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Quaternary loess is widely distributed over the tertiary Hipparion red clay on the Loess
Plateau of China. Large-scale loess landslides often occur along the weak contact
interface between these two sediment materials. To investigate the failure mode and
shear strength characteristics of the loess–Hipparion red clay contact interface, a series of
shearing experiments were performed on interface specimens using purpose-built shear
equipment. In this article, the relationship between shear strength and interface
morphology is discussed, and an empirical shear model of the interface is proposed
based on the experimental results and theoretical work. The results indicate that
discontinuities between the loess and the Hipparion red clay reduce the shear strength
of specimens significantly. The contribution of the contact interface to shear performance
including failure mode, shear deformation, and shear strength varies with the interface
morphology and the applied normal stress. With low interface roughness or normal stress,
sliding failure is likely to occur. With increasing interface roughness and normal stress, the
peak strength increases rapidly. With further increase in the interface roughness and
normal stress, the increment of peak strength decreases gradually as the failure mode
transitions from sliding mode to cutoff mode. A staged shear model that takes the failure
mode into consideration is developed to express the non-linear change in the interface
shear strength. The shear model’s capability is validated by comparing model estimates
with experimental data. This work improves our understanding of shear mechanisms and
the importance of considering the effects of interfacial properties in the mechanical
behavior of contact interfaces.
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INTRODUCTION

On China’s Loess Plateau, loess was deposited on the Hipparion red clay, forming a discontinuous
weak interface. Approximately 55% of the large loess landslides occur mainly along this
loess–Hipparion red clay interface related to the groundwater activity (Wen et al., 2005; Wang
et al., 2019a; Peng et al., 2019). Recent research studies on this type of landslides have shown that the
Hipparion red clay is an important factor controlling and affecting the formation of landslides (Qu
et al., 1999; Li et al., 2012a). For example, the Hipparion red clay has low permeability and is easy to
be weathered (Lei and Qu, 1991); when under the action of water, the red clay is prone to generate
creep deformation, and this long-term deformation results in the formation of a sliding surface (Song
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et al., 1994; Jiang, 2009; Wang et al., 2012; Xin et al., 2014).
Meanwhile, a better understanding of the shear strength of the
weak interface between loess and Hipparion red clay is necessary
for elucidating the mechanism of loess landslides (Lawrence et al.,
2011; Li et al., 2012b; Wu et al., 2014; Peng et al., 2019). However,
most recent research on the slip zone of this type of landslides
mainly focused on the shear mechanics of pure loess or pure
Hipparion red clay (Xu et al., 2008; Jia et al., 2014; Wu et al., 2014;
Wang et al., 2018; Wang et al., 2019b; Liu et al., 2020; Zhu et al.,
2021a). The shear strength of the interface between loess and the
Hipparion red clay in a loess landslide is not clear.

Past research studies have focused on the shear behavior on
the interface between soil and different structures, such as the
interface between sand and concrete (Skempton, 1985; Uesugi
et al., 1990; Hebeler et al., 2016), clay and concrete (Feligha et al.,
2016), soil and steel plate (Mortara et al., 2010), soil and
geomembrane (Sayeed et al., 2014; Prashanth et al., 2016;
Ammar et al., 2019), and soil and bedrock interface
(Jahanian and Sadaghiani, 2015). The shear behavior (shear
mechanical characteristics, shear failure modes, and strength-
influencing factors) of these interfaces has been investigated
using experimental shear tests (Fleming et al., 2006; Mortara

et al., 2010; Chai and Saito, 2016). It was found that the
interfaces have obvious lower shear strength than pure soils
and structures (Zhang et al., 2005) and that their shear behavior
is influenced by interface roughness, normal stress, and shear
rate (Tiwari et al., 2010). For example, the interfacial shear
strength was found to increase gradually with increasing
interface roughness (Huck et al., 1974; Canakci et al., 2016),
and failure modes, such as sliding along the interface, shear-off
through the interface, and simultaneous sliding and shear-off,
were found to vary with interface roughness (Feligha et al., 2016;
Zhou et al., 2019).

