friried applied
e sciences

Article

Experimental Study on Shear Creep and Long-Term Strength of
Clay-Type Muddy Interlayer

Pengzheng Guo !, Jiaming Zhang '*, Fei Liu !, Wenlian Liu 2, Zhigiang Wang ? and Jipu Chen !

check for
updates

Citation: Guo, P,; Zhang, J.; Liu, F;
Liu, W.; Wang, Z.; Chen, J.
Experimental Study on Shear
Creep and Long-Term Strength of
Clay-Type Muddy Interlayer. Appl.
Sci. 2023, 13,12151.

https:/ /doi.org/10.3390/
app132212151

Academic Editor: Syed Minhaj

Saleem Kazmi

Received: 3 September 2023
Revised: 4 November 2023
Accepted: 5 November 2023
Published: 8 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Faculty of Civil Engineering and Mechanics, Kunming University of Science and Technology,
Kunming 650504, China; guopengzheng@stu.kust.edu.cn (P.G.); liufeil23@stu.kust.edu.cn (F.L.);
cip836@163.com (J.C.)

China Nonferrous Metals Industry Kunming Survey and Design Institute Co., Kunming 650051, China;
lwenl702@sina.com (W.L.); wzhq83@163.com (Z.W.)

Correspondence: zhangjiaming@kust.edu.cn

Abstract: In order to have a better understanding of the shear creep characteristics of muddy interlayer
in unstable landslides, we took the more “inferior” clay muddy interlayer as the research object, and
shear creep experiments under different normal stress levels were carried out by means of hierarchical
loading. This paper focuses on the variation law of creep curve and its long-term strength in the clay-type
muddy interlayer under different normal stresses. The results showed that the creep characteristics of
clay-type muddy interlayer were obvious: at the same normal stress level, instantaneous deformation,
initial creep and stable creep appeared at lower shear stress level; at the level of rupture shear stress,
there were two cases: the creep curve included three stages of typical initial creep, stable creep and
accelerated creep failure, or directly entered the accelerated creep stage until the specimen’s failure. The
average shear and stable creep rate of the muddy interlayer specimen increased exponentially with the
increase in shear stress. The empirical formula u = up + A [1 — e(=BD] + C#" of shear strength could better
reflect the creep deformation law of muddy interlayer, and the correlation coefficient R? varies from
0.90 to 0.99. Based on the definition of long-term ultimate strength, the long-term strength of clay-type
muddy interlayer was determined.
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1. Introduction

Muddy interlayer refers to the special weak layer with a loose structure formed by the
long-term physical and chemical action of interlayer dislocation and groundwater in rock
mass [1,2]. The muddy interlayer has remarkable creep characteristics: the long-term strength
is relatively low, and its strength is much lower than that of the upper and lower strata. In
engineering rock mass, the strength characteristic of muddy interlayer has a significant time
effect, so for the case of a slope with a muddy interlayer, it is easier to form a potential sliding
surface and become the key control factor of slope long-term stability [3-5]. It often causes some
geological disasters, such as rock-mass instability and rock landslides [5-9]. Many scholars have
conducted engineering projects containing muddy interlayer to carry out in-depth research,
and achieved important results [10-16]. Therefore, the study of muddy interlayer and weak
interlayer has always been the focus of research in the field of engineering geology.

Currently, scholars have conducted comprehensive research on muddy inter-
layer, including its classification [1,17], formation mechanisms [18] and various ex-
periments and numerical simulation studies involving weak interlayer and muddy
interlayer. Zhao et al. [19] based on numerical simulation, analyzed the influence of
large-scale CJRM and interlayer shear weak zone on rock mass engineering stability
under excavation conditions, and put forward a rock mass stability evaluation method
of a large columnar joint interlayer shear weak zone based on BP neural network.
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Han et al. [20] conducted a comprehensive study on the engineering geological charac-
teristics of the interlayer shear weak zones at the Baihetan Hydropower Station through
geological surveys and laboratory experiments. Zhou et al. [21] introduced a power
function to fit the strain—time relationship in the creep process of muddy interlay-
ers, and compared the traditional-isochronous curves to obtain long-term strength;
Han et al. [22] explored the creep characteristics of the interlayer mismatch zones
through straight shear creep experiments; Tang et al. [23] used the cyclic loading and
unloading method to conduct uniaxial compression rheological tests on intact rocks
and rock masses under cyclic loading and unloading conditions; Zuo et al. [24] investi-
gated the overall damage behavior of rock—coal-rock assemblages containing weak coal
interlayers by uniaxial and triaxial compression tests; Chen et al. [25] investigated the
strength and deformation characteristics of tailings specimens containing fine-grained
interlayers by undrained shear tests; Ren et al. [26] used cement mortar, gypsum and
other rock-like materials to simulate rocks and weak interlayers, and studied the an-
chorage mechanical properties of rock materials with weak interlayers through uniaxial
compression tests; Miao et al. [27] conducted straight shear-creep tests and ring shear
tests on two remodeled specimens with different clay content to explore the effect of
clay content on landslide evolution; Chen et al. [28] investigated the shear rheological
properties of natural weakly structured surfaces of rock bodies through indoor creep
tests under different normal stress conditions; and Chen et al. [29], based on the shear
creep mechanics test of the interlayer dislocation zone of a high abutment slope rock
mass, studied the interlayer dislocation zone shear creep mechanical properties and
proposed a creep constitutive equation considering the accelerated creep process. In the
construction of underground structures such as tunnel excavation, it is often necessary
to consider the interaction between the tunnel lining structure and the surrounding
soil [30,31]. Han et al. [32] investigated the load-bearing behavior of tunnel-type anchor
rods in underlying soft interlayered soft rocks through on-site model testing and nu-
merical simulation. Ma et al. [33] took the soft interlayer of a potential landslide zone in
an open-pit limestone mine in Sichuan Province as the research object, and conducted
ring shear test analysis in the various strength and deformation properties of weak
interlayers under different water contents and normal stresses.

