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Abstract: Plant roots are widely known to provide mechanical reinforcement to soils against shearing and further increase slope
stability. However, whether roots provide reinforcement to loess cyclic re-sistance and how various factors affect roots
reinforcement during seismic loading have rarely been studied. The objective is to conduct a series of cyclic direct simple shear
tests and DEM numerical simulation to investigate the cyclic behaviour of rooted loess. The effects of initial static shear stress and
loading frequency on the cyclic resistance of root-soil composites were first investigated. After that, cyclic direct simple shear
simulations at constant volume were carried out based on the discrete element method (PFC™) to investigate the effects of root
geome-try, mechanical traits and root-soil bond strength on the cyclic strength of rooted loess. It was discovered that the roots
could effectively improve the cyclic resistance of loess. The cyclic resistance of the root-soil composite decreases with the increase
of the initial shear stress, then increases, and improves with the increase of the frequency. The simulation result show that
increases in root elastic modulus and root-soil interfacial bond strength can all enhance the cyclic resistance of root-soil
composites, and the maximum cyclic resistance of the root-soil composite was obtained when the initial inclination angle of the
root system was 90°.
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1 Introduction

The vegetation roots grow and extend downward in
the soil (up to 2 m deep most), forming a root-soil
composite, in nearly all cases with more than 50% of
roots being found in the top 0.3 m of soil''’. The main
types of root architectures are; heartroot, taproot, and
plateroot systems. The presence of vegetation on slopes
not only provides ecological benefits, but is also widely
believed to suppress shallow landslides'>™*. Shallow
landslides constitute one of the most hazardous categories

) posing a huge threat to the safety

of mass movements
of human life, property and infrastructure. In recent
years, ecological slope protection technology which can
promote  carbon-neutral  development  has  been
successfully applied in a wide range of projects, such as:
highway slope, cover slope of a solid waste landfill,
streambank reinforcement'®’ | etc.

Plant affects the soil properties of slopes mainly
through mechanical and hydrological processes. Due to
the different response of roots and soil to stress'’ |
stresses in the soil under loading are transferred to the
roots in a manner that is alike to the reinforcement of
concrete structures by steel or fiberglass, thus producing
mechanical reinforcement. Root-soil composites resist
shear primarily by mobilizing tensile deformation of the
root system and friction at the root-soil interface. On the
other hand, the radial expansion of the roots increases the
contact stress between soil particles, thus increasing the

390 " The mucus

densification of the soil around the roots
secreted by the roots glues the soil particles around the
roots, directly increasing the cohesion and structural
stability of the soil'". The

reinforcement is related to many factors: root distribution

magnitude of root
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density, tensile strength, tensile modulus, root length,
alignment angularity/straightness of the roots, orientation
of the roots relative to the direction of shear plane, root
architecture,, vegetation species, root-soil bond strength,
soil moisture content, normal pressure, and has a high
degree of spatial and temporal variability. Accurately
predicting the mechanical reinforcement of the roots
remains a challenge due to the complexity of root-soil
interactions and the stochastic variability in the properties
of both.

conditions around the roots, transferring water from wet

Plant roots also regulate the hydrological

sites to dry soils, and the moisture content of soils closer

). Aboveground stems and

to the root system is lower''
leaves of vegetation intercept rainfall™’ | which in
combination with evapotranspiration reduces the water
content of slopes, changes matrix suction, and delays
soils from reaching critical saturation levels. At present,
a large number of scholars have studied the reinforcing
effect of root-soil composites in terms of macroscopic

in-situ tests and
[13]

mechanical properties, including
laboratory tests using live roots and roots analogues
However these studies have concentrated on roots

reinforcement in monotonic stress path, such as
compression , extension, direct or simple shear stress
path. In addition to these experimental studies, many
mechanical models for quantifying soil reinforcement have
been established on the basis of a simplified consideration
of the main influencing factors''*™.

Regarding the cyclic behaviour of root soil
composite, very limited investigation on the element
behaviour can be found in the literature to the best of our
knowledge. LIANG et al'*"’ fabricate root analogues using
3D printing techniques, and conducted a series of rooted

slope centrifuge tests. It is concluded that roots may be
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an effective seismic slope stabilization method for slopes
of smaller height. KARIMZADEH et al"**' concluded by
conducting undrained triaxial tests that the roots can
effectively increase the liquefaction resistance of sand and
change the failure mechanism from limited flow to cyclic
mobility. However, in the context of the widespread
application of ecological slope protection technology, the
slope protection potential of vegetation roots in loess areas
under seismic action has no experimental justification in
terms of relevant dynamic properties and a clear
underlying mechanism. The effects of initial static shear
stress and cyclic shear frequency on cyclic resistance of
root-soil  composites has received relatively little
attention. Under seismic loading, the root-soil composite
unit in ecological slope engineering will be subjected to
the loading conditions of initial static shear stress action
and rotation of the principal stress axis, resulting in
simple shear-dominated deformation. Cyclic direct simple
shear tests (CDSS) can more realistically reproduce the