Based on these shear tests, researchers have informed attempts
to establish theoretical and empirical shear strength criteria for
the interface between geotechnical materials and structures
(Gómez et al., 2003; Kosoglu et al., 2010; Kang and Liao,
2019; Kang et al., 2021). These include shear strength models
for the interface between different rock types (Patton, 1966;
Barton, 1973; Grasselli and Egger, 2003; Cottrell, 2009; Wu
et al., 2018), rock and concrete (Andjelkovic et al., 2015;
Krounis et al., 2016), soil and concrete (Gómez et al., 2003;
Yazdani et al., 2019), and soil and geotextile (Esterhuizen et al.,
2001; Iryo and Rowe, 2005; Tolooiyan et al., 2009; Portelinha and

FIGURE 1 | Location of research area and sampling site. (A) Research location and (B) geological map of research area: 1 the Holocene alluvial sediment, 2 the
Upper Pleistocene alluvial loess, 3 the Upper Pleistocene aeolian loess, 4 the Middle Pleistocene alluvial loess, 5 the Lower Pleistocene glacial loess, 6 the Middle
Neogene Stratum, 7 the Lower Neogene stratum, and (C) engineering geological profile of the study area (modified form the survey report of the second hydrological
team of Shaanxi Bureau of Geology and mineral resources, 1979): 1 Malan loess, 2 Wucheng loess, 3 Lishi loess, 4 mild clay, 5 sand soil, 6 mudstone, 7 sandy
mudstone, 8 conglomerate, 9 ground water table, and (D) rough loess—Hipparion red clay interface.
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Zornberg, 2017). Due to the non-linear change in interfacial shear
strength, new guidelines for shear model development consider
the effect of the interface morphology on shear strength. For
regular rough contact samples, Patton (1966) and Serrano et al.
(2014) established some bilinear interfacial strength criteria based
on two mechanisms of interface shear failure: slippage between
asperities, and asperity failure. Other shear models were
developed for regular contact interfaces by considering a
continuum of three shear modes: sliding, separation, and
cutoff of asperities (Ladanyi and Archambault, 1970; Huang
et al., 2002; Johansson and Stille, 2014; Zhou et al., 2019). For
irregular rough contact samples, models were proposed to take
into account the interface roughness and contact intimacy to
predict the variation of interface strength (Maerz et al., 1990;
Shen et al., 2019).

In summary, although the shear characteristics of the interface
between soils/sediments and various structures have received
extensive attention, only a few studies have investigated the
shear behavior of discontinuities between different soil/
sediment types (Indraratna and Jayanathan, 2005; Jahanian
and Sadaghiani, 2015), especially for loess with extensive
interface contact types. Several investigations of the shear
behavior of the loess–sand interface, loess–concrete interface,
and loess–mudstone interface have found that the shear strength
of these interfaces is much lower than that of pure materials, and
some new strength criteria for anisotropy of interface are
obtained (Qiao et al., 2016; Liu et al., 2018; Hong et al., 2019;
Yang et al., 2020). However, the shear strength of interfaces
between loess/Hipparion red clay remains poorly understood.
This is especially the case for the interface between loess and
Hipparion red clay, the slip zone of many large loess landslides in
the Loess Plateau.

To address this lacuna, in this study, we investigate the shear
characteristics of the loess–Hipparion red clay interface, the effect
of the interface contact angle on failure mode, the shear
deformation characteristics, and strength properties. Our study
involves experimental work and modeling. Interface specimens
with different contact angles were prepared with a specimen
preparation device, and a series of direct shear tests were
performed on these specimens under different normal stress
conditions using purpose-built direct shear equipment. Based
on these experimental results, we discuss the failure mode and the
effect of the interface angle and normal stress on the shear
behavior of the interface. We also developed an empirical
shear model that takes into consideration the failure mode to
estimate the peak shear strength of the interface. The accuracy of
the proposed model is tested by comparing the experimental
results with the model-derived values.

