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Te channel slope in the red-bed soft rock area is prone to instability and collapse due to the infuence of the channel fow
movement, rainfall, weathering, and other factors. Under long-term operation conditions, the sediment stripped from the channel
side wall is liable to silt along the process of water fow transportation in the channel, which seriously leads to elevation of the
channel bottom, increase of channel width, and reduction of the horseway, which afect the normal water conveyance and
operation safety of channels. In view of the collapse and instability of Zhetang diversion irrigation channel project in Xinjiang
hydraulic project, through on-site sampling and indoor rock mechanics test, the strength mechanical parameters of slope rock
samples are obtained, and the indoor rheological test is carried out, and the triaxial rheological law is obtained. Under diferent
levels of stress, the axial creep strain accounts for more than 50% of the total axial strain, indicating that the rheological efect of
sample rock is obvious. Based on the strength parameters of rock samples, a numerical model is established. Te stability of red-
bed soft rock channel bank slope is studied by using the strength reduction method of fnite element method. Te seepage feld of
channel slope under conventional working conditions is analyzed, and the slope stability under diferent operating conditions is
compared and calculated.Te results show that the slope stability safety factor of Zhetang diversion irrigation channel slope is 1.60
under conventional working conditions and 1.33 under check working conditions, which are greater than the recommended value
in the specifcation.

1. Introduction

Te red-bed soft rock slope is widely distributed in south
China, which is easy to be weathered, disintegrated, and
softened by water [1–3]. Most of the red-bed soft rocks can
disintegrate into soil under open air or dry-wet cycle, and
some even disintegrate immediately after immersion in
water, or even muddy with poor engineering geological
properties [4, 5]. Reservoirs and water diversion engineering
channels are widely distributed and often need to run
through the red-bed distribution area. Te red-bed soft rock
is prone to cracks, swelling, slope collapse, and other
problems [6, 7], afecting the normal water delivery and
operation safety of the water channel. Under long-term
operation conditions, the sediment denuded from the
channel sidewall is prone to siltation along the way through

the fow transportation in the channel, which seriously leads
to the elevation of the channel bottom, the increase of the
channel width, and the reduction of the berm [8–10]. In
addition, a large amount of sediment is brought into the
reservoir by water fow, resulting in the deterioration of
water quality in the reservoir area and afecting the storage
capacity and service life of the reservoir [11, 12].Terefore, it
is urgent to study the seepage and stability of the red-bed soft
rock channel bank slope, and reveal the mechanical
mechanism, formation mechanism, and evolution law of the
channel bank slope instability under the interaction of water
and rock, and it is of great signifcance for the design and
application of many channel slopes under construction or
built [13].

Softening in water is an important factor that leads to the
reduction of physical and mechanical properties of red-bed
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soft rock, as a result, the rheological characteristics of soft
rock under long-term load are important parameters for
geotechnical engineering design [14–16]. Te deformation
and strength of soft rock have a strong time efect, which is
refected in many examples of rheology of soft rock caused
by excavation in rock mass engineering such as dams, slopes,
and caves. Shan et al. [17] analyzed the instantaneous
strength and deformation characteristics of rock specimens
by triaxial compression test and triaxial unloading creep test,
and discussed creep deformation characteristics and damage
evolution characteristics of red sandstone in concrete
project, Yang et al. [18] analyzed the creep mechanical
properties of red sandstone under diferent temperature and
water content conditions. Yu et al. [19] carried out a series of
uniaxial compressive strength tests and multistage creep
tests on red sandstone samples to study the creep charac-
teristics of red sandstone under diferent immersion con-
ditions. In recent decades, based on various slopes, dams,
and road projects, a large number of experiments have been
carried out to study the rheological phenomena of soft rocks,
and many rheological models have been put forward and
established, including empirical formula model, unit model,
and some new combined models formed by introducing
damage mechanics and fracture theory [20–23]. Terefore,
the creep characteristics of sandstone is of great signifcance
for reasonably explaining the time-dependent mechanical
behavior of slope engineering, and evaluating the long-term
stability and safe operation of the project.

