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Abstract Vegetation has been recognized to play
a major role in the reinforcement of slopes against
shallow landslides. The intensity of root reinforce-
ment mainly depends on roots distribution and root
tensile strength. The aim of this study is to determine
the effects of morphological characteristics of vetiver
roots system on slope stability. A series of experi-
ments were carried out to obtain the physical and
mechanical parameters of soil with vetiver roots. A
preliminary analysis is performed to assess the impact
of root morphologies on the slope’s safety factor. The
results indicate that the roots have significant influ-
ence on the shear strength parameters of slope soil.
The increasement of cohesive force is more obvi-
ous than that of the intrinsic friction angle. Hence,
combined the experiments and theory, the formula
is deduced to calculate the safety factor of the slope
considering the distribution angle of root system.
Furthermore, when the angle between root system
and shear surface reaches 156°, the root system works
relatively better in reinforcement. It demonstrates that
root orientations significantly affect the shear resist-
ance provided by root-permeated soil. Finally, the
implementation of soil-root reinforcement models
was allowed to calculate the safety factors of shallow
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slope and evaluate the vegetation contribution to soil
stability.
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1 Introduction

In recent decades, with the effects of engineer-
ing construction activities and the consequences of
climate change, the severe degradation of moun-
tainous and hilly regions due to soil erosions and
landslides is a result. To deal with the problem, the
subsequent measures have been practiced, such as
nailing, retaining wall, geosynthetic reinforcement,
and so on. Among these, engineering methods are
not environmentally friendly for a reason that they
are followed by a serious ecological environment
(Bouazza et al. 2013; Huan et al. 2004). Therefore,
vegetation is found to be a preferred remedial meas-
ure from economical, sustainability and environment
points of view. The role of root system in improving
slope stability has long been recognized (Mao et al.
2012; Son et al. 2019). Plant roots can increase soil
shear strength both directly by mechanical reinforc-
ing and indirectly through water removal by tran-
spiration (Maffra et al. 2019; Ng and Leung 2012).
Therefore, according to a geo-mechanical effect and
a soil-hydrological effect, vegetation has generally
a positive impact on the stability of soils on sloping
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(Chirico et al. 2013). The ability of plant roots to con-
trol mass wasting and soil slippage is said to origi-
nate in the ability of its deep roots to penetrate and
hold the soil together (Abdi et al. 2010; Capilleri
et al. 2019; Cislaghi et al. 2017). Many scholars also
have made a lot of achievements in the effects of plant
roots on slope reinforcement and soil erosion resist-
ance. Yu et al. (2012) took the self-built test area
around the Xining Basin as an example, they found
that the plant root system in the test area has a sig-
nificant reinforcement effect on the slope soil through
the triaxial test on the root-soil composite samples in
the cold and arid environment. Xiao et al. (2014) con-
ducted a series of straight shear tests on the root-soil
composite composed of two different plant root sys-
tems and investigated the influence of the plant root
systems on the shear strength of the composite under
different water contents and different root ratios. The
results showed that the root systems of both plants
could improve the shear strength of the root-soil com-
posite, but their contributions to the shear strength
index of the composite were different. Vetiver is
known as the herb with the longest root system in the
world and is a pioneering species for soil consolida-
tion and slope protection (Truong et al. 2008). Veti-
ver planted in slopes can increase the shear strength
of slope soils by up to 28.92 KN/m? per cent due to
the interaction between the root system and the soil
(Nilaweera and Hengchaovanich 1996). Aziz and
Islam (2022) applied vetiver to different kinds of
slopes and studied the role of vetiver grass on the sta-
bility of slopes through physical and numerical mod-
eling, the results showed that the higher the vetiver
cover, the higher the safety factor of the slope. They
also found that under the same geometry of natural
slope conditions, planting vetiver grass is more likely
to reduce the possibility of shallow slope failure on
sandy silt. These studies revealed the mechanism of
soil strength reinforcement by roots and promoted
the development of plant slope protection technology.
A satisfactory way of quantifying and incorporating
the biological effects into the slope stability analyses
depends on the morphological characteristics of root
system. Suitable roots distribution in slope is of great
significance to protect slope stability.

This study will further develop the estimation of
root reinforcement based on a series of laboratory
shear tests of vetiver roots in slope soil at different
angles with the potential slip surface. The model will

@ Springer

be proposed to evaluate the quantifying root rein-
forcement for slope stability calculations.