Scholars have conducted extensive experimental research on muddy interlayers; how-
ever, there is a lack of research on “lower-quality” classifications within muddy interlayers,
such as clay-type muddy interlayers. A clay-type muddy interlayer is defined as having
a clay content greater than 20%, a gravel content less than 10%, and the sum of gravel
and sandy particles greater than fine particles [1]. Clay-type muddy interlayers further
develop from the formation of muddy interlayers and can gradually evolve into multiple
layers. Its degree of clay mineralization is high, making creep more likely to occur. As
a unique type of muddy interlayer, they possess representativeness and research value.
Yi et al. [3] reported that muddy interlayers are widely distributed in the red bed regions of
Southwest China. They are the poorest engineering features in rock masses on slopes and
are critical factors in controlling geological hazards in the red bed regions of Southwest
China. Muddy interlayers often lead to various engineering geological problems and,
therefore, studying them is of significant engineering importance. In the long-term creep
process of clay-type muddy interlayers within slopes containing multiple layers of muddy
interlayers, the presence of multiple layers of clay-type muddy interlayers sandwiched
between relatively hard rock masses can pose significant risks, similar to a “sandwich”
structure. We discovered that the sampling site had poor engineering conditions, with
13 layers of muddy interlayers superimposed. Other scholars’ sampling sites also had
unfavorable engineering conditions, but the occurrence of 13 layers of muddy interlayers
superimposed has not been previously reported. Due to certain limitations, researchers
have not conducted further experimental studies on clay-type muddy interlayers. These
interlayers are located within unstable slopes, have thin thickness and on-site strength
testing primarily relies on large-scale in situ tests, which are costly. Obtaining undisturbed
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samples is also challenging, and conducting a limited number of on-site tests often fails
to yield convincing results. In addition, through indoor direct shear-creep tests, it is more
convenient to observe how its deformation changes over time under the influence of normal
stress, which is the creep behavior.

To sum up, a great deal of research has been carried out on the creep characteristics of
weak interlayer and muddy interlayer, which has always been a research hotspot. Because
of the difficulty of sampling in the field, the field test is expensive, a small number of
experiments are difficult to obtain convincing results and the indoor creep experiment
takes a long time, and the creep experimental study of clay interlayer has not been reported.
The study of its creep characteristics and long-term strength can fill the gap in the study of
muddy interlayer and provide a powerful reference for its research. In this paper, combined
with the example of high slope instability project of municipal solid waste incineration
power plant in Yuxi City, Yunnan Province, sampling from the accident site, using a stress-
controlled direct shear apparatus modified from a strain-controlled direct shear apparatus,
the indoor direct shear creep experimental study on clay-type muddy interlayer was carried
out. it is expected to provide a reference for the study of the stability of the slope with
clay-type muddy interlayer.

2. Methodology
2.1. Materials

The test soil samples were obtained from the instability project of the high slope
of the municipal solid waste incineration power plant in Yuxi City, Yunnan Province.
During the excavation and support construction, the high slope experienced three times
of instability, resulting in the complete failure of most of the supporting structures. After
on-site investigation, it is considered that the clay-type muddy interlayer is one of the
important factors contributing to the instability of the slope [34]. Field surveys were
conducted at the location of the unstable slope, and sampling points were established, as
shown in Figure 1. The observed profile at the sampling point has a height of 3.8 m and
reveals the presence of 13 layers of mudstone interlayers, denoted as L1 to L13 (as depicted
in Figure 1a). These muddy interlayers are continuously distributed laterally across the
entire observed profile, exhibiting overall approximate parallelism. The orientation of
interlayer L7 is measured as 193° with a dip of 21°, and the spacing between interlayers
varies from 3 to 30 cm. The thickness of these muddy interlayers ranges from 1 to 25 mm.
Notably, the thickness of muddy interlayers differs between different lateral positions
within the same layer and between different layers. For instance, a portion of interlayer
L4 has a thickness of 25 mm (as shown in Figure 1b), while another section of the same
layer has a thickness of 5 mm (as shown in Figure 1c). Interlayer L9 has an approximate
thickness of 2 mm (as depicted in Figure 1d).