At present, the slope stability analysis methods are
relatively mature, among which the most commonly used
methods are limit equilibrium method and strength re-
duction method [24–26]. Limit equilibrium analysis method
is a commonly used deterministic analysis method which is
an earlier and widely used method in slope stability analysis
[27, 28]. When using limit equilibrium method to analyze
slope stability, the slope body is simplifed, which is
somewhat diferent from the real slope stress mode. Com-
pared with the limit equilibrium method, the strength re-
duction method does not need assumptions, and can obtain
the location of the sliding surface and the corresponding
minimum safety factor according to the instability criterion,
which makes it widely used. Arvin et al. [29] studied the
three-dimensional stability of geocell reinforced slope by
strength reduction method (SRM), which considered the
geotechnical compartments and their fllers and sur-
rounding soils. Zhang et al. [15] carried out numerical re-
search on progressive failure process of jointed rock mass
slope using fracture mechanics and strength reduction
method (SRM), and proposed a displacement discontinuity
method including friction unit for calculating stress intensity
factor. Kong et al. [30] established a three-dimensional
nonlinear strength model of soil considering the coupling
strength of tension-shear (T-S) and compression-shear (C-
S), and analyzed the stability of saturated and unsaturated
slopes by strength reduction method.

Since the Zhetang diversion irrigation channel project
was completed and put into operation, the red-bed slope of
the channel often collapsed and cracked. For example, the
slope collapse of the section with stake No. 1 + 650∼2 + 300

was aggravated, and some of the slopes below the frst-class
Packway collapsed seriously. Terefore, in view of the col-
lapse and instability of Zhetang diversion irrigation channel,
and based on the indoor rock mechanics test and rock
rheological test, the triaxial rheological law of channel rock
samples are obtained. According to the obtained strength
parameters of rock samples, a numerical calculationmodel is
established, and the seepage and stability of red-bed soft rock
channel slope are studied by using the strength reduction
method, and the seepage feld and stability safety factor of
channel slope under conventional and check working
conditions are analyzed.

2. Seepage and Stability Analysis Method

2.1. Seepage AnalysisMethod. Te relationship between fow
fux and soil and water potential gradient is often used to
describe the movement law in unsaturated soil:

q � v � −k(θ)
zψ
zx

, (1)

where q is the fow fux in unsaturated soil, v is the average
fow rate, zψ/zx is hydraulic gradient.

Te slope is assumed to be isotropic porous media, the
seepage conforms to Darcy’s law, and themotion equation of
water in unsaturated soil:
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where H is the total head, kx, ky are the horizontal and
vertical permeability coefcients, respectively, Q is the fow
of water on the boundary,Θ is the volume moisture content.

Te permeability law coefcient is defned as

k �
ks

1 + β ����]w]w

√
 

k, (3)

where k is the average permeability coefcient, k is the
permeability coefcient of saturated soil, ks is the seepage
coefcient, β is a coefcient refecting the infuence of ve-
locity on permeability coefcient, and ]w is the seepage
velocity.

2.2. Strength Reduction Method. Te strength reduction
method defnes the strength reduction factor as the ratio of
the maximum shear strength that the slope can actually
provide to the actual shear stress generated by the external
load. Ten, by continuously increasing the value of the
reduction factor, repeatedly calculate and analyze until the
value of the reduction factor increases to a certain value, the
slope reaches the critical state, and calculate the cohesion
and internal friction angle of rock and soil mass when the
slope reaches the state of imminent failure [22]. In order to
prevent the slope from losing stability at the beginning of the
calculation and ensure the elastic state of the soil at the
beginning stage, the initial value of Ft is usually taken as a
number less than 1, and then gradually enlarged. Tis
method has great advantages over traditional calculation
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methods such as the slice method. It does not need to assume
the shape and position of the sliding surface before calcu-
lation, and it can also observe the slope failure at diferent
times.

Te shear strength parameters after reduction can be
expressed as

cm �
c

Ft

,

φm � arctan
tanφ

Ft

 ,

(4)

where cm and φm are the cohesion and internal friction angle
that soil can provide, c and φ are the cohesion and internal
friction angle required to maintain balance or actually
exerted by the soil, Ft is the strength reduction factor.