MATERIALS AND METHODS

Soil Materials
The research area is in Xi’an that is located south of Loess Plateau
in China (Figure 1A). In the area, there are five layers including
Malan loess (Q3), Lishi loess (Q2), Wucheng loess (Q1),
Hipparion red clay(N2

2), and sandy mudstone and sandstone

(N1
2) (Figures 1B,C). The Wucheng loess overlies the Hipparion

red clay, and it forms a rough contact interface with different
angles (Lawrence et al., 2011) (Figure 1D). The loess–Hipparion
red clay interface is directly related to the slip zone of some loess
landslides, such as the Chenjiapo landslide in Bailu Platform
(Wang et al., 2012). Thus, it is necessary to investigate the shear
strength of the loess–Hipparion red clay interface by the direct
shear test. Remodeled samples are adopted because of the
inhomogeneity (http://dict.youdao.com/w/inhomogeneity/
javascript:void(0)) of intact samples. The remodeled samples
with a rough contact surface are made from the Wucheng
loess and tertiary Hipparion red clay around the slip zone that
is fine-grained (Figure 2), high-density deposit. For preparing the
remodeled samples, the initial dry density and initial water
content are set to 1.85 g/cm3 and 15%, respectively.

Specimen Preparation
Two types of contact interfaces in the remodeled samples should
be set in the remodeled samples, to investigate the shear strength
of the loess–red clay interface that is rough in the original layers at
Chenjiapo landslide. The rough interface and smooth interface
are set in the remodeled samples. The rough interface is set using
a special device that comprises a bracket, a jack, and a specimen
compaction cylinder consisting of a top cap, a cylinder, a base,
and interface molds (Zhu et al., 2021b). The angle of the rough
interface includes 0°,15°, 30°, 45°, and 60° made in a set of regular
sawtooth metal molds that have the same length of 7.7 mm, and
different heights of 0, 1.03, 2.22, 3.85, and 6.66 mm.

The remodeled samples with a rough interface are made in
three steps. In the first step, the sawtooth mold was placed in the
compaction cylinder, and the loess material is set in the specimen
compaction cylinder and compacted. Then the sawtooth mold
and the specimen were extracted from the compaction cylinder
and detached, and the sawtooth joint was cloned on the loess
specimen. The prepared loess specimen was then placed in the
compaction cylinder as a mold, with the rough interface facing
upward, and someHipparion red clay material was inserted in the

FIGURE 2 | Grain size distribution of the soil materials.
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compaction cylinder, above the loess mold. After that, the
cylinder fill was compacted again, so that the base of the
Hipparion red clay material fitted the rough surface of the
loess specimen exactly. Finally, the compressed specimen is
extracted from the compaction cylinder using a jack. After the
aforementioned steps, the specimen with the size of 61.8 mm in
diameter and 20 mm in height was prepared (Zhu et al., 2021b).

Test Equipment and Procedure
The direct shear test on the specimens with loess–Hipparion red clay
interface is conducted using computer-controlled direct shear

equipment developed by Chang’an University and Zhongzhi
Geotechnical Technology Co., Ltd, Nanjing (Zhu et al., 2021b).
The equipment consists of a normal loading unit, a shear loading
unit, a shear box, a data acquisition and controlling unit, and a
measurement unit. The normal loading unit uses an air pressure
cylinder to apply normal load in the range of 0–500 kPa, with an
accuracy of ±1%. Pressure is provided by an air compressor. The
shear loading unit uses a servomotor (type: RS57, with strain control
from 0.025 to 6.35mm/min and accuracy of ±5%, Nanjing, China) to
apply the shear load in a strain-controlled manner. The shear box is
made into two shapes and sizes suitable for different test standards:

FIGURE 3 | Failure modes of interface specimens. (A) Failure modes of specimens with the sawtooth angle i of 45° under various normal stresses, and (B) failure
modes of specimens with various interface angles under normal stress of 200 kPa.
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square (61.8mm in side length; 20mm in height) and circular
(61.8 mm in diameter; 20mm in height). The measurement unit
consists of horizontal linear variable differential transformers
(LVDTs; type: Fxg-81N; range: 0–10mm; accuracy: 0.2%; Fuxin,
China), vertical LVDTs (type: Fxg-80N; range: 0–5mm; accuracy:
0.1%; Fuxin, China), and stress sensors (type: CSF-A; range: 0–2 kN;
accuracy: 0.2%; Bengbu, China). The measurement unit allows
automatic recording of the displacement and shear stress of the
tested specimens by a controlling computer. The data acquisition and
controlling unit consists of the controlling computer and the data
acquisition and controlling instrument, which can be used to servo-
control the normal and shear loading and to collect and transfer the
data acquired by the measurement unit in real time.

