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Abstract: In order to understand the mechanical characteristics of tree roots and their mechanical effects on slopes, the landslide in
Wuping high vegetation coverage area of Fujian province was selected as the research site, and the root tensile mechanical properties
of typical tree roots in the study area were tested after classification by diameter class. Furthermore, in-situ direct shear tests of
root-soil composites under different root cross-sectional area ratios (RAR) and moisture content were conducted at the landslide site,
and investigations were made into the distribution characteristics of roots in the profile to explore the mechanical effects of roots on
shallow landslides. The results showed as follows: (1) The tensile force of Pinus massoniana and Cunninghamia lanceolata ranged
from 12.45-673.09 N in 1-7 diameter class, and the tensile force was positively correlated with the root diameter by power function;
The tensile strength ranges from 7.16 MPa to 60.95 MPa, and the tensile strength is negatively correlated with the root diameter as a
power function. The average tensile force and tensile strength of Cunninghamia lanceolata root were higher than those of Pinus
massoniana. (2) Tree roots significantly improved the shear strength of soil, and the additional cohesion provided by roots to soil was
significantly positively correlated with the shear plane RAR. The root structure of Cunninghamia lanceolata is closer to R type, and
that of Pinus massoniana is VH type. Under similar RAR, Cunninghamia lanceolata roots has a better reinforcing effect on the soil
than Pinus massoniana. (3) With the increase in moisture content, the shear strength of the root-soil composites of Pinus massoniana
and Cunninghamia lanceolata significantly decreases, as water infiltration diminishes the additional cohesion provided by the root
systems to the soil. (4) Based on the Wu model, considering the influence of moisture content on soil cohesion and additional root
cohesion, an estimation model for the shear strength value of root-soil composites considering moisture content was established.
Upon verification, the accuracy of this model proved to be higher than that of the Wu model, and the results were reasonable.
(5) Although the root system has a reinforcement effect on shallow landslides, its contribution to the stability of shallow landslides
under heavy rainfall is limited due to the influence of root distribution depth, density and water infiltration.
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by factors such as root type and diameter.

1 Introduction ) .
Research has shown that vegetation can influence

Landslides occur frequently in the vegetation-
covered areas along the southeastern coast due to the
impact of typhoons and heavy rainfall. With the
continuous advancement of soil and water conservation
concepts, the critical role of plant root systems in
slope stabilization and erosion control has been widely
acknowledged!' . Plant roots can reinforce soil by
maintaining or reducing soil moisture content and
enhancing soil shear strength™®. Based on the
mechanical scale effects of roots, widely accepted
theories include the anchoring effect of coarse roots!”!
and the reinforcing effect of fine roots!®.. During the
shearing process, tensile stress can be transferred to
the roots due to the frictional and biochemical bonding
between soil particles and roots ¥l Root tensile
strength plays a vital role in soil reinforcement and
slope stability and is a key indicator of soil
consolidation and plant anchorage!®. It is influenced
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slope stability by affecting both the hydrological
processes of the soil and its mechanical structure. On
vegetated slopes, the combination of high-strength
plant roots and low-strength soil forms a root-soil
composite, which enhances the soil’s shear strength
and resistance to deformation through their physical
and mechanical interactions”!%. Scholars have
conducted laboratory direct shear and triaxial shear
tests to investigate the strength characteristics of root-
soil composites under varying conditions, including
root content, root diameter, root orientation, degree of
root decay, soil particle size, and moisture content!!'"*,
Due to the size limitations of laboratory shear apparatus,
most existing studies have used remolded root-soil
composites. However, the diversity and complexity of
root systems mean that laboratory shear tests cannot
fully replicate actual field conditions. Consequently,
some researchers have explored the mechanical
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properties of root-soil composites through in-situ shear
testsl> 17191 Nevertheless, most in-situ direct shear
studies have focused on herbaceous plants, shrubs, or
small trees, while in-situ investigations of the shear
strength characteristics of root-soil composites formed
by large-diameter trees under different moisture
conditions remain relatively rare.

Given the widespread occurrence of vegetated
landslides and the frequent impact of typhoons and
heavy rainfall in the Fujian region, this study focuses
on typical arboreal vegetation in Fujian as the research
subject. The tensile properties of tree roots are
analyzed through single-root tensile tests. In addition,
large-scale in-situ shear tests on root-soil composites
and field investigations of root systems in typical
shallow vegetated landslides are conducted. The study
examines the shear strength characteristics of tree
root-soil composites under varying root area ratios
(RAR) and moisture contents, as well as their
influence on landslide stability. By exploring the
mechanical effects of roots from the scale of
individual roots to root-soil composites and further to
root distribution across landslides, the study provides a
comprehensive understanding of the role of root
systems in shallow landslide mechanics.