[23-24] and

stress state of a soil unit under seismic loading
can more accurately measure volumetric strains compared
to the dynamic triaxial test (CTX). Many scholars have
now conducted monotonic and cyclic direct simple shear
tests under the influence of different factors ( density,
overburden pressure, initial static shear stress, frequency,
shear strain amplitude, and volume change boundary
sandy  soils'® | rubber-sand
and clays'”’. EIGhoraibye et al'*”

concluded from CDSS tests on Ottawa F65 sand that under

L[5
conditions'®')  on

[27

mixture'” | loess'™ |

undrained cyclic shear conditions, the secant shear
modulus decreases with continuous application of shear
stress, while the damping ratio first rises, then plateaus,
and finally decreases. Past studies on the effect of initial
shear stress on cyclic resistance have not reached a
consistent conclusion, which can show different patterns

[31-32]
b

such as decreasing increasing first and then

[33-34]

decreasing , probably be due to the fact that it can

be influenced by a combination of factors such as relative

and soil properties ™.

density, confining pressure,
PARK et al”® conducted that the cyclic resistance of
loose sands decreases continuously with increasing initial
shear stress, while that of dense sands does not

necessarily decrease, which is influenced by the

combination of consolidation pressure and initial shear
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stress.

Due to the complexity and variability of roots
geometrical and mechanical traits, it is difficult to
prepare completely identical specimens in the test, thus
numerical simulation methods become a promising
alternative. The finite element method was first used for
the simulation of three-dimensional direct shear tests of

(37-38] , mesh-

root-soil composites but it encounters
induced convergence problems at larger strains in the
soil. The discrete element method was first developed by

CUNDALL et al'™®

geotechnical engineering

and has been widely used in
4] Particle  flow  software
(PFC™ ) modeling can obtain a large amount of
microscopic contact information, such as local stress-
strain, pore size distribution, strong force chain evolution
bonding damage, and complex and comprehensive
interactions between soil particles, thus revealing the
potential microscopic mechanisms under the macroscopic
response. Many scholars have performed simple shear
simulations, and investigated the changes in force chain,
principal stress direction, non-coaxiality, fabric structure
anisotropy,  stress-strain  distribution  inhomogeneity,
coordination number, and pore distribution during shear
under the influence of various factors, such as instrument
type, initial porosity ratio, particle-to-sample size ratio,
and base type, etc!”™ . BOURRIER et al™"
established a numerical model of direct shear tests of
rooted granular soils based on the DEM, and explored the
effects of the root mechanical traits, root-soil interfacial
friction angle and of the root number for the different soil
types. DEM simulations have been shown to reasonably
reproduce the cyclic response of granular materials”>'™' |
making them an appropriate tool for exploring the cyclic
response of bonded reinforcement materials from a
microscopic point of view. However, no studies have yet
conducted to simulate dynamic element tests of root soil
composite with discrete element method. On the other
hand, PFC™ can customize the contact relationship
between particles as a way to meet model-specific needs.
MA et al'™' defined a displacement-softening contact
model that solves the problem of material tensile to
compressive strength ratios that do not match the

1[55

experimental results. JIANG et al'®’ developed a contact

model that considers torsional and rotational resistance
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forces , which can well capture the mechanical behavior of
sand in direct shear. Therefore, a more appropriate
customized contact relationship is used for the simulation
of loess in this paper.

This article investigates the cyclic behavior of root-
soil composites from a macro-micro scale perspective by
means of stress-controlled constant volume cyclic direct
simple shear tests and DEM numerical simulations, to
information  for

provide establishing analytical soil

reinforcement dynamic model. The paper has been
organized in the following way. Firstly, a series of cyclic
simple shear test results for rooted and non-rooted loess
under different initial static shear stresses and frequencies
are presented. Then, the evolution laws of force chains,
principal stresses direction, the fabric, non-coaxial
angles and stress inhomogeneities for root-soil composites
in shear simulations are shown. The numerical results
also allowed analyzing the influence of root-soil interfacial
shear strength, roots mechanical and geometrical property

to soil reinforcement by roots.

2 Materials and Methods

2.1 Study area and plant

The study area is located in Chengbei District,
Xining City, Qinghai Province, which has a plateau
semi-arid continental climate with the geographical
coordinates of 101°77"E and 36° 62’ N. The average
annual temperature is 7.6 C , the elevation is 2 261 m,
and the average annual precipitation is 380 mm. The
annual average temperature was 7.6 °C, the altitude was
2 261 m, and the annual average precipitation was
380 mm. The soil for the experiment was taken from the
field slope in Chengbei District, Xining City, Qinghai
Province, and the soil depth was within 0.3 ~ 1.8 m.
Table 1 lists the basic physical properties of the soil
samples, which were categorized as loess under the
unified soil classification system ( USCS). The shrub
false indigo bush was selected as the root system research
object, which is the native dominant slope protection
vegetation in Qinghai Province. It is fast-growing, cold-
resistant, barren, drought-resistant, suitable for dry and
cold climate in Qinghai Province, with well-developed
root system and many lateral roots, and is a good plant for

wind and sand control and soil conservation.
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Table 1 Basic physical properties of soil
x1 THEERSH
Properties Values Properties Values
Specific gravity 2.72 Plasticity Index 1, 19.9
Maximal dry (}fnsily 166 Optimal moisture 16. 1
p/g - cm content w/ %
Liquid limit w, /% 28.9 Plastic limits wp/% 9.0