2.2. Methods
2.2.1. Preparation of Samples

The collected samples were packaged in bags and transported back. Since the muddy
interlayers contained rock particles from the adjacent upper and lower rock layers, it
was necessary to remove these particles to avoid any impact on the subsequent creep
experiments, as illustrated in Figure 3b. For the indoor preparation of remolded samples
for direct shear-creep testing, the sample preparation process was as follows:

(1) The samples were crushed indoors and passed through a sieve with a 2 mm mesh to
separate the finer particles below 2 mm, which were used for the remolded samples.

(2) The finer particles were repeatedly mixed and air-dried to achieve the target moisture
content. Based on the specified moisture content and dry density, a certain mass of
moist soil was weighed and evenly distributed in 3 layers, which were then compacted
into sample molds with roughened layer interfaces (as shown in Figure 2a).

(38) The resulting samples were solid cylindrical specimens with a diameter of 61.8 mm
and a height of 20 mm. The moisture content was determined to be 20.39% using the
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“oven-drying method”, and the dry density was measured as 1.93 g/cm? using the
“ring knife method”.

(4) The samples were wrapped with multiple layers of plastic film and tape, then allowed
to stand in the HBY-40A Standard Curing Cabinet for 72 h (as depicted in Figure 2b).
A total of 10 samples were prepared, including 2 backup samples.

Figure 1. Sampling point distribution of muddy interlayers (a) and enlarged views of local
positions (b—d).

Surface Roughening Treatment of
Reconstituted Samplesgs
7= : ;

A

— - ::
S —~——

Figure 2. Sample Molder for Remolded Samples (a) and HBY-40A Standard Curing Cabinet
Ilustration (b).
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Figure 3. Original sample (a) and sample treatment diagram of clay-type muddy interlayer (b).

2.2.2. Test Equipment

The direct-shear instrument can be divided into two types: strain control type and
stress control type. The former is to push the sample to produce displacement at the same
speed to measure the corresponding shear stress, while the latter is to apply horizontal
shear stress to the specimen to measure the corresponding displacement. The instrument
used in this mud interlayer shear-creep test is the stress-controlled direct-shear instrument
of the Key Laboratory of Geological Hazard Prevention and Engineering Seismic Resistance
of Kunming University of Science and Technology. It is modified from the strain direct-
shear instrument, which retains the vertical loading system and measurement system of
the original instrument, and adds the shear-loading system and horizontal measurement
system by installing fixed pulley and digital display percentage meter. The shear box and
measurement system are shown in Figure 4. Shearing box (9 and 10): The shearing box
used in the test is composed of upper and lower shearing boxes (water storage boxes).
The sample is placed in the shearing box, and a fixed sample shearing surface is formed
between the two boxes (the position of the sample is shown in Figure 4), and there is
permeable stone on the sample (shown as number 4 in the Figure 4), so that a drainage
condition is provided in the shear box. Consolidation pressure is applied vertically, and
horizontal shear force is applied along the shear plane, so that the soil sample undergoes
direct shear creep deformation along the shear plane. The difficulty of modification control
mainly focuses on how to fix the test shear loading system to ensure that the applied
shear stress is parallel to the shear plane. Test loading system: The modified stress-type
direct-shear instrument test loading system mainly involves two aspects. Among them, the
vertical consolidation pressure loading system does not need to be changed, and the loading
method of the original strain-type direct-shear instrument can be used as the standard. The
horizontal shear loading system is obtained by applying a weight mass, and the vertical
gravity is turned into a constant horizontal shear force by setting the pulley. Deformation
measurement system (as shown in the numbers 1 and 12 in the figure, the score of the
scale is 0.02 mm): This is the biggest difference between the traditional strain-type direct-
shear instrument and the modified stress-type direct-shear instrument. The traditional
strain-type direct-shear instrument controls the shear displacement value through the
constant speed and number of rotations of the motor, and obtains the corresponding
shear force under a certain deformation condition through the measuring force ring. The
purpose of the stress-type direct-shear instrument is to measure the relationship between
the shear deformation of the soil sample and time under a constant shear force. The
difficulty of modification control is mainly focused on the transformation of the frame of
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the original strain-type direct-shear instrument, determining the position and fixing the
dial indicator, and obtaining the shear deformation of the soil sample through the reading
of the dial indicator.
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Figure 4. Schematic diagram of stress-controlled direct shear-creep test device (a) and instrument
diagram (b). 1—Vertical displacement scale; 2—Vertical compression frame; 3—Fixing screws;
4—Sample; 5—Crown block; 6—Weight; 7—Normal pressure cover plate; 8—Permeable stone;
9—Box loading; 10—Lower box; 11—Base; 12—Horizontal displacement scale.