2 Theoretical Analyses

Soil with sloping surfaces may be the result of natural
agencies, or man-made. The slip surface of slope in
homogeneous cohesive soil is in general a continued
curve, assumed as circular arc. Roots are regarded
as fibers distributed in the slope soil. Shear stress,
transferred in the ground into a tensile resistance in
the roots, carries out the mechanical soil reinforce-
ment by the roots. Roots will increase the soil shear
strength by tensile strength of its own roots and pro-
vide slope-shearing resistance. In this paper, stability
calculations of vegetated slope over circular rupture
surfaces would be conveniently performed by the
method of slices. The cross-section of the slope-form-
ing mass of soil encompassed by the circular rupture
surface is subdivided into a number of vertical, paral-
lel elements or slices. The forces acting on the slices
are shown in Fig. 1. The frictions between neighbour-
ing two slices are ignored.

In Fig. 1, MN line is used as the vertical line for
plant roots. On the right side of MN line, roots are
distributed to the uphill, while on the left side of MN
line roots are distributed to the downhill. When the
shallow slope soil mass slides downward, the roots
toward the uphill direction will be subject to the ten-
sile force due to the downward sliding of the soil.
While the roots toward downhill subjected to com-
press will not be able to transfer the tensile strength
into shear resistance. Consequently, all roots’ tensile
strength can’t be mobilized. The effect of roots on soil
reinforcement in the uphill area of the slope is only
considered. It is supposed that the tensile force gener-
ated by the root j,, in slige iy, of soil mass is 7};. The
tangential component Fj; of T; can be expressed as
following:

Fl’] = T cos(a; + f) + Tjsin(a; + f;) tan @ 1

where ¢ is the angle (°) between the slide surface of
the slice i,, and the horizontal plane. f; is the angle
(°) between the root j,, and the horizontal plane in
the slice i, sliding soil mass. When the root is above
the horizontal plane, f; is negative and it is positive
when the root is below the horizontal plane. ¢ is the
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Fig. 1 Stability analysis
of vegetated slope by the

method of slices 8i Vetiver

grass

intrinsic friction angle (°) of sliding soil. Formula (1)
can be simplified as follows:

F = T; [cos @ cos(a; + By) + Ty sin(a; + f;) sin (p] L
Y cos @
1
=T cos[gp — (a; + Byl
cos @
(2)

Literature showed the root tensile strength far
exceeds the soil-root friction. Therefore, the tensile
resistance is taken as the maximum resistance that
the root system can bear. The root implantation has a
greater influence on the cohesive force of the soil, but
less on the intrinsic friction angle (Ali and Osman
2008). It is assumed that the increased anti-sliding force
of the root system against the sliding of the soil is only
regarded as increasing the cohesion of the soil. Then,
the total resistance force generated by roots in sliding
soil mass may be written as

n m 1
o= X Tyeoslo =@+ fl—— ()

The weight G, of slices can be resolved into a nor-
mal component G;,=G;cosé; and a tangential compo-
nent G;;=G;sind;. The tangential components of the
weights cause the mass to slide downward. The sum
of all the tangential components may be expressed as
G,=2G;,. The resisting force F; acting on the base of
any slice of length /; is:

F;=cl;+otan@ = cl; + G;cos §; tan @ 4)

i

where ¢ is the cohesion of sliding soil mass (kPa).
@ is the intrinsic friction angle of sliding soil (°). §;
is the angle between the center of the circle and the
center of the bottom of the i,, soil body and the verti-
cal (°).
Finally, the safety factor of vegetated slope K can

be written as follows:

Y F + Ac

Yo, cli+Gicoss tang + Y| Zj";l T; coslg — (a; + ﬂﬁ]ﬁ

Y G, - sing;

&)
To a given slope, if slid surface is assumed, many
parameters will be constant, such as intrinsic friction
angle, cohesive force, weight, sliding angle inclina-
tion, and sliding surface length. From the formula (5),
we can find the safety factor K has a positive correla-
tion with Ac whose value is dependent on «; and ;.
Presumed that the tensile force of root keeps constant.
If

¢—(a;+p)=0 (6

Then Ac will reach the maximum value. As
showed in Fig. 1, we can find:

a;+ p; = 180° — 0; 7

where 6;; is the angle (°) between the tangential direc-
tion of the bottom center of the i, soil mass and root
Jm Taking the formula (7) into the formula (6), we
can get
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®—(180°-0,;)=0 (8)
Then, the formula (9) can be obtained as
0;=180° — ¢ )

That’s to say, when 6; equals 180°-¢, the maximum
Ac will make the K value biggest.