2.2 Test program
2.2.1

Specimen bottom diameter is 50 mm, height is 20

Root-soil complex cyclic direct simple shear test

mm. The dry density of the specimens was 1.6 g/cm’,
the moisture content was 14% , and the root mass ratio
was 1.2% (Due to the small size of the specimen, this
root content was chosen on the basis of considering the
size effect ). Because the root system will gradually
harden after leaving the soil, in order to reflect the root-
soil interaction more realistically, false indigo bush was
planted outside the laboratory, and fresh roots excavated
on the same day were used in each root-soil complex
specimen. First, 0.15 g of fibrous roots less than 0.5
mm in diameter were mixed into the soil and stirred well.
The specimen was compacted in two layers, and after the
first layer was compacted, three 1.8 mm ~ 2.3 mm
diameter root segments were inserted at equal intervals
along the shear direction. The flow chart of specimen
preparation is shown in Fig 1. After the specimen was
consolidated under 100 kPa vertical pressure for 90 min,
the corresponding initial shear stress was slowly applied to
it and kept for 20 min, at which time the horizontal shear
strain of the specimen tended to stabilize. Subsequently,
the vertical position of the upper loading plate was kept
constant and cyclic shear loads with sinusoidal variations
were applied in a stress-controlled manner until the
damage criterion was reached. The loading pattern is
shown schematically in Fig. 3, which is similar to the
cyclic loading scenario in MCCARRON et al'®’. A
schematic diagram of the cyclic direct simple shear
apparatus ( EMDCSS) is shown in Fig.2. The cyclic
direct shear test was performed in accordance with ASTM
D6528"%.

In studies of sandy soil liquefaction, many scholars
consider that liquefaction of the specimen occurs when the
one-way shear strain amplitude reaches 3.75%" 7%,
This damage criterion is not applicable to loess, because

the shear strain exceeds 3. 75% after a large initial shear

KFKEBER(PHRZ) $£56%5 2025 FES1H
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Tap roots

false indigo bush roots

Fig. 1 The flow chart of specimen preparation

1 REERERE

Add 1

stress ratios, the excess pore water

pressure after the specimen reaches

the damage condition does not

Fibrousroots  pecessarily exceed 90% of the initial

consolidation pressure, but has
remained in a steady state for a
period of time in a range smaller
than 90% of the

Lem pressure, which is similar to the

results of the tests by PARK et
al®®,

consolidation

Therefore, only the residual

deformation ~ damage mode s

considered, and the cyclic

[evcss )

e

GDS Digital Control System (DCS)

liquefaction damage mode is not
considered. The cyclic stress ratio
(CSR) refers to the ratio of the
applied peak cyclic shear stress to

the initial vertical consolidation

pressure. Initial shear stress ratio
(a) means the ratio of initial static

shear stress to  consolidation

A magnitude 7.5

pressure.

earthquake generates approximately

Le1]

15 uniform  stress cycles'”,

therefore the cyclic resistance of the

specimens was quantitatively

Fig. 2 Dynamic cycle single shear equipment

B2 hEERAERE

T Initial shear stress loading stage —— Cyclic loading stage
T -
avg
min |-
(stress reversal) t
\-

Fig.3 Loading pattern
3 mEFK

stress is applied to the specimen, but the specimen still
has certain cyclic shear resistance. Therefore, it is set in
this paper that the specimen is considered to be
completely damaged when the unidirectional shear strain

amplitude exceeds 10%. In the case of larger initial shear

KFKEBER(PHRZ) $£56%5 2025 FES1H

assessed by using cyclic resistance

ratios. The cyclic resistance ratio

(CRR) refers to the cyclic stress
ratio when the specimen reaches the damage criterion
after 15 cyclic shear actions. Under the same conditions
of consolidation pressure, water content, initial shear
stress, and root content, at least four cyclic shear tests
with different cyclic stress ratios were conducted to obtain
a cyclic resistance curve ( CSR versus the number of
destructive cycles ) and consequently, the CRR was
obtained. Parallel tests were repeated at least twice until
the error between the number of destructive cycles was
less than 10%. To reflect the effect of initial static shear
stress, a correction factor K, is introduced which is
defined as the ratio of CRR under any initial shear stress

to CRR without initial shear stress

CRR,
Ky =—rr (1)
CRR, ,

T,

669
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In group A tests to investigate the effect of initial
shear stress on the root-soil composite, the loading
frequency was set to 1 Hz, and the initial shear stress
ratios were 0.0, 0.1, 0.2, 0.3, and 0. 4, respectively.
In the group B tests exploring the effect of loading

frequency, the initial shear stress ratio was set to 0. 15,
and the loading frequencies were 0.1 Hz, 0.5 Hz, 1.5
Hz, and 3 Hz, respectively. A total of 75 CDSS tests
were conducted, and a detailed description of the test

protocol is shown in Table 2.

