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Abstract

The Qinghai-Xizang Plateau of China faces challenges like thaw slumping,
threatening slope stability and infrastructure. Understanding the mechanical
properties of the roots of the dominant herbaceous plant species in the alpine
meadow layer of the permafrost regions on the Qinghai-Xizang Plateau is
essential for evaluating their role in enhancing soil shear strength and mitigating
slope deformation in these fragile environments. In this study, the roots of
four dominant herbaceous plant species—Kobresia pygmaea, Kobresia humilis,
Carex moorcroftii, and Leontopodium pusillum—that are widely distributed
in the permafrost regions of the Qinghai-Xizang Plateau were explored to
determine their mechanical properties and effects in enhancing soil shear
strength. Through indoor single root tensile and root group tensile tests, we
determined the root diameter, tensile force, tensile strength, tensile ratio, and
strength frequency distributions. We also evaluated their contributions to
inhibiting slope deformation and failure during the formation and development
of thermal thaw slumps in the alpine meadow. The results showed that the
distribution of the root diameter of the dominant plant species is mostly normal,
while the tensile strength tends to be logarithmically normally distributed.
The relationship between the root diameter and root tensile strength conforms
to a power function. The theoretical tensile strength of the root group was
calculated using the Wu-Waldron Model (WWM) and the Fiber Bundle Model
(FBM) under the assumption that the cumulative single tensile strength of
the root bundle is identical to the tensile strength of the root group in the
WWM. The FBM considers three fracture modes: FBM-D (the tensile force
on each single root is proportional to its diameter relative to the total sum of
all the root diameters), FBM-S (the cross-sectional stress in the root bundle is
uniform), and FBM-N (each tensile strength test of individual roots experiences

chinarxiv.org/items/chinaxiv-202504.00177 Machine Translation


https://chinarxiv.org/items/chinaxiv-202504.00177
https://chinarxiv.org/items/chinaxiv-202504.00177

ChinaRxiv [$X]

an equal load). It was found that the model-calculated tensile strength of the
root group was 162.60% higher than the test value. The model-derived tensile
force of the root group from the FBM-D, FBM-S, and FBM-N was 73.10%,
28.91%, and 13.47% higher than the test values, respectively. The additional
cohesion of the soil provided by the roots was calculated to be 25.90-45.06 kPa
using the modified WWM, 67.05-38.15 kPa using the FBM-S, and 57.24-32.74
kPa using the FBM-N. These results not only provide a theoretical basis for
further quantitative evaluation of the mechanical effects of the root systems of
herbaceous plant species in reinforcing the surface soil but also have practical
significance for the effective prevention and control of thermal thaw slumping
disasters in the permafrost regions containing native alpine meadows on the
Qinghai-Xizang Plateau using flexible plant protection measures.
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Abstract: The Qinghai-Xizang Plateau of China faces challenges such as thaw
slumping, which threatens slope stability and infrastructure. Understanding
the mechanical properties of the roots of dominant herbaceous plant species in
the alpine meadow layer of permafrost regions on the Qinghai-Xizang Plateau
is essential for evaluating their role in enhancing soil shear strength and miti-
gating slope deformation in these fragile environments. In this study, the roots
of four dominant herbaceous plant species—Kobresia pygmaea, Kobresia humilis,
Carex moorcroftii, and Leontopodium pusillum—that are widely distributed in
the permafrost regions of the Qinghai-Xizang Plateau were examined to deter-
mine their mechanical properties and effects in enhancing soil shear strength.
Through indoor single-root tensile and root-group tensile tests, we determined
the root diameter, tensile force, tensile strength, tensile ratio, and strength fre-
quency distributions. We also evaluated their contributions to inhibiting slope
deformation and failure during the formation and development of thermal thaw
slumps in the alpine meadow. The results showed that the distribution of root di-
ameter of the dominant plant species is mostly normal, while the tensile strength
tends to be log-normally distributed. The relationship between root diameter
and root tensile strength conforms to a power function. The theoretical tensile
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strength of the root group was calculated using the Wu-Waldron Model (WWM)
and the Fiber Bundle Model (FBM) under the assumption that the cumulative
single tensile strength of the root bundle is identical to the tensile strength of
the root group in the WWM. The FBM considers three fracture modes: FBM-
D (the tensile force on each single root is proportional to its diameter relative
to the total sum of all root diameters), FBM-S (the cross-sectional stress in the
root bundle is uniform), and FBM-N (each tensile strength test of individual
roots experiences an equal load). It was found that the model-calculated tensile
strength of the root group was 162.60% higher than the test value. The model-
derived tensile force of the root group from the FBM-D, FBM-S, and FBM-
N was 73.10%, 28.91%, and 13.47% higher than the test values, respectively.
The additional cohesion of the soil provided by the roots was calculated to be
25.90-45.06 kPa using the modified WWM, 40.39-70.99 kPa using the FBM-S,
and 34.69-60.61 kPa using the FBM-N. These results not only provide a theo-
retical basis for further quantitative evaluation of the mechanical effects of the
root systems of herbaceous plant species in reinforcing surface soil but also have
practical significance for the effective prevention and control of thermal thaw
slumping disasters in the permafrost regions containing native alpine meadows
on the Qinghai-Xizang Plateau using flexible plant protection measures.
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1 Introduction

The Qinghai-Xizang Plateau in China, with its vast permafrost regions, faces
secondary freeze-thaw disasters such as frost heave mounds, thermokarst lakes,
and thaw slumps [?]. Permafrost degradation, driven mainly by climate change,
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leads to frequent thermal thawing, frost heaving, and freeze-thaw disasters in
frozen slopes, particularly in areas with fragile ecology [?, ?, ?]. Thaw slumping,
a common type of landslide in permafrost regions, exhibits a creep rate exceed-
ing typical landslides and develops cyclically with annual temperature changes,
posing a major challenge to slope stability [?]. Thaw slumping destroys the
alpine meadow layer and exposes the surface, forming psoritic landforms. In
addition, the disruption of the soil water and heat balance by permafrost thaw-
ing releases carbon, various chemicals, and even heavy metals, such as mercury,
which can significantly impact the regional climate, water resources, and overall
eco-environment [?, 7, ?]. Luo et al. [?] have created a comprehensive catalog
of 875 thaw slumping hazards in the permafrost region of the Qinghai-Xizang
Plateau. Thus far, thaw slumping on the Qinghai-Xizang Plateau has been iden-
tified on PlanetScope CubeSat images using DeepLab V3+ [?]. The Qinghai-
Xizang Plateau is prone to thaw slumping disasters [?], but this phenomenon
can be minimized by various means, including revegetation.

