + liquid sodium silicate +
tailing soil (NRS), and A. fruticosa root system + cyanoac-
rylate + tailing soil (GRS). Considering the relatively small
burial depth of the root system, a uniform distribution of
the interfacial adhesive strength was assumed during the
pulling process [26, 27].

P...=f(D)=nDLrt, (1)

max

where P, .. is the maximum pullout force (N); D is the
diameter (mm); L is the root burial length (mm); and
the root soil interface pullout shear stress is a set to the
root soil interface shear strength (kPa) [27].
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TaBLE 1: Basic physical parameters of tailing soil.

Natural water content Natural density Particle density Natural porosity ratio Plasticity index Liquidity index

w/% pl(g-cm™) G, € P IL

9.6 1.94 2.71 0.69 14.3 0.15
~ 100 . . . .
S them in two layers with compaction hammers, keeping the
T gl same number of times for each layer. When the compaction
o of the two layers is completed, the compaction cylinder is
5 el removed, and the tailing soil (TS) specimen is prepared with
B a ring knife
L
g 40 :
g S @ Root soil composite tailing soil specimen preparation
8 0| method: A. fruticosa root system was selected with a diame-
2 ter of 2mm, and 20-mm-long uniform diameter sections
= () SR ~ — were intercepted and set aside, using the vertical root distri-
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FIGURE 2: Grading curve of tailing soil.

Based on the root damage pattern and interfacial adhe-
sion effect, three different interfacial adhesion strength gra-
dients of 1.5, 1.6, and 1.7 were determined for RS, NRS,
and GRS adhesion gradients.

2.3. Specimen Preparation and Method

2.3.1. Tensile Test. ® Root system selection: The root diam-
eter in the range of 0.5-4.5 mm was graded at 0.5mm inter-
vals. Each diameter grade cut side must take 5-10 roots, root
length of about 120 mm, each end reserved 20 mm, and the
actual tensile length of the root system 80 mm +2mm to
do tensile specimens

@ Test method: The tensile device consists of Edberg
digital display push-pull meter (ZP-1000N, +0.5%), tensile
frame, displacement scale (WD-180 mm, +0.01 mm) and
signal collection device, as shown in Figure 3(a). During
the loading process, manual loading was used and the effect
of loading rate was neglected [32]. The push-pull apparatus
was connected to a computer to obtain the tensile data. To
ensure the accuracy of the test data, only the tensile test data
at the middle fracture 1/3 position were retained during the
test, as shown in Figure 3(b)

2.3.2. Straight Shear Test

(1) Tailing Soil Sample Preparation. The natural moisture
content of tailing soil in the study area was 9.6%. To facili-
tate the calculation, the water required for the test was calcu-
lated according to the 10% water content of the tailing soil.
After stratified spraying and uniform mixing, the tailing soil
was sealed as test sample soil for reserve.

(2) Root Soil Complex Tailing Soil Sample Making. ® Tailing
soil specimen preparation method: Prepare tailing soil sam-
ples with 10% moisture content in advance, and compact

bution method. Soil samples are weighed and prepared using
two layers of compaction. After the first layer of tailing soil
was put into the ring knife, the whole root system was coated
with liquid sodium silicate and cyanoacrylate evenly, and the
first layer of compaction was carried out after the root sys-
tem was inserted. Due to the toughness of the root system,
after the first layer of soil compaction was completed, the
upper surface root system was gently added up with forceps.
A second layer of compacted tailing soil sample was added,
and the root system was gently straightened with tweezers
for the second compaction. According to the test protocol,
the RS, NRS, and GRS samples were sealed in plastic wrap.
The samples need to be placed in a constant temperature
and humidity maintenance box for 24 h. Table 3 shows sam-
ple numbers and related parameters. Tailing soil and A. fru-
ticosa root soil composite tailing soil specimens, as shown in
Figure 4

The root content in the soil is described in terms of
the root cross-sectional rate, RAR, which is given by the
following equation:

RAR = ZA_S, (2)

where Ag is the soil cross-sectional area (mm?), Ay is the
root area (mm?), and # is the number of root systems.
® Test method: Using ZJ straight shear to conduct the
test, the rate of 0.8 mm/min was applied to four specimens
with 100, 200, 300, and 400 kPa normal pressure, respectively

2.3.3. Plant Root Pullout Test. The test was performed using
an Edelbrock digital push-pull meter (see Section 2.3.1 for
model details) and a cylindrical (400mm in height and
100 mm in diameter) test box. The test box was fixed with card
buckles at three positions to the base to ensure the position of
the test box was fixed for each pulling test. In the test prepara-
tion process, A. fruticosa root diameter was selected as 2 mm,
length was 100 mm, and the jig end was left 20 mm. the A. fru-
ticosa root system was buried horizontally in the cylindrical
test box with a burial length of 80 mm + 2 mm. The compac-
tion was completed in two layers. After the first layer of soil
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TABLE 2: Statistics of common binder materials.