2.2.3. Test Procedure and Test Plan
The test is carried out with reference to the industry standard, and the basic steps are
as follows:

(1) The fast shear test was carried out on the samples, and at different consolidation
pressures (100 kPa, 200 kPa, 300 kPa, 400 kPa), shear at a speed of 0.8 mm/min
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(12 rpm) and measure the shear strength (7y) of the muddy interlayer under all levels
of consolidation pressure.

(2) In the direct shear-creep test, the application of normal stress (100 kPa, 200 kPa,
300 kPa, 400 kPa) is carried out first, followed by consolidation for 24 h. Vertical
deformation is then monitored during this period.

(3) Based on the formula 7; = 7¢/n (where 1 is the loading series, which is taken as 5~7,
and 7y is the shear strength under different consolidation pressures), the shear stress
at each level of the direct shear-creep test is determined, combined with the weight of
the shear stress weight. The shear stress of each stage is properly adjusted, and creep
failure of the rock is ensured when the last level of shear stress is applied, and the
loading scheme of this direct shear-creep test is obtained (Table 1).

(4) The instantaneous shear displacement is measured immediately when the first-order
shear load is applied, the read shear creep value is tested within a certain time interval,
the observation times are encrypted at the early phase of deformation, the number
of data-reading decreases after the deformation tends to be basically stable and the
shear load of each stage is maintained for 7 days.

(5) When the final level of shear load is applied, if it is found that the shear creep
displacement has a tendency to increase rapidly with time, the number of observations
should be increased to reflect the final creep failure stage.

Table 1. Indoor direct shear-creep test scheme of muddy interlayer.

Sample Number Consolidation Pressure/kPa Shearing Stress/kPa
CD-1 100 7-14-18-21-35-42
CD-2 200 9-18-27-36-45-54-63-72-81-90-99
CD-3 300 10-20-30-40-50-60-70-80-90-100
CD-4 400 12-24-36-48-60-72-84-96-108-120-132-144-156-168

2.2.4. Horizontal Shear Load Loading Method

For the current indoor direct shear-creep test, there are two loading methods to choose
from: one is to load separately; the other type is hierarchical loading. The so-called
separate loading method refers to a specimen that only bears one level of shear stress
from beginning to end, and conducts tests at different shear levels under identical testing
equipment and conditions to obtain the entire process curve of specimen creep at different
shear levels. Its advantage is that it can largely meet the requirements of creep theory
for testing. However, in practical experiments, due to the requirement of using multiple
test instruments simultaneously to complete a set of tests with different shear levels, it is
also difficult to achieve experimental preparation and implementation. On the one hand,
because of the constraints imposed by the testing conditions, it is not possible to provide
multiple sets of test equipment for synchronous testing, and on the other hand, due to
the limitations of samples, there are many uncontrollable factors in equipment and soil
samples, and there is a large consumption of soil samples. In terms of current research on
direct shear-creep tests, this loading method is rarely used.

The so-called graded loading mode means that in the entire process of creep test, all
levels of horizontal shear stress act on the same sample and are completed with the same
test equipment. After applying a certain level of shear force, the soil sample is stable after
creep deformation for a period of time, and then the next shear force is applied. The specific
creep deformation stability standard can be determined according to the test situation, and
the action time of all levels of shear force can also be adjusted in the specific test. In this
test method, it is not necessary to consider the interference caused by the differences in the
properties of the test equipment and the test soil samples, and the test results obtained are
highly reliable. The shortcomings of this loading method are as follows: on the one hand,
when all shear levels are applied on the same soil sample, the test cycle will be greatly
increased, resulting in soil hardening caused by water evaporation in the soil sample; on
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Shear displacement (mm)

the other hand, the influence of each shear level on the test deformation, the application of
the first shear level will affect the next shear deformation to a certain extent. Considering
the two loading methods, test conditions and the number of samples, it was decided that
this series of direct shear-creep tests should be studied by step loading.

2.2.5. Creep Data Processing

The creep test curve obtained by hierarchical loading is shown in Figure 5, and
transforming it into separate loading creep curve is a key step in creep analysis. At present,
the creep test data with hierarchical loading are mostly processed according to the principle
of Boltzmann superposition [35]. Through the study of rheological mechanics for many
years, Sun [36] pointed out that geotechnical materials are highly nonlinear, so the creep
curve can not be simply superimposed by the creep response of each load.
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Figure 5. Full creep process curve of graded loading under different normal stresses ((a) o = 100 kPa,
(b) o =200 kPa, (c) o = 300 kPa, (d) o = 400 kPa).