Table 2 Cyclic direct simple shear test protocol and results

R2 BAREIRBEARRER

Group No. Roots e Frequency/Hz CSR N CRR K,
1 No 0.0 1 0.19; 0.2; 0.21; 0.23 169; 86; 32; 22 0.262 1 1.0
0.128; 0.135; 0.15; 0.156; 710; 229; 138; 48;
2 No 0-1 ! 0.16; 0.17; 0.2; 0.3 30; 27; 8; 3 0-179°8 0.69
0.1; 0.115; 0.121; 0.126; 870; 64; 58; 24;
3 No 0.2 ! 0.13; 0.139; 0.144; 0.15 17; 11; 8; 8 0-1346 0.51
0.109; 0.115; 0.126; 0.139; 139; 39; 29; 12;
4 N 0.3 1 ’ ’ i ’ ’ ’ ’ ’ 0.137 8 0.53
© 0.144; 0.154; 0.166; 0.17 15; 7; 5; 4
A . 108; 0. 115; 0.125; 0.135;
0.108; 0.115; 0.125; 0.135; 125, 63; 35; 23,
5 No 0.4 1 0.156; 0.17; 0.18; 0.19; oA e 0.153 2 0.58
0.2; 0.23 o W
6 Yes 0.0 1 0.2; 0.21; 0.23; 0.243 139; 101; 46; 20 0.214 4 1.0
7 Yes 0.1 1 0.135; 0.15; 0.16; 0.18 593, 249; 68; 26 0.189 4 0.88
8 Yes 0.2 1 0.12; 0.125; 0.13; 0.14 169; 38; 28; 14 0.138 6 0. 65
9 Yes 0.3 1 0.109; 0.115; 0.12; 0.126; 0. 154 160; 57; 52; 46; 7 0.139 2 0. 65
10 Yes 0.4 1 0.125; 0.135; 0.15; 0.175 114; 73; 19; 10 0.158 4 0.74
11 Yes 0.15 0.1 0.11; 0.122; 0.135; 0.155 274; 66; 20; 7 0.140 3
B 12 Yes 0.15 0.5 0.125; 0.133; 0.14; 0.163 159; 80; 29; 12 0.1557
13 Yes 0.15 1.5 0.162; 0.15; 0.135; 0.12 15; 24; 66; 909 0. 161 8
14 Yes 0.15 3 0.122; 0.137; 0.15; 0. 163 169; 63; 36; 24 0.182 3
Note: * « is initial static shear stress ratio; N is the number of destructive cycles
. . . . . Ball displacement/mm Top plate
2.2.2 Discrete modeling of monotonic and cyclic direct 31.65
. . 30.00
simple shear tests of rooted soils 5500 tacked rings
. . 20.0Q
The PFC model consists of body, piece, and 15.00
10.00
contact. Contacts hold forces and moments that are 5.00

applied to the contacting bodies. These forces and
moments are calculated based on the force displacement
law defined by the contact model. During the simulation,
the software ( PFC™ ) performs a series of operations
sequentially within each computational timestep to update
the model state: (1) Determine the effective timestep to
ensure numerical stability of the model; (2)The position
and velocity of each body/piece is updated according to
Newton’ s laws of motion using the current timestep and
the forces/moments calculated during the previous cycle;
(3) Update model time; (4) Create and delete contacts;
(5) Recalculate the forces or moments.

The specimens were first generated within a
cylindrical range of 25 mm radius and 20 mm height.

When the number of specimen particles is small, the

overall mechanical response during loading will be very

670

Fig. 4 Schematic diagram of the model
B4 EETE

sensitive to the change of individual strong force chain,
which causes fluctuation of stress-strain curve. The soil is
modeled as an assembly of 14 300 locally interacting
spheres under consideration of computational efficiency.
The diameters of the particles are uniformly distributed
from 0. 000 6 m to 0. 0009 m. A jagged clump is created
at the bottom of the specimen to simulate the bottom
loading plate. 20-layer stacked ring walls were arranged
along the specimen height to simulate the lateral
boundary. Since the wall does not change its velocity
under external forces, the stacked ring walls are given a
linearly varying velocity based on the shear direction

velocity of the bottom clump as a way to achieve uniform

KFKEBER(PHRZ) $£56%5 2025 FES1H
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2] The specimen model

lateral deformation during shear
is shown in Fig. 4. Monotonic shear tests are simulated by
assigning constant velocities to the bottom clump; A
cyclically varying shear load is transmitted to the
specimen by applying a sinusoidally varying external force
to the bottom clump. The constant volume shear condition
is achieved by fixing the vertical position of the top plate,
and the constant pressure ( average normal contact stress
between the upper wall and the particles) condition is
achieved by the servo method. In order to dissipate the
kinetic energy of the particles and avoid unrealistic
particle vibrations'®’ | normal and tangential viscous
damping (0. 1) was applied at each contact, consistent
with the values used by ZHANG et al'®’. The maximum
dimensionless inertia number during the simulation is
7.2¢™*, less than le™, which is enough to prohibit
potential inertial effect, meaning that the granular
assembly behaviors are quasi-static.