Binder name Viscosity index/pa.s Notes

Water-based polymer-isocyanate wood adhesives 20.1 Tensile shear strength > 1.2 Mpa
Neoprene-based adhesives 2~8 Tensile shear strength >2.2 Mpa
Natural rubber-based adhesives 0.4~2.5 —

Liquid sodium silicate 0.024~0.18 Baume degree 40, modulus 3.3
Cyanoacrylate 0.3~6 —

Polyvinyl acetate emulsion wood adhesives 0.5 Compression shear strength 3~10 Mpa

(a) Drawing test device

(b) Pull out test of A. fruticosa root

FIGURE 3: Root pulling test of A. fruticose.

TaBLE 3: Sample number and parameters.

No. Types D/mm RAR Binding materials Material properties

1 TS 2 0 0 0

2 RS 2 0.21, 0.42, 0.63 0 0

3 NRS 2 0.21, 0.42, 0.63 Liquid sodium silicate Baume degree 40, modulus 3.3
4 GRS 2 0.21, 0.42, 0.63 Cyanoacrylate Viscosity 6 pa.s

is completed with compaction and scraping, the root epider-
mis should be uniformly coated with liquid sodium silicate
and cyanoacrylate according to the test protocol. The second
layer of compaction is performed after the roots are placed
freely through the opening of the test box. The samples need
to be sealed in plastic wrap and placed in a constant tempera-
ture and humidity maintenance box for 24 h. The root pullout
resistance device is shown in Figure 5.

3. Test Results

3.1. Tensile Properties. From Figures 6 and 7, the average
diameter of A. fruticosa increased from 0.87 £ 0.12 mm to
3.75+2.11 mm, and the tensile strength increased from
28.24+17.06 N to 108.93 +43.23 N. The tensile strength
increased as a function of the root diameter. The tensile
strength decreased from 45.21 + 16.13 MPa to 8.13 +3.26
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(a) Tailing soil (b) A. fruticosa root composite tailing soil
Figure 4: Composite tailing soil samples of tailing soil and A. fruticosa root soil prepared.
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/ |
@
Lower mulch layer - Card buckle Clamps Removable support
Plant roots
FIGURE 5: Root pulling test device.
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FIGURE 6: Relationship curve between root tensile resistance and
diameter of A. fruticose.

MPa, and the tensile strength decreased with the increase of
root diameter as a power function.

3.2. Pulling Mechanical Properties. Figure 8 shows the pull-
ing time-tension curves of the root system at different inter-
facial bonding strengths.

As can be seen from Figure 8, at the initial stage of force,
elastic deformation occurs between the roots and soil particles
and soil particles without sliding due to the small displace-
ment. With the increase of tensile force, the root system
embedded in the soil bonded more tightly under the effect of
root soil interface bond strength, and the pullout resistance

Diameter (mm)

FIGURE 7: Relationship curve between tensile strength and diameter
of A. fruticosa root system.

increased approximately linearly and reached the peak.
According to Figure 8, the peak of the curve was extracted,
and GRS (48.5N) > NRS (22.5N) > RS (16 N) was obtained.
When the tension reaches the maximum root soil interface
static friction, the root soil has not yet moved due to the inter-
facial adhesion, and a root soil anchorage zone is formed, as
shown in Figure 9. When the soil particles on the boundary
of the anchorage area start to slip, the interfacial friction grad-
ually decreases. At this time, the root pullout force consists of
the friction between the root soil interface and the friction
between soil particles on the boundary of the anchorage zone.
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FIGURE 8: Root pulling time tensile curve under different interfacial
bonding strength.

Tailings soil Plant roots

Anchorage zone

FIGURE 9: Schematic diagram of root soil interface.

The new root soil friction interface is formed with the rear-
rangement of soil particles during the dynamic pullout of the
root system, and the anchorage effect gradually decreases
and tends to zero.

3.3. Direct Shear Test Considering the Effect of Interfacial
Bonding Strength

3.3.1. Relationship Between Stress and Displacement for
Different Interface Bonding Strength. Figure 10 shows the
stress and displacement relationship curve between tailing
soil and the composite tailing soil of A. fruticosa root with
RAR of 0.42.