Using computer-controlled direct shear equipment, five
groups of specimens with sawtooth angles i of 0°, 15°, 30°, 45°,
and 60° were tested. Samples in each group were tested under
eight normal stress levels: 12.5, 25, 37.5, 50, 100, 200, 300, and
400 kPa. The direct shear test was carried out after fixing the

interface specimen between the upper and lower shear boxes
according to the method ASTMD5321/D5321M-14 (2014). Each
specimen was settled in the shear box, and the normal load was
applied at a rate of 1 kPa/s until a certain value. The normal load
was kept constant during the following shearing process. Then
the shear load was applied at a shear displacement rate of 0.8 mm/
min until the shear displacement reached 4 mm that corresponds
to the post-peak stage. During the direct shear test, the normal
load, vertical displacement, shear load, and shear displacement
were recorded automatically using a computer in real time.

FAILURE MODES

Exploring the failure modes is important for understanding the
shear behavior of an interface. The final failure modes of interface
specimens after shear testing are shown in Figure 3. It was found
that the shear plane was generated along the contact interface of

FIGURE 3 | (Continued).
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loess–Hipparion red clay. However, the failure modes are
different due to different normal stress conditions and
sawtooth angles. Based on the two types of shear
behaviors—sliding along the sawtooth surface and failure
through the sawtooth, the failure mode can thus be divided
into three types: sliding, sliding, and shear-off, and cutoff (see
Figure 3).

Figure 3 indicates that the failure mode depends on both the
sawtooth angle and the normal stress, that is, the failure mode
varies with the normal stress if the same sawtooth angle is the
same, such as the specimen with a sawtooth angle i of 45°

(Figure 3A). Under low normal stress (σ ≤ 25 kPa), the failure
mode is sliding. Under medium normal stress (37.5 kPa ≤ σ ≤
200 kPa), the shear failure mode is sliding and shear-off. Under
high normal stress (σ ≥ 300 kPa), the shear failure mode is cutoff.
Overall, as the normal stress increases, the failure mode
transitions gradually from sliding to cutoff. Besides, the failure
mode varies with the sawtooth angle if the normal stress is the
same, such as the specimens under a normal stress of 200 kPa
(Figure 3B). The failure mode transitions from sliding to shear-
off with an increasing sawtooth angle. For the sliding mode, the
interface specimens mainly slid along the sawtooth contact
surface during the entire shear process. For sliding and shear-
off modes, sliding along the sawtooth surface occurred first, and
then the interfaces specimen was sheared off above the root of the
sawtooth. For cutoff mode, the interface specimen was cutoff
along the root of the sawtooth. These indicate that the shear
process is pure sliding, or pure cutoff, or coupling of sliding and
shear-off.

Furthermore, the dependency of the failure modes on the
sawtooth angles and normal stresses is discussed in the normal
stress–sawtooth angel plane, as shown in Figure 4. In the article,

the normal stress and sawtooth angle for the transition of
different failure modes are called the threshold values. The
range of threshold values was divided according to the failure
mode of samples as shown in the zone line (A-B line and B-C line)
in Figure 4. It is obvious that the threshold values that distinguish
different failure modes are not constant, which is related to

FIGURE 4 | Dependency of failure modes on the sawtooth angles and
normal stresses.