Numerous studies have shown that vegetation roots can enhance shallow slope
stability [?, 7, ?]. Vegetation revetment stabilizes slopes by leveraging the water
conservation and soil consolidation properties of plant roots [?]. Due to its low
cost and minimal environmental impact, vegetation revetment promotes ecolog-
ical conservation [?]. Researchers have found that plant roots can increase soil
shear strength and internal friction in thaw slumping areas, highlighting their
benefits in stabilizing slopes and preventing thaw slumps [?, ?]. Therefore, plant
restoration is urgently needed to effectively control and avoid thaw slumping
disasters in the permafrost regions on the Qinghai-Xizang Plateau.

The major challenge in evaluating slope stability enhancement through revege-
tation is how to determine the additional cohesion in root-reinforced soil. Com-
monly used approaches include comparing root-soil composites with root-free
soils [?], establishing calculation models for root-soil composites [?], and utiliz-
ing numerical simulations to develop and analyze root-soil composite models [?].
The calculations of these models, which are closely related to the mechanical
properties of roots, are central to the primary theoretical models—particularly
the Wu-Waldron Model (WWM) and the Fiber Bundle Model (FBM)—designed
to assess the shear strength of root-soil composites. Previous research on root
mechanical properties has primarily focused on the relationship between root
diameter and tensile characteristics of individual roots [?]. However, studies ad-
dressing the uneven distribution of root diameters and the variability of tensile
properties among individual roots remain limited [?, ?, ?].

In spite of its wide use, the WWM often overestimates the additional cohesion
of the soil provided by plant roots, necessitating correction of the calculated
results [?, ?]. Zhu et al. [?] found that the WWM overestimated shear strength
by 90.00%, suggesting that a correction coefficient of 0.63 is needed. By calcu-
lating the additional cohesion of the soil provided by Robinia pseudoacacia and
Platycladus orientalis at various soil depths on the Loess Plateau of China, Ji
et al. [?] found the correction coefficients for the WWM and FBM to be 0.63
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and 0.60, respectively. The additional cohesion of the soil provided by Medicago
sativa in its different growth stages in the loess region was determined by com-
paring the results of the WWM to establish a functional relationship between
the model’ s correction parameters and plant growth cycle [?]. Although the
WWM has been improved, its correction parameters remain inconsistent. Thus,
empirical correction coefficients must be re-determined for different regions and
plant species, requiring repeated experiments to ensure accuracy [?, ?].

The FBM has been used in material science to simulate fiber mechanics and
applied to root-soil composites to study root fracture properties [?]. Although it
accounts for the differential fracturing of roots based on varying tensile strengths
in examining root fracture mechanisms, the specific fracture sequence of the root
bundles remains a controversial topic [?]. Bischetti et al. [?] calculated the root
cohesion of trees such as Fagus sylvatica and Picea abies in northern Italy using
the FBM, which assumes that each fiber in the root bundle carries an equal
force. Their results showed that root cohesion ranged from 4.12 to 110.00 kPa
at 5 cm soil depth and from 2.40 to 20.00 kPa at 30 cm depth. Based on the
mechanical reinforcement effect of Saliz viminalis on soil, Mickovski et al. [?]
suggested using equal stress on the cross-sectional area in the FBM calculations.
In assessing slope stability under mixed growth and woody plants, such as Abies
alba, Picea abies, and Fagus sylvatica, the FBM produced lower values than the
uncorrected WWM under all fracture modes, aligning more closely with actual
conditions, but each model considers different root fracture modes [?]. The
accuracy of the FBM can be significantly enhanced by incorporating continuous
root changes when calculating the strength of plant roots and their ability to
improve soil shear strength [?].

Thus far, few studies have explored the role of herbaceous plant roots in the
alpine meadow layer in enhancing soil shear strength in permafrost regions,
particularly the shear strength of root-reinforced soils on thermal thaw slumping
slopes and the mechanical mechanisms by which roots inhibit shallow slope
deformation and failures. In this study, we focused on thaw slumping slopes
in a permafrost region on the Qinghai-Xizang Plateau. Through tensile tests
on single roots and groups of roots, we evaluated the contribution of the roots
of the dominant herbaceous plant species in the native alpine meadow layer to
inhibiting thaw slumping development. The WWM and FBM were then used
to calculate the additional cohesion of soil provided by the plant roots and its
ability to enhance soil shear strength. We also explored a theoretical model
for evaluating the shear strength of the soil provided by the plant roots in the
alpine meadow layer of the permafrost region and its surroundings. The results
help improve the prevention and control of thaw slumping slope disasters in the
permafrost regions on the Qinghai-Xizang Plateau, providing theoretical and
practical guidance for quantifying the role of plant roots in enhancing soil shear
strength in high-altitude areas.
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2.1 Study Area

In this research, the study area (92°53 38 E, 34°43 37 N; Fig. 1 [Figure 1: see
original paper]|) was defined as the distribution zone of slopes characterized by
thaw slumping, located in the Beiluhe area on the Qinghai-Xizang Plateau, Zhi-
doi County, Yushu Tibetan Autonomous Prefecture, Qinghai Province, China.
From the perspective of geomorphologic distribution, the region is located on
the Hoh Xil alluvial and diluvial high plain. This thermal thaw slumping dis-
tribution area is situated in a permafrost region at 4760 m a.s.l. The thickness
of the permafrost in this area ranges from approximately 50 to 80 m, and the
active layer is 2-3 m thick [?, ?]. The region is characterized by an arid, cold cli-
mate. The average annual temperature is -5.2°C, with temperatures exceeding
0.0°C from May to September. The average annual precipitation is 290.9 mm,
concentrated from June to August, accounting for over 80.00% of the annual
total. The average annual evaporation is 1316.9 mm [?]. The dominant plant
species in the alpine meadow layer include Kobresia pygmaea, Kobresia humilis,
Carex moorcroftii, Littledalea racemosa, Poa annua, Leontopodium pusillum, and
Stipa purpurea [?].

Fig. 1 Location of the study area (a) and development range and tensile crack
distribution characteristics of the selected thermal thaw slump slope, including
(b) thermal thaw slumping distribution area, (c) formation of tensile cracks (4
cm depth), and (d) continuous tensile cracks (10 cm depth)

2.2 Selection and Preparation of Test Materials

The selected thaw slumping region in the study area has a northwest-southeast
orientation, a length of 21 m, a maximum width of 70 m, and a slope gradient
of 8°. As shown in Figure 1, tensile cracks have formed in the back wall of
the slump due to its slumping. In situ observations revealed that these cracks,
mainly located along the trailing edge and boundaries, are arc-shaped, and the
plant roots in these cracks remain in a tensile state (Fig. 1c and d).