3. Experimental Study on Mechanical
Properties of Rock and Soil

3.1. Project Overview. Zhetang diversion irrigation channel
of Xinjiang hydraulic project is located under the jurisdic-
tion of Jizhou district and Jishui County of Ji’an city, which
belongs toWenshi River Basin, a tributary of Ganjiang River,
and situated to typical red-bed soft rock in geological
conditions. Te Wenshi river originates from Dachong
township, Ji’an County, and fows into the Ganjiang River at
Jiangkou village under the well head through Yinwanqiao
reservoir in Gujiang township. Te total length of the
Wenshi river is 48.1 km and the drainage area is about
360 km2. After the construction of the protection zone, it is
necessary to guide and drain the upstream water, with a
rainwater collection area of 340.6 km2, and a drainage and
rainwater collection area of 19.4 km2. In June 2021, the slope
of Gushan section of the channel appeared local collapse,
and then danger removal and reinforcement were carried
out, as shown in Figure 1.

3.2. Triaxial Compression and Rheological Mechanical
Properties. Rock samples taken on-site are conducted triaxial
compression test by TAW-2000 microcomputer-controlled
rock servo triaxial pressure testing machine, as shown in
Figure 2. Te sample is added indenters on both ends, sealed
with sealing sleeves, installed with strain sensors, and put into
the pressure chamber.Te confning pressure is applied to the
sample to reach the preset value, and the axial pressure is
applied to the sample under the condition of keeping the
confning pressure unchanged until the sample is destroyed.
Te confning pressure is set to three states, 1MPa, 3MPa,
and 5MPa are applied, respectively. According to the
Mohr–Coulomb failure criterion, the shear strength param-
eters of the wet sample are calculated. Te physical and
mechanical parameters of the rock sample are summarized in
Table 1.

Triaxial compression rheological tests were carried out
on the rock samples. Based on the test results, the rheological
properties of the rock were analyzed. Sr-6 triaxial creep
instrument is used for rheological test, and the confning

pressure of the test equipment uses air pressure as the
pressure source. Trough the pressure regulating valve, the
stability of confning pressure during the test can be guar-
anteed. Te test equipment can be controlled and auto-
matically collect data through the software system, mainly
including confning pressure, pore pressure, displacement,
and deformation. Te accuracy of deformation measure-
ment is 0.01mm. Gravity loading is adopted in axial stress
loading, which can keep the axial pressure constant, and is
the most commonly used loading method.

Considering the actual environmental conditions of the
project, the drainage shear can more truly simulate the
drainage conditions. Te drainage shear is used in the test,
and the test process is as follows:

(1) Sample preparation: Te soil sampler is used for
sample preparation, and the size is φ 61.8×123.6mm
cylindrical rock sample.

(2) Consolidation: 500 kPa confning pressure is used for
drainage consolidation, and the consolidation time is
2-3 days. It is determined according to the dissi-
pation of pore water pressure. In order to speed up
the dissipation of pore water pressure and achieve
more uniform consolidation, flter strips are uni-
formly pasted around the specimen along the axis.
After consolidation, the consolidation deformation
of the specimen is calculated based on displacement.

(3) Load:Te test is carried out by using the step loading
method. Te loading time of each step depends on
the deformation rate. Generally, if the total defor-
mation is less than 0.01mm within 3 days, it is
considered that the creep is stable. When entering
the lower-level loading, the applied stress levels are
0.4MPa, 0.8MPa, 1.2MPa, and 1.6MPa,
respectively.

(4) Data collection: Record data every 30 seconds within
30 minutes after loading, and then record data every
1 minute.

Four levels of load were applied in the rheological test,
and the duration of each level of load was more than 3000
minutes, with a total duration of 16330 minutes. Figure 3
shows the rheological curve of soft rock samples under
graded loading. Te value on the rheological curve repre-
sents the applied axial stress at all levels. Because the test
adopts the graded loading method, it is necessary to use the
Boltzmann superposition principle to process the test data,
and transform the rheological curve in Figure 3 into the
rheological curve of rock under diferent stress levels, as
shown in Figure 3.

According to the test results, the instantaneous strain,
creep strain, and total strain of rock axial under various
stress levels are summarized in Table 2.