The “Chen’s Method” proposed by Chen Zongji in 1964 and developed by his students
has been more and more widely used in the study of geotechnical Rheology. The original
intention of Chen’s method is to use a simple method to derive the stress—strain time
relationship from the test results, and apply #n steps of load to only one sample to obtain
the creep curves of n different samples of the same geotechnical material with n steps of
different sizes of load. This is a simple method to solve the nonlinear effect caused by step
loading. Its advantage is that by using suitable experimental techniques and methods, the
use of graphical methods to establish the superposition relationship of real deformation
processes can be applied regardless of whether the aftereffect is linear or nonlinear.

Chen’s method can be summed up to answer the following experimental ques-
tions [37]: assuming that the step loading of the sample is carried out with a step distance
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of AT as shown in Figure 6a, and the test curve is obtained as shown in Figure 6b, how to
n
infer the creep curve under one-time loading with the load of 7, = }, A7;?
i=1

TA

At

AT

AT

(a)Load diagram {

(b)Deformation diagram

Figure 6. Chen’s loading method and creep data processing method ((a) Load diagram, (b) De-
formation diagram).

First, look at the material creep caused by the first level of loading, from time f; = 0
to tg = t1, the material is deformed by creep under the constant load t; = At. If the test is
carried out to time t; without adding the next level of load AT, the material deformation
will continue to be along the dashed line since the material deformation has already entered
into the steady-state creep at this time, so the effect of adding the acting load At to the
specimen is that the dashed line occurs additional deformation between the dashed line and
the solid line (shown in the shaded line region). It is possible to find, from this additional
deformation, the creep value with #; as the starting point in time and the creep increment
Ag(t) due to the stress increment At with 1 as the starting point in time. Therefore, using
the first stage of loading as a basis and superimposing the creep increment of the next stage
of loading acting with the same continuation time, a one-time loading of 7 = 2AT creep
curve is obtained. The continuation of the step loading, can be in the previous level of the

n
creep curve on the same treatment, so that a one-time loading of 7, = ), AT creep curve

can be obtained, such as the dotted area to the left of Figure 6b, so that slevleral creep curves
under # different loads can be obtained from one specimen.

When using this method, two points should be paid attention to: (1) when the next
stage loading is carried out, the deformation should be carried out after the deformation
has entered the steady creep under the previous load; (2) the time interval of step-by-step
loading should be equal.
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3. Results and Discussion

3.1.

Shear Creep Curve of Clay-Type Muddy Interlayer

The creep test curve of this shear-creep test is shown in Figure 7, and the curve shows

the values of shear stress at all levels. Through the shear displacement-time curve, it can be
seen that the muddy interlayer has obvious creep characteristics, which can be summarized

as follows:
0p] ——7TkPa —e—rl4kPa —+—-18kPa 05 " okPa —er—18kPa+ 27kPa
e 7 |+—~—=21kPa —e—1=35kPa  —<«—=42kPa = =36kPa =45kPa 7=54kPa |
g g 044 ——=63kPa—e— =72kPa —— =81kPa
5 ] —e— =90kPa —o— =99kPa
Q L
< <
= 0.1 =
5 £ 021
g g
7 % 0.1
0.0 + 0.0+
T T T T T T T T T - T T T T T T T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (h) Time (h)
(a)o =100kPa (b)s =200kPa
—=—71=10kPa =20kPa =30kPa «—=— =12kPa —e— =24kPa —a— =36kPa
2 0.16 1 =40kPa =50kPa =60kPa 01640 o agkPa e r=60kPa  —<—1=72kPa
g =70kPa =80kPa =90kPa g —— =84kPa —e— =96kPa —+— 1=108kPa
0124 —o— 1=100kPa =0.12 4| —*— =120kPa —o— 1=132kPa —+— 1=144kPa
g g f—=<—1=156kPa  —*—r=168kPa
Q Q
Q Q
= 0.08 £0.08- M
; i ; r — '__"/.,-0——0—'"
2 0.04 - ¢ : 20044 — — > —
wn ) i . - - wn —4
0.00 + 0.00 +
T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (h) Time (h)

(c)o =300kPa

(d)o =400kPa

Figure 7. Shear creep curves under different normal stresses ((a) o = 100 kPa, (b) o = 200 kPa,
(c) o =300 kPa, (d) o = 400 kPa).

@

@)

Under the constant normal stress level, the muddy interlayer sample has transient
deformation and initial creep stage after all the levels of shear stress are loaded,
and the initial creep stage lasts for a short time. At lower stress levels, the samples
exhibited a stable creep stage, characterized by a creep curve that approximates a
straight line. When the shear stress is relatively low, the shear displacement basically
remains unchanged (the creep rate is approximately 0), and when the shear stress
is slightly higher, the shear displacement slowly increases (the creep rate is a small
constant value). This suggests that shear stress affects the creep behavior of the mud
stratification, a feature noted by some researchers in the shear creep curves of muddy
interlayer [38,39]. The accelerated creep stage usually occurs after the application of
the last Shear stress, because the shear stress is greater than the critical strength of the
impedance capacity of the specimen, during which the shear displacement increases
rapidly with time until the specimen is destroyed.

