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Abstract
[Aims] Bunds composed of plants with strong root systems have become one of the most important soil conservation measures for controlling soil erosion on
sloping farmlands in the Three Gorges Reservoir area. In order to measure the friction characteristics of the root-soil interfaces to screen grasses for use in
bunds to provide optimal soil bund protection.

[Methods] The in�uences of interface, soil moisture and vertical load were examined by using direct shear friction and pull-out friction tests in the study.

[Results] The results support the following conclusions. i) Friction characteristics were lower at interfaces in bulk soils than at root-soil interfaces. Direct
friction characteristics were higher at the root-soil interface for goosegrass than other plants tested in this study. ii) The roots of grasses can substantially
improve the soil shear strength under conditions of low (5%) and high soil moisture (25%). The relationships between friction characteristics and soil moisture
can be described by binomial functions. iii) The constitutive relationship between the shear strength at the root-soil interface and vertical load can be
described by a hyperbolic model that satis�es the Mohr-Coulomb criterion. The maximum pulling resistance was in the following order: goosegrass > barnyard
grass > crabgrass.

[Conclusions] Among the three grasses tested, the goosegrass root system has a highest resistance to deformation capability for soil conservation. These
results can be used as references for understanding and controlling the friction characteristics and collapse of soil bunds in the Three Gorges Reservoir area.

Introduction
Purple soil in sloping farmland is the main support of agricultural production in the Three Gorges Reservoir area, and it accounts for 78% of the total cultivated
land in this area (Cui et al., 2011; Chen et al., 2016; Zhang et al., 2018). The average amount of annual soil erosion in the Three Gorges Reservoir area is
estimated to be 1.5×108 t, and the reservoir sediment reaches approximately 4×107 t, more than 60% of which comes from sloping farmland (Sun et al., 2019).
The sloping farmland in this area is characterized by high losses of water and soil loss, shallow topsoil layer and serious agricultural pollution. Hence, detailed
measurements of soil and water are necessary for conservation and to guarantee the ecological safety of the Three Gorges Reservoir area. Bunds are an
important soil and water conservation measure currently used to conserve purple soil and water in sloping farmland, and they occupy more than 15% of the
cultivated area (Amare et al., 2014; Jemberu et al., 2017; Wei et al., 2018). The main functions of bunds in soil conservation are to maintain gravitational
stability and decrease soil erosion on farmland slopes, and thereby prevent farmland collapse and control sediment loss (Raes et al., 2007; Oliver et al., 2018).
Stone bunds and soil bunds are extensively used for farmland renovation in the Three Gorges Reservoir area. Stone bunds involve high construction costs and
labour input, and they are not popular in the countryside (Andreas et al., 2017). However, in contrast to stone bunds, soil bunds have better water and soil
conservation capabilities and require a lower cost and smaller labour force; thus, soil bunds are preferred by farmers. Soil bunds are widely used in controlling
soil erosion of sloping cultivated land and farmland construction projects in the Three Gorges Reservoir area (Walle et al., 2017). However, the mechanism by
which soil bunds stabilize cultivated land is not clear. Thus, it has become more urgent to have a complete understanding of the stability characteristics and
stabilizing mechanism of purple soil bunds in the Three Gorges Reservoir area.

Using vegetation to protect slopes is an e�cient technique for the stabilization of slopes with shallow soil layers and, initially, without plant roots (Yves et al.,
2018; Borjana et al., 2020). Interaction between root systems and soil particles can improve not only protect soil from erosion but also stabilize slopes. There
are two main research models for investigating the mechanical mechanism of root-soil. The �rst model assumes that the root system and soil form a root-soil
complex (Yang et al., 2016). The internal forces at a root-soil interface have some impact on the physical and chemical properties of the root system and soil
but are not directly applied in calculations of stress and strain. Thus, most studies use a shear test method based on this model (Emilio et al., 2019; Yao et al.,
2020). For example, Binh et al. (2018), through triaxial tests, showed that the shear strength and residual strength of the root-soil interface were much higher
than those of the bare control soil and indicated that the soil strength can be e�ciently improved by the presence of a root system in soil. The second research
model considers the root system and soil as entirely separate, and treated them as two component of the same material (Gregoire et al., 2017). This model
uses pull-out friction tests to study the interaction mechanism at the root-soil interface. Harsh et al. (2016) researched the root tensile strength of three shrub
species in the Italian Apennines, analysed the slope stability on steep clay hills, and concluded that the regression relationship between tensile strength and
root diameter was a quadratic polynomial. Related studies have indicated that plant roots effectively improve the stability of rock mass slopes because �ne
roots have a reinforcing effect, stout vertical roots act as anchors and stout horizontal roots stretch (Benedetta et al., 2020). Moreover, surface friction of the
root-soil interface enables the plant root system to provide soil reinforcing, anchoring and stretching (Lise et al., 2018). Hence, it is necessary to analyse the
mechanism that enables plant roots to reinforce soil, and the focus should be put on the friction characteristics of the root-soil interface.

