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The shear band is an important portion of a landslide. Investigating the shear band’s
physical characteristics is one of the most significant challenges for landslide stability
analysis and control. A systematic study of shear band in Jinpingzi landslide region II was
conducted in this paper. The microscopic composition, deformation, strength, and creep
characteristics are investigated by various experiments. In addition, CT visualization
technology is utilized to monitor and scan the failure process of the shear band in real-
time, as well as carry out studies on failure mechanisms. Furthermore, a constitutive model
of the shear band is established as an alternative to the conventional Duncan and Chang
model, which does not have this model’s limitations. The associated research will broaden
understanding of such a medium’s properties, but it will also be highly useful for stability
analysis, deformation prediction, and prevention of such soil-rock mixture landslides.

Keywords: Jinpingzi landslide region Ⅱ, shear band, soil-rock mixture, CT, physical characteristics, constitutive
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INTRODUCTION

Landslides form and occur as a result of a dynamic mechanical process that includes the
accumulation of slope deformation, local damage, and the expansion, penetration, and sliding of
the failure surface [1–3]. The shear band is an important portion of a landslide that is highly related
to the deformation and stability of the landslide [4]. One of the main challenges to be tackled in
landslide stability analysis and control is the investigation of its physical and mechanical properties.
The sliding mass of accumulation landslides is soil-rock mixtures formed by Quaternary or recent
loose accumulations [5], and they have specific development patterns, deformation, and damage
characteristics. The soil-rock mixture is highly inhomogeneous and discontinuous, with significant
nonlinear features, as it is composed of various types of soil and gravel with varied grain sizes [6].
Furthermore, influence factors such as reservoir rise and fall, rainfall, and groundwater level changes
will inevitably complicate its deformation and failure mechanism.

Many academics have conducted numerous studies to investigate the physical and mechanical
properties of soil-rock mixtures, including large-scale in situ push shear tests, indoor direct shear
tests, triaxial shear tests, and permeability coefficient tests [7–10]. The microstructure model of soil-
rock mixture was established by mesoscopic image manipulation, and automatic finite-difference
mesh generating technology [11–13]. The fractal law of particle size distribution of a soil-rock
mixture was studied using fractal theory [14–16]. Changes in the microstructure of soil-rock
mixtures are investigated with the application of CT visualization techniques [17, 18]. In general, the
development of geotechnical constitutive modeling is to adopt the corresponding yield conditions
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according to the different types of geotechnical soils and to
propose some mathematical models based on test results and
extend them to the general cases, to establish a series of

constitutive models that meet engineering reality [19–21].
Besides, the NMM was used to analyze the stability of the
soil-rock-mixture slopes [22, 23].

FIGURE 1 | Phyllite clastic shear band: (A) photograph; (B) mineral composition; (C) chemical composition.
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Located on the right bank of the Jinsha River, Jinpingzi
landslide region II is approximately 2,500 m away from the
downstream of the Wudongde hydropower plant dam site.
Region II is a large and creeping landslide, with a total area of
around 0.6 km2, a total volume of around 2,700 × 104 m3, and an
enormous height difference between the front and back edges,
exceeding 650 m. Until at present, region II is significantly
deformed, with weak stability and an overall creeping slip
state. If large-scale instability occurs, the water level
downstream may rise, threatening the normal operation of the
power-producing system. The research shows that the
deformation in region II is creeping slip along with the base-
rock surface or phyllite clastic soil layer. The creeping slip
mechanism of the shear band is exceedingly complicated and
plays a controlling role in landslide sliding. To further establish a
constitutive model and determine parameters of the soil-rock
mixture in the shear band, as well as to accurately evaluate the
effectiveness of control measures, it is necessary to investigate the
physical and mechanical properties of the shear band. The
microscopic composition, deformation, strength, and creep
characteristics are investigated by various experiments. In
addition, CT visualization technology is utilized to monitor
and scan the failure process. Furthermore, a constitutive
model of the soil-rock mixture is established as an alternative
to the conventional Duncan and Chang model.

PHYSICAL AND MECHANICAL
CHARACTERISTICS

The accumulation of Jinpingzi landslide region II can be
separated into four layers from top to bottom. The first layer
is a layer of dolomite block gravel with a tiny proportion of silt,
and a thickness of 20–61 m. The second layer is a layer of phyllite
debris with soil, and a thickness of 16–45 m. The third layer is a
layer of phyllite debris soil that serves as a shear band, with a
thickness of 2–9 m. The fourth layer is a layer of paleogully debris
and gravel with a small amount of silt, with a thickness of
30–64 m.