The shear displacement in the initial creep stage increases rapidly with time, while
the creep rate decreases rapidly with time, and the creep rate in the stable creep stage
increases with the increase in shear stress, indicating that the creep of the muddy
interlayer is very strong, and the creep is enhanced with the increase in shear stress.
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Vertical compresstion displacement (mm)

(38) After the last shear stress is applied, there are three obvious stages of creep (Figure 7b),
which shows a typical ductile failure form, while in Figure 7a,c,d, it directly enters
the accelerated creep stage and occurs, showing a brittle failure form. It shows that
when ¢ =200 kPa, the last shear stress is just within the range where three stages of
creep can occur, while when ¢ = 100, 300 and 400 kPa, the last shear stress is outside
this range.

(4) According to the curve of test results, it can be seen that the shear failure value of
muddy interlayer increases with the increase in normal stress level. This is mainly
because the increase in the normal stress level enhances the compaction effect on the
interlayer particles and increases the shear friction resistance of the sample, so the
shear stress required for shear failure increases accordingly. As shown in Figure 8,
even though the vertical compression displacement under o = 200 kPa is slightly
greater than under o = 300 kPa during the 12 to 408-h period, the difference is quite
small, falling within the range of 0.01 to 0.04 mm. In summary, the overall trend in
the shear-creep test process shows that the vertical compression displacement of the
specimens increases with the rise in normal stress and gradually grows over time.

1.6

—a— o—100kPa
1 —e— c=200kPa
—a— =300kPa
—v— =400kPa
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Figure 8. Vertical compression displacement variation diagram under different normal.

3.2. Empirical Formula of Shear Creep

According to the above analysis results of the characteristics of the shear-creep
test curve, the following empirical formula was proposed to fit the graded shear-creep
test curve:

u=uy+A(l—e B 4t (1)

In the formula: u is instantaneous deformation, at constant stress level, A, B, and C
are all constant; t is creep time; A(1 — e_Bt) characterizes the attenuation creep deformation
characteristics of muddy interlayer; and exponent n represents the creep deformation
characteristics of muddy interlayer after attenuation creep at different shear stress levels.

In view of the large number of data, Table 2 only gives the fitting parameters of
the corresponding shear stress under the normal stress 100 kPa and 200 kPa obtained by
empirical formula. The variation range of R? is 0.90~0.99, which shows that the proposed
empirical formula can well simulate shear creep. The curve is drawn according to the data
sorted out by the fitting formula and compared with the experimental data, as shown in
Figure 9. From Table 2 and Figure 9, it is evident that when the normal stress is 200 kPa,
the empirical formula exhibits less-than-optimal fitting for the application of the final
level of shear stress. In this case, the R? value is 0.91. However, for all other normal
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stress levels, the empirical formula shows good fitting results. This suggests that the
empirical formula effectively captures the instantaneous deformation, initial creep and
steady-state creep of muddy interlayer stratification but falls short in fitting the accelerated
creep. Other researchers have also employed different empirical formulas. Lin [38] used
a logarithmic function to fit the creep curve when investigating the creep characteristics
of mud stratification. Zhou et al. [21] utilized a power function to fit the changes in shear
creep deformation over time in muddy layers, achieving good fitting results. Considering
the stronger creep characteristics of cohesive mud stratification, these alternative empirical
formulas may not be suitable for our study.
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Figure 9. Comparison between the calculated value of empirical formula and the experimental value
under different normal stress ((a) ¢ = 100 kPa, (b) o = 200 kPa, (c) ¢ = 300 kPa, (d) o = 400 kPa).

Table 2. Parameter fitting values of empirical formula.

Normal Stress/kPa  Shearing Stress/kPa up/mm A B C n R?
7 6.5750 x 1074 0.0026 17.6874 0.0037 0.3265 0.99

14 0.0022 0.0043 9.1325 0.0024 0.5170 0.99

100 18 0.0040 0.0066 15.5837 0.0031 0.5658 0.99

21 0.0066 0.0075 23.4534 0.0039 0.6226 0.99

35 0.0086 0.0093 28.3479 0.0060 0.6357 0.99
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Table 2. Cont.