In the previous modeling process of root-soil
composites, special elements ( such as: deformable
cylinders, cable, beam, truss) were introduced to

96461 In this paper, a string

simulate the root system
of inter-bonded particles is used to simulate the root
system, with coarse and fibrous roots arranged in the
same manner as described in section 2. 2. 1. To avoid the
effect of root incorporation on the porosity of the
specimen, the loess particles at the location of the root
particles were deleted. A customized contact model more
suitable for cohesive granular material ® ™’ was used
between loess particles, and the corresponding force-
displacement law is shown schematically in Fig. 5. The
established contact model is based on the linear parallel-
bond contact model and refined the force displacement
law between particles after the bonding strength reaches
the critical bonding strength. This contact model can
effectively capture the softening behavior of cohesive
material during cyclic shear and has high computational
efficiency. Parallel-bond contact model was used both
between root particles and between root-soil particles.
Thus, the model allows simulating the root tensile loading
until broken, the root bending loading, the root
compression loading, the root-soil adhesive links until
bonding breakage, the root slippage associated with a

frictional resistance at the root-soil interface.

KFPKBEAR(PHRZ) $£56%5 2025 F5S1H
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Fig. 5 Schematic diagram of the force-displacement law
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3 Results and discussion

3.1 Cyclic direct simple shear test results
3.1.1 Cyclic resistance response of specimens under
different initial shear stress

In the absence of the initial shear stress, the shear
strain will oscillate with the x-axis as the symmetry axis at
the beginning of loading, and no plastic strain will be
generated. If the specimen is sudden runaway damage
pattern, after a certain number of cycles, the shear strain
will accumulate rapidly in one direction and the effective
stress suddenly reaches zero, thus producing damage. If
the specimen is cyclic mobility damage pattern, the
plastic shear strain accumulation gradually occurs at the
later stages of loading and shear strain slowly reaches the
damage criterion. On the contrary, in the presence of
initial shear stress, the specimen will accumulate plastic
strain in the direction of the initial shear stress applied
from the beginning. The results of all cyclic direct simple
shear tests are summarized in Table 2.

Fig. 6 shows the cyclic resistance curves of loess and
the root-soil composite under different initial shear stress
ratios () with the consolidation pressure and loading
frequency held at 100 kPa and 1 Hz, respectively. It can
be seen from the figure that the cyclic resistance of the
root-soil composite shows an evolutionary pattern similar
to that of the loess with the increase of the initial shear
stress. As a increased from 0.0 to 0.2, the cyclic
resistance curves of the loess and root-soil composites
gradually shifted downward, with CRR decreasing by
49% and 35% , respectively. When « increased to 0.3,
the cyclic resistance increased slightly by 2.4% and
0.4%. When « was further increased to 0. 4, there was a

significant recovery in cyclic resistance to 58% and 74%
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Fig. 6  Cyclic resistance curves under different initial shear stress ratios
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of the strength without initial shear stress, respectively.
However, the cyclic resistance of specimen without initial
shear stress is always higher than the resistance with
initial shear stress. The presence of initial shear stress
always acts as an unfavorable factor for the cyclic
resistance of the specimens. The decrease in the cyclic
resistance of specimen with increasing « is due to the fact
that the loading of horizontal stresses under the rotational
condition of the principal stresses induces a breakage of
the loess inter-particle bond and root-soil bond. At the
same time, the larger the value of o, the less likely the
specimen is to undergo a stress reversal situation, and
thus the more likely it is to produce a rapid accumulation
of plastic strain in one direction, leading to a decrease in
cyclic resistance. The reason for the rebound of the cyclic
resistance of specimen with the further increase of o is
due to the fact that, in response to the greater horizontal
shear stress action, the interparticle structure of the
specimen is rearranged and the interlocking effect is
enhanced , which further forms a stable substrata structure
and establishes a stronger and more tight horizontal-
oriented contact and force chain.

The effect of root system on the cyclic resistance
ratio ( CRR) under different initial shear stresses is shown
in Fig. 7. In the presences of root system, CRR increases
regardless of the value of a. As the value of @ increased,
the incremental strength of cyclic resistance induced by
the root system showed a first decreasing and then
increasing pattern. As the initial shear stress increases,

the initial shear strain of the specimen also becomes
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larger, which leads to a smaller range of mutual frictional
sliding between the roots and the soil during the
reciprocal cycle, reducing the consumption of the input
shear action energy and thus weakening the reinforcing
effect. In this process, the change of specimen fabric
structure also has a potential influence on the performance
of root system reinforcement. When the a value increased
to 0.4, the initial shear strain of the specimen reached
about 5%. The initial inclination angle of the root system
was too large, and the specimen fabric structure changed
significantly, thus affecting the development pattern of the

reinforcement action.

0.30 0.0125
F 1 Loess
I 1 Root soil complex
0.25F » N - —eo— Increm ent 100100
%
0.20F \
,) 40,0075 =
& \ 2
8 0.15F \ %
2 |{00050%
0.10f L
;
5 {00025
0.05F YN % '
0.00~ 0.000 0
0 0.1 02 03 0.4
a
Fig. 7 Comparison of CRR values of loess and root-soil composite

under different initial shear stress ratios
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3.1.2 Cyclic resistance response of specimens under
different frequency
In order to investigate the effect of cyclic loading

frequency on shear behavior, CDSS tests were conducted
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The

cyclic resistance curves of the root-soil composite at 0. 1~

on root-soil composites at different frequencies.