The phyllite debris soil of the shear band is purple-red and
gray-black silty clay with gravels. The soil is in a hard-plastic state,
with a tight structure. The shear band’s extrusion dislocation
characteristics are very obvious, and the polished surface and
scratches can be seen.

Microstructure
The hanging wall of the shear band is grayish-black phyllite
clastic soil, and the footwall is the purplish-red one
(Figure 1A). According to the mineral analysis results of
soil-rock mixture samples in the shear band (Figure 1B),
the mineral components in the purplish-red and grayish-
black samples are primarily clay minerals, accounting for
60–70% of the total content (illite 55–65%), and other
mineral components account for 30–45% (quartz 20–25%).
According to the results of the mineral chemical analysis
(Figure 1C), the Fe2O3 content of the purplish-red phyllite
clastic soil is as high as 15.97%, which is significantly higher

than that of the grayish-black one, while the organic matter
content of the grayish-black clastic soil is higher, which is the
major contributor to the difference in appearance color
between the two. There is no discernible variation in the
content of other minerals between them.

The purplish-red phyllite clastic soil samples of the Shear band
have a natural moisture content of 9.2–12.0% and a dry density of
2.09–2.19 g/cm3. The grayish-black phyllite clastic soil samples
have a natural moisture content of 11.8–13.3% and a dry density
of 1.99–2.07 g/cm3. The free expansion rate of fine material
composition is 28–29%, indicating that they are all non-
expansive soil. The permeability coefficient of the undisturbed
samples is small, which is 10e−6 cm/s orders of magnitude,
playing a role in water insulation.

FIGURE 2 | Deformation curves: (A) the curves of stress versus strain;
(B) the curves of volumetric strain versus axial strain; (C) the curves of stress
versus strain of axial loading and unloading test.
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Deformation Behavior
The stress-strain curves of phyllite clastic soil present obvious
nonlinearity, indicating it is generally a hardening type
(Figure 2A). The hardening phenomenon is more significant
as the confining pressure increases.

Under low confining pressure, the volumetric-axial strain
curves of phyllite clastic soil reveal a process of shear
shrinkage followed by dilatancy (Figure 2B). With the
increase of confining pressure and the decrease of water
content, the volumetric strain-axial strain curves gradually
show shear shrinkage. According to the preceding, the lower
confining pressure and the higher water content the condition is,
the more significant the dilatancy deformation in the triaxial test
will be, or the volumetric deformation will transform from shear
contraction to dilatancy.

In the axial loading and unloading tests, the elastic modulus
decreases gradually as the stress level and loading and unloading
periods increase, indicating that under these conditions, the
increase in stress level and loading and unloading period
causes damage accumulation in soil samples (Figure 2C).

In the isotropic loading and unloading tests, the volume
rebound index and expansion index will gradually decrease

with the increase of unloading confining pressure and loading
and unloading periods. In other words, when all pressures are
equal in all directions, increasing the unloading confining
pressure and loading and unloading periods increases the
unloading modulus, because, with the increased confining
pressure and loading and unloading times, the soil would
consolidate and densify.

Strength Property
Figure 3A shows the strength envelope of the sample, Figure 3B
shows the relationship between cohesion and water content, and
Figure 3C shows the relationship between friction angle and
water content. The moisture content of purplish-red phyllite
clastic soil samples of the Shear band increases from 6.5 to
10.0% (saturated state), cohesiveness decreases from 165.4 to
66.7 kPa, and the internal friction angle decreases from 26.2° to
19.7°. The moisture content of grayish-black phyllite clastic soil
samples of the Shear band increases from 7.2 to 13.2% (saturated
state), cohesiveness decreases from 225.8 to 54.4 kPa, and the
internal friction angle decreases from 27.9° to 21.0°.

The cohesiveness and internal friction angle of the phyllite
clastic soil of the Shear band decrease as the moisture content
of the soil increases. The cohesiveness and starting moisture
content curve, on the other hand, reveals a step-like steep
decrease connection. When the moisture content is low, the
cohesion-moisture content curve is relatively gentle,
decreasing slightly with increasing moisture content; when
the moisture content reaches a certain level, the cohesion drops
sharply; when the moisture content approaches a saturated
state, the cohesion remains essentially unchanged. With
increasing moisture content, the internal friction angle
reduces linearly.

Creep Property
When the shear load is low, the shear band samples exhibit
decaying creep, and the shear displacement is primarily
immediate, tending to be stable within 12 h. It is non-
decaying creep when the shear stress is near to its fast shear
strength value, and the creep curve is separated into three stages:
immediate creep, constant-speed creep, and accelerated creep
until the sample abruptly shears. The shear load has a large
impact on this failure mechanism, and the duration is usually
within 1–12 h.