3 Materials and Methods
3.1 Soil Characteristics

Soil in this research was cohesive red soil, of which
some soil properties (density, optimum moisture, lig-
uid limit, plastic limit, cohesion and friction angle)
were based on the results of laboratory tests. The
stress—strain behavior of soil was here modeled using
a Mohr-Coulomb model, in which the non-associated
flow rule was used. The parameters for top soil are fol-
lowing as in Table 1.

3.2 Vegetation Characteristics

Besides soil erosion, the vetiver system can reduce or
even eliminate many types of natural disasters, includ-
ing landslides, mudslides and so on due to its long,
massive, and complex root system (Du 2017; Micko-
vski et al. 2005). Root sampling of one-year veti-
ver took place in a man-made slope, located south of
Changsha city in China. The roots distribution were
recorded for these vetiver by excavating four individu-
als. Most roots diameters ranged from 1 to 2mm. Some
roots less than Imm were mainly distributed in soil
0-20 cm deep from surface (Fig. 2). It is found that
the diameter of individual vetiver root matrix extends
20-25 cm and the number of roots declines with depth.
However, the roots diameters were found less changed
along the length of the root. As highlighted before, root
tensile strength testing is a crucial step to evaluate root
reinforcement. After excavation, the roots were stored
in a plastic bag to preserve their moisture content. Root
tensile strength tests were conducted in the laboratory
with a tensile test machine (Fig. 3).

Table 1 Properties of soil

p/(gcm™>) Optimum moisture/% 1,/% 1p/% c/kPa ¢/f°

1.68 21.5 415 254 1217 23.68
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Fig. 2 Root of vetiver

Tests results showed that the finer the roots, the
higher their tensile strength. Hence mean tensile
strength values obtained as Tr=28MPa will be used
to predict root reinforcement and an average Young’s
modulus of elasticity of E=120MPa.

3.3 Laboratory Triaxial Shear Tests
In order to study the contribution of roots to soil, a

series of triaxial shear tests have been performed on
reconstituted unreinforced and vetiver rooted soil

Fig. 3 The tensile machine
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samples with the same density and moisture content
to determine the shearing behavior of root-permeated
soil. To observe the increase in shear strength from
the vetiver-root reinforcement, bare soil with the
same density and water content specimens were pre-
pared for the triaxial shear tests as well.

Using a computer-controlled GSD equipped with
a 50kN maximum axial load, triaxial tests were con-
ducted to determine the value of shearing strength of
root-soil composites (Fig. 4), whose results would be
used to calibrate the numerical model.

The soil prepared with moisture of 21.5% was
filled into the box and compacted in three layers up to
a height of 80mm.The angle of shear distortion varied
between 40° and 50° from the results of shear tests
conducted by Waldron on various rooted-soil. There-
fore, the angle of shear distortion is assumed to be
equal to 45°.Vetiver roots are designed to be inserted
into soil samples with different angles ; with shear
plan to obtain the root-permeated specimens (Fig. 5).
The triaxial tests were carried out on fresh roots
within 3 days from sampling.

From the formula (9), we know that if (91 is set
as 180° — ¢, the safety of factor K would be maxi-
mum. Here the intrinsic friction angle ¢ of slop soil
was obtained as 24° in the triaxial tests. So 6, was
about 156°. Other angles of roots with distortion
shear plane were designed as 90°, 135°, and 180°
to contrast. Eventually, same numbers of roots with
diameter of 2mm and length of 15mm were cut and
inserted into soil to get four groups of the root-per-
meated specimens arranged as 6,=90°, 6,=135°,

Acquisition Pad 5

Fig. 4 Triaxial test

6

» Shear surface

» Root

Fig. 5 Root-permeated specimens

0,=156°, 6,=180° respectively, including three sam-
ples in every group. There were four groups of rooted
specimens and a group of non-rooted specimens car-
ried out in the laboratory. In each group, three sam-
ples were sheared at a speed of 0.4mm/min under
confining pressures of 50kPa, 100kPa and 150kPa
respectively.