It can be seen from Figure 3 and Table 2 that the rhe-
ological curve refects the frst stage and the second stage of
rheology, that is, the attenuation rheological stage and the
stable rheological stage, but the third stage of rheology, that
is, the accelerated rheological stage, was not observed in the
test. Te axial instantaneous strain, creep strain, and total
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strain of the specimen increase with the increase of the stress
level. Under all levels of stress, the proportion of axial creep
strain to the total axial strain is more than 50%, indicating

that the rheological efect of the specimen rock is obvious.
Due to the weak argillaceous cementation between soft rock
particles, large fow variables after rock saturation, and

(a) (b)

Figure 2: Rockmechanics test. (a) Sample sampling; (b) TAW-2000microcomputer-controlled rock servo triaxial pressure testingmachine.

Table 1: Rock mechanics parameters.

Sample

Natural state Shear strength
Permeability coefcient

Water content Wet density Dry density Cohesion Friction angle
W ρ ρd c φ K
% g/cm3 g/cm3 kPa ° cm/s

ZT-1 24.5 1.95 1.57 27 18 7.0×10−6
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Figure 3: Triaxial rheological mechanical property test. (a) Graded loading rheological curve; (b) axial loading rheological curve.

(a) (b)

Figure 1: Slope in Zhetang diversion irrigation channel. (a) Danger removal of Gushan section (in 2014 and 2019); (b) typical channel
section on the left bank.
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signifcant aging deformation, the rheological mechanical
properties of rock have a great impact on the long-term
stability and safe operation of the diversion project.

4. Slope Seepage and Stability Analysis

4.1. Calculation Model and Parameters. Taking Zhetang
channel in Xinjiang reservoir area as the analysis object, the
fnite element analysis model of the channel is established,
which is based on the design drawings and feld survey, as
shown in Figure 1. Te channel model is divided into three
levels of slope step on the right bank red layer soft rock slope,
with the elevation of channel bottom 44.0m and the width of
slope step 3m, in which the ratio of the frst stage slope to the
second stage is 1 : 2.0. Te third and the fourth stage slope
ratio is 1 :1.5. Te slope ratio of the frst and second stage of
the left bank is 1 : 2.0 and 1 :1.5, respectively. Te values of
physical and mechanical parameters of rock and soil mass
used in the calculation are shown in Table 3.

Te calculation is divided into two working conditions,
namely, conventional and check working condition. Because
the rock mass strength of the weak interlayer has signifcant
strain softening characteristics, a large number of projects
show that the occurrence of landslide is often related to the
penetrating weak interlayer. Terefore, in order to observe
and verify the stability of the channel slope containing the
weak interlayer, the dangerous working conditions con-
taining the deep penetrating weak interlayer are set to verify
the stability and safety of the channel slope, as shown in
Figure 4. Te physical and mechanical parameters of
common soft interbeds in red beds are shown in Table 4.

Mohr–Coulomb criterion of elastic-plastic model is
adopted in the constitutive model of material calculation
simulating rock and soil mass, and its yield function is

F �
1
3

I1 sinφ + cos θσ −
1
�
3

√ sin θσ sinφ 
��
J2


− cosφ � 0,

(5)

where I1 � σx + σy + σz is the frst stress invariant, θσ is the
lode angle, −30° ≤ θσ ≤ 30°, and J2 � 1/6[(σx − σy)2 + (σy−

σz)2 + (σz − σx)2] + τ2xy is the second invariant of stress bias.

4.2. Seepage Analysis. Te steady-state seepage analysis of
the channel slope is carried out to analyze the seepage feld of
the channel slope. On the basis of the steady-state seepage,
the rainfall infltration analysis is added. Assuming that the
rainfall infltration intensity is i� 0.02m/h, the slope infl-
tration intensity is corrected according to the slope, and the
following formula is used for calculation:

iθ � i × cos θ, (6)

where iθ is the infltration intensity of slope surface and θ is
the angle between slope and horizontal plane.