2 Study area

Wuping County is located in the southwestern part
of Fujian Province, with geographical coordinates
ranging from North latitude 24° 47" to 25° 29’
and East longitude 115° 51" to 116° 23’ .Ithasa
subtropical oceanic monsoon climate, with an average
annual rainfall of 1 768.6 mm. The rainy season
occurs from March to June, during which the average
precipitation reaches 927.51 mm, accounting for
52.44% of the annual total, making it a period prone to
geological disasters. The landslide site discussed in
this study is located in Shifang Town, Wuping County.
The slope has an overall height ranging from 43 to 49
m and an inclination of 35° to 68°. Based on field
drilling data, the landslide strata can be divided into
three layers: eluvial sandy clay soil, completely
weathered granite, and sand-like strongly weathered
granite. The surface soil layer is primarily composed
of eluvial sandy clay soil. The physical and
mechanical properties of the soil are detailed in Table
1121, Vegetation on the slope is well developed, mainly
consisting of Pinus massoniana and Cunninghamia
lanceolata, with a small amount of Phyllostachys
edulis. The vegetation coverage rate is 90%, with an
arbor density of approximately 2 500 trees per hectare,
an average diameter at breast height (DBH) of
108.36 cm, and an average tree height of 5.6 meters.
An overview of the landslide in the study area is
shown in Fig. 1.

Table 1 Physical and mechanical properties of slope-
eluvial sandy clayey soil
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Fig.1 Landslide in st-udy area

3 Test on root-soil mechanical properties

3.1 Root sampling

To avoid damage to the root systems during
sampling, trees of similar age and growth condition
were selected and felled. The roots, along with their
original soil, were placed in a refrigerated container
for transport to maintain root freshness. Roots were
then separated from the soil, categorized by diameter,
and stored in plastic bags at 4 °C ®l. Roots of Pinus
massoniana and Cunninghamia lanceolata with diameters
ranging from 0.5 to 7.5 mm were selected, with
approximately 200 samples collected for each species.
Mechanical property tests of the roots were completed
within 7 days after sampling 2.

3.2 Root tensile test

Before testing, a digital vernier caliper (DL91150,
Deli Co., measuring range 0—150 mm, resolution 0.01
mm) was used to measure each root at both ends and
the midpoint, with the average value taken as the root
diameter. Roots of each tree species were classified
into seven diameter classes based on these measure-
ments: class 1 (0.5 mm< D < 1.5 mm), class 2 (1.5 mm <
D <2.5 mm), class 3 (2.5 mm< D < 3.5 mm), class 4
3.5mm< D < 4.5 mm), class 5 (4.5 mm< D < 5.5 mm),
class 6 (5.5 mm< D < 6.5 mm), and class 7 (6.5 mm <
D <7.5 mm), where D represents the average root
diameter.

Many researchers conduct tensile tests on plant
roots using electronic universal testing machines [, In
this study, a Dongri DR-503A microcomputer-
controlled electronic universal testing machine (as
shown in Fig.2) was used, with a maximum load
capacity of 10 kN, a resolution of 0.004%, a strain rate
control range of 0.01-500 mm/min, and a displacement
measurement resolution of 0.01 mm. Currently, there
is no unified standard for the gauge length of root
tensile test specimens. This experiment conducted tensile



LIN Yun-zhao et al./ Rock and Soil Mechanics, 2024, 45(11): 3423-3434 3425

tests in accordance with the Metallic materials—
tensile testing at ambient temperature (GB/T
228-2002) 1!, setting the gauge length at 100 mm and
the loading rate at 10 mm/min 2, During testing,
data were considered invalid if root failure occurred at
or near the ends of the clamps ). This study deemed
data valid only if a single root fractured at or near the
middle of the gauge length to ensure that the failure
was caused by tensile force rather than damage
incurred from other factors during testing. A total of
408 root samples were tested in this study, of which
140 were successful (detailed in reference[20]).

Rroots frictireethear

(b) DR-503A

(a) Tree root

Fig.2 Roots and test instruments

The universal testing machine can directly output
the tensile force and deformation of roots at the
moment of fracture. By measuring the root diameter
and the gauge length, the tensile strength and ultimate
strain of the roots can be calculated **!:

= (D

£ =h 2)

where T is the tensile strength of the root (MPa); F
is the tensile force at failure (N); ¢&,,, is the ultimate
longitudinal strain of the root; AL, is the
deformation at fracture (mm); andL is the original
gauge length of the root segment (mm), which is set to
100 mm in this study..
3.3 In-situ shear test of tree root-soil composites
Compared with laboratory direct shear and triaxial
tests, in-situ shear testing in the field allows for the
determination of the strength of root-soil composites
under minimally disturbed conditions, thereby better
reflecting actual conditions. The resulting data are of
practical significance for evaluating slope stability [2°],
To assess the influence of Pinus massoniana and
Cunninghamia lanceolata on the shear resistance of
soil at the landslide site, a specialized in-situ shear
apparatus suitable for arbor roots was designed and
constructed. The apparatus consists of a shear box,
dial gauge displacement meters, a jack, and a
hydraulic pump (as shown in Fig. 3). The shear box
measures 60 cm x 60 cm X 40 cm and is made of
15 mm thick steel. Dial gauges with a precision of
0.01 mm were used to measure shear displacement.

The jack has a load capacity of 0-10 tons and a
displacement range of 0—150 mm. Shear force applied
to the soil is measured through the hydraulic pump
and its attached pressure gauge.