3 Hz frequencies are shown in Fig. 8. From the figure, it
can be seen that the cyclic resistance strength of the root-
soil composite is affected by the frequency with CRR as
0. 140, 0.156, 0.162, 0.182 at 0.1, 0.5, 1.5, 3 Hz
respectively. As the loading frequency increases, the
position of the cyclic resistance curve of the root-soil
shifts the

continues to increase. NONG et al'®® also came to a

composite upward and cyclic  resistance
similar conclusion that an increase in cyclic shear
frequency decreases the rate of accumulation of volumetric
strain in sandy soils and increases the shear modulus ratio
(the ratio of the shear modulus after a certain number of
cycles to the initial shear modulus), which in tum
increases the liquefaction resistance. Actual seismic loads
are a mixture of various frequencies in a certain interval ,
so the dynamic mechanical properties of root-soil
complexes derived by the laboratory at lower frequencies
may underestimate the stability of root-containing slopes.
Under high-frequency loading, the specimens do not have
enough time to deform during the rapid loading process
and the rate of plastic accumulation is slow. However,
under low-frequency loading, the specimens produce
sufficient deformation and the residual strain after each
cyclic action is larger, so the cyclic resistance strength of
the root-soil composite under low-frequency loading is
lower.
3. 1.3 Reinforcement mechanism of root system
Scanning electron microscopy results for roots are
presented in Fig. 9 at magnifications of 50, 100, and
1 000, respectively. It can be seen that the surface of the
root system is uneven, and the loess particles become

embedded in the grooves of the root system, and the two

(a) 50

.

(b 100

0.17
0.20
0.16 -
0.15 M '
015} 0.10 "
0.14
% 01 05 15 30
Frequency/Hz
013F & 01Hz
0.5Hz
0.12F ® 15Hz
A 30Hz
—Fitting curve
0.11F
1 1 1
10 100 1 000
N.cycles
Fig. 8 Cyclic resistance curves of root-soil composite
under different loading frequencies
8 ARMBIMETIREESEHEINE S Lk
bite and nest each other. Roots secrete chemicals

substances ( sugars, organic acids, etc. ) that act as
cementing agents during the growth process, increasing
the strength of the bonds between loess particles. Due to
the difference in deformation modulus between the root
system and the loess matrix, the inclination angle of the
root segment is not the same as that of the specimen as a
whole (a # B, which is shown in Fig. 10) under any
horizontal shear strain, resulting in frictional sliding
between the two phases of the root-soil, thus dissipating
some of the incoming shear energy from the base. The
uniformly distributed fibrous roots and soil particles in the
specimen are intertwined with each other, which improves
the integrity of the specimen, and the three-dimentional
network structure formed by the lap between the fibrous
roots effectively limits the displacement of the soil
particles. As long as the fibrous root does not produce
complete sliding with the surrounding soil unit, it will

pull the soil body at both sides of the microcracks and

" (0)1 000

Fig. 9 Scanning electron microscopy results at magnifications of 50, 100 and 1 000

B9 #iA 50, 100 %01 000 fEHIHEREER
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Fig. 10 Schematic diagram of root reinforcement mechanism

10 REBUNERE
inhibit the further development of the crack, that is, to

{00 Part of the shear stress in the

bridge microcracks
specimen is transferred to the root system, which is stored
as tensile strain energy, further consuming the external
input shear energy, thus improving the cyclic resistance
of the loess.

3.2 Shear simulation results of root-soil complex
3.2.1 Cyclic direct simple shear simulation results for
the non-rooted soil

Cyclic shear simulations at constant volume without
30

20

Shear stress/kPa

230 L . L \ .
-4 -3 -2 -1 0 1 2 3 4
Shear strain/%

(a) CSR=0.22

— CSR=0.243

Shear stress/kPa

Shear strain/%
(¢) CSR=0.243
Fig. 11

initial shear stress for non-rooted soil samples were first
performed at cyclic stress ratios of 0.22, 0.23, and
0. 243, respectively, with an initial vertical consolidation
pressure of 100 kPa. The objective is to evaluate the
relevancy of the new customized contact model for
modeling loess and to provide reference simulation results
for the comparison between the cyclic resistance of non-
rooted and rooted soils. The simulation-derived shear
stress-shear strain curves are shown in Fig. 11 (a-c).
After the specimen experiences the stress-strain state
shown in the figure, the shear strain increases rapidly and
reaches the damage criterion, and this section of the
curve is not plotted in the figure. Under the use of the
modeling approach and contact model proposed in this
paper, the simulation results can capture the response
behavior of the loess specimens in terms of stiffness
degradation and shear strain accumulation under cyclic
shear loading. The simulation results also show that an
increase in the applied cyclic shear stress ratio induces a
decrease in the number of cyclic loading required for

specimen destruction, as would be expected. From
30

——  CSR=023

20

Shear stress/kPa

Shear strain/%
(b) CSR=0.23

0.25
@ Test results

024+ ® Simulation results

0.23F

CSR

0221

021

0201 °
1 1 1 1 1 1 1
20 40 60 80 100 120 140
N.cycles
(d) Stress ratio-damage cycle number curve

Simulation results of cyclic direct simple shear

B 11 EREHRMER
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Fig. 11(d), it can be seen that the cyclic resistance
curves derived from simulation and test are in high
agreement, which proves the reasonableness of the
contact model and model parameters. The values of the
selected meso-parameters are shown in Table 3. The
stress-strain curve shows butterfly-shaped hysteresis loops
when the specimen is near the damage state, but the
simulation results do not have this phenomenon. The
reasons may be the forced linear variation of wall velocity
assignment, the difference between spherical soil model
particles and the actual soil particles shape, the limitation

of the number of particles, and other factors.