As can be observed in Figure 10, the curve first
undergoes elastic deformation. With the increase of shear
stress, the strain produces plastic deformation. The curve
line was nearly horizontal after shear damage, and the
elastic-plastic characteristics were significant. Shear defor-
mation resistance of A. fruticosa root soil composite tail-
ing soil specimens were all significantly stronger than TS.
At the 400kPa, the shear displacements of RS, NRS, and
GRS root soil composite tailing soil were 2.39mm,
246mm, and 2.65cm, respectively. The shear displace-
ment of tailing soil TS was 2.06 mm. Compared with the
shear displacement of tailing soil, the increases of shear
displacement of RS, NRS, and GRS root soil composite
tailing soil were 16.01%, 19.42%, and 28.64%, respectively.
The shear displacement of RS, NRS, and GRS composite
specimens under the same pressure and stress are more
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important than that of TS. It reflects that to a certain
extent, the interfacial bonding strength can enhance the
shear strength of the soil.

3.3.2. Comparison of Shear Index under Different Bonding
Strength Conditions

(1) Cohesive. The results of cohesion and growth of tailing
soil and A. fruticosa root tailing soil specimens are shown
in Table 4. The cohesion of A. fruticosa root tailing soil is
greater than 15.08 of TS. The cohesion tends to increase with
the increase of cohesive strength when the RAR is the same.
For example, for RAR of 0.21, the increase in cohesion was
GRS  (15.78%) > NRS (14.66%) > RS (10.48%) compared
with TS specimens. When the root soil cohesive strength
was the same, the root soil composite tailing soil cohesive
force showed an increasing trend with the increase of RAR.
When the RAR was maximum, the root soil composite tail-
ing soil cohesion increased the most. For example, GRS with
the increase of RAR, the increase of the cohesive force of
root soil composite tailing soil adhesion of purple acacia
was 15.78%, 41.58%, and 78.91%. The results show that
RAR can significantly enhance the cohesion of tailing soil
under three interfacial bonding strength gradients.

(2) Angle of Internal Friction. Table 5 shows the angle of
internal friction and the growth of the specimens.

From Table 5, the internal friction angles of the tailing
soils of root A. fruticosa are all greater than 26.35° of TS.
However, with the increase of interface bonding strength
and RAR, the change of internal friction Angle was not sig-
nificant. For example, when RAR was 0.21 and 0.63, the
internal friction angle of A. fruticosa root tailing shows an
increasing trend with the increase of bonding strength, and
the increase was GRS>NRS>RS. However, when RAR
was 0.42, the increase of GRS internal friction angle was
the smallest. The effect of root soil interface adhesion
strength on the internal friction angle was not significant.
This is consistent with the results of Lian, et al. [33], Norma-
niza, et al. [34], and Li, et al. [35].

3.4. Comparison of Measuring and Modeled Values of Root
System Additional Cohesion

3.4.1. WWM Model. Part of the shear force under the action
of shear force is transferred to the plant roots, and the root
system bears the tensile force, which is equivalent to the
increased cohesion, and WWM model quantified the shear
strength of soil reinforced by roots.

C, =127, (%), 3)

S

where T is tensile strength (MPa) and C, is shear strength
increment (kPa).

3.4.2. Correction Model of Root Soil Composite Tailing Soil
Based on the Effect of Interfacial Adhesive Strength. In the
actual shear damage process, not all roots are pulled out at
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FIGURE 10: Stress and displacement curves of samples.
TaBLE 4: Cohesion and growth range of sample.
Tvpes RAR=0.21 RAR=0.42 RAR =0.63
P Cohesion/kPa  Increase in cohesion/%  Cohesion/kPa  Increase in cohesion/%  Cohesion/kPa  Increase in cohesion/%
RS 16.66 10.48 20.39 35.21 26.18 73.61
NRS 17.29 14.66 20.63 36.80 26.25 74.07
GRS 17.46 15.78 21.35 41.58 26.98 78.91

Note: The cohesive force of tailing soil is 15.08 kPa.

TaBLE 5: Internal friction angle and growth range of sample.