3.4 Numerical Modeling

Finite element analysis was performed using SIMULIA
software as a sub-program of the complete analysis
procedure. The numerical simulation aimed at predict-
ing the stability of vegetated slope despite some model
simplifications basing on the results of triaxial shear
tests in laboratory. A 2D plane strain Finite Element
model with a height of 8 m was designed in order to
analyze the mechanical stability of the studied slopes
and investigate the effects of vetiver root system on the
stability of a slope, as shown in Fig. 1. The model slope
angle was set to 45°, it was partitioned at a depth of 1m
from the slope surface, without considering the influ-
ence of groundwater (Fig. 6). The horizontal and verti-
cal boundaries of the model were restrained. The bot-
tom was subjected to horizontal and vertical constraints
while surface and the top of the slope was unbounded.
Soil is strong in compression and weak in tension.
Roots, one of the important mechanical characteristics
of them is that they are strong in tension, assumed a
role like steel (Switata et al. 2018). A combined effect
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Fig. 6 Schema of the slope

of soil and roots results in a reinforced soil. When roots
play a reinforcing role, they are subject to tension but
not compression. Therefore, it is assumed the roots
have no flexural stiffness. It is presumed that the soil
is an ideal elastoplastic mass and complies with the
Mohr—Coulomb yield criterion. The root-soil interac-
tion was regarded as the mode of fiber reinforced soil
and the root-soil complex was formed in the root zone.
The geometrical model was partitioned at a depth of
0.5 m from the slope surface. The strip slope soil was
consisted of the surface root-soil zone and the deep
soil zone without roots. When the slope soil was dis-
cretized, CPE4 element was adopted for the soil. Fur-
ther compaction was carried out if there was a root soil
complex grid on the slope surface. Slop stability analy-
sis was conducted on a hypothetical slope with and
without roots using the strength reduction method in a
two-dimensional finite element model.

4 Results and Discussion

4.1 Mechanical Characteristics of Root-Reinforced
Soil

The shear strength of the soil-root composite is influ-
enced by the mechanical reinforcement of vetiver
roots. For this purpose, a series of laboratory triaxial
shear tests reinforced soil with different angles roots
were carried out in different cell pressures conditions.

@ Springer

Then their stress deviation (0,—c3)-axial strain (¢)
curves were plotted in Fig. 7.

Figure 7 concerns the stress—strain curves of soil
samples of different roots angle with shear surface.
It is observed that the increment of about 9%, 17%,
20%,13% in stress deviation correspondingly in the
reinforced soil with roots angles of 90°, 135°, 156°,
180° respectively. Compared to plain soil. Mohr cir-
cles of stress for each group of laboratory triaxial
shear tests at critical states were obtained. By fitting
the common tangent of the Mohr circles, the shear
strength failure envelope of each group of soil sam-
ples can be gotten. Then the cohesion force and the
intrinsic friction angle of soil samples with different
inclination of root (#) are obtained as Table. 2. From
the theoretical equation of Coulomb shear strength
and the increased values of shear strength param-
eters in Table 2, the increment of soil samples shear
strength induced by roots at different inclination (¢)
can be calculated, as shown in Fig. 8.

It can be seen from the Table 2 that shear
strengths of soil with all different angles root have
been improved. Compared with friction angle, cohe-
sion force of rooted-soil was significantly increased.
From Fig. 8, it was observed the increment of shear
strengths of soil reaches to maximum when the angle
between root and the potential slip surface of slope
is 156°. The results of a series of laboratory triaxial
shear tests have confirmed the contribution of roots to
increment of soil shear strength.

4.2 Numerical Analysis

The safety factor of the slope stability was calcu-
lated by finite element strength reduction method
(Chen et al. 2014). Accuracy of calculation depends
on striping the slope soil and root material embed-
ded into a plurality of units. The cohesive force and
intrinsic friction angle of the slope soil will be gradu-
ally reduced by means of setting the field variable.
The parameters obtained from laboratory tests were
used for 2D numerical analysis to evaluate the effects
of roots on slope safety as Table 3.

In the process of calculation, the safety factor
mainly depends on the yield criterion selected. There
are three commonly criteria used to distinguish: the
instability, namely, no convergence of finite element
calculation, abrupt displacement of characteristic
position and transfixion of plastic zone. In order to
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Fig. 7 Stress—strain curves of soil samples with different confining pressures

Table 2 The increment of shear strength parameters of the
root reinforced soil samples

Root angle Cohesion/kPa Intrinsic Ac/kPa Ag/°
across a potential friction

slip surface 6/° angle/°

No roots 12.29 23.68 - -

90 18.41 24.08 6.12 0.40
135 20.86 24.53 8.57 0.85
156 22.08 24.89 9.79 1.21
180 19.87 24.12 7.58 0.44

facilitate the analysis of slope stability, the method of
instability discrimination was adopted to calculate the
safety factor of slope stability. Eventually, the safety
factor of bare soil slope and planted slopes with root
system forming different inclinations to the shear sur-
face (0) were obtained as shown in Table 4.