The friction characteristics of the root-soil interface in purple soil bunds have received little attention thus far. Few studies have considered the contributions
of friction characteristics to bund stability and the impacts of changes in the water content on the friction characteristics of the root-soil interfaces in purple
soil bunds. Most studies have focused on the shear strength of soil, which is an important parameter of soil bund stability (Jaime et al., 2017; Vietha et al.,
2020). Cohesion and internal friction angle are often used to analyse shear strength. Factors that in�uence the shear strength of soil, such as the soil dry
density, soil water content, plant root system and soil grain size distribution, have been explored through triaxial compression and direct shear tests. For
example, Wang et al. (2015) proposed that soil cohesion and internal friction angle are closely related to soil water content, decreasing linearly as water
content increases. Havaee et al. (2015) found that soil cohesion increases with increasing dry density, while the internal friction angle changes slightly with
increasing dry density at a given soil moisture. The above research has mainly explored the characteristics of shear strength in purple soil bunds and has
obtained some results (Wang et al., 2012; Adimassu et al., 2014). However, both the direct shear friction and drawing friction can affect the stability of purple
soil bunds. The drawing friction of the root system can increase the soil shear strength, improving the soil stability. A systematic study of the friction
characteristics of the root-soil interface in purple soil bunds is lacking.
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An increase in soil moisture can directly decrease the shear strength of a root-soil interface and even promote soil collapse (Zhang et al., 2010; Apiniti et al.,
2018), which is the main factor in�uencing friction properties of root-soil interfaces and stability of soil bunds. For example, Wei et al. (2018) carried out a
study on purple soil bunds to analyse the impact of soil moisture and dry density on shear strength. Their results showed that the in�uence of soil moisture on
bund stability was greater than that of dry density. Moreover, in purple soil bunds, plants with developed root systems can not only increase soil bund shear
strength but also strengthen surface soil. Thus, it is necessary to determine the surface friction characteristics of the root-soil interface in purple soil bunds.

Taking purple soil bunds as an example, the present study makes an initial effort to study the direct shear friction characteristics and drawing friction
properties of root-soil interfaces by performing direct shear friction tests and pull-out friction tests. The goals of the present study are to 1) explore the
mechanisms by which changes in soil moisture in�uence the direct shear friction characteristics and drawing friction properties of the root-soil interface, and
2) determine the best choice among typical grasses for protection of purple soil and slopes by soil bunds. These results are signi�cant for studying the
mechanical mechanism at the root-soil interface and helping to prevent and control purple soil bund collapse in China.

Materials And Methods

Study area
The study area is located in the Xiema watershed in the Beibei District of Chongqing Municipality, China. The watershed is part of the Jialing River basin,
which extends from 29°27′08″ to 30°05′08″N and from 106°18′02″E to 106°40′57″E; it was selected because it is representative of the Beibei District of the
Three Gorges Reservoir Region with respect to geologic features, soil crops and climatic characteristics. The study area has an average annual rainfall of
approximately 1 105.4 mm and an average annual temperature of 18.3°C, which is a subtropical humid climate.

The test soil is purple soils,which are classi�ed as Orthic Entisols in the Chinese Soil Taxonomic System, Regosols in FAO Taxonomy or Entisols in USDA
Taxonomy. A well weathered purple soil usually contains about 15 % clay with 1.7 % organic matter, 0.07 % total nitrogen and 0.06 % total phosphorus (He et
al., 2007). Purple soil in sloping farmland is the main source of sediment in the Three Gorges Reservoir, and pertinent and detailed measurements are required
to design an effective soil and water conservation scheme. Soil bunds can reduce the erosivity and volume of runoff and sediment loss of purple soil on
sloping farmland. Based on a �eld investigation, the dominant angle of purple soil bunds range from 56° to 90°, the heights of the bunds are between 55 and
220 cm, and the bund widths range from 30 to 80 cm. In addition, soil moisture in the study area ranged from 1.87–28.78% during the dry season and rainy
seasons, respectively.