60 cm

60 cm

Dial gauge
displacement
meter

(a) Plan view

60 cm

40 cm

Dial gauge
displacement
meter Steel

plate

(b) Section view
Fig.3 In-situ shear instrument

In this experiment, Pinus massoniana and Cunning-
hamia lanceolata, which are widely distributed at the
landslide site, were selected. Since root-soil composite
samples are irreversibly damaged after in-situ shear
testing, the root cross-sectional area ratio (RAR)
cannot be determined prior to testing. Therefore, the
following approach was adopted:

(1) Sixteen trees with different diameters at breast
height (8 Cunninghamia lanceolata, 8 Pinus massoniana)
were selected. After removing the upper parts of the
trees, excavation was carried out according to
dimensions of 60 cmx60 cmx40 cm. Shear boxes were
then installed, leaving a 200 mm space for shear
displacement. Instruments such as jacks, pressure
pumps, and dial gauge displacement meters were set
up, as shown in Fig.4. After the shear tests, the
excavation method was used to quantify the RAR
across the shear surface in order to investigate the
mechanical behavior of arbor root-soil composites
under different RAR conditions.

(2) As the Fujian region is frequently affected by
typhoons and heavy rainfall, this experiment aimed to
investigate the impact of water infiltration on the
mechanical properties of root-soil composites. Ten
arbor trees with similar diameters at breast height and
comparable growth conditions were selected in
advance (Cunninghamia lanceolata: 95—110 mm; Pinus
massoniana: 99—115 mm). A portable moisture meter
(accuracy: 0.1%) was used to measure the natural
moisture content of the soil. Artificial rainfall was then
applied to the root-soil composites using multiple
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portable electric sprayers (each with a capacity of 20 L),
adjusting the volumetric water content of the
composites to between 20% and 45%. The shear
testing procedure was the same as described in (1).
After testing, the RAR across the shear surface was
recorded to examine the effects of different moisture
levels under rainfall conditions on the shear strength
of the root-soil composites.

(3) To better analyze the influence of roots on soil
shear strength, in-situ direct shear tests were
conducted on soil without root under different
moisture contents (ranging from 20% to 45%,
corresponding to those used in the root-soil composite
tests). Due to the relatively large size of the in-situ
shear apparatus, it was not feasible to apply high
vertical stress in the field. Therefore, in order to
determine the cohesion and internal friction angle of
soil without root under varying moisture contents,
samples of eluvial sandy clay were collected from the
site and brought back to the laboratory. Remolded soil
samples with volumetric water contents ranging from
20% to 45%, corresponding to field conditions, were
prepared. Fast shear tests were then performed using a
strain-controlled direct shear apparatus to measure the
cohesion and internal friction angle of the eluvial
sandy clay under different moisture conditions. The
results were compared with those of the field in-situ
direct shear tests on soil without root for validation.

.....

Fig.4 In-situ shear and moisture content sensor

3.4 Root distribution in tree-covered landslide sites

This study conducted an survey of root distribution
characteristics at a vegetated landslide site in the
Wuping area. Using the profile method, an excavation
was made 50 cm away from a Cunninghamia
lanceolata tree to a depth of 3 meters. Following
excavation, root characteristics were quantified on the
exposed root-containing profile using tools such as
digital calipers, as illustrated in Fig. 5.

(a) Field profile excavation

Fig.5 Field root profile survey

(b) Root characteristics survey

The root characteristics quantified include:

(1) Root number density (RND), defined as the
ratio of the number of roots to the cross-sectional area
of the soil at different depths?*!:

RND =" 3)
A

where n is the number of roots; and A is the cross-
sectional area of the soil (cm?).
(2) Root cross-sectional area ratio (RAR):

i
RAR=%=% (4)

where A, is the total root area within a region (cm?);
andd, is the root diameter (mm).

4 Test results and analysis

4.1 Root diameter and tensile properties

A total of 70 Pinus massoniana root samples were
successfully tested in tensile experiments. The root
diameter ranged from 0.72 to 7.47 mm, with tensile
force ranging from 13.63 to 458.52 N and an average
tensile force of 173.68 N. The tensile strength ranged
from 7.16 to 33.48 MPa, with an average of 15.47 MPa.
The ultimate elongation ranged from 11.09% to
15.59%, with an average of 13.64%. For Cunning-
hamia lanceolata, 70 root samples were also
successfully tested. The root diameter ranged from
0.51 to 7.49 mm, tensile force from 12.45 to 673.09 N,
with an average of 230.60 N. The tensile strength
ranged from 7.26 to 60.95 MPa, with an average of
19.72 MPa. The ultimate elongation ranged from
7.91% to 16.69%, with an average of 12.74% 2°). The
relationships between tensile force and diameter, as
well as tensile strength and diameter, for both tree
species are shown in Figs. 6 and 7 (R? represents the
coefficient of determination, and P denotes the
p-value).