The stresses and displacements of the bare slope
and the planted slopes were obtained by numerical
calculation. The partial displacement and stress field
cloud diagram were shown in Fig. 9.
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Fig. 8 Effect of root system with different 6 on the Az

Results show the vegetated slopes are significantly
more stable than the bare slope. It can be seen from
Table 4 and Fig. 9 that the safety factors of slopes
with different root angles crossing surface of slide are
as follows: Ky_gpe < Kp_1300 < Kp=1350 <Kp=1560- When
the roots are at an angle of 156° with the shear sur-
face, the safety factor of the slope work relatively bet-
ter. The results show that there is no obvious differ-
ence in stress aspect between bare slope and planted
slope. However, the maximum displacement of root-
permeated soil is significantly reduced compared with
bare slope. When the roots of vetiver and the shear
surface are at an angle of 156°, the displacement of
the slope reaches the minimum as showed in Table 5
and Fig. 10.

This is also consistent with the conclusions
obtained from the shear tests in laboratory mentioned
above. At the same time, it is found that the influence
of the root system on the horizontal displacement of
the shallow soil is more significant than the vertical
displacement under the same conditions. Therefore,

Table 3 Material model parameters for the numerical simulation

Table 4 Safety factors of slopes with different 0

Root angle/°  noroots 90 135 156 180

Safety factor ~ 1.148 1236 1.249 1253  1.246

the slope soil embedded roots will be more conducive
to the stability of the horizontal direction of the slope.

5 Conclusions

The root of plants usually has a positive effect on
mechanical characteristics due to reinforcement
action. The root morphology plays an important role
in increasing the shear strength of soil. This paper has
demonstrated the specific role of vegetation in soil
reinforcement applications by means of triaxial tests
and finite element method. The stability of planted
slope is enhanced compared with bare slope, which
highlights the vital importance of slope to prevention
of shallow landslides. The following conclusions can
be drawn:

(1) A series of triaxial tests were carried out to get
the shear strength of no rooted soil and root-per-
meated soil. It demonstrates that the root system
of vetiver has a great effect on the cohesion of
soil, but less influence on the intrinsic friction
angle.

(2) The formula for calculating the safety factor of
slope considering the distribution angle of plant
roots is derived theoretically. The cohesive force
of the rooted soil was deduced that it will reach
the maximum when the roots are oriented angle
of 180° — ¢ with the potential slip surface, which
makes the safety factor of slope maximum.

Angle of roots crossing  Elasticity modulus /MPa Poisson Ratio Density /(g cm™>) Intrinsic fric-  Cohesion/kPa
the failure surface/° tion angle/°

No roots 50 0.3 1.82 23.68 12.29

90 24.08 18.41

135 24.53 20.86

156 24.89 22.08

180 24.12 19.87
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(a) Stress diagram of slope without roots (b) Displacement diagram of slope without roots

(c) Stress diagram of slope with roots (d) Displacement diagram of slope with roots

inclination of 90° inclination of 90°

(e) Stress diagram of slope with roots (f) Displacement diagram of slope with roots

inclination of 156° inclination of 156°

Fig. 9 The partial stress and displacement fields nephogram of slope with different 6
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Table 5 Stress and

! . Root angle/° Maximum Maximum dis- Maximum change Maximum dis-
d{splacement of slope with stress/kPa placement/mm of stress/kPa placement reduc-
different 6 tion/mm

No roots 127.4 154.3 - -

90 127.7 143.2 0.3 11.1
135 128.0 137.9 0.6 16.4
156 128.0 137.7 0.6 16.6
180 127.9 140.7 0.5 13.6

(3) Compared with bare slope, the shear strength of
rooted soil is increased significantly. In this study,
for the natural slope of 45°, the effect of root rein-
forcement is different with inclination angles on
stability of slope soil. Owing to the intrinsic fric-
tion angle was obtained as 24° in laboratory, the
increase of shear strength of root-soil is relatively
larger when the roots are oriented at an angle of
156° with the potential slip surface.

(4) The numerical calculation model of slope with
vegetation roots was established, and the stabil-
ity of slope was analyzed by using finite element
method, which investigated the effect of the veg-
etation roots on the stability of slope. It is also
certified that the horizontal displacement is more
significant than the vertical displacement in slope
with root.

[N}
N
1

—m— Decreses of horizontal displacement
—®— Decreses of vertical displacement

[\
[\
T

— [\®}
[e e} (e}
T T

[ J

|

Displacement Reduction/mm
=
T

—_
[\
T

—
(=]

90 105 120 135 150 165 180 195
Root Angle/°

Fig. 10 Effect of root system with different @ on the displace-
ments of slope
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