Soil sample preparation
Field experiments were conducted from July to September 2019 at typical purple soil bunds. Based on a �eld survey, three typical grasses (including
crabgrass, barnyard grass and goosegrass) and bare control soil were collected in the study area. The soil sampling points were on an S-shaped curve within
each soil bund, and more than 85% of each bund was covered by grasses. Sixteen plant species were collected vertically from soil bund depths from 20 to 60
cm, and surface soil (to 20 cm) was removed to obtain samples with consistent root distribution in the vertical direction. There were three replicates of each
layer and 144 soil samples in total. The diameters, lengths and fractal dimensions of the roots of these three typical grasses were collected as reference data
for the remoulded root-soil interfaces in the present study (Fig. 1).

In addition, 500 g loose soil samples were collected from each sample point, and used to measure the soil physical-chemical properties and to make the
remoulded soils. The soil particle distribution was obtained by a laser particle size analyser. The physical-chemical properties of the experimental soils in the
soil bunds were as follows: 10.77% clay (< 0.002 mm), 69.47% silt (0.002–0.02 mm), 19.76% sand (0.02-2.00 mm), 1.49% SOM and 6.14 pH. Meanwhile, the
corresponding root systems were pulled out and sheared at root junctions. The root samples were wrapped with plastic sheets and kept in a low-temperature
environment at 4 degrees Celsius.

Preparation of a remoulded root-soil composite
Based on the �eld survey, all the root diameters of crabgrass, barnyard grass and goosegrass were less than 1.0 mm, so roots were selected in the 0 to 1.0 mm
range for consistency. The roots were divided into two categories: diameter class  of 0-0.5 mm and diameter class  of 0.5-1.0 mm. The ratio of root area
within the cutting ring was less than 2.83% according to the mean soil root content of the undisturbed root-soil composite. To ensure that the ratio of root area
was consistent, 6 roots of diameter class  and 3 roots of diameter class  were selected as root material for a remoulded root-soil composite. In addition, the
soil material of the remoulded root-soil composite was collected from the sampling sites of the soil bunds. The soil samples were air-dried and sifted through
a 2 mm sieve. The air-dried moisture content of the soil samples was determined (5.1 ± 0.48%), and the samples were sealed in a box. The remoulded root-soil
composite was made according to the standards of geotechnical test methods in China.

Meanwhile, according to the mean soil moisture of soil bunds in the dry and rainy seasons, the soil moisture was set to 5%, 10%, 15%, 20% and 25%. The
mean soil dry density was �xed at 1.35 g·cm− 3 according to the mean soil density of soil bunds in the �eld. Finally, the selected test root and soil samples
were compacted layer by layer in the cutting ring to prevent damaging the root system until the remoulded root-soil composite reached the experimental soil
moisture content and soil dry density conditions. Each soil sample was analyzed in triplicate.

Direct shear friction test
The direct shear friction test was conducted with a fully automatic quadruple shear device made by Nanjing Zhilong Technology Development, China. The
experimental device includes a controlling system, water container, pressure chamber, con�ning pressure sensor and testing machine. The cross section of the
shear box is circular and has an area of 30 cm2. The experimental device can apply a vertical load from 0 to 400 kPa, the horizontal shear force can reach 1.2
kN, and the shear rate can reach 5 mm·min− 1. The experimental data can be analysed and displayed on a computer in real time (Fig. 2).
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A root system with a length greater than 6 cm was selected as the representative root sample. The same diameter of root was pasted to a porous stone (6.1
cm diameter and 0.9 cm thick) with glue, with the roots parallel. The root samples were kept at 4 degrees Celsius. The porous stone and experimental root
samples were placed under the shear box, with the root axis parallel to the shear direction, and the soil sample was placed in the shear box. A similar method
was used to prepare the bare control soil samples for testing. For each sample, the shear rate was �xed at 0.8 mm·min− 1, and the vertical load was set to 25,
50, 75, 100 and 150 kPa. The direct shear strength parameters, such as cohesion and internal friction angle, can be calculated based on the Coulomb force
law.