RAR=0.21 RAR =0.42 RAR =0.63
Types Angle of internal ~ Angle of internal ~ Angle of internal ~ Angle of internal ~ Angle of internal ~ Angle of internal
friction/(") friction increase/% friction/(") friction increase/% friction/(") friction increase/%
RS 28.89 9.64 30.21 14.65 30.69 16.47
NRS 29.34 11.35 31.82 20.76 31.14 18.18
GRS 30.22 14.69 29.42 11.65 31.56 19.77

Note: The internal friction angle of the tailing soil is 26.35".

the same time, but some roots are pulled out. Therefore,  introduced to obtain.

this paper corrects the pullout strength corresponding to

the root pullout damage in order to accurately quantify N

the value of root soil cohesion enhancement effect under C,=kx12T, <_R> (4)
the action of cohesive strength. The correction factor k is As
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TaBLE 6: Calculation results of measured value and model value of root additional cohesion.
Measured value Predicted value of Modified WU model
WU model predicted value k
TR gt g S SIS Gy ST G,
0y 0,
strength/MPa  strength/MPa increase/kPa increase/kPa rate/% increase/kPa rate/%
0.21 16.15 5.10 458 40.70 788.60 12.84 180.37 0.36
RS 0.42 16.15 5.10 5.21 40.70 681.15 18.06 246.59 0.29
0.63 16.15 5.10 6.38 40.70 537.90 38.92 386.81 0.21
0.21 16.15 7.17 8.31 81.40 879.49 25.68 209.04 0.32
NRS 0.42 16.15 7.17 8.55 81.40 852.00 36.11 322.39 0.24
0.63 16.15 7.17 9.27 81.40 778.06 77.85 570.09 0.15
0.21 16.15 12.32 14.10 122.09 765.91 38.52 173.21 0.37
GRS 0.42 16.15 12.32 14.17 122.09 761.64 54.17 282.30 0.26
0.63 16.15 12.32 14.90 122.09 719.42 116.77 525.34 0.16

Roots are pulled out during shear
damage of the complex

Roots are pulled out during shear
damage of the complex

FIGURE 11: Shear test of A. fruticosa root soil composite tailing soil.

The correction factor k was derived by comparing the
model quantified root cohesion (AC,) results with the
root cohesion (AC,) results from the shear test consider-
ing the effect of adhesive strength:

_ACG,

k=S

(5)

From the measured values of root additional cohesion
and model values calculated in Table 6, it is clear that
the WWM model overestimates the reinforcement effect
of plant roots [21, 36]. The predicted values of shear
strength of A. fruticosa root tailing soil predicted with
the WWM model were 537 to 8.79 times higher than
the measured values. And the predicted values with the
modified model were 1.80-5.70 times of the measured
values. The results indicate that it is more reasonable to
fully consider the root soil interface cohesive effect in the
model than to estimate the root shear strength directly
using the root tensile strength. The range of model correc-
tion factors for the three types of cohesive strengths com-
pared ranged from 0.15 to 0.37. The WWM model

correction factors were different because in the calculation
using the WWM model, it was assumed that all the roots
on the shear surface broke simultaneously and the root
reinforcement capacity was fully reflected. However, under
the test conditions, most of the roots slipped out of the
soil instead of breaking when the shear damage occurred
in the composite, as shown in Figure 11, making some
of the root reinforcement capacity could not be fully
developed. Meanwhile, the main root of A. fruticosa had
a large diameter and did not break during shearing. This
is the main reason for the small correction factor.

4. Mechanism Analysis of Influence of Plant
Roots on Soil Shear Strength with Different
Interfacial Adhesion Strengths

4.1. Mechanism of Root Soil Contact Surface Interaction. The
interaction between rootless soil mainly comes from the
inter-soil adhesion, friction between soil particles, and the
embedded locking force formed by the soil and rough
bumps [37]. The initial elastic shear deformation at the
interface is mainly the soil compaction deformation under
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FI1GURE 12: Schematic diagram of interface action between tailing soil and root soil.

shear loading. Local plastic deformation occurs under the
interaction of soil particles, leading to shear damage, as
shown in Figure 12(a). The root soil interaction in the initial
state mainly relies on the action of the adhesion between soil
particles, the frictional force between soil particles and the
root surface, and the embedded locking force between the
soil and the concave and convex surfaces of the root system,
as shown in Figure 12(b). A. fruticosa during root growth
and fungi such as rhizobia are present around the roots,
and some gelatinized chemicals are secreted on the root sur-
face to form interfacial chemical adhesion [25, 38]. The
irregular connection between root and soil interface is
strengthened, and the whole combination of root and soil
particles can be formed gradually. Similar to soil cohesion,
the interaction between soil particles and root surface forms
interfacial soil cohesion. When the A. fruticosa root complex
tailing soil is subjected to external forces, the forces are
transmitted to the plant root fibers with tensile strength
because the root soil interface has good transmission proper-
ties. The gradual dispersion of the acting force produces an
anchoring region consisting of interfacial adhesion, interfa-
cial frictional resistance, and embedded locking force, which

makes the strength of the purple locust root composite tail-
ing soil enhanced, as shown in Figure 12(c).