FIGURE 5 | Force diagram for the sawtooth of specimen in different
failure modes. (A) Force state of sawtooth before and after shear, (B)
specimens in sliding mode, (C) specimens in sliding and shear-off mode, and
(D) specimens in cutoff mode.
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normal stress and sawtooth angle. It should be noted that the
cutoff mode is more likely to occur with a higher sawtooth angle
and normal stress, whereas the sliding mode tends to occur with a
lower sawtooth angle and normal stress.

To further explore the aforementioned failure modes, it is
necessary to investigate the stress state of the sawtooth. Although
the shear failure of discontinuity surfaces have been studied (Lee
et al., 2001; Asadi et al., 2013; Serrano et al., 2014; Hong et al.,
2016), few studies have focused on the stress state of a single
asperity at a certain inclination angle (Zhang et al., 2019). In order
to analyze the stress state of the sawtooth during shearing, we,
respectively, define the sliding thrust Fc as the power force that
makes the specimen slide upward along the sawtooth surface, the
sliding resistance Fcr as the resistance that prevents the specimen
from sliding upward along the sawtooth surface, the shear thrust
Fs as the power force that makes the specimen to be sheared off

through the sawtooth, and the shear resistance Fsr as the
resistance that prevents the specimen from being sheared off
through the sawtooth, as shown in Figure 5A.

The normal and shear load generate the sliding thrust Fc,
parallel to the contact interface, and generate the shear thrust Fs,
perpendicular to the contact interface, as shown in Figure 5A.
The calculation formulas of Fc and Fs are as follows:

Fc � Tcosi −Nsini and (1)

Fs � Ncosi + Tsini, (2)

where N is the normal load /kPa, T is the shear load /kPa, and i is
the sawtooth angle/°.

The sliding resistance Fcr is composed of the friction strength
between the sawtooth surfaces, and its value is rated to normal
load and sawtooth angle (Figure 5A). The shear resistance Fsr is
composed of the shear strength of sawtooth, and its value is rated

FIGURE 6 | Shear stress–shear displacement curves for interface specimens with different sawtooth angles. (A) Normal stress with 50 kPa, (B) normal stress with
100 kPa, (C) normal stress with 200 kPa, and (D) normal stress with 400 kPa.
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to shear plane position of the sawtooth (Figure 5A). The
calculation formulas of Fcr and Fsr are as follows:

Fcr � (Ncosi + Tsini)tani (3)

Fsr � c + σtanφ (4)

where λ is the friction coefficient of the sawtooth surface, c is the
cohesion of sawtooth materials /kPa, φ is the friction angle of
sawtooth materials/°.

According to Figure 5A, it is clear that the failure mode of the
interface depends on the relationship between the sliding thrust
acting on the sawtooth and the sliding resistance between the
sawtooth surface, Fc and Fcr, and, also, on the relationship
between the shear thrust acting on the sawtooth and the shear
resistance of the sawtooth, Fs and Fsr. Figure 5 shows the force
diagram for the sawtooth of the specimen in different failure
modes. At low normal stress and sawtooth angle, the sliding
resistance Fcr between the sawtooth surface is also low, and the

sliding thrust Fc can easily overcome it. In this situation, sliding
occurs along the sawtooth surface (Figure 5B). With increasing
normal stress and sawtooth angle, at the initial stage of shearing,
the shear thrust Fs is smaller than the shear resistance Fsr, but the
sliding thrust Fc can overcome the sliding resistance Fcr. In this
condition, sliding along the sawtooth surface occurs first. Then
the potential shear plane position on the sawtooth surface
continues to move up with sliding until the shear thrust Fs
can overcome the shear resistance Fsr of the potential cut part
of the sawtooth. At this moment, the specimen is sheared off
through the sawtooth, and the shear-off plane is located above the
root of the sawtooth (Figure 5C). With even higher normal stress
and sawtooth angles, the sliding resistance Fcr increases
continually, and the sliding thrust Fc is insufficient to
overcome the increasing sliding resistance Fcr. However, shear
thrust Fs can overcome the shear resistance Fsr, and then the
specimen is cutoff directly through the root of the sawtooth
(Figure 5D).