Pull-out friction test
The pull-out friction test was conducted with an electronic tension tester (LDS-5A). This experimental device includes a mainframe, tensile testing jigs, stepper
motor, stepping motor driver, high precision deceleration system, strain gauge load cell, computer and ink-jet printer. The accurately measured test force ranges
from 200 to 5000 N, the maximum test force can reach 5000 N, the control range of the displacement speed is between 5 and 200 mm·min− 1, and the
effective stretching schedule can reach 860 mm. The pull-out strength can be automatically displayed on the computer in real time (Fig. 3).

Bare roots longer than 8 cm were selected as experimental roots, and the remoulded soil was like that used in the direct shear friction test. The remoulded soil
was added in two parts to a homemade container (6.1 cm inner diameter and 2.0 cm high), and the middle of the homemade container had a round hole with
a diameter of 2 mm. After the �rst addition of remoulded soil, the remoulded soil was compacted to a level slightly higher than half the diameter of the circular
hole, and the plant root passed through the circular hole through the exposed end of the clip. After all the remoulded soil was added to the container, a lid was
placed on top to guarantee that the experimental roots were in the centre of the circular hole and avoid friction between the experimental roots and the edge of
the circular hole. Finally, the root-soil composite specimen was �xed in the jig of a universal tension machine. During the tests, the loading speed was �xed at
10 mm·min− 1.

Data analysis
The experimental data was plotted by Excel 2010. One-way ANOVA analysis and regression analyses were performed by SPSS 19.0, P < 0.01 was considered
extremely signi�cant and P < 0.05 was considered signi�cant. All experimental data were collected and processed automatically by the instrument used to test
the soil samples.

Results
Friction characteristics at different interfaces

  Variations in the root-soil friction interface cause roots to grow in different ways and develop signi�cantly different friction characteristics. Table 1 shows the
root-soil friction characteristics of different sample interfaces for the pure purple soil bunds and the purple soil bunds with different typical grasses. The
friction angles and friction coe�cients of the soil-soil interfaces differed signi�cantly (P<0.05), and were less than those of the root-soil. Meanwhile, the
friction angle and friction coe�cient of different root-soil interfaces were in the following order: goosegrass > crabgrass > barnyard grass. Moreover, the
cohesive stress of the root-soil interface of goosegrass was obviously different from that of the other root-soil interfaces and soil-soil interfaces (P<0.05), and
the cohesive stress of the samples with different typical grass roots were in the following order: goosegrass < crabgrass < barnyard grass. In general, the
friction angle and friction coe�cient were maximum, and the cohesion stress was minimum at the root-soil interfaces of goosegrass. It can be concluded that
goosegrass has the highest direct shear friction characteristics, followed by crabgrass, and barnyard grass, which has the lowest direct shear friction
characteristics. 

Friction characteristics of different soil moistures 

Soil moisture is an important control factor that affects the friction characteristics. The soil moisture was taken as an independent variable, and the
corresponding friction characteristics (friction angle, cohesive stress and friction coe�cient) were taken as dependent variables for a regression analysis and
multi-model �tting. The results of the �tting are shown in Fig. 4. The most signi�cant correlations observed were between the friction characteristics and soil
moisture for the soil-soil and root-soil interfaces (P < 0.01), which could be described by binomial functions.

However, very large differences in the friction characteristics of the soil-soil and root-soil interfaces were observed for the samples with grass roots at different
soil moisture levels. For the soil-soil interfaces, the friction angle and friction coe�cient �rst decreased and then increased with increasing soil moisture, and
the minimum value occurred at soil moisture levels of 32.04% and 27.61%. The cohesive stress showed an inverse trend, with the maximum value occurring at
a soil moisture of 15.98%. For the three typical grass roots, all friction characteristics �rst increased and then decreased with increasing soil moisture, and the
maximum value was found at a soil moisture of approximately 15%.