Due to the high altitude, the active layer of the permafrost region only
melts during the months from May to October, and at the same time, the
alpine meadow layer becomes active again. The sampling of this study was
conducted in September 2023. To investigate the mechanical strengths of
the herbaceous plant roots in the alpine meadow layer, we collected root-
soil composite samples from the vicinity of meadow cracks with a depth of
30-40 cm. The sampling process followed a strict procedure (Fig. 2 [Figure
2: see original paper]). First, the meadow crack areas were selected as
sampling sites due to their ability to reflect the natural state of the meadow
ecosystem. Along the side of the crack, root-soil composites were extracted
using a soil auger to collect cubic meadow soil samples (Fig. 2a), with the
sampling depth limited to 0-30 cm. We focused on the trailing edge of the
slumped body to ensure representativeness and to fully reflect the distribution
characteristics of the plant roots in the alpine meadow layer. A soil cutter
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was used as the sampling tool to ensure the uniformity and representative-

ness of the root-soil composite samples. The samples were all collected

from the same crack, with samples being rectangular prisms approximately 30

cm$ x30cminsize, andatotalo f6sampleswerecollected. T hecollectedroot—soilcompositesampleswereimmediat
temperaturestorageboz(QinyuanGroupCo.Ltd., Ningbo, China)atd.0°C for24htomaintainsamplestability. Al
x K obresiapygmaeax, x K obresiahumilisx, xCarexmoorcro ftiix, and *

Leontopodiumpusillum*.T hecollectedroot—soilcompositesampleswereplacedina2.00mmsieveandwashedunti
driedbe forethetensiletests(Fig.2bandc). Rootsamples( $180 roots for single

root tensile tests and $ $2080 roots for root group tensile tests) were randomly

selected, irrespective of their species, age, and viability, to conform to the

root system composition and assess their mechanical properties under natural

conditions.

Fig. 2 Photos showing field sampling, root sample preparation, and testing
procedure. (a), field sampling; (b), root preparation; (c), root samples; (d),
universal testing machine; (e), tensile test process; (f), group root before tensile
test; (g), group root after tensile test.

2.3 Tensile Tests of Individual Roots

The tensile tests of individual roots were conducted using an HY-0580
microcomputer-controlled electronic universal testing machine (Shanghai
Hengyi Precision Instrument Co., Ltd., Shanghai, China) (Fig. 2d), which
allows the output of resistance-displacement curves on the computer (with
tensile displacement on the x-axis and tensile force on the y-axis), thereby
obtaining the peak tensile force of the roots. The root samples were chopped
into 6-10 cm segments for testing. Only the segments with an intact epidermis
were selected, and their diameters were measured. Each root segment was
clamped between the upper and lower fixtures of the testing machine with
a gauge length of 20.00 mm and a loading rate of 20.00 mm/min. The test
was automatically terminated when the root segment fractured, and then the
fractured root was replaced for the next test set. This testing procedure was
repeated 180 times. The reading at the fracture position in the middle of the
two fixtures was considered valid. If the root fractures near the position where
the fixtures are applied, the test data are considered invalid. The maximum
tensile force and corresponding tensile length were recorded, from which the
tensile strength (¢,; MPa), tensile ratio (g; %), and tensile modulus (E,; MPa)
of each individual root were calculated using Equations 1-3, respectively [?, ?].

4R
t,o=—2 (1
s (1)
A
c— 2 100% (2)

l
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where R,. represents the maximum tensile force of a single root (N); d, denotes
the diameter of the plant root (mm); Al indicates the elongation under axial
tension (mm); and [ refers to the original length of the root system subjected
to axial tension (mm), specifically the gauge width set between the upper and
lower fixtures.

2.4 Tensile Tests of Root Groups

To study the tensile force and additional cohesion of the soil provided by the
plant roots during the formation and development of tensile cracks at the trailing
edge of the thaw slumping, we conducted tests on root groups containing various
quantities of roots. Initially, the roots were cut into segments ranging from 5
to 8 cm in length. Only root segments with an intact epidermis were retained
for testing (Fig. 2f). To investigate the relationship between root quantity and
tensile force, we bundled fresh root samples into n groups (n = 64), with each
group containing one more root than the previous group, and the diameters of
all roots in each group were measured and recorded. The tensile performance of
each root group was tested following the same protocol for the individual roots
described above. The only difference was that the test was terminated when the
force-displacement curve approached the x-axis, allowing for the determination
of the maximum tensile force of the root group.

2.5 Calculation of the Additional Cohesion of the Soil Pro-
vided by the Plant Roots

The root tensile values of individual roots and root groups for the dominant
herbaceous plant species were calculated using the root-soil models in the WWM
and FBM [?] and were compared with the test values, from which the additional
cohesion of the soil provided by the plant roots was calculated to assess the roots’
contribution to soil shear strength. The two models are described below.

2.5.1 WWM

Initially proposed by Waldron [?] and Wu et al. [?], the WWM is grounded in the
Mohr-Coulomb theorem. This model considers the strength of root-enhanced
soil as the additional cohesion of the soil [?]. However, the original WWM
assumes that all roots fracture simultaneously, which is rarely true in reality;
hence, this model tends to overestimate the roots’ contribution to soil shear
strength. Despite this defect, the WWM is still widely used due to its relatively
small number of parameters and straightforward calculation of the additional
cohesion of the soil provided by the plant roots as follows [?, ?]:
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where AS is the additional cohesion of the soil provided by the plant roots
(kPa); k is the angle correction parameter that converts the root tensile force
into the shear force of the root-soil composite during the shear process; Fyyy s
denotes the tensile strength provided by the roots (N), which is the sum of
the tensile strengths of all individual roots crossing the shear plane calculated
using the WWM; A is the shear area (mm?); N represents the number of roots
intersecting the shear plane; (¢,.); is the average shear strength of the ith root
(MPa); (A,), denotes the cross-sectional area of the ith root (mm?); RAR is the
ratio of the root cross-sectional area to the shear surface area, defined as the
ratio of (A,); to A [?]; and 6 and ¢ represent the angle between the root and
shear surface, and the internal friction angle of the soil, respectively.

Although k varies with shear deformation, its range of change is relatively small,
so it is typically assigned a fixed value of 1.2.

2.5.2 FBM

To effectively address the overestimation issue of the WWM, the root-soil model
to be developed must better reflect the differential fracturing of the roots under
real conditions. For example, Pollen and Simon [?] introduced the FBM to
calculate the additional cohesion of the soil provided by the plant roots, focusing
specifically on the reinforcement effect of the roots on riverbanks. This model
assumes that when the roots are perpendicular to the shear surface, the load is
evenly distributed among them. As the load increases, the weaker roots fail first,
causing the load they carried to be redistributed to the remaining intact roots.
This process continues until all of the roots are fractured [?]. In constructing the
model, Pollen and Simon [?] did not account for the conversion ratio between the
root tensile force and soil shear force. Instead, they opted to directly convert the
root tensile force into the additional cohesion of the soil provided by the plant
roots [?]. Therefore, by retaining the angle correction parameter k proposed by
Waldron [?], this study introduced this parameter into the model of Ji et al. [?]
to derive the equation for calculating the shear strength of root-soil composites
in vertical shear planes:

kF
AS = % (6)