FIGURE 7 | Variation of shear stiffness, post-peak stress and shear displacement of interface specimens. (A) Post-peak stress-dropping, (B) shear stiffness, and
post-peak stress-dropping, (C) shear displacement corresponding to peak stress of specimens in sliding mode, and (D) shear displacement corresponding to peak
stress of specimens in sliding and shear-off mode.
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SHEAR DEFORMATION
CHARACTERISTICS

Shear Stress Versus Shear Displacement
Figure 6 shows the typical shear curves for specimens with
different sawtooth angles subjected to different normal
stresses. It is obvious that the shear strength of the
interface specimen is lower than that of pure loess or pure
Hipparion red clay specimens. Most of the shear curves are
non-linear with stress reducing sharply after peak stress as the
shear displacement increases. The stress reducing sharply
means the interface specimen is cutoff along the potential
shear plane in the sawtooth. Then the shear stress gradually
comes to a stable state corresponding to the residual shear
strength. The evolution characteristics of shear curves are

related to the normal stress and sawtooth angles. First, the
sawtooth angle has a great effect on the shear curves of the
interface, especially the peak strength and the post-peak
stress-dropping behavior, that is, the peak strength of the
interface increases with increasing sawtooth angle; however,
the post-peak stress-dropping first increases and then
decreases as the sawtooth angle increases (Figure 7A).
Second, the normal stress also greatly affects the shear
behavior of the interface, especially the pre-peak curves,
peak strength, and the post-peak curves (Figure 6), that is,
both shear stiffness and peak strength of the interface increase
gradually with increasing normal stress, and the post-peak
stress drop is more pronounced with increasing normal stress,
suggesting that the difference between the peak shear stress
and the residual shear becomes larger (Figure 7B).

FIGURE 8 | Normal displacement curves of interface specimens. (A) Normal displacement–time curves of specimens subjected to the normal stress of 400 kPa,
(B) normal displacement–shear displacement curves of specimens subjected to the normal stress of 400 kPa, (C) normal displacement–time curves of specimens with
sawtooth angle of 45°, and (D) normal displacement–shear displacement curves of specimens with sawtooth angle of 45°.
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The aforementioned change in the shear curves reflects
different failure modes that are related to normal stress and
sawtooth angle. When normal stress or sawtooth angle is small,
the sliding mode takes place along the contact interface after peak
stress (Figure 5B). The shear displacement corresponding to peak

stress reflects the occurrence of the sliding failure, and the sliding
failure occurs earlier if shear displacement corresponding to peak
stress is small (Figure 7C). Furthermore, the shear displacement
corresponding to peak stress increases with the increasing
sawtooth angle, indicating the larger sliding displacement at
failure (Figure 7C).The sliding failure will transform from the
sliding mode to the shear-off mode as normal stress and sawtooth
angle increase (Figure 7D). This can be verified by the sharper
shear stress dropping after peak stress (Figure 7A), which
corresponds to the cutoff failure of the sawtooth. Furthermore,
the shear-off failure occurs earlier if the shear displacement
corresponding to peak stress is smaller. Smaller shear
displacement corresponding to peak stress indicates that the
plastic deformation of the interface specimen at failure is
smaller, and this usually occurs for the interface specimen
with relatively small sawtooth angles (Figure 7D).

FIGURE 10 | Variation of peak normal displacement and shear dilatancy
angle of interface specimens. (A) Peak normal displacement of specimens
with different sawtooth angles and (B) peak shear dilatancy angle of
specimens with different normal stresses.

FIGURE 9 | Stage division of normal displacement of interface
specimens with different failure modes. (A) Sliding: specimen with sawtooth
angle of 15° under normal stress of 25 kPa, (B) sliding and shear-off:
specimen with sawtooth angle of 45° under normal stress of 100 kPa,
and (C) cutting off: specimen with sawtooth angle of 45° under normal stress
of 400 kPa.
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Shear Dilatancy Characteristics
Normal Displacement
The normal deformation is caused by the sliding along the
interface, which is influenced by normal stress and sawtooth
angle, as shown in Figure 8. Such as the typical normal
displacement curves of interface specimens with different
sawtooth angles subjected to the normal stress of 400 kPa
(Figures 8A,B), the normal displacement first increases and
then stabilizes as shear displacement and shearing time
increase. However, with an increasing sawtooth angle, there
is an obvious hysteresis effect in the occurrence time of
normal displacement (Figure 8A); after its onset, the
normal displacement first increases and then decreases with
the increasing sawtooth angle (Figure 8B). This influence of
the sawtooth angle on normal displacement is mainly related
to the failure model. With a low sawtooth angle, the sliding