The average diameter, tensile force, and tensile
strength of roots from diameter classes 1 to 7 for both
Pinus massoniana and Cunninghamia lanceolata are
shown in Table 22%. According to the Kruskal-Wallis
test, the differences in tensile force among different
diameter classes of Pinus massoniana roots were
statistically significant (P<0.01), and the differences in
tensile strength were also significant (P<0.01).
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Fig.7 Root tensile strength-diameter trend diagrams

Similarly, for Cunninghamia lanceolata, both the
tensile force and tensile strength varied significantly
across diameter classes (P<0.01). As shown in Figs. 6
and 7, the tensile force of both Pinus massoniana and
Cunninghamia lanceolata roots increases with root
diameter, exhibiting a positive power-function
correlation. The relationship between tensile force and
root diameter for Pinus massoniana is as follows):

F =22.08D'" 5

where F is the root tensile force (N).
The relationship between tensile force and root
diameter for Cunninghamia lanceolata is given as (2

F =26.75D"* (6

Tensile strength exhibits a decreasing trend with
increasing root diameter, showing a negative power-
function correlation. The relationship between tensile
strength and root diameter for Pinus massoniana is
given as 2%

T =32.46D7%%¢ D

where T is the root tensile strength (MPa).
The relationship between tensile strength and root
diameter for Cunninghamia lanceolata is given as (2

T =36.55D 7" ()

Compared with coarse roots, fine roots have lower
ultimate tensile force, but exhibit greater strength per unit
area. This phenomenon can be attributed to differences in

root chemical composition 2%,

Table 2 Average tensile properties of roots of different
diameter classes

Pinus massoniana Cunninghamia lanceolata

dciixslit(;i Tensile force Tensile strength Tensile force Tensile strength

/N /MPa /N /MPa
1 33.67 29.72 28.47 37.73
2 67.74 22.47 72.26 24.74
3 110.70 15.12 130.40 18.51
4 162.22 12.35 217.09 17.06
5 210.62 10.27 298.55 14.76
6 27191 9.64 384.76 13.23
7 358.89 8.72 478.66 12.01

As shown in the box plots in Fig.8, Cunninghamia
lanceolata roots exhibit higher average tensile force
and tensile strength compared to Pinus massoniana.
Based on the median lines, the tensile force
distribution for both species is closer to a normal
distribution, while the tensile strength displays a
right-skewed distribution. The median values of
tensile force and tensile strength for Cunninghamia
lanceolata are both higher than those for Pinus
massoniana (Tensile force: Cunninghamia lanceolata
223.02 N > Pinus massoniana 162.85 N; Tensile
strength: Cunninghamia lanceolata 16.28 MPa >
Pinus massoniana 11.94 MPa). The interquartile
ranges indicate that the tensile force of Cunninghamia
lanceolata roots is more dispersed and variable across
different diameter classes, whereas the tensile strength
of Pinus massoniana roots shows greater dispersion.
However, the tensile strength distribution of Cunning-
hamia lanceolata roots contains more outliers.
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4.2 Root deformation characteristics under tensile

force

Significant differences were observed in the
stress—strain curves of roots with different diameters
during single-root tensile tests. Four stress—strain
curves from different diameter classes of Pinus
massoniana and Cunninghamia lanceolata roots were
selected for comparison, as shown in Fig. 9.
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Fig.9 Stress—strain curves of root tensile process

The stress—strain curves of roots with different
diameters exhibit two distinct stages. In the first stage,
elastic deformation occurs initially, where the stress—
strain relationship is linear and follows Hooke’s law.
Experimental results show that for both Pinus
massoniana and Cunninghamia lanceolata roots, this
stage generally occurs at an initial strain range of 0.00
to 0.02, and for some roots, it ends when the strain
exceeds 0.01. The elastic deformation stage is more
pronounced in Cunninghamia lanceolata roots

compared to Pinus massoniana, with a larger average
strain at the end of this stage. In the second stage, as
stress increases, the roots undergo plastic deformation,
displaying elastoplastic characteristics with a nonlinear
stress-strain relationship. Following this stage, root
failure occurs, and the curve shows a steep decline.

Smaller diameter roots exhibit a greater slope (e.g., the

0.88 mm Cunninghamia lanceolata root in Fig.9(b)

shows a noticeably steeper stress-strain slope than the

6.78 mm root), indicating higher stress required per

unit strain. Throughout the deformation process, Pinus

massoniana roots demonstrate better ductility, with an
average ultimate strain of 13.64%, compared to

12.74% for Cunninghamia lanceolata (as reported in

Section 4.1).

4.3 Shear strength characteristics of root-soil
composites under in-situ direct shear testing
and their relationship with RAR

In-situ shear tests without vertical surcharge were
conducted on root-soil composites of Pinus massoniana
and Cunninghamia lanceolata. According to the
Standard for soil test method (GB/T 50123-2019) 2],
failure in in-situ soil shear tests is considered to occur
when shear deformation increases sharply or when the
shear displacement reaches one-tenth of the specimen
size (60 mm in this study). Taking into account the
specific characteristics of the root-soil composites and
the displacement range of the jack (0-150 mm), the
maximum displacement in this experiment was set at
140 mm. A total of 16 tests were performed on the two
tree species within a shear area of 0.36 m?, with an
average shear depth of 0.4 m. The relationship
between RAR and shear strength is shown in Fig.10,
while selected shear strength—displacement curves of
root-soil composites under different RAR are presented
in Fig. 11.