where Fpp,s represents the maximum tensile force calculated using the FBM,
with the unit in N.
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Comparing Equations 4 and 6 reveals that the differences in the calculation re-
sults of the two models (WWM and FBM) arise from the maximum tensile force
of the root groups. Therefore, to evaluate the applicability of the two models,
we compared the maximum tensile forces calculated using both models and the
tensile force obtained from tests of root groups. The maximum tensile force
that different individual roots can withstand varies with their inherent proper-
ties, and as a result, the roots in a group will likely fracture successively instead
of simultaneously [?]. When using the FBM to calculate the tensile strength of
root groups, two key factors must be determined: the failure strength of a single
root and the load distribution mode among root groups [?]. Based on the tensile
test results for a single root, the distribution characteristics of the maximum
tensile strength relative to the root diameter can be established. However, it
is challenging to design a reasonable test for determining the load distribution
mode when the root groups are stretched, so it is simplified by applying three
hypotheses. The first hypothesis (FBM-D) states that in the tensile strength
test of root groups, the tensile force on each single root is proportional to its
diameter relative to the total sum of all root diameters [?]. The second hypoth-
esis (FBM-S) posits that during the tensile strength test of individual roots,
the cross-sectional stress in the root bundle is uniform, implying that the load
is distributed proportionally to the cross-sectional area of each root to the to-
tal cross-sectional area, and fractures occur in the root with the lowest tensile
strength first [?]. The third hypothesis (FBM-N) assumes that each tensile
strength test of individual roots experiences an equal load when the root of
groups is loaded, leading to the breakage of the weakest root first [?]. The max-
imum tensile strength of the root groups in the FBM, derived under different
load distribution modes, can be calculated as follows [?]:

MAX E
FFBM D —

MAX
FBM S =

FMAY = ZNJ[ ] )

=1

where Frparps Fream-s, and Frppga n represent the maximum tensile force
calculated using the FBM-D, FBM-S, and FBM-N, respectively, with the unit
in N; d; represents the diameter of the ith root (mm); d; represents the diameter
of the remaining intact root corresponding to the root with diameter d; when it
reaches its ultimate tensile strength, where j is the index (mm); (¢,); denotes
the tensile strength of the remaining intact root corresponding to the root with
diameter d; when it reaches its ultimate tensile strength, where j is the index
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(MPa); and (A,.); denotes the cross-sectional area of the remaining intact root
corresponding to the root with diameter d, when it reaches its ultimate tensile
strength, where j is the index (mm?). The value of (t,); was determined using
the fitting function that describes the relationship between the tensile strength
and root diameter, derived from the tensile tests of individual roots.

2.5.3 Errors in the Root-Soil Model Calculations and Simplification
of Model Calculations

The calculation error in the WWM and FBM primarily arises from the different
assumptions regarding the root fracturing sequence [?]. Based on Equations 4
and 5 for the WWM and Equations 7-9 for the FBM involving three different
fracturing sequence assumptions, we assumed identical conditions for converting
the root tensile force into the additional cohesion of the soil provided by the plant
roots. Specifically, the shear surface area and the angle correction parameter
were considered the same. Under these conditions, only the maximum tensile
force of the root groups was calculated, and the tensile test results of the root
groups were compared. This approach was used to assess the applicability of
the WWM and FBM in estimating the additional cohesion of the soil provided
by the plant roots in the alpine meadow layer in the study area. In this study,
the overestimation effect of the WWM in the calculations was explored. The
applicability of the FBM under different root fracture sequence assumptions
in estimating the additional cohesion of the soil provided by the plant roots
was also investigated. To achieve this, under the same shear surface conditions,
tensile tests were conducted on different numbers of root groups to determine
the actual maximum tensile force at the point of fracturing in the root bundle.
In the calculations, the root diameter was derived from the actual statistical
data, and the corresponding tensile strength of single root was calculated using
the fitting function obtained from the tensile strength tests of individual roots.

To address the overestimation caused by the WWM’ s assumption, an empirical
correction coefficient was proposed to adjust the calculation results [?]:

AS =KAS (10)

where AS’ is the modified additional cohesion of the soil provided by the plant
roots (kPa); and &’ is the empirical correction coeflicient, defined in this study
as the ratio of the actual group root test value to the linearly fitted slope of the
maximum tensile force calculated from the WWM model.

Equations 7-9 all consider using the limit of the mechanical strength of the
roots to determine the root fracturing mode [?]. However, Schwarz et al. [?]
proposed that in the FBM, the root fracturing sequence should be determined
based on when the tensile ratio reaches its limit, and the additional cohesive
force should be calculated accordingly. Since roots are natural fibrous materials,
their tensile strengths and tensile ratios are not perfectly linearly correlated with
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the root diameter; thus, the results obtained from the two models will inevitably
differ. Therefore, in this study, as proposed by Schwarz et al. [?], we corrected
the results of the FBM by considering the limit of the tensile displacement.
In tensile tests or meadow failure, the tensile displacement experienced by the
roots is consistent, and it is possible for the maximum tensile displacement
when thicker roots break to be smaller than the tensile displacement when finer
roots break. In the root bundle, individual roots with a tensile ratio lower than
the root group’ s tensile ratio will break before the maximum tensile force is
reached, and thus these roots do not contribute to the sharing of the maximum
tensile force by the root group. Therefore, the portion of the roots in the root
group tensile test, whose own stretching ratio is smaller than the stretching ratio
corresponding to the maximum tensile strength in the test, should be subtracted
from Equations 7-9 as follows:

Frpyup = Frpu X [1— F(a)] (11)

where Fp g, represents the fiber bundle model calculation formula (N), which
is related to root diameter after modification; a is the root group tensile ratio,
which can be determined by the tensile ratio of the maximum tensile force
obtained from the root group tests; and F(a) is the cumulative probability
function for the root group tensile ratio a.

In addition, Fu et al. [?] demonstrated that the root diameter of fully devel-
oped plant roots follows a stable distribution pattern. The statistical analysis
conducted in this study further confirms that the root diameter distribution
in the alpine meadow layer is similarly stable. Based on this observation, it
is suggested that the probability density function of the root diameter distri-
bution can be used as a proxy for the actual root diameter distribution in the
traditional WWM and FBM calculations. The control formula is as follows:

/Oo st =1 (12)
0

where ¢(t) represents the probability density function of the root diameter; and
t represents the possible root diameter (mm).

2.6 Statistical Analysis

The calculation processes of the WWM and the FBM were completed using
custom formulas in Excel. All of the experimental data and calculation results
were first input into an Excel file and then imported into Origin 2022 software
for further analysis. Statistical analysis of the tensile test data was performed
using the statistical module in Origin 2022, and the data from the individual
tensile tests were fitted using the Levenberg-Marquardt iteration algorithm via
the analysis module in Origin 2022. All of the relevant charts and curves in this
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study were plotted in Origin 2022 to ensure clear visualization and accurate
presentation of the results.