mode is more likely to occur, so the normal deformation
increases with an increasing sawtooth angle at first. As the
sawtooth angle continues to increase, the shear failure
gradually transitions from the sliding mode to the shear-off
mode (Figure 3B).In this case, the sliding of the interface
decreases during shearing, which results in attenuation of
normal displacement with an increasing sawtooth angle
(Figures 8A,B).

The evolution of normal displacement is also significantly
affected by normal stress. Figures 8C,D present typical normal
displacement curves of interface specimens with a sawtooth angle
of 45° subjected to different normal stress. With increasing
normal stress, there is also an obvious hysteresis effect in the
occurrence time of normal displacement (Figure 8C); after its
emergence, the normal displacement decreases gradually with
increasing normal stress (Figure 8D). This influence in normal
stress on normal displacement is mainly related to the failure
mode. With low normal stress, sliding along the sawtooth surface
results in a rapid increase in the normal displacement with
increasing shearing time (Figure 8C). As the normal stress
continues to increase, the shear failure gradually transitions to
the cutoff mode (Figure 3A), and thus, the decreased sliding
results in the reduction of the normal displacement during
shearing, as shown in Figure 8D.

The normal displacement develops in stages according to
the increment rate of the normal displacement. Figure 9
shows the typical stage division of normal displacement
curves of interface specimens with different failure modes,
which indicates the stage division of these curves is different
from failure modes. Figure 9A presents the stage division for
interface specimens with sliding mode. The normal
displacement curve can be divided into three stages:
compaction of the sawtooth interface in the compaction
stage, sliding along the sawtooth surface in the sliding
stage, and the friction on the shear plane in the friction
stage. For interface specimens with sliding and shear-off
modes, the normal displacement curve can be divided into
four stages: compaction of the sawtooth interface in the
compaction stage, sliding along the sawtooth surface in the
sliding stage, cutting through the sawtooth in the cutting
stage, and friction on the shear plane in friction stage
(Figure 9B). For interface specimens with a cutoff mode,
the normal displacement curve can be divided into four stages:
compaction of the sawtooth interface in the compaction stage,
plastic deformation of the sawtooth in the deformation stage,
cutting through the sawtooth in the cutting stage, and friction
on the shear plane in friction stage (Figure 9C).

The variation in normal displacement at the different stages
above is different. In the compaction stage, although the shear
displacement increases, the normal displacement is almost absent
(Figures 9A–C). This is because the sawtooth is continuously
compacted under the action of horizontal shear in this stage with
no sliding. In the sliding stage, the normal displacement rapidly
increases with the shear displacement, indicating that the
sawtooth slides upward along the sawtooth interface quickly in
this stage (Figures 9A,B). In the cutting stage, the increase rate of
shear normal displacement increases abruptly at first and then

FIGURE 11 | Variation of peak strength of interface samples. (A) Peak
strength–normal stress curves and (B) relationship of peak strength versus
normal stresses and sawtooth angles.
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FIGURE 12 | Shear strength envelope of interface specimens. (A) Sawtooth angle with 0°, (B) sawtooth angle with 15°, (C) Sawtooth angle with 30°, (D) sawtooth
angle with 45°, and (E) sawtooth angle with 60°.
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decreases gradually (Figure 9B). The normal displacement thus
increases by leaps to a peak value, indicating that the specimen is
instantaneously sheared off through the sawtooth in this stage
(Figure 9B). During the friction stage, the normal displacement
remains steady, indicating that only frictional behavior along the
shear plane occurs in this stage (Figures 9A–C).