As shown in Fig.11, the shear stress increased
rapidly at the beginning of the test. As the test
progressed, the rate of increase in shear force slowed
down and gradually reached the maximum shear stress
of the specimen. After exceeding the peak, the shear
stress gradually decreased and then stabilized. During
the test, slight sounds of root breakage could be heard
when the shear force declined. The stress—strain
curves of different root-soil composite samples varied
significantly. In some tests, the peak shear strength
may not have been reached, and certain root-soil
composites exhibited strain hardening, although most
showed a decline in strength after reaching the peak [!!.
Figures 10 and 11 indicate that a higher RAR requires
greater displacement to reach peak shear strength. The
presence of roots significantly enhances the shear
strength of the soil, and the additional cohesion
provided by the roots is positively correlated with the
root area intersecting the shear plane.
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4.4 Relationship between root tensile strength and

shear strength of root-soil composites

When root-soil composites are subjected to shear,
the frictional force and biochemical bonding between
soil particles and roots convert the shear force into
tensile stress within the roots [®l. If the ultimate tensile
strength of the roots is lower than the root-soil
frictional force, the roots fail by tensile rupture, and
the additional cohesion provided depends on the
tensile strength of the roots. In this case, the higher the
root tensile strength, the greater the shear strength of
the root-soil composite 1), This is also why root
tensile strength is considered a key parameter in many
shear strength prediction models for root-soil
composites . In the case of arboreal root-soil
composites, fine roots tend to fail by rupture during
shearing, fully mobilizing their tensile strength, while
coarse roots more often fail by pull-out, with their

tensile strength not fully mobilized. A comparison of
the shear strength of Pinus massoniana and Cunninghamia
lanceolata root-soil composites reveals that despite the
overall RAR of Cunninghamia lanceolata being lower,
its root-soil composite exhibits slightly higher shear
strength. According to tensile test results of single
roots, Cunninghamia lanceolata roots have a higher
average tensile strength (19.72 MPa) than Pinus
massoniana roots (15.47 MPa), which is one of the
contributing factors to this outcome.

Building upon previous studies, Li et al.
proposed a root structure classification system based
on branching patterns, dividing plant root systems into
six configurations: R-type, V-type, VH-type, M-type,
H-type, and W-type. Research has indicated that
among these root architectures, the R-type is the most
effective in resisting shear failure in soil, followed by
the V-type and VH-type [?7]. Field excavation of root
systems revealed that Cunninghamia lanceolata
exhibits a root architecture closer to the R-type, while
Pinus massoniana corresponds to the VH-type.
Compared to the VH-type, the R-type root system
features a less prominent taproot but a greater number
of fine roots, which better facilitates the conversion of
root tensile strength into additional cohesion within
the root-soil composite. In contrast, Pinus massoniana
has more coarse roots, and its dominant taproot is less
likely to break during shear, making slippage more
likely and preventing full mobilization of tensile
strength. Tensile tests on individual roots showed that
Cunninghamia lanceolata roots have higher tensile
strength than those of Pinus massoniana, which helps
explain why Cunninghamia lanceolata root-soil composites
exhibit slightly greater shear strength under similar
RAR conditions. Fig.12 shows the excavated root
systems of Pinus massoniana (with a DBH of 67.38 mm)
and Cunninghamia lanceolata (with a DBH of 128.97 mm).

[26]

(a) Pinus massoniana

(b) Cunninghamia lanceolata

Fig. 12 Root configuration of Pinus massoniana
and Cunninghamia lanceolata

4.5 Relationship between shear strength charac-
teristics of root-soil composites and moisture
content under in-situ direct shear
The shear strength of 10 trees with a similar DBH

under different moisture contents is shown in Fig.13.

As the moisture content increases, the shear strength
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of the root-soil composites of trees with similar DBH
shows a decreasing trend. According to the study by
Wu et al. [ and the results in Section 4.4, the shear
strength of root systems increases within a certain
range as the RAR increases. As shown in Fig.13,
despite differences in RAR among various root-soil
composites, a comparison of the shear strength of
Pinus massoniana root-soil composites at soil
moisture contents of 31.1% and 40.1% reveals a
significant decline in shear strength. At 40.1%
moisture content, the RAR of the root-soil composite
is 1.21%, higher than the 0.86% RAR at 31.1%
moisture content, yet the shear strength decreases
notably (41.93 kPa at 31.1% moisture content versus
34.21 kPa at 40.1%). This reduction is due to soil
softening caused by water infiltration during rainfall,
which reduces the cohesion of eluvial soil. Plant roots
are also affected by moisture; some studies indicate
that root tensile strength decreases with increasing
moisture content ?°!, and the interface friction between
roots and soil is also reduced as moisture content
risesi®”. Consequently, the overall shear strength of
the root-soil composite declines significantly with
increasing moisture content. For vegetated slopes,
although plant roots enhance soil shear strength,
during intense rainfall events, water infiltration
reduces the additional cohesion provided by roots, and
plant roots can promote infiltration. This phenomenon
is an important factor contributing to the instability
and failure of vegetated landslides under heavy rainfall
conditions.