Normal Stress/kPa  Shearing Stress/kPa up/mm A B C n R?
9 0.001 0.0099 0.8480 0.0047 0.2019 0.99
18 0.001 0.0078 0.7980 0.0060 0.2581 0.99
27 0.001 0.0043 2.1471 0.0067 0.3353 0.99
36 0.0015 0.0021 1.8468 0.009 0.3153 0.99
45 0.0042 0.0089 1.4434 0.0032 0.5252 0.99
200 54 0.0033 0.0096 1.2755 0.0029 0.5622 0.99
63 0.0031 0.0077 1.8629 0.0036 0.5597 0.99
72 0.0040 0.0076 2.4687 0.0034 0.6133 0.99
81 0.0041 0.0101 1.9092 0.0022 0.7456 0.99
90 0.0043 0.0130 1.2354 0.0016 0.8343 0.99
99 0.004 —52.2502 0.0016 0.0969 0.9556 0.91

3.3. Variation Law of Shear Creep Rate

From Figure 7, the corresponding slopes of creep curves at different shear stress levels
are calculated, and the average and steady-state shear creep rates of muddy interlayers
under different stress states are obtained. As there are many data results, the creep results
of normal stress 100 kPa and 400 kPa are listed in Table 3.

Table 3. Analysis of shear creep rate.

Normal Stress/kPa Shearing Stress/kPa Average Creep Rate/(10-2mm-h~1)  Steady Creep Rate (10~2 mm-h—1)

7 0.0125 0.0084

14 0.0214 0.0168

100 18 0.0351 0.0287
21 0.0583 0.0509

35 0.0988 0.0892

12 0.0107 0.006

24 0.0125 0.0077

36 0.0167 0.0119

48 0.0202 0.0155

60 0.0238 0.0179

72 0.0244 0.0185

400 84 0.0268 0.0214
96 0.0303 0.0250

108 0.0333 0.0274

120 0.0393 0.0328

132 0.0452 0.0387

144 0.0512 0.0441

156 0.06 0.0488

It can be seen from Table 3 that under the constant normal stress level, the shear creep
of each sample increases with the increase in the shear stress level, and the average creep
rate of the muddy sandwich specimen is basically one- to three-times that of the stable creep
rate. It shows that the initial attenuation creep stage of the specimen under all levels of
stress has small deformation, short duration and long stable creep duration, and the creep
of muddy interlayer is very significant. The stable creep rate basically remains constant
at the constant stress level, and the steady creep rate at the lower shear stress level is a
constant greater than 0, indicating that the muddy interlayer produces significant creep
deformation at the lower stress level.

According to the analysis results of Table 3, the curves of the relationship between
average creep rate and shear stress under different normal stress levels were fitted. At the
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same normal stress level, the relationship between average creep rate and shear stress can

be expressed as an exponential function:
_ b7

U, = ae @)

In the formula: a and b are the material parameters of the muddy interlayer, as shown

in Table 4. The curve of the relationship between average creep rate and shear stress is

shown in Figure 10a. The fitting curve in the graph closely aligns with the data points,

demonstrating a strong agreement. The range of the correlation coefficient R? for the fitting

parameters varies from 0.91 to 0.99, indicating a high level of fitting performance. The

average creep rate at different normal stress levels increases exponentially with the increase
in shear stress.

Table 4. Fitting parameters of average creep rate.
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Figure 10. Relationship between average shear creep rate (a) or steady shear creep rate (b) and shear
stress of muddy interlayer.

As the main part of the shear creep of muddy interlayer, the stable creep stage lasts a
long time and has a significant impact on the stability of the slope. Similarly, according to
the analysis results of Table 3, the relationship curve between stable creep rate and shear
stress level under different normal stress level can be fitted. At the same normal stress
level, the relationship between stable creep rate and shear stress of muddy interlayer is an

exponential function.
dt

Us = ce ®)
In the formula: ¢ and d are the material parameters of the muddy interlayer, as
shown in Table 5. The curve of the relationship between stable creep rate and shear
stress is shown in Figure 10b. The fitting curve in the graph closely aligns with the data
points, demonstrating a strong fit. The range of the correlation coefficient R? for the fitting
parameters varies from 0.91 to 0.99, indicating a high level of fitting performance. The
steady creep rate at different normal stress levels increases exponentially with the increase
in shear stress.
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Table 5. Fitting parameters of stable creep rate.

Normal Stress/kPa c d R?
100 0.0096 0.0644 091
200 0.0068 0.0288 0.93
300 0.0133 0.0218 0.97
400 0.0077 0.0120 0.99

3.4. Study on Long-Term Strength of Muddy Interlayer

The long-term strength of the muddy interlayer is the boundary value that distin-
guishes the attenuation creep from the nonattenuation creep, and researching the long-term
strength of the muddy interlayer can provide valuable references for the stability analysis
and evolution prediction of landslides. Rock and soil, in a given period of time, produce
damage to the impedance ability that is known as its long-term strength 7(t), and its long-
term strength limit T, that is, the rock and soil in the long-term load under the action
of the impedance ability of the critical strength value, that is, the rock and soil strength
with the extension of the action of the time and the lowest value of the reduction. At the
same moment, shear creep deformation increases with the increase in shear load; when
the shear load is below the long-term strength, the sample undergoes attenuation creep,
and the specimen is not damaged; when the shear load surpasses the long-term strength,
the sample exhibits steady-state creep and accelerated creep, which finally leads to the
destruction of the specimen with the development of time.