Relationship between vertical load and shear strength of root-soil interfaces

  According to classical soil mechanics theory, the relationship between soil shear strength and vertical load should satisfy the Mohr-Coulomb criterion. In the
present study, the relationship between the shear strength of the root-soil interface and vertical load was consistent with the Mohr-Coulomb criterion under the
condition of 15% soil moisture. Fig.5 shows the relationship between the shear strength and vertical load in purple soil bunds with typical grasses and soil.
The soil shear damage resistance increased with the vertical load; a signi�cant positive correlation was found between the shear strength and vertical load,
and the �tting determination coe�cients were larger than 0.90. The shear relationships of these three typical grass root-soil interfaces agreed with Mohr-
Coulomb theory, like that of the soil-soil interfaces. Thus, the cohesion, internal friction angle and friction coe�cient of a root-soil interface can be calculated
based on the Mohr-Coulomb theory.   
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 Table 2 shows the results of numerical simulations of direct friction tests for interfaces at 15% soil moisture. The numerical simulation results were close to
the experimental results. By comparing the relative error of the numerical simulation and experimental results for the different frictional interfaces, the mean
values of the absolute relative error were as follows: goosegrass (5.99%) < barnyard grass (10.54%) < soil-soil (11.75%) < crabgrass (14.36%).   

Relationship between pulling resistance and root displacement

Fig.6 shows the relationship between pulling resistance and root displacement at high and low soil moisture levels for the purple purple soil bunds, with and
without different typical grasses. The curves for pulling resistance and root displacement are basically the same, regardless of the soil moisture. The
characteristics of these curves were summarized as follows: 1) In the early stages of the test, when the roots were under the action of the drawing force, there
was static root-soil friction during the relatively small amount of root displacement. The pulling resistance of crabgrass, barnyard grass and goosegrass was
0~0.2 N, and the maximum static friction force was 0.2N. 2) As the root system was pulled out of the direct shear box, the pulling resistance increased
nonlinear with increasing of root displacement until the pulling resistance reached the maximum friction force. 3) The maximum root-soil friction force of
crabgrass, barnyard grass and goosegrass remained relatively constant for root displacements of 2.91~12.97 mm, 5.08~18.94 mm and 1.11~13.97 mm
under the conditions of high and low soil moisture, respectively. 4) A downward trend in the pulling resistance of crabgrass, barnyard grass and goosegrass
began when the root displacement was greater than 12.97, 18.94 and 13.97 mm, and the pulling resistance of these three grasses fell to a certain value until
the end of the pull-out friction test. In addition, the maximum pulling resistance at high soil moisture was much greater than that at low soil moisture, and the
maximum pulling resistance of the studied grasses as follows: goosegrass > barnyard grass > crabgrass. 

Analysis of root-soil friction characteristics and in�uencing factors

  To further compare the effects of soil moisture, vertical load and interface type on root-soil friction, we used principal component analysis (PCA) to identify
the main in�uences on root-soil �ction parameters (cohesive stress, friction angle, friction coe�cient and shear strength) (Fig. 7). The �rst PCS had the highest
loading effect and explained of 45.65% of the cumulative (total) variance, which was the predominant factor for changes in the studied variables. The
variables of PC1 consisted of interface type, soil moisture, friction coe�cient, friction angle and cohesive stress. The second PC included vertical load and
shear strength. PC1 and PC2 explained 77.20% of the total variance. Therefore, the relationship between the root-soil friction and in�uencing factor can be
given by this two-dimensional sequence diagram. The interface type and vertical load had a positive relation with the friction coe�cient, friction angle and
shear strength, while the soil moisture had a negative correlation with most of the root-soil friction parameters. In addition, the in�uence of the variables on the
root-soil friction characteristics increased in the following order: interface type > soil moisture > vertical load.

Discussion
Effect of friction interfaces on friction characteristics

   The main in�uencing factors on the direct shear friction of the root-soil interface include the vertical load, dry density, soil moisture and vegetation type.
In the present study, the root-soil cohesions of goosegrass exhibited signi�cant differences with crabgrass and barnyard grass (P < 0.05), and the root-soil
cohesions of crabgrass and barnyard grass were much higher than those of goosegrass. It can be concluded that the root surfaces of crabgrass and barnyard
grass absorb soil particles more strongly, resulting in a situation that does not differ signi�cantly from that of the bare control soil (P > 0.05). In general, the
low root-soil cohesion of these three typical grasses indicated that there was no correlation between root-soil cohesion and the improvement in soil shear
resistance at different soil moisture levels. These results are like those obtained by Wei et al. (2018) in an experimental study and Tian et al. (2015) in a
theoretical study. This similarity may be because there is incomplete contact between the root and soil in the unconsolidated shear specimens; hence, the root-
soil cohesion exhibited “false cohesion” for the frictional strength of the root-soil interface under vertical loading. 