—O— Pinus massoniana root-soil composite

70 DPBH:101.39mm  —0— Cunninghamia lanceolate root-soil composite

RAR: 0.81% —&— Root-free soil
S 60 DBH: 96.26 mm
£ RAR: 0.72%
= 50 IDBH: 105 DBH: 95.39 mm
53 RAR: 1.05% RAR: 0.75%
g 40 b DBH: 99, DBH: 108.31 mm
g RAR: 0.86% R: 1.06%
230t DBH: 102.81 mm gj‘zgfl”zléy mm
3 RAR:0.91% DBH: 11437%m ™ 7
v 20 RAR: 1.21% ppy: 102.81 mm
70,999
ok RAR: 0.92%
1 1 1 J

0 1 1
20 25 30 35 40 45 50
Moisture content /%

Fig.13 Water—shear strength curves
of root-soil composite

4.6 Mechanical properties of eluvial sandy clay soil

on slopes under different moisture contents

To compare with the in-situ tests, eluvial sandy
clay soil samples consistent with the root-soil
composites were collected from the slope site and
reconstituted in the laboratory at volumetric moisture
contents of 25%, 30%, 35%, 40%, and 45%. Direct
shear tests were conducted on these samples, and the
variation of shear strength parameters of the eluvial
sandy clay soil under different moisture contents is
shown in Fig.14. As the moisture content increases,

the shear strength of the eluvial sandy clay soil
decreases. Among the shear strength parameters
affected by moisture content, the cohesion of the soil
exhibits a significant reduction, while the decrease in
the internal friction angle is comparatively limited.

26 130
24 o —
S 18F E‘D
iR foo 2
2 12F £
210 124 2
© 2 [ o Cohesion 9 g
4k o Internal friction angle 122 8
]

% [ 1 1 1 1 1 20

20 25 30 35 40 45 50
Moisture content /%

Fig. 14 Relationships between shear strength index and
moisture content of eluvial sandy clay soil

4.7 Estimation model for shear strength of root-soil
composite considering moisture content

Wu et al.?®], based on theories from soil mechanics
and material mechanics, developed a simplified model
for estimating the shear strength of root-soil composites.
The model assumes that the tensile strength of roots in
root-reinforced soils is fully mobilized, and that all
roots reach their ultimate tensile strength and rupture
simultaneously when the soil fails. Accordingly, the
mechanical reinforcement effect of roots on the soil is
calculated using their tensile strength. The contribution
of roots to the overall soil strength is thus expressed as

S, =0, tang'+ 7, =t (cos@tang’ +sinb) 9

where s is the additional cohesion provided by the
root system; 7, is the normal stress;t represents the
average tensile strength generated by roots per unit
area of soil (kPa);¢'is the effective internal friction
angle; and @ is the shear deformation angle (°).

Based on relevant sensitivity analyses, Wu et al. (2%
suggested that when the shear deformation angle
ranges in the interval of 48°< 8 <72°, the value of
(cos@tan ¢' +sin @) approaches 1.2, and thus Eq.(9)
can be simplified as

s, =1.2T, (A / A) (10)

where T is the average tensile strength of the root.
According to Eq.(10), the increase in shear strength
due to root reinforcement in the Wu model depends on
both the RAR and T,. When roots are oriented
perpendicular to the shear plane, the shear strength of
the root-soil composite can be expressed using the
Mohr—Coulomb criterion as follows:

S =s+S =otan@+C+s, (1D
where s is the shear strength of the root-soil

composite (kPa); s is the shear strength of the plain
soil (kPa); o the normal stress on the shear plane
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(kPa); cis the cohesion of the soil (kPa); and ¢ is
the internal friction angle of the soil (°).

Regarding the additional cohesion provided by roots,
many researchers have found that the Wu model tends
to overestimate its contribution. Consequently, several
studies have introduced correction factors into the
model to calibrate its predictions B2, Eq. (10) can
thus be rewritten as:

s, =k'L2T, (A / A) (12)

where k'is a correction factor, defined as the ratio
between the measured and modeled values of the
additional cohesion provided by the root system.
Essentially, k'accounts for the overestimation of root
tensile strength in the model due to partial root
slippage under natural moisture conditions, where
some roots fail to fully mobilize their tensile capacity.

Based on the results of in-situ shear tests (see
Fig.10) and Eq.(12), the relationship between RAR

and soil shear strength under natural moisture

conditions for Pinus massoniana is given

by(k'=0.16, R*=10.89):

s"=s+0.19T. -RAR (13)
For Cunninghamia lanceolata under natural

moisture conditions, the relationship between RAR
and soil shear strength is characterized by (k'=0.20,
R* =0.92):

s"=5+0.24T,-RAR (14

During the rainfall infiltration process, as the soil
moisture content increases, both the soil cohesion ¢
and the additional cohesion S provided by roots
significantly decrease with increasing water content in
the root-soil composite.

In the in-situ direct shear test, the normal stress o
on the shear plane of the root-soil composite is given
by
o=pNg/A=(p,+pWI\Vg/ A= (p, + p;w)hg (15)

where p is the soil density (g/cm®); V is the total
volume of the soil sample (cm?); g is the gravitational
acceleration; p, 1is the soil dry density (g/cm®); W is
the gravimetric moisture content (%); and h is the
thickness of the overlying soil layer.