From the beginning to the end, the creep of sliding soil
samples can be divided into the following three stages. The
first stage is instantaneous deformation during initial loading;
that is, when shear stress is applied, the soils are instantaneously
deformed, and the creep deformation rate rapidly decreases and
approaches zero. The steady creep stage is the second stage, in
which the shear displacement is almost constant and the creep
deformation rate is nearly zero. The third stage is the direct failure
stage or the accelerated failure stage, which primarily
demonstrates that when the shear load reaches a certain level,
the shear displacement suddenly increases, and the shear
specimen experiences instantaneous shear slip failure, or at the
final level of shear stress, the shear rate gradually increases, and
the specimen experiences accelerated shear failure.

FIGURE 3 | Strength curves: (A) strength envelope; (B) relationship
between cohesion and water content; (C) relationship between friction angle
and water content.
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CT VISUALIZATION OF MICROSCOPIC
FAILURE PROCESS

CT triaxial testing is performed on a sample of phyllite clayey soil
sliding belt, with the size of V101 mm × 200 mm, and the dry
density of 2.05 g/cm3. The confining pressures for the
consolidation drainage exhaust shear test are 0.2, 0.3, and
0.6 MPa. Under the guidance of the strain loading method, the
sample is scanned using CT when loading to a predefined strain
until the strain reaches 15–20%. The CT images of samples of
phyllite clastic soil under varied axial strains when confining
pressure is 0.3 MPa and water content is 8.0% are shown in
Figure 4.

The sample loading process is a progressive adjustment of
particle position, with little change in geometric shape and size of
particles and no evident particle breakup. The lateral
displacement of particles is greatest in the center of the sample

and gradually diminishes towards both ends. As the axial strain
increases, the centre portion of the sample bulges outward, in the
shape of a round drum.

Due to the pores in the sample, the initial stage of loading
results in primary axial deformation of the particles. The
sample bulges slightly as the axial strain increases and a
local primary inclined crack of 60° forms in the center and
upper section. As the axial strain continues to increase, the
lateral bulge becomes more visible, with the appearance of
another main crack, and the two primary cracks cross each
other. Furthermore, when the two intersecting primary cracks
become larger, many minor microcracks will form around
them. When the axial strain reaches a certain value, an
X-shaped or Y-shaped shear band could be seen in the
sample, and the shear plane runs through the entire sample
at 60° to the horizontal plane. At this time, plastic shear damage
occurs in the sample.

FIGURE 4 | CT triaxial test results.
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The lower the moisture content and the lower the confining
pressure, the more visible the outward bulging deformation of the
sample and the X-type shear damage zone. The damage process of
the sample is a process in which local cracks eventually penetrate
to generate a whole slip surface. Due to the composition and non-
uniformity of phyllite clastic soil, there are sometimes many
secondary cracks piercing through during the penetration
process.

The average and standard deviation of CT numbers are used
to quantify the sample damage process. The CT’s number
average value is a reflection of density, which is the average
value of the selected area in the image; the CT number’s
standard deviation is a reflection of density uniformity. The
sample is compacted first under low strain, and as the strain
increases, microcracks appear in the sample, which shows that
the average value of CT numbers first slightly increases and
then gradually decreases, whereas the standard deviation of CT
numbers first slightly decreases and then gradually increases.
Finally, the average value and standard deviation of CT
numbers tend to be stable when there is an obvious shear
band in the sample. The strain of microcracks in the CT
statistics and the strain of macroscopically observed
microcracks are not equal, so the CT number statistics is
recommended to be the prevailing value in determining the
strain of microcracks in the shear band.

MACROSCOPIC MECHANICAL
CONSTITUTIVE MODEL

Based on the above-mentioned test results of the soil-rock
mixture in the shear band, a constitutive model is established
as an alternative to the conventional Duncan and Chang model
[24, 25], which does not have this model’s limitations. The model
provides some features, including 1) a Mohr-Coulomb failure
criterion and flow rule, 2) a friction hardening law, 3) a dilation
law based on Rowe stress dilatancy theory [26]. The constitutive
model can demonstrate a realistic stress-strain connection at
failure and post-failure.