3.1 Distribution Characteristics of Tensile Cracks

Field investigations revealed a significant relationship between the formation of
tensile cracks in the alpine meadow layer and the occurrence of thermal thaw
slumps. We divided tensile crack development into four stages based on crack
width, continuity, root distribution, and position relative to the back wall of the
landslide (Fig. 3 [Figure 3: see original paper]).

Fig. 3 Development of tensile cracks at the trailing edge of thermal thaw slump
slope in the study area, along with the tensile crack characteristics at different
development stages. This figure is modified from the work of Wang et al. [?]
and supplemented with additional relevant results from this study.

In the early stage, fine cracks (1-5 cm width) appear intermittently in the
original alpine meadow layer above the back wall of the thermal thaw slump. In
the middle stage, tensile fractures (5-10 cm width) form as the thermal thaw
landslide retreats, leading to the formation of a new back wall. Most plant roots
within these cracks are broken, but some remain intact. As the slump continues
to expand, the cracks increase both in scale and depth, causing the collapse of
the original alpine meadow layer. In the third stage, cracks wider than 10 cm
appear in the back wall and surrounding areas, and there are no interconnected
roots. The cracks begin to creep downward, leading to the formation of a new
slump. In the final stage, cracks with 30-120 cm width are developed in the
slumped body, and the underlying soil is compressed by the weight of the upper
alpine meadow layer, leading to the formation of mud ridges [?]. The plant
roots only influence the cracking during the early and middle stages, during
which the crack width remains within 10 cm and the roots prevent the original
alpine meadow layer from collapsing. The development of these tensile cracks
is closely aligned with the retreat and expansion of the thermal thaw slump.

3.2.1 Relationship Between Root Diameter and Single Root
Tensile Properties

The relationships between root diameter and tensile properties of individual
roots (single root tensile force, tensile strength, tensile ratio, and tensile modu-
lus) reportedly follow power functions [?, 7, ?]. Therefore, a power function with
the form of y = ad® (where y represents the tensile properties of individual roots,
d is the root diameter, and a and b are the fitting parameters) was employed
to nonlinearly fit the relationships between root diameter and individual root
tensile properties (Fig. 4 [Figure 4: see original paper]). The absolute Pearson
correlation coefficient (r) of the relationship of root diameter with single root
tensile force, single root tensile strength, and single root tensile modulus exceed
0.60, indicating strong or significant correlations.
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Further analysis of the fitting relationships revealed that there is a positive
power function relationship between root diameter and single root tensile force
(Fig. 4a), and there are negative power function relationships of root diameter
with single root tensile strength and tensile modulus (Fig. 4b and d). Figure
4c shows that the power function relating root diameter and single root tensile
ratio has a very low goodness of fit (R? = 0.004), with the r value of only
0.06, indicating that there is no power function relationship between these two
parameters. In addition, the scatterplot of root diameter and single root tensile
ratio does not exhibit any definite trend, implying that there is no meaningful
relationship between them.

3.2.2 Frequency Distribution of Root Properties

The statistics of root diameter and single root tensile properties were compiled,
as shown in Table 1. A probability histogram was also plotted based on the
root diameter and tensile properties of individual roots, as shown in Figure 5
[Figure 5: see original paper]. The histogram of the single root tensile properties
exhibits a bell-shaped distribution, with higher frequencies in the middle and
lower frequencies at the ends. Normal, Weibull, and log-normal distributions
were used to fit parameters including root diameter, single root tensile force,
single root tensile strength, single root tensile ratio, and single root tensile
modulus (Table 2 ). Due to the unimodal distribution of the data, the R?
values for the three distribution functions are relatively good, indicating that
plant roots exhibit relatively stable statistical patterns.

The statistics presented in Tables 1 and 2 indicated that the average root di-
ameter is 0.23 mm, with a standard deviation of 0.06 mm, reflecting a slightly
negatively skewed distribution (skewness coefficient of -0.28). The mean value
of the fitted normal distribution is 0.24 mm, with a variance of 0.07 mm and an
R? value of 0.810 (Table 2), which is in good agreement with the actual statistics
(Fig. 5a). The R? for the single root tensile force of the Weibull distribution
is the highest; and the R? of the single root tensile strength, single root tensile
ratio, and single root tensile modulus is highest for the log-normal distribution,
with values of 0.97, 0.79, and 0.96, respectively. These results indicate that the
normal distribution effectively describes the root diameter distribution pattern
of the four dominant plant species in the alpine meadow layer.

Fig. 4 Tensile test results of individual roots in the alpine meadow layer of the
study area and their fitting relationships with root diameter. (a), root diameter
versus single root tensile force; (b), root diameter versus single root tensile
strength; (c), root diameter versus single root tensile ratio; (d), root diameter
versus single root tensile modulus. R? is the goodness of fit, and r is the Pearson
correlation coefficient.

Table 1 Test results of root diameter and single root tensile properties for the
dominant plant species in the alpine meadow layer of the study area
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Fig. 5 Probability density histograms and fitting curves for root diameter and
single root tensile properties of dominant plant species in the alpine meadow
layer of the study area. (a), root diameter; (b), single root tensile force; (c),
single root tensile strength; (d), single root tensile ratio; (e), single root tensile

modulus.

Table 2 Fitting results of different distribution functions for root diameter and
single root tensile properties of dominant plant species in the alpine meadow

layer of the study area

Fitting
Fitting function Root
func- parame- diam-
tion ter eter

Single Single Single
root Single root  root root
tensile tensile tensile tensile
force strength ratio modulus

Normal p o R?
distri-

bution

Weibull o 8 u R?
distri-

bution
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Fitting Single Single Single
Fitting function Root  root Single root  root root
func- parame- diam- tensile tensile tensile tensile
tion ter eter force strength ratio modulus

Log- wo R?
normal

distri-

bution

Note: In the normal distribution and log-normal distribution, p is the mean
value and o is the variance. In the Weibull distribution, « is the scale parameter,
B is the shape parameter, and u is the position parameter. R? is the goodness
of fit. ‘- means that the value is less than 0.01.

3.3 Tensile Force-Displacement Curves of the Plant Roots
and Their Characteristics

In the root group tensile tests, the load-sharing mechanism of individual roots
is uncertain. Specifically, when a root bundle is subjected to tensile forces, the
stress experienced by each individual root may not be uniform [?]. Consequently,
in this study, we focused on analyzing the curve that depicts the relationship
between the overall tensile force and the tensile displacement of the root group
system to determine the maximum tensile force that the root group system can
provide.