Since many soil moisture sensors used in landslide
monitoring are based on time domain reflectometry
(TDR) technology, the measured moisture content is
volumetric moisture content. The conversion relationship
between volumetric moisture content and gravimetric
moisture content is given by

0,=V, /N =wp,/p, (16

where 6, is the volumetric water content (%);V, is
the volume of pore water (cm?); and p,, is the density
of pore water (g/cm?®). Therefore, Eq.(15) can be
expressed as

o=(p;+6,p,V9/A=(p,+6,p,)0h amn

Based on Eq.(15), the normal stress at a depth of
40 cm under different moisture contents can be
calculated. According to Eq.(11), the actual additional
cohesion provided by roots can be determined S, =
s’ —otanp—c. Using the shear strength data of the
root-soil composite and the eluvial sandy clay soil
shear strength under volumetric water contents
ranging from 25% to 45%, the additional cohesion
contributed by roots under varying moisture conditions
can be derived. At the 40 cm depth, although the
normal stress on the soil shear plane changes
minimally with increasing moisture content, both the
soil cohesion and root-induced additional cohesion
decrease significantly. However, as shown in Fig. 15,
due to differences in RAR (as seen in Fig. 13), it is
difficult to quantify the effect of moisture content on
root-induced additional cohesion. To address this, the
modified Wu model (Eq.(12)) is employed to calculate
the additional cohesion for different RAR wvalues,
representing the root-induced additional cohesion of
the root-soil composite at natural moisture conditions
prior to rainfall. This is then compared with the
measured additional cohesion under varying moisture
conditions. A correction factor for root-induced
additional cohesion considering moisture content K,
is defined as the ratio between the root cohesion under
moisture influence and that calculated by the modified
Wu model at natural moisture content. In this study,
the natural moisture content is taken as 25%. The
calculation formula of Kk, is as follows:

_ b
k,=a6" (18)
451 —o— Normal stress
40 b —o— Soil cohesion
—— Soil shear strength
35r —— Pinus massoniana root-induced additional cohesion
< 30 Cunninghamia lanceolata root-induced
& 25| additional cohesion
7
12 20 1
v 15k
10
5T o "' 0
O 1 1 L 1 1 J

20 25 30 35 40 45 50
Moisture /%

Fig. 15 Changes of mechanical index of water—root soil
composite

where a and b are soil property parameters. The
variation of the correction factor k, with moisture
content for Pinus massoniana and Cunninghamia
lanceolata is shown in Fig.16. For Pinus massoniana,
k,=10.676""*,R*=0.98 ; and for Cunninghamia
lanceolata, k., =62.106,"", R*=0.96. The correction
factor Kk, essentially accounts for the reduction in
root-soil interface friction during moisture infiltration,
which leads to an increased likelihood of root slippage
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and incomplete mobilization of root tensile strength.
Therefore, K, is used to correct this overestimated
component of root reinforcement.

J
1.0
09
08
0.7

O Pinus massoniana
o Cunninghamia lanceolata

0.6

Modified coefficient

05

0.4 1 1 1 1 1 J
20 25 30 35 40 45 50

Moisture content /%

Fig.16 Variation curves of moisture content—modified
coefficient Kk,

Since the internal friction angle ¢ of the eluvial
sandy clay soil varies only slightly with changes in
moisture content (see Fig.14), the value of internal
friction angle at natural moisture content or the
corresponding moisture level can be used in the
calculations. In contrast, soil cohesion decreases
significantly with increasing moisture content;
therefore, a moisture-dependent correction factor for
soil cohesion Kk, is introduced:

k,=c+dé@, (19

where ¢ and d are both soil property parameters. For
the eluvial sandy clay soil discussed in this study,
k,=41.05-0.840, R*=0.98.

Based on Egs. (11), (12), and (17), along with the
subsequent correction factors, the shear strength
calculation formula for the root-soil composite
considering variations in soil moisture content can be
derived as

S,=S+S, =ctanp+c+s =(p, +0,p,)"
hg tang +k ,c+k ,k'1.2T (A / A)

(200

Taking Pinus massoniana as an example, the
model was validated through in-situ direct shear tests
on root-soil composites, with the results shown in
Table 3. The validation indicates that the model
predictions are reasonably accurate.

Table 3 Calculation table of modified model

Shear strength /kPa .

; : Correction

Moisture  Correction
content model Wu model Tested model
/% o calculated deviation rate
/% calculated value o
value 1%
value

0.73 37.8 31.01 158.84 32.00 3.09
1.17 33.9 45.40 240.52 38.62 17.56

5 Discussion

5.1 Comparison between in-situ direct shear tests
and laboratory direct shear tests
Due to the limited number of mechanical studies

on root-soil composites of Cunninghamia lanceolata
and Pinus massoniana, this study compares the RAR
and the corresponding root-provided additional cohesion
S, of root-soil composite reported in the works of
Docker et al.l'l] Xia et al.’), with the results obtained
in present study, as shown in Table 4.

As shown in Table 4, under similar RAR conditions,
the additional cohesion provided by roots measured
from the in-situ direct shear tests in this study is
comparable to the results reported by Docker et al.[l],
and both are slightly higher than those obtained from
laboratory direct shear tests. Although the principles
behind in-situ and laboratory direct shear tests are
fundamentally similar, their results differ to some
extent, mainly due to the following reasons: (1)
Laboratory direct shear tests are often conducted on
remolded samples, in which the original soil structure
and the biochemical bonding between soil particles
and roots may be altered 3. (2)Due to the small size
of laboratory samples, the root diameters used to
prepare root-soil composites are limited, making it
difficult to incorporate roots of various size classes.
Furthermore, the root segments used are typically
short due to equipment size constraints, and thus do
not represent the complete root architecture or multi-
directional root growth. In contrast, in-situ direct shear
tests can capture realistic root behavior during
shearing, including root breakage, frictional pull-out,
and slippage. As a result, the root deformation and
failure mechanisms observed in in- situ tests more

accurately reflect actual conditions 1233,

Table 4 Values of additional cohesion contributed by
roots in root-soil complex obtained from in situ shear test
and laboratory direct shear test