Meanwhile, there were striking differences in the friction angle and friction coe�cient between the soil-soil and root-soil interfaces (P < 0.05), and the soil-soil
interfaces had the lowest friction angle and friction coe�cient among the different friction interfaces. This is because the frictional force of the soil-soil
interfaces depends on the blocking action of soil particles, while for the root-soil interface, the root surface roughness is the element that most in�uences the
frictional force at the root-soil interface. The greater the root surface roughness and/or the larger the root surface area, the greater the contact area between
the root and soil, and thus, the larger the root-soil frictional force. Hence, it can be concluded that the goosegrass root-soil interface had a larger frictional force
with greater root surface roughness than the other two typical root-soil interfaces.

Furthermore, the correlation coe�cients of the shear strength and vertical load in the root-soil interfaces of goosegrass were higher than those in the soil with
the other two typical grasses and those in the bare control soil. Related studies have indicated that the response of the shear strength of a root-soil interface to
a vertical load varied greatly for different root samples and root surface roughnesses for the same plant and diameter class, while the shear strengths of the
bare control soil samples were tightly distributed. Meanwhile, there were considerable differences in shear strength among the samples with the three typical
grasses and different soil moistures, but the shear strengths of these samples were greater than that of the bare control soil. Thus, the root system did not
fully utilize its friction effects under a low vertical load; this �nding is similar to that of Baets et al. (2008). In addition, the frictional resistance of the root-soil
interface tended to increase nonlinearly with increasing depth of the root system. The rate of increase in the frictional resistance of the root-soil interface was
larger when the depth of the root system was shallower, while the rate of increase in the frictional resistance of the root-soil interface was smaller when the
depth of the root system was deeper. These results are slightly different from those of Xing et al. (2010), who found that the frictional resistance of the root-
soil interface increased as the vertical load increased. This difference may be because in our study, the interval of the vertical loading is consistent, while in the
Xing et al. (2010) study, the lower interval of the vertical loading is smaller than the higher interval of the vertical loading, which led the change rate of the
frictional resistance of the root-soil interface under the higher vertical load to be much higher than that under the lower vertical load.

Effect of soil moisture on friction characteristics
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Soil moisture is one of the most important factors affecting the friction characteristics. In the present study, the friction angle, cohesive stress and friction
coe�cient of the root-soil interface and soil-soil interface followed a binomial distribution with increasing soil moisture. It can be concluded that the increase
in soil moisture content is bene�cial for the root-soil anchorage effect, although when the soil moisture increased to a certain range (15%~20%), the root-soil
anchorage effect was reduced. These results are like those of the experimental studies of Li et al. (2013b) and Zhao et al (2021). The reason for this
phenomenon is that when the soil moisture increased, the water �lms more rapidly on the surfaces of the soil particles and roots; hence, the degree of blocking
between the root and soil particles decreased. At the same time, the distance between the soil particles and root system increased, which decreased the
connection strength of the root-soil interface. All these factors led to a �rst increasing and then decreasing trend in the internal friction angle of the root-soil
interface under the condition of an unchanged extrinsic effective pressure (Wei et al., 2016). In addition, for the soil moisture levels of 5% and 25%, the
cohesive stress of the root-soil interface was signi�cantly lower than those under the other experimental conditions (P < 0.05). Therefore, the root system
could signi�cantly improve the soil shear strength in the dry and rainy seasons, and it can be further speculated that seasonal variation has a signi�cant
in�uence on soil reinforcement by plant roots.