Incremental Elastic Law
The elastic behavior of the constitutive model is expressed using
generalized Hooke’s law. The incremental function in terms of
principal stress and strain is expressed as⎧⎪⎨⎪⎩ dσ1 � α · dεe1 + β(dεe2 + dεe3)

dσ2 � α · dεe2 + β(dεe1 + dεe3)
dσ3 � α · dεe3 + β(dεe1 + dεe2) (1)

Where α � 3Kt(3Kt + Et)/(9Kt − Et),
β � 3Kt(3Kt − Et)/(9Kt − Et), and Et and Kt are the tangent
elastic modulus and tangent elastic bulk modulus, respectively.
The variation of Et andKt are represented by the Duncan-Chang
theory

Et � Kapref
⎛⎝ σ3

pref

⎞⎠n[1 − Rf(σ1 − σ3)(1 − sinφ)
2c · cosφ + 2σ3sinφ

]2

(2)

Kt � KbPref
⎛⎝ σ3
pref

⎞⎠m

(3)

Where parametersKa andKb are the experiment constant, andm
and n are the constant modulus exponent (m, n≤ 1), and c is the
cohesion, and φ is the friction angle, and Pref is the reference
pressure, and Rf is the failure ratio.

Composite Yield Criterion
Shear yielding is defined by the Mohr-Coulomb failure criterion
with

fs � σ1 − 1 + sinφm

1 − sinφm

σ3 + 2c ·
��������
1 + sinφm

1 − sinφm

√
(4)

Where φm is the mobilized friction angle.
The potential function is nonassociated and has the form

gs � σ1 − 1 + sinψm

1 − sinψm

σ3 (5)

Where ψm is the mobilized dilation angle. A law based on Rowe
dilatancy theory [11] is used to characterize ψm. The equation has
the form

sinψm � sinφm − sinφcv

1 − sinφmsinφcv

(6)

sinφcv �
sinφf − sinψf

1 − sinφfsinψf

(7)

Where φf and ψf are ultimate friction angle and dilation angle,
respectively.

The tensile yield function is expressed as

ft � σt − σ3 (8)
Where σt is the tensile strength.

The potential function gt corresponds to an associated flow
rule, and has the form

gt � −σ3 (9)

Hardening Law
Friction Hardening
The hyperbolic behavior between deviatoric stress versus axial
strain obtained in a drained triaxial test is described by
introducing a friction strain-hardening law. The plastic shear
strain measure, γp, is defined by

dγp �
�����������������������(dεdp1 )2 + (dεdp2 )2 + (dεdp3 )2

2

√
(10)

Where dεdp1 , dεdp2 , and dεdp3 are the principal, deviatoric, plastic
shear-strain increments. The mobilized friction angle, φm is
calculated in terms of the plastic shear strain measure, γp, by
means of the following function

φm � arcsin⎡⎢⎢⎢⎢⎢⎢⎣sinφf

Rf

⎛⎜⎜⎝1 − 1

1 + γp Gt
pm

Rf

sinφf

⎞⎟⎟⎠⎤⎥⎥⎥⎥⎥⎥⎦ (11)
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Where pm is the mean stress, and Gt is the tangent elastic shear
modulus, they are represented by the following equations

pm � σ1 + σ2 + σ3

3
(12)

Gt � 3KtEt

9Kt − Et
(13)

Shear Hardening
A dilation strain-hardening law is introduced to model the shear-
induced compaction and dilation behavior. The shear-hardening
flow function is expressed as

dεpv � dγp · sinψm (14)
Where dεpv is the plastic volumetric strain increment. The
mobilized dilation angle, ψm , is characterized by an equation
based on Rowe stress-dilatancy theory.

CONCLUSION

The stress versus strain curves of phyllite clastic soil show obvious
nonlinearity, indicating that it is generally strain-hardening type.
The volumetric strain versus axial strain curves show compaction
at first and then dilation under low confining pressure. As
confining pressure and water content increase, the curves
exhibit gradual contract. According to the above, the higher the
water content and lower the confining pressure, the more obvious
the dilatancy deformation of phyllite clayey soil in triaxial test.

The high presence of clay minerals in phyllite clastic soil, as
well as the water-soaked softening, are the reasons of the decrease
in cohesion and friction. The curves of cohesiveness versus initial
water content exhibit a stepwise sharp decrease relationship. The
curves are gentle in the low water content condition, and when
the specified water content is reached, cohesion plunges. When
the water content rises to a particular point, the cohesiveness
remains constant. The friction angle decreases linearly as the
water content increases.

During the creep of the phyllite clastic soil layer, the loose and
permeable soil in the lower part gradually turned into a hard
plastic over-consolidation state with dense structure via processes
of grinding, compaction, and consolidation. The shear strength of
the shear band’s soil was improved and exhibited water-proof
characteristics. In a general sense, the deformation of the sliding
mass in region II is a dynamic adjustment and evolution process
in which the physical properties of the phyllite clastic soil are
correspondingly changed due to the change of mesostructured,
rather than creeping.
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