Data source Test type Tree species R/{;OR /kslr’a
Present study Ins'}slg;r(iler;ﬁ Cunninghamia lanceolata 0.17 5.52
Present study Ins'tslg:r(ig:tﬁ Cunninghamia lanceolata 0.28 8.83
Reference [9] ;. Laboratory o nhinghamia lanceolata 0.21  1.62
irect shear test
Laboratory

Reference [9] Cunninghamia lanceolata 0.42 3.15

direct shear test
In-situ direct

Reference [1] shear test Eucalyptus 0.20 7.52
Reference [1] M5t direct Eucalyptus 029 10.19

5.2 Effects of root-soil mechanical properties on

landslides in vegetated areas

Vegetation plays a crucial role in slope stability
through a series of hydrological and mechanical
processest®¥. Although plant roots can provide additional
cohesion to the soil through mechanical reinforcement,
thereby enhancing its shear strength, the magnitude of
this contribution is highly dependent on the spatial
characteristics of the root system, particularly the root
area ratio (RAR). As RAR decreases, the shear
strength of the root-soil composite also declines
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progressively!” 2 as indicated by Egs. (11) and
(20).Taking landslides in the study area as an example,
Fig. 17 shows that for vegetated slopes in the Wuping
region, both root number and total root cross-sectional
area decrease with increasing depth. The RAR in the
60-80 cm depth interval is 0.67%, but drops sharply to
only 0.005% at 160-180 cm. Although field surveys
indicate that roots can extend to depths of
approximately 2.3 m, RAR becomes nearly zero
beyond a depth of 1.6 m, meaning the additional
cohesion provided by roots becomes negligible. Once
the soil depth exceeds the maximum rooting depth, the
mechanical reinforcement effect of roots essentially
disappears. Field investigations further reveal that in
the study area, dominant tree species with DBH of
10-12 cm have maximum rooting depths typically
between 1.5 and 2.0m, closely corresponding to the
depth of observed slip surfaces (1.5-2.5 m).
RAR/%
00.00'20.40'60.81'01.21'41.61'82.0
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Fig.17 Root characteristic distribution maps
with root profile

B RAR

Some studies have shown that plant roots can
enhance the hydraulic conductivity of soil **. In the
case of shallow landslides during intense rainfall
events, several processes may occur: (1) In the upper
soil layers, preferential flow paths formed by roots
accelerate water infiltration, which may reduce the
additional cohesion provided by roots!'’l. (2) As
infiltration progresses with depth, the infiltration rate
decreases due to the reduced root density. At the root-
soil interface, differences in hydraulic conductivity
between rooted and non-rooted soils may lead to water
accumulation along the interface, resulting in elevated
pore water pressure *>73¢ which in turn reduces the
shear strength of the soil. (3) With increasing depth,
the root density decreases, and the additional cohesion
provided by roots becomes negligible. Consequently,
the shear strength of the soil at the root-soil interface
is relatively low, making it a likely location for slip
surface development >4, Therefore, although roots can
reinforce the soil and improve shallow slope stability,
their effectiveness is constrained by factors such as
root depth and density. Under intense rainfall, the
limited rooting depth, the root-induced enhancement
of infiltration, and the sensitivity of root-soil composite
shear strength to moisture content all limit the

stabilizing contribution of roots to shallow landslides.
6 Conclusion

This study conducted single-root tensile tests on
the widely distributed roots of Pinus massoniana and
Cunninghamia lanceolata in the landslide-prone study
area, alongside in-situ direct shear tests on root-soil
composites under varying moisture contents and root
system investigations at the landslide site, leading to
the following conclusions:

(1) Within diameter classes 1 to 7, the tensile force
of Pinus massoniana and Cunninghamia lanceolata
roots ranges from 12.45 to 673.09 N, exhibiting a
positive power-law relationship with root diameter;
their tensile strength ranges from 7.16 to 60.95 MPa,
showing a negative power-law relationship with root
diameter.

(2) The presence of roots significantly enhances
the shear strength of the soil, and the additional
cohesion provided by roots is significantly positively
correlated with the root area intersecting the shear
plane. The root architecture of Cunninghamia lanceolata
is close to the R-type, while that of Pinus massoniana
corresponds to the VH-type. Under similar root area
ratios (RAR), the soil reinforcement effect of
Cunninghamia lanceolata roots is superior to that of
Pinus massoniana.

(3) With increasing moisture content, the shear
strength of root-soil composites from trees with
similar diameters at breast height shows a declining
trend. As moisture increases, soil softening occurs, and
both the root-soil interface friction and the tensile
strength of roots decrease with rising moisture content,
leading to a significant reduction in soil cohesion and
the additional cohesion provided by roots.

(4) Based on the Wu model, an estimation model
for the shear strength of root-soil composites considering
the effect of moisture content on soil cohesion and the
additional cohesion provided by roots was developed,
which has been validated to exhibit high accuracy.

(5) While roots play a reinforcing role in shallow
landslides, their effectiveness is constrained by factors
such as root distribution depth, density, and rainfall.
Under heavy rainfall conditions, the contribution of
roots to the stability of shallow landslides is limited.
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