Usually, the long-term strength of soil creep can be determined by the following
two methods [40,41]: (1) To draw the stress—deformation curve based on the test results
of cascade loading in logarithmic coordinates. It is found that the stress with obvious
inflection point on the curve in logarithmic coordinates is taken as the limit value of long-
term strength Teo. (2) The long-term strength limit is the boundary value that distinguishes
attenuated creep from nonattenuated creep, so the curve between stress and strain rate
under this stress can be drawn, and the intersection of the curve and stress axis is the
long-term strength limit value 7.

The isochronous cluster curve of the muddy interlayer under different normal stress is
shown in Figure 11, and the inflection point of the cluster curve is not obvious. Therefore,
according to the method of Liu et al. and Wang et al. [42,43], it is challenging to precisely
determine the long-term strength of muddy interlayer. In view of this, according to the
definition of long-term ultimate strength, the long-term strength of muddy interlayer
is determined by the following methods: take normal stress 100 kPa as an example, as
shown in Figure 7a, the specimen shows attenuated creep at a shear stress of 35 kPa, and
nonattenuated creep when shear stress is 42 kPa, indicating that long-term strength limit Teo
is between 35~42 kPa, and their average value is taken as long-term strength limit, namely
38.5 kPa. As shown in Figure 12, the long-term cohesion c« is 4.75 kPa and the long-term
internal friction angle ¢, is 20.4°.

Previous researchers have classified weak interlayers based on their material com-
position, microstructure and origins, generally categorizing them into four types: pri-
mary soft rock, interbedded shear zones (fault zones), muddy interlayer and sliding
zones [44]. Zhu et al. [45] conducted a study on the long-term strength evolution of weak
interlayers in Permian carbonaceous shales in the southwestern Karst mountain area. They
investigated three evolutionary stages, including primary soft rock, interbedded shear
zones and sliding zones. During the evolutionary process, long-term strength decreases,
with the long-term cohesion (c«) of the final evolutionary stage being 0.096 MPa and the
angle of internal friction (@) being 29.6°. Cheng et al. [46] performed indoor direct shear-
creep tests on weak interlayers in red sedimentary rocks. For sample 1, they determined
a long-term cohesion (c) of 18 kPa and an angle of internal friction (¢e) of 17.8°. In
comparison to previous studies on no-clay-type muddy interlayer, the long-term strength
of clay-type muddy interlayer is notably low and exhibits significant creep characteristics.
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4. Conclusions

Investigations on clay-type muddy interlayer were conducted through laboratory
direct shear-creep tests using the convenient staged loading method. Experimental data
were recorded, and the complete creep curve was obtained. The ‘Chen method” was
subsequently employed to transform it into separate loading creep curves. Analysis of the
shear-displacement curve was carried out to study the creep characteristics of the muddy
interlayer. Based on the analysis of the creep-test curve and the use of empirical formulas
to fit several creep stages, the study then explored the relationships between average and
stable creep rates and shear stress. A method for determining the long-term strength limit
was proposed. The main results obtained are as follows:

(1) The shear creep deformation of the clay-type muddy interlayer is obvious. At the same
normal stress level, the specimen has instantaneous deformation, initial creep and stable
creep at the lower shear stress level. There are two cases at the level of rupture shear
stress: the creep curve includes three stages of typical initial creep, stable creep and
accelerated creep failure or directly enters the accelerated creep stage until the specimen
failure. The empirical formula of shear creep proposed, u = ug + A [1 — e(=B)] + Ct",
can well reflect the instantaneous deformation, initial creep and stable creep of shearing
interlayer, but the fitting effect of accelerated creep is not good. The coefficient of
determination (R?) for the fitting of the shear creep empirical formulas is consistently
above 0.9.

(2) Under the constant normal stress level, the shear creep increases with the increase in
the shear stress level, while at the same shear stress level, the shear creep decreases
with the increase in the normal stress level. At all levels of stress, the initial attenuated
creep stage of the specimen has smaller deformation, shorter duration, longer stable
creep duration and the steady creep rate at lower shear stress level is a constant greater
than 0, which shows that the creep of the clay-type muddy interlayer is very strong.

(3) Under the same normal stress level, the average and steady creep rate of the clay-type
muddy interlayer can be characterized by the exponential function of u = me"", and
the average creep rate of the clay-type muddy interlayer specimens is generally one-
to three-times the stable creep rate.

(4) Incomparison to previous studies on no-clay-type muddy interlayer, the long-term
strength of clay-type muddy interlayer is notably low. A method was proposed to
determine long-term shear strength indicators based on the long-term strength limit.
By curve fitting, p. was determined to be 20.4° and c. was 4.75 kPa. The relationship
between the shear strength limit (7«) and normal stress (0) was formulated as Teo =
4.75 + 0 tan20.4°.
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