On the single root tensile stress-strain relationship curve, four stages can be
identified: OA, AC, CH, and H , where O represents the root begins to straighten
and undergo elastic deformation, A represents the start of plastic deformation,
C represents the yield point reached, H represents the root fracture, and H
represents the root cortex fractures (Fig. 6 [Figure 6: see original paper]).
Section OA is primarily linear, adhering to Hooke’ s law, indicating that the root
epidermis and stele are in the elastic deformation stage. Section AC transitions
into an arc shape, exhibiting characteristics of plastic deformation. During this
stage, the single root enters the yield stage, and the root system shifts into
the elastic-plastic deformation phase. After section CH, the stress continues to
increase with increasing strain, demonstrating strain-hardening behavior. Upon
reaching the maximum stress point H, the root fracturing results in a sudden
change in the stress. Existing research indicated that although the plant root
material is considered a uniform fiber substance, the tensile properties of the
root cortex and the stele differ [?]. In this study, this distinction is illustrated
in Figure 6, which presents tensile stress-strain relationship curve II. When the
root cortex fractures before the stele, the root system does not fail immediately;
instead, the tensile stress-strain relationship curve displays a small peak change
at point H. At this moment, the load is redistributed to the stele, which has
a higher strength, allowing the system to continue stretching until reaching the
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maximum tensile force at point H. Consequently, the tensile stress at point H is
typically chosen as the maximum tensile force of a single root when calculating
the strength of root-reinforced soil.

Fig. 6 Tensile stress-strain curves of individual roots from dominant plant
species in the alpine meadow layer of the study area. O represents the root
begins to straighten and undergo elastic deformation, A represents the start of
plastic deformation, C represents the yield point reached, H represents the root
fracture, and H represents the root cortex fractures. The vertical lines under
point H represent the process of rapid stress reduction after root rupture.

Typical tensile force-displacement curves from the tensile tests on groups of 5
and 10 roots were selected to analyze the yield deformation and failure stages
of the root groups (Fig. 7 [Figure 7: see original paper]).

During the root group tensile tests, the section from point O to point H1 (frac-
ture of the first root in the root group) exhibits a circular or linear shape, and
no distinct yield stage is observable. This occurs because, during the stretch-
ing of the root bundle, the tensile displacement needed for each individual root
to reach its yield stage varies. Consequently, while some individual roots have
yielded, others remain in the elastic deformation stage, masking the overall yield
change of the root system. As a result, the tensile force-displacement curve lacks
an obvious yield stage and exhibits strain hardening. Through further analysis
of the relationship between tensile force and displacement at point H1 and be-
yond, it was found that when the weakest root in the root bundle reaches its
load limit, the first peak (H1) is achieved, followed by the breaking of this root.
The remaining roots then contribute to the sum of the tensile force, correspond-
ing to point I1 (condition after the first root fracture in the root group). Since
these remaining roots have not yet reached their maximum tensile forces, the
tensile force continues to increase with further tensile displacement. This pro-
cess continues until the next weakest root breaks, resulting in a new peak point
H2 (fracture of the second root in the root group). This sequence is repeated
until all of the roots in the group fail, generating a series of peak tensile forces
throughout the testing process.

According to the results of the single root tensile tests (Table 1), the average
maximum tensile force of the single root tested is 6.19 N. By contrast, the
maximum tensile force of a bundle of five roots measured during the root group
tensile tests is represented by peak point H2, and the stress value is 13.70 N.
For the group of 10 roots, the corresponding maximum tensile force of 25.70 N
corresponds to point H3 (the fracture of the third root in the root group is also
the moment when the group root experiences the maximum tensile force). This
peak is significantly lower than the cumulative average maximum tensile force of
individual roots. This indicates that when roots are grouped into bundles, their
overall maximum tensile force is lower than the sum of the maximum tensile
forces of individual roots. This discrepancy arises because the roots tend to
break successively rather than simultaneously.
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Fig. 7 Typical tensile force-displacement curves from the tensile tests on groups
of 5 and 10 roots. H,, fracture of the ith root in the root group; I,, condition
after the ith root fractures in the root group. The values in the parentheses
indicate the coordinate of maximum tensile displacement and force of the root
group.

As shown in Equation 4, evidently, the sum of the tensile forces of the individual
roots that pass through the shear surface is divided by the shear surface area of
the soil to determine the additional cohesion of the soil provided by the roots.
Specifically, the sum of the tensile forces of all the individual roots crossing
the shear surface is considered the maximum tensile force provided by the root
bundle. By contrast, the curve of the relationship between the tensile force and
displacement obtained from the root group tensile tests reveals that the root
system does not exhibit simultaneous fracturing; rather, it breaks gradually
(Fig. 7). As a result, when the root bundle is stretched, a series of peaks
appear on the tensile force-displacement curve. These peaks correspond to the
redistribution of the stress to the remaining intact roots following the failure of
an individual root in the bundle.

3.4.1 Comparison and Verification of Test and Model Re-
sults

The results of the test tensile force values of root groups and the model cal-
culated results are presented in Figure 8 [Figure 8: see original paper]. The
tensile force of the root group increases linearly as the number of roots in the
group increases. However, the model calculated tensile force values are higher
than the test values. The fitted results of the linear relationship between the
tensile force from the root group tensile tests and the model calculated tensile
force along with the number of roots are shown in Table 3 . The tensile force
calculated by the FBM-N is relatively close to the test tensile force value, and
the model calculated result is 57.60% higher than the test value. The FBM-S
achieves the second-best result, and the model calculated value is 79.00% higher
than the test value. The FBM-D yields a result 140.42% higher than the test
value. Finally, the WWM result is 162.60% higher than the test value.

3.4.2 Correction of Model Results

It can be seen from Figure 8 that the tensile values calculated using the FBM
are relatively superior to those obtained using the WWM when the empirical
correction coefficient is not considered. However, both sets of model calculated
results still have a certain degree of deviation from the test values.

Figure 9 [Figure 9: see original paper] illustrates the relationship between the
root group tensile ratio and the number of roots of the four dominant plant
species in the alpine meadow layer. Evidently, the root group tensile ratio de-
creases as the number of roots increases and gradually converges to a specific
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value of 15.50% during the root tensile ratio test. After calculating the propor-
tion of the roots with a tensile ratio lower than the critical threshold of 15.50%,
this proportion was substituted into Equation 11, yielding the corrected results
that account for the tensile displacement limitations.

Fig. 8 Comparison between the test tensile force values of root groups and the
model calculated tensile force values of root groups obtained from the WWM
(Wu-Waldron Model) and three fracture modes in the FBM (Fiber Bundle
Model). FBM-D, the tensile force on each single root is proportional to its
diameter relative to the total sum of all the root diameters; FBM-S, the cross-
sectional stress in the root bundle is uniform; FBM-N, each tensile strength test
of individual roots experiences an equal load.