   In addition, the drawing friction properties of root systems are crucial determinants of soil conservation for plants. The maximum pull-out resistance and
pull-out strength are two important characteristic indexes of the mechanical characteristics of roots. When a root system is pulled out by an external force,
there are two main failure modes: tensile failure and friction failure. In the present study, the process curve of friction failure (displacement vs. pull-out force
curve) can be divided into three stages: �rst sharp decline, second sharp decline and slow decline. At the initial stage of pull-out, the displacement of the root
system in the soil tends to zero, which means that there is sattic friction between the root and soil. When the sliding displacement ranged from 0.5 mm to 20
mm, the root system started sliding when the root pulling force became greater than a certain value, and the friction of the root-soil interface changed from a
static friction to sliding friction, leading to the root system being pulled out at the maximum simple root pulling capacity. As soon as the sliding displacement
increased, the drawing force decreased gradually and �nally stabilized. Murielle et al. (2014) indicated that the reasons for this phenomenon were as follows.
At the beginning of the drawing shear, the uneven surface of the root system interlocked with soil particles, and soil particles at the contact surface lifted,
separated and rotated as the drawing shear increased. At the same time, the volume of the soil changed. All of these factors require an external force.
Therefore, the drawing force rapidly increased to a maximum value in an early stage of the test. Then, the shearing process continued, and the root-soil
interface tended to become smooth due to the movement and rearrangement of the soil particles around the root system. Finally, the frictional resistance and
drawing force gradually decreased and stabilized. The maximum pulling resistance was much higher at high soil moisture than that at low soil moisture.
When the soil moisture was low, the contact between the soil particles and root systems was quite loose, and the cohesion between the soil and root system
was low, leading to the low pull-out strength of the root system (Ghestem et al., 2014). With increasing soil moisture, a bound water membrane formed at the
interface of the soil particles and water in the soil, and the cohesion of the root-soil interface increased under the in�uence of water cementation, so that the
maximum static friction of the root-soil interface and root pull-out strength increased to some extent.      

   Overall, based on the redundancy analysis, the interface type had the greatest impact on the root-soil friction characteristics in the present study.
Goosegrass, as one of the typical root-soil interfaces in purple soil bunds, has better drawing friction properties than the other two typical grasses. The root
system of goosegrass improves the effectiveness of soil conservation and the degree of surface coverage and thus should be more widely used in the eco-
environment construction of purple soil bunds for soil and water conservation. It can be concluded that goosegrass is the best choice among the three
vegetation types tested in purple soil bunds for soil and slope protection. Moreover, for further research and discussion, the other soil physical-chemical
properties that in�uence the friction characteristics of the root-soil interface should be studied to establish a scienti�c theoretical model of the root-soil
interface in purple soil bunds.

Conclusions
Direct shear friction and pull-out friction tests were performed to analyse the surface friction characteristics at the soil-root interfaces of three typical grasses
from purple soil bunds.

1. The friction characteristics were signi�cantly lower at the soil-soil interfaces than at the root-soil interfaces (P<0.05), causing the shear strength to be
lower at the soil-soil interfaces than the root-soil interfaces. In addition, the direct shear friction characteristics were highest for the goosegrass root-soil
interfaces.

2. Changes in soil moisture have similar effects on the friction characteristics of the soil-soil and root-soil interfaces, and the root system signi�cantly
promotes soil shear strength in dry and rainy seasons (P<0.05). The relationship between the shear strength of the root-soil interface and vertical load
satis�ed the Mohr-Coulomb criterion.

3. The process curve of friction failure (displacement vs. pull-out force curve) can be divided into four stages: �rst sharp decline, second sharp decline, slow
decline and stable �uctuations. The redundancy analysis results showed that the interface type and soil moisture made higher contributions than other
factors to the friction characteristics of the root-soil interfaces.

In general, goosegrass is the best choice among the three vegetation types tested to protect the soil and slopes in purple soil bunds with the greater root-soil
friction characteristics of the studied grasses.
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Tables
Table 1. The comparison of different friction interface effect on direct shear friction characteristics

Interface type Mean of friction
 angle/(°)

Mean of cohesion
 stress/kPa

Friction coe�cient

Soil-soil interface 22.81±4.59b 13.22±2.21a 0.42±0.09b

Root-soil interface of
 Crabgrass

37.00±5.44a 11.87±10.60a 0.76±0.14a

Root-soil interface of
 Barnyard grass

31.63±7.98a 13.46±6.35a 0.64±0.20a

Root-soil interface of
 Goosegrass

45.01±6.81a 3.24±1.05b 1.03±0.21a

Table 2. Numerical simulation result of direct shear friction test for different frictional interface 

Note: P indicates vertical load;τ indicates shear strength; soil moisture is 15%
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Figure 1

Schematic diagram of grass root

Figure 2

A fully automatic quadruple shear device used in this study
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Figure 3

A electronic tension tester (LDS-5A) device used in this study

Figure 4

Relationship between friction characteristics and soil moisture under different friction interface



Page 11/11

Figure 5

Relationship between vertical load and shear strength on different friction interface Note: P indicates vertical load;τ indicates shear strength; soil moisture is
15%

Figure 6

The relationship between pulling resistance and sliding displacement

Figure 7

Analysis of root-soil friction characteristics value and various in�uencing factors