When the soil containing roots is subjected to shear, the
root system converts the internal shear stress of the soil body
into the tensile stress it is subjected to through the root-soil
interface adhesion. The root system tension, root-soil inter-
face adhesion, and soil shear force act together to mechani-
cally reinforce the shear strength of the soil on the slope.
Thus, the mechanism of root-soil contact surface interaction
and shear deformation damage process can be summarized
as showed in Figure 13 [39].

At the initial stage of shear deformation, the interaction
between the rough contact surface of the tailing soil and the
root system is dominant, and the contact surface produces
extrusion deformation. After the tailing soil is squeezed,
the root-soil complex formed by the root system and the
adjacent soil is uniformly distributed throughout the inter-
face. The increase of root density makes the contribution
of roots to the shear properties of the interface gradually
appear. After entering the dynamic friction stage, the root
system and soil body act together to resist the shear load.
Based on the gradual development of soil shear resistance,
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the reinforcing effect of the root system in the soil and the
anchoring effect of the interface also gradually comes into
play. The anchoring effect of the root system mainly depends
on the ultimate tensile force of the root system itself, the
interfacial adhesion, and the interfacial friction.

When the ultimate pullout force of root system, interfa-
cial adhesion and interfacial friction play together to reach
the limit, the shear stress borne by the root system reaches
the peak. The larger the RAR, the more obvious the contri-
bution to the interfacial shear stress. With further shearing,
the root system is successively pulled oft or pulled off, and
the interfacial shear stress gradually decreases. In the actual
situation, the damage of the root system in the root-
bearing soil is not all in the form of pull-off or pull-out dam-
age, but part of the root system is pulled off, and part of the
root system is pulled out. The root-soil interface bonding
strength is between the maximum and minimum values
[24]. The root system pull-off or pull-out damage shows
the characteristic of progressive damage [39].

4.2. The Influence of Interfacial Bonding Strength on the
Cohesion of Root Soil Composite. The influence mechanism
of interface bonding strength on the cohesion of root soil
composite tailing soil is mainly reflected as follows: (1) when
the soil is subjected to external forces, the voids existing in
the soil continue to expand and produce cracks. And the
root system embedded in the soil body can fill certain cracks.
It effectively restrains the expansion of plastic cracks,
improves the crack-blocking enhancement of the complex,
and increases the cohesion of the root soil complex. (2)
The gelling material secreted by the root system can directly
increase the thickness around the soil particles. The concave
and convex structures on the surface of soil particles form an
effective adhesion and embedding effect with the root sys-
tem, forming a bond with certain integrity. This increases
the root soil specific surface area, reflecting that the root soil
interface adhesive strength effect can increase the cohesive of
the root soil composite. (3) A. fruticosa is a taproot type. The
root system is distributed in the soil body approximately ver-
tically. Each root segment of the root soil complex can
anchor the soil through the shear surface and promote the
transfer and diffusion of shear stress.

5. Conclusion

This paper is based on the WWM model. Through tensile,
pullout, and shear tests, the effect of root soil interfacial
adhesion is fully considered. It determines the model correc-
tion coefficient, which quantifies the shear strength charac-

teristics of root soil composite tailing soil with different
interfacial bonding strength, leading to the following
conclusions:

(1) The root tensile strength of Amorpha fruticosa
increased as a power function of the increase of the
root diameter of A. fruticosa, and the tensile strength
decreased as a power function of the increase of the
root diameter of A. fruticosa. As the bonding
strength between the root system and the tailing soil
body of A. fruticosa increased, the bonding between
the root-soil became tighter and the root pullout
resistance increased significantly, in the order of
GRS (48.5N), NRS (22.5N), and RS (16.0N)

(2) The shear strength of root soil composite tailing soil
of purple locust was significantly higher than that of
tailing soil, and the root system could significantly
enhance the soil shear strength; with the increase of
interfacial adhesive strength, the shear deformation
resistance of root soil composite tailing soil was
enhanced; when the root soil area ratio was the same,
the higher the interfacial adhesive strength, the
greater the cohesive force; when the interfacial adhe-
sive strength was the same, the cohesive force
increased with the increase of root soil area ratio,
but the change pattern of internal friction angle is
not significant

(3) The model of modified WWM model fully consid-
ered the effect of root soil interfacial cohesion, and
it was more reasonable to calculate the root pullout
force than to estimate the shear strength directly
using the root tensile strength, and the variation
range of the model correction coefficient was
0.15~0.37

(4) When the root soil is subjected to shear, the root sys-
tem uses the root soil interface adhesion to convert
the soil shear stress into the tensile stress it is sub-
jected to, and the root tensile force, root soil interface
adhesion, and soil shear force act together to achieve
the enhancement of the soil shear strength
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