Table 3 Fitting results of the tensile force values of root groups from tests and
three fracture modes in the FBM along with the number of roots

Fitting function relationship (y = mz) m r

Tensile force test

Three fracture modes in the FBM
FBM-D

FBM-S

FBM-N

Note: y is the tensile force; x is the number of roots; m is the fitting function
parameter; 7 is the Pearson correlation coefficient. FBM-D, the tensile force
on each single root is proportional to its diameter relative to the total sum of
all the root diameters; FBM-S, the cross-sectional stress in the root bundle is
uniform; FBM-N, each tensile strength test of individual roots experiences an
equal load.

Fig. 9 Relationship between the root group tensile ratio at the maximum tensile
force and the number of roots in the root group tensile tests. For the fitted
equation, y is the root group tensile ratio, and x is the number of roots.

Figure 5d shows that the probability distribution of the single root tensile ratio
follows a log-normal distribution. Therefore, in the calculation using Equation
11, the cumulative probability density function of the root tensile ratio was
selected as the log-normal distribution. The calculation formula is as follows:

Fla)= /Oa L exp [—M} de (13)

e\ 2 202

where o denotes the critical tensile ratio based on the results from the single
root tensile test; ¢ is the variance; p is the mean value; and € is the possible
tensile ratio of the root group. The variance and mean values are presented in
Table 2.
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Figure 10 [Figure 10: see original paper] presents the cumulative distribution
function of the single root tensile ratio. By plugging the critical tensile ratio
of 15.50% into this cumulative function, F'(«) was found to be 0.28. That is,
28.00% of the roots in the single root tensile tests have root tensile ratios lower
than the critical tensile ratio. Thus, F'(«) of 0.28 was input into Equation 11 to
obtain the maximum tensile force results (Fig. 11 [Figure 11: see original paper])
and the linear fitting results (Table 4 ) for each hypothesis of the modified FBM.

Fig. 10 Cumulative curve fitting of log-normal distribution for single root tensile
ratio

Fig. 11 Theoretical tensile force values calculated from the FBM considering
tensile displacement correction. (a), before correction; (b), after correction.

The maximum tensile force of the root group after correction is still higher than
the test value. The theoretical values calculated using the FBM-D, FBM-S, and
FBM-N deviate from the test tensile forces of the root group by 73.10%, 28.91%,
and 13.47%, respectively. Compared with the pre-corrected FBM results, the
accuracy is significantly improved. The FBM-S and FBM-N results are all less
than 30.00% under the assumption of the three root fracture sequences in the
FBM by comparing the test values. These results demonstrate that both models
(FBM-S and FBM-N) are highly accurate and are applicable in calculating the
additional cohesion of the soil provided by the roots of the dominant plant
species in the alpine meadow layer in the study area.

Table 4 Fitting results of the tensile force values of root groups from tests and
three fracture modes in the modified FBM along with the number of roots

Fitting function relationship (y = mz) m r

Tensile force test

Three fracture modes in the modified FBM
FBM-D

FBM-S

FBM-N

3.5 Evaluation of Additional Cohesion of Plant Roots

As shown in Figure 8 and Table 3, the tensile results from the tests and models
exhibit a significant linear relationship with the number of roots (r > 0.80).
Therefore, the empirical correction coefficient for the WWM can be determined
from the ratio of the actual root group tensile test value to the model calculated
value using the WWM. In this way, the determined correction coefficient pri-
marily serves to correct the error arising from the assumption of simultaneous
root failure.

The distribution of the individual roots follows a normal distribution
N(0.24,0.07) (Fig. 12 [Figure 12: see original paper]), with R? of 0.810. When
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the root sample size is expanded to 6045, the root diameter follows a normal
distribution N(0.24,0.08), with R? of 0.970. This indicates that the normal
distribution can fully describe the root system in the alpine meadow layer,
which helps simplify the process of calculating the cohesive force of the roots.
Based on this finding, the statistical root diameter distribution can be used as
a proxy for the actual root diameter distribution. Consequently, we found that
the root diameter distribution satisfies the following equation:

1

oV 2

(t —p)?

o) = e |- EE] a9

where p and o represent the mean and standard deviation of the root diameter
distribution, respectively; d; is the root diameter of the ¢th root; NV is the number
of roots passing through the shear plane, which is derived from field statistics;
and t is the possible root diameter.

Fig. 12 Statistical comparison of root diameter frequency distributions for single
root tensile tests (a) and root group tensile tests (b)

The cross-sectional area of the alpine meadow layer and the number of roots
passing through the shear plane in the study area, which were obtained through
field surveys [?], were combined with the test results to calculate the additional
cohesion of the soil provided by the plant roots in the alpine meadow layer. The
results of these calculations are presented in Table 5 .

The additional cohesion of the soil provided by the plant roots calculated using
the corrected WWM ranges from 25.90 to 45.06 kPa. In comparison, the ad-
ditional cohesion calculated using the FBM-S ranges from 40.39 to 70.99 kPa.
The FBM-N yields a range of 34.69-60.61 kPa. In summary, the additional
cohesion of the soil provided by the plant roots, as calculated using the three
models (WWM, FBM-S, and FBM-N), is generally high. This indicates that
the roots of the dominant plant species play a significant role in enhancing the
shear strength of the original meadow soil and improving its structural stability.

Table 5 Calculated results of the additional cohesion of the soil provided by the
plant roots
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Number of roots

A passing through the Theoretical additional cohesion
(cm?)  shear plane calculated by the model (kPa)
WWM before correction WWRBMBM-
af- S N
ter af- af-

cor- ter ter

rec- cor- cor-

tionrec- rec-
tiontion

Note: The empirical correction parameter &’ in the model is 0.38, calculated by
dividing the WWM’ s overestimation ratio.

4.1 Correlation Between Tensile Ratio and Root Diameter
of Individual Roots

Numerous studies have explored the relationships of root diameter with tensile
force and tensile ratio via single root tensile tests and have often fitted them to a
power function [?, ?, ?, ?]. Consistent with these findings, the root tensile force,
tensile strength, and root diameter of the four dominant plant species in the
alpine meadow layer in our study area also follow a power function relationship
(Fig. 4a and b). However, the R? of the power function between the root
diameter and tensile ratio is only 0.004, and the r value is only 0.06, indicating
that there is virtually no correlation between the root diameter and tensile ratio
(Fig. 4c). This lack of correlation may be due to the inherent variability of the
root system properties, such as the tensile strength and tensile ratio, which
exhibit discrete distributions due to the natural variability of the root systems
[?]. Another potential reason is that the roots of different plant species were
not differentiated from each other in the tests, which may result in the weak
correlation between the root diameter and tensile ratio.