According to the pore water pressure nephogram in
Figure 5, with the increase of depth, the pore pressure in-
creases, and the maximum pore pressure is about 200 kPa.
Te upper part of the slope is unsaturated soil. With the
gradual decrease of saturation, the greater the matrix suc-
tion, and the maximum matrix suction is about −200 kPa.
Te infuence of rainfall on pore water pressure shown in
Figure 6 is mainly refected in the shallow surface, the pore
water pressure on the top of the slope decreases, and the pore
water pressure on the bottom of the slope almost remains
unchanged.

4.3. Slope Stability Analysis. Te slope stability calculation
process is divided into two steps. Te frst step is the steady-
state seepage, and the second step is to determine the safety
factor of the slope in the critical instability state by reducing
the strength factor of the channel slope under the initial
equilibrium conditions calculated in the frst step.

4.3.1. Conventional Working Conditions. Te equivalent
plastic strain nephogram and cumulative plastic strain
nephogram when reduced to the critical state are shown in
Figure 7. By observing that in the process of soil strength
reduction, the plastic deformation develops until penetra-
tion, and the soil on the sliding surface appears plastic fow,
resulting in the instability of the slope along the sliding
surface, and the most dangerous arc surface of the channel
slope under the critical value of strength reduction can be
visually observed.

Table 2: Axial instantaneous strain, creep strain, and total strain of rock under various stress levels.

(σ1-σ3) (MPa)
Axial strain

Instantaneous strain (%) Creep strain (%) Total strain (%) Creep strain/total strain (%)
0.4 0.0483 0.1358 0.1841 0.7378
0.8 0.2536 0.2569 0.5106 0.5032
1.2 0.3924 0.3999 0.7924 0.5047
1.6 0.5469 0.6080 1.1549 0.5264

Table 3: Physical and mechanical parameters of rock and soil mass.

Material Density (kg/m3) Modulus of elasticity (GPa) Poisson’s ratio Internal friction angle (°) Cohesion (kPa)
Red-bed soft rock 1920 0.70 0.30 18.0 27.0
Weak interlayer 1840 0.50 0.33 9.5 10.0
Weakly weathered bedrock 2300 1.50 0.265 35.0 100.0
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Figure 4: Numerical calculation model of Zhetang slope. (a) Conventional working condition; (b) check working condition.

Table 4: Mechanical properties of common structural planes of red-bed soft rock.

Rock Structural plane type Cohesion (kPa) Friction angle (°)
Mudstone — 0.06–0.08 20–30
Siltstone — 0.03–0.25 20–50
Sandstone — 0.07–1.0 15–60
— Pure mud type 2–5 10–14
— Mud debris type 20–50 14–19
— Debris mud type 50–100 19–22
— Rock fragment type 100–250 22–29
— Closed structural plane 50–150 22–35

POR
+2.338e+02
+1.957e+02
+1.575e+02
+1.194e+02
+8.124e+01
+4.309e+01
+4.939e+00
-3.321e+01
-7.136e+01
-1.095e+02
-1.477e+02
-1.858e+02
-2.240e+02

(a)

FLVEL, Resultant
+3.311e-07
+3.035e-07
+2.760e-07
+2.484e-07
+2.208e-07
+1.932e-07
+1.656e-07
+1.380e-07
+1.104e-07
+8.285e-08
+5.526e-08
+2.768e-08
+8.975e-11

(b)

Figure 5: Seepage analysis of steady channel slope. (a) Pore water pressure nephogram; (b) fow feld distribution.

POR
+2.339e+02
+1.970e+02
+1.601e+02
+1.232e+02
+8.630e+01
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+1.253e+01
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(a)
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+5.374e-07
+4.777e-07
+4.180e-07
+3.583e-07
+2.986e-07
+2.389e-07
+1.792e-07
+1.195e-07
+5.979e-08
+8.949e-11

(b)

Figure 6: Seepage analysis under the infuence of rainfall. (a) Pore water pressure nephogram; (b) fow feld distribution.
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Te relationship between the stability safety factor Ft and
displacement at the starting point of the slope top slip arc is
shown in Figure 8.With the increase of Ft, the plastic region in
the slope rock mass gradually increases. A large number of
practices have proved that the slope instability can be iden-
tifed by observing the infection point of displacement change
mutation at the top of the slope. Te analysis process of this
method is similar to the slope failure process, and it also has
clear physical signifcance. As can be seen from Figure 8(b),
when the on-site variable changes to 1.59–1.62, displacement
rapidly increases from 0.05m to 0.76m, which shows that the
safety factor of slope stability in this critical state is about 1.60.