Table 3 Meso parameters used for new contact model
®3 BATHEMEENANSH

Values
Property Symbol Monotonic Cyclic direct
shear simple shear
Effective modulus emod 5.0x10’ 1.0x107
Stiffness ratio kratio 1.5 1.5
Friction angle/(°) fa 30 30
Friction-ball-ball fric 0.1 0.1
Friction-ball-sidewall fric 0.0 0.0
Friction-ball-upwall fric 0.5 0.5
Normal bonding strength ten 1.2x10* 1.2x10%
Tangential cohesion strength coh 1.2x10* 1.2x10*
Normal critical damping B, 0.13 0.1
Tangential critical damping B, 0.13 0.1
AB/ 0 it o, 0.7 0.8
BC/L, a, 3.0 10.0
k,/k, 8 9.0 4.0
CD/C ensie 5, 0.2 0.2
Particle density p 2 700 2 700
Frequency/Hz f — 1
Shear stress amplitude/kPa Teye — 22; 23; 24.3
Note: “—" implies no such item.

3.2.2 Cyclic direct simple shear simulation results for
the root-soil composite

During the CDSS simulation, not all roots develop
tensile stresses, and some of them show compressive
deformation, as well as alternating tensile and
compressive changes as the shear proceeds. FAN et al'”"
came to the same phenomenon through monitoring root
forces developed in a plant root system subjected to in-
situ large shear. However, most of the predictive models
for the shear strength of rooted soils do not consider the
roots that develop compressive forces, and focus only on
the mechanical reinforcement of the soil by the roots in

tensile mode.

KFPKBEAR(PHRZ) $£56%5 2025 F5S1H

The elastic modulus of the roots is an important
characteristic that influences the shear strength of

7251 but compared to the tensile strength of the

soils
root system, it has rarely been discussed, and its effect
on the cyclic resistance of root-soil composite is
unknown. The contact model between root particles was
chosen as the linear parallel-bond contact model, and the
change of contact stiffness parameter ( pb_deform) can
qualitatively reflect the change of root elastic modulus, so
different pb_deform parameters were chosen for the cyclic
simple shear simulation test. The initial effective
consolidation stress was set to 100 kPa, the cyclic shear
stress ratio was set to 0.243, and the loading frequency
was 1 Hz during simulation process. Fig. 12 shows the
variation of shear strain with loading time and shear stress
with shear strain for different contact stiffness parameters.
Rooted soil specimens were completely destroyed after
42, 40, 33, 29, 16 cyclic actions at pb_deform of 10X
10°, 5x10°, 2.5x10°, 1.3 x10°, and 0.1 x 10°,
respectively. Therefore, as the elastic modulus of the root
system increases, the number of loadings required for the
root-soil composite specimen to reach the damage
condition is increasing, i.e., the cyclic resistance is

38 .. .
! veached similar conclusions

increasing. MAO et al'
through finite element direct shear simulations, that
higher root elastic modulus would be more effective in
increasing the shear strength of the soil at all different
initial root orientations. The relationship between root
elastic modulus and diameter can be described by the

20741 However, different

negative power-law function
vegetation has different function parameters, so when
selecting species for slope protection, it is better to use
vegetation with higher root elastic modulus. The effect of
bending resistance of roots on shear resistance is relatively
small for cohesive and frictional granular soils'™', thus
this paper does not analyze the effect of bending
resistance on rooted loess.

The root-soil bond strength ( maximum tangential
shear stresses mobilized at the root-soil interface) is a key
input parameter in root-added soil shear strength
prediction models (e. g., Simple Force Balance Model
WWM, Fiber Bundle Model FBM) , but it is not directly

[74]

and accurately obtainable"™'. Therefore, the influence of

root-soil interfacial bond strength on root reinforcement
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S —01x10° i strain for different bonding parameters is shown in
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Fig. 12 The simulation results at different Pb_deform parameters »n -5k
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effect under cyclic shear loading needs to be investigated. 15t
A linear parallel-bond contact model was chosen to model 20k
the contact between roots and loess particles, and the 25 I
%6 -4 2 0 2 4 6
decrease in bond strength between roots and soil was Shear strain/%
simulated by continuously decreasing the parameters Pb_ (c) Shear Stre(ssbvi;:f;hf gzr)smm curves
ten, Pb_coh, fric. The variation of root-soil composite Fig. 13 The simulation results at different Pb_ten parameters
shear strain with loading time and shear stress with shear 13 A[E Pb_ten SE T HIHEINLE R
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strengths of 10x10°, 5x10°, 5x10*, 5x10°, 5x10° Pa,
respectively. The results showed that the cyclic resistance
of the root-soil composite continued to decrease as the
strength of the root-soil interfacial bond decreased. At
higher root-soil interfacial bond strength, the root system
is less prone to sliding and the tensile strength can be
fully mobilized, thus more of root’ s potential for
realized. When