The primary factor influencing the growth of the plant species in the alpine
meadow is climate change [?, ?]. Statistical analysis of the root diameters re-
veals that the dominant plant species exhibit a stable distribution in the alpine
meadow layer of the permafrost region. Consequently, the root diameter prob-
ability density function derived in this study reflects the growth characteristics
of the dominant plant species to some extent. The FBM was used to compute
the additional cohesion of the soil provided by the plant roots based on the root
diameter distribution and to determine the fracturing order of the roots based
on various root-sharing force assumptions, followed by cohesion calculations [?].
The frequency statistics of the root diameter, tensile force, tensile strength, and
tensile ratio simplify the calculation formulas, yielding more accurate theoret-
ical results. It is crucial to select an appropriate model function in statistical
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analysis as it directly impacts the accuracy and reliability of the calculated re-
sults [?, ?]. For single root properties such as diameter, tensile strength, and
tensile ratio, in this study, we referred to prior research on natural material fit-
ting functions for rocks and soils [?, 7, ?], and chose three density distribution
functions (normal, Weibull, and log-normal) to analyze the root diameter and
tensile property distributions. For instance, Fu et al. [?] concluded that root
diameter follows a normal distribution, while root tensile strength and tensile
ratio follow log-normal and Weibull distributions, which are consistent with the
results of this study, even though the parameters were calculated using different
methods.

4.2 Determination of Empirical Correction Parameters for
the WWM and Correction of the FBM Considering the
Tensile Displacement Limitation

Of the four stages of the mechanical behavior of plant roots identified on the
single root tensile stress-strain relationship curve (Fig. 6), the peak tensile
force marks the root fracturing point, which aligns with the deformation and
failure stage observed in the tensile tests conducted on Caragana korshinskii
(6-14 years old) in the loess region of the Xining Basin, China [?]. The WWM
assumes that when the root-soil composite is subjected to stress, the roots pass-
ing through the shear surface break simultaneously [?]. According to the tensile
force-displacement curve for the root group tensile test (Fig. 7), the mechanical
behavior of the root group fracturing does not conform to the assumptions of
the WWM. The test results also show that there is a positive linear correlation
between the maximum tensile force and root diameter, indicating that an em-
pirical correction factor is needed to adjust the calculation results of the WWM.
This factor can be selected using several methods, typically based on the shear
tests that account for factors such as root fracture sequence, shear surface an-
gle, and root-soil friction [?, 7, 7, ?, ?]. In this study, the empirical correction
factor is derived from the root group tensile test results, which address the cal-
culation errors arising from differences in the root fracturing behavior, thereby
improving the accuracy of the theoretical model predictions.

Previous research on root fracturing in the FBM has mainly focused on two
factors: the mechanical properties of the roots and the tensile displacement lim-
its [?]. Based on these properties, several calculation methods for the FBM
have been proposed [?, 7, 7 7 ?]. Schwarz et al. [?] introduced displacement
constraints in the FBM by applying continuous displacement to a bundle of
several parallel roots, which led to root fracturing. While this approach does
not account for the maximum tensile strength of the roots, it serves as a valu-
able supplement to the FBM calculations [?]. In this study, Equations 7-9 are
derived from the maximum tensile failure of the root system [?]. Building upon
this, we further incorporated the tensile displacement limitations when deriving
Equation 10 to refine the results of the FBM. Consequently, the additional cohe-
sion of the soil provided by the plant roots, as calculated by the FBM, considers
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both the maximum tensile force and the tensile displacement limits of the root
system.

4.3 Differences Between Model Calculation Results and
Root Group Test Results

The main reason for the bias introduced by the WWM is that the model as-
sumes that root breakage occurs simultaneously and that the maximum tensile
strength of each root is accumulated, which does not align with the actual root
breakage behavior. In reality, root breakage does not occur simultaneously. As
a result, the value calculated using the WWM exceeds the test value by 162.60%.
It should be noted that similar findings have been reported in related studies
[?, 7, ?]. For example, Zhu et al. [?] conducted direct shear tests on root-soil
composite samples containing six common plant species in the Jinyun Mountain
area of Chongqging, China and found that their experimental results deviated
by 90.00% compared with the values obtained using the WWM.

The calculation of the FBM is based on the assumption that the roots break
at the ultimate tensile stress, which requires that there is a linear relationship
between the root tensile ratio and tensile strength without considering the dis-
creteness of tensile ratios. Specifically, when Equations 7-9 for the FBM were
used to conduct the calculations, some of the roots that did not break reached
the ultimate tensile ratio based on the tensile strength.

To correct this problem, we applied a tensile ratio correction according to the
single root tensile test results and used Equations 11 and 13. After this correc-
tion, the results of the FBM-N, FBM-S, and FBM-D exceeded the test value
by 13.47%, 28.91%, and 73.10%, respectively. The deviation in the FBM-N and
FBM-S is mainly due to the fact that, although we accounted for root breakage
at the ultimate stress and used function fitting based on the single root tensile
tests (which assumes that there is a significant functional relationship between
the root tensile strength and root diameter), this method partially masked some
of the root tensile data, leading to deviation from the test results. In addition,
in the correction process of the FBM (Section 3.4.2), although the tensile ratio
correction was considered and the tensile ratios corresponding to the maximum
tensile strength of the root group were fitted, a lower boundary value near the
limit was applied. However, since the root group tensile tests only included
64 sets, the tensile ratio correction value used was smaller than the actual test
value, resulting in an overestimated correction result. It should be noted that
the above analysis is an exploration of the potential reasons for the deviation
based on the model calculated data, and it may not cover all of the influencing
factors.

5 Conclusions and Recommendations

To address the ecological slope stabilization needs for frequent shallow land-
slides in the permafrost regions of the Qinghai-Xizang Plateau, this study in-
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vestigated the shear-strengthening mechanisms of roots from dominant alpine
meadow species through root tensile tests and comparative analyses of reinforce-
ment models (WWM, FBM-S, and FBM-N), aiming to quantify root contribu-
tions to soil stability. The main conclusions of this study are summarized as
follows.

The root group displacement-force curve and tensile tests indicated that the
root fracturing behavior assumed in the WWM is inconsistent with actual ob-
servations, with the calculated additional cohesion of the soil provided by the
plant roots being higher than the actual test tensile value. The sequence of root
fracturing should be reasonably determined based on the assumptions of the
FBM-S and FBM-N, which are more suitable for calculating the cohesion of
the roots from the dominant plant species in the alpine meadow layer. In the
permafrost regions on the Qinghai-Xizang Plateau, the root systems of herba-
ceous plant species in the alpine meadow layer show a stable distribution, with
root diameters following a normal distribution. Model calculations reveal that
the roots of dominant plant species can provide substantial additional cohesion,
significantly enhancing the soil’ s shear strength and improving the stability of
the soil structure.

Therefore, all construction activities in this region should prioritize the protec-
tion of native meadows to prevent secondary thaw-induced disasters. For dam-
aged areas, ecological restoration projects should be implemented, with a focus
on selecting dominant herbaceous plant species that are suitable for growth in
the region’ s arid alpine environment and possess well-developed root systems.
In addition, the selected species should provide significant additional cohesion
to the soil, thereby improving the strength of the soil in plant growth zones and
enhancing the shallow stability of the slopes.
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