4.3.2. Check Condition. Te equivalent plastic strain
nephogram and cumulative plastic strain nephogram re-
duced to the critical state are shown in Figure 9, which can
visually observe the most dangerous arc surface of the
channel slope under the condition of the critical value of
strength reduction. Due to the existence of deep through
weak interlayer, the landslide surface is more inclined to
slide along the tendency of the soft interlayer along the slope.

Figure 10 shows the relationship between the stability
safety factor Ft and displacement at the starting point of the
slope top slip arc under check condition, in which the slope
rock mass tends to slide along the weak interlayer. When the
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(b)

Figure 7: Te most dangerous sliding surface under conventional working conditions. (a) Equivalent plastic strain nephogram; (b)
cumulative plastic strain nephogram.
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Figure 8: Displacement and safety factor under conventional working conditions. (a) Displacement nephogram; (b) stability safety factor.

PEEQ
(Avg: 75%)

+1.390e+00
+2.800e+00
+2.567e+00
+2.333e+00
+2.100e+00
+1.867e+00
+1.633e+00
+1.400e+00
+1.167e+00
+9.333e-00
+7.000e-01
+4.667e-01
+2.333e-01
+2.220e-16

(a)

PEMAG
(Avg: 75%)

+2.739e+00
+1.150e+00
+1.054e+00
+9.583e-01
+8.625e-01
+7.667e-01
+6.708e-01
+5.750e-01
+4.792e-01
+3.833e-01
+2.875e-01
+1.917e-01
+9.583e-02
+0.000e-00

(b)

Figure 9: Te most dangerous sliding surface under check condition. (a) Equivalent plastic strain nephogram; (b) cumulative plastic strain
nephogram.
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on-site variable changes to 1.29–1.35, displacement rises
rapidly from 0.02m to 0.38m, and the slope stability safety
factor under this critical state is about 1.33.

Te stability safety factor of the conventional working
condition is greater than that of the check working con-
dition. Te occurrence of deep penetrating weak interlayer
will induce the slope slip surface to the weak interlayer
surface, and aggravate the risk of instability and failure of the
channel slope.

5. Conclusion

Aiming at the channel slope project in Zhetang protection
area of Xinjiang reservoir protection project, this study
adopts the method of combining indoor geotechnical me-
chanical test and numerical calculation and carries out the
stability analysis of the channel slope based on the fnite
element strength reduction method. Te following con-
clusions can be drawn:

(1) Trough the test of rock and soil mechanical
properties, the strength mechanical properties pa-
rameters of the slope rock samples are obtained, and
the triaxial rheological law are obtained. Te axial
instantaneous strain, creep strain, and total strain of
the samples increase with the increase of the stress
level. At all levels of stress, the proportion of axial
creep strain to the total axial strain is more than 50%,
indicating that the rheological efect of the sample
rock is obvious.

(2) With the increase of depth, pore water pressure
increases andmatrix suction decreases.Te infuence
of rainfall on pore water pressure is mainly refected
in the shallow surface, the pore water pressure on the
top of the slope decreases, and the pore water
pressure on the bottom of the slope almost remains
unchanged.

(3) Te existence of weak interlayer and structural plane
will make the slope sliding surface concentrate to the
weak surface, reduce the stability safety factor, and
aggravate the risk of instability and failure of the
channel slope.

(4) Based on results obtained by geotechnical test and
numerical analysis, the safety factor of slope stability

under conventional and check working conditions of
Zhetang channel slope is 1.60 and 1.33, respectively.
Te safety factor of both conventional and check
working conditions is greater than the recommended
value of the specifcation, and the channel slope is
generally safe and stable. Te local collapse of
channel slope is mostly caused by the decline of loose
rock and soil mass on the slope, which may be in-
duced by the weathering, disintegration, and creep of
red-bed soft rock.
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