breakdown of the partial bonding between roots and loess

reinforcement could be there is a
particles and they slide against each other, the higher
friction strength dissipates more shear energy, thus
increasing the cyclic resistance of the root-soil composite.
When the root system possess numerous, spreading,
highly-branched fibrous roots, the bond strength between
the root-soil is significantly increased compared to non-
branching, smooth roots. Therefore, vegetation with a
high degree of root epidermal roughness and well-
developed fibrous roots should be prioritized in the
selection of vegetation for slope protection. Under storm
events, transpiration from vegetation is difficult to resist

the saturating effects of rainfall'™

, resulting in a
significant reduction in the bonding strength between root-
soil. Therefore, the contribution of vegetation to the slope
stability factor of safety under heavy rainfall conditions is
less than that under non-rainfall conditions, and the slope
protection effect of vegetation should be assessed
conservatively.

The orientation of the root system relative to the shear
plane affects the stress developed in roots and the shear

strength of the rooted soil ™"

6

, so this section explores

—_—

Shear strain/%

-6 1 1 1 1 1 1 1 1 I 1 1

0 5 10 15 20 25 30 35 40 45 50 55 60

Time/s
(a) Shear strain versus loading time curves

Mobilized total tensile force/N

the effect of root orientation on the cyclic resistance of the
specimen. The angles between the root direction and the
horizontal plane were arranged as 0°, 30°, 60°, and 90°,
respectively, and the cyclic simple shear simulation was
performed by applying a cyclic shear stress ratio of 0. 243
at a frequency of 1 Hz. The simulation results are shown in
Fig 14. The number of damage cycles for the root-soil
composite specimens was 42, 39, 26, 23 under 0°, 30°,
60°, and 90° root orientation, respectively. The maximum
and minimum cyclic resistance is obtained when the angle
between the root system and the horizontal plane is 90°
and 0°. JEWELL et al'™ came to a similar conclusion that
little or no increase in shear strength is obtained when the
root system is parallel to the shear plane during the direct
shear test. Fig. 14(b) shows the variation of tensile stress
between all root particles with loading time. The tensile
stresses mobilized by the horizontal root system are
relatively small, resulting in the lowest contribution of the
root system to the cyclic resistance strength of the soil.
However, the tensile stresses mobilized by the vertically
arranged root system are also small, due to the initial
vertical consolidation stresses that result in large
compressive stresses in the root system at the outset. The
direction of the specimen principal stresses varied in the
range of 0° ~ 30° over the vast majority of the cyclic
loading period. The vertically arranged root system is

the

principal stresses and therefore has the greatest cyclic

approximately perpendicular to direction of the

resistance.

1 000

-500

-1 000

-1500F

-2000 -

-2500

1 1 1 1 1 1

_3000 1 1 1 1 1 1 1
-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time/s
(b) Total tensile force mobilized in roots

Fig. 14 The simulation results at different root orientation
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4 Conclusion

In this paper, a series of stress-controlled constant
volume cyclic direct simple shear tests were conducted to
analyze the reinforcing effect of roots on the cyclic
resistance of loess, as well as the effects of initial static
shear stress and loading frequency on the cyclic resistance
of root-soil composites. A numerical model based on the
Discrete Element Method was developed and used in this
study to analyze the effects of root geometry, mechanical
properties, and root-soil interactions on cyclic resistance.

(1) Under the cyclic shear damage criterion defined
in this paper, the presence of the root system improves
The

experimental results provide a justification for the slope

the cyclic resistance strength of the loess.

protection effect of the root system under dynamic action
When the

pressure and loading frequency are kept constant, with

( earthquakes or waves ). consolidation
the increase of the initial shear stress ratio, the cyclic
resistance of the loess and root-soil composite shows a law
of first decreasing and then rebounding; when the
consolidation pressure and initial shear stress ratio are
kept constant, with the increase of the loading frequency,
the cyclic resistance of the root-soil composite shows a law
of continuously increasing;

(2) The shear simulation methodology adopted in
this paper and the contact model developed for cohesive
granular material can effectively reproduce the mechanical
response of root-soil composites under cyclic shear
conditions.

(3) Increases in both root elastic modulus and root-
soil interfacial bond strength can effectively enhance the
cyclic resistance of root-soil composites. The maximum
cyclic resistance strength is obtained when the initial
arrangement of the root system is oriented at an angle of
90° to the horizontal plane; the lowest cyclic resistance
strength is obtained when the root system is oriented
horizontally. Therefore, when selecting vegetation for
slope protection, plants with higher root modulus of
elasticity, higher root epidermal roughness and well-
developed fibrous roots should be selected among the

locally dominant growing species, and vegetation with

plateroot root systems should be avoided.
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