Peak Shear Dilatancy Angle
The peak normal displacement is the maximum dilatation of
the interface specimen after failure. The ratio of the peak
normal displacement to the horizontal displacement is
defined as the peak shear dilatancy angle in this article. It
was found that all specimens exhibit shear dilatation, as
shown in Figure 10. Figure 10A shows that the peak
normal displacement is influenced by the sawtooth angle
and normal stress. That is, the peak normal displacement
decreases with increasing normal stress and increases first and
then decreases with the increasing sawtooth angle. As shown
in Figure 10B, the peak shear dilatancy angle also changes
significantly with the sawtooth angle and normal stress.
Specifically, the peak shear dilatancy angle decreases with
increasing normal stress, and this indicates that the
volumetric deformation of the interface gradually decreases
after shear failure. In addition, the peak shear dilatation angle
increases with the increasing sawtooth angle, and its
increment drops with increasing normal stress. This
indicates that the increment of volumetric deformation of
the specimen gradually decreases after shear failure. It should
be mentioned that the changing of the peak normal
displacement and peak dilatancy angle are all related to the
failure mode of the interface including sliding mode, sliding
and shear-off mode, and cutoff mode (see Figure 3 and
Figure 10), that is, shear dilatation is more obvious when

the sliding mode occurs, while the shear dilatation is small
when sliding and shear-off mode occurs.

SHEAR STRENGTH CHARACTERISTICS

Interfacial Shear Strength
Figure 11 shows the influence of the sawtooth angle and normal
stress on the peak strength in a three-dimensional space
coordinate system. It is obvious that the peak strength of the
interfacial specimen is lower than that of the pure loess specimen
or pure Hipparion red clay specimen, indicating that
discontinuities between the loess and the Hipparion red clay
reduce the shear strength of specimens significantly
(Figure 11A). The peak strength increases linearly with
increasing normal stress if the interface is smooth (with a
sawtooth angle of zero). While the peak strength increases
non-linearly with increasing normal stress if the interface is
rough (with a sawtooth angle larger than zero), and the
increment of peak strength decreases gradually (Figure 11B).
This influence is related to the failure mode including sliding
mode, sliding and shear-off mode, and cutoff mode. The sliding
mode occurs if normal stress and the sawtooth angle are small
(see Figure 4), and the peak strength is related to the friction
strength between the interface that increases with increasing
normal stress and the sawtooth angle, as shown in Figure 5.
Therefore, the peak strength increases rapidly with increasing
normal stress and sawtooth angle (Figure 11). However, the
cutoff mode occurs with continuous increase in normal stress and
the sawtooth angle (Figure 4), and the peak strength is related to
the shear strength of the sawtooth, as shown in Figure 5. The
shear strength of the sawtooth increases with the increasing
normal stress and sawtooth angle, but its increment is lower
than that of friction strength between the interface with the
increasing normal stress and sawtooth angle. Therefore, the
increment of peak strength with the increasing normal stress
and sawtooth angle drops gradually.

The shear strength curves of the interface specimens were
divided into stages according to the failure mode. Figure 12
presents the staged shear strength curves of interface specimens
under normal stress in the 0–400 kPa range. As this figure
shows, there are three types of curves. When the contact
interface angle is zero, the shear strength curve is linear
(Figure 12A). When the sawtooth angle is 15° or 30°, the
shear strength curve is divided into two stages (Figures
12B,C). When the sawtooth angle is 45° and 60°, the shear
strength curve is divided into three stages (Figures 12D,E).
Evidently, the staged expression of the shear strength envelope
can accurately reflect the evolution of the interfacial shear
strength, and the shear strength in each stage conforms to
the Coulomb strength criterion. The dividing points σa and
σb that demarcate each stage are defined as the normal stress
thresholds. When σ ≤ σa, the shear failure is the sliding mode;
when σa < σ ≤ σb, the shear failure is the sliding and shear-off
mode; and when σ>σb, the shear failure is the cutoff mode. The
normal stress thresholds σa and σb can be obtained as follows:
based on the experimentally observed failure mode of the

FIGURE 13 | Shear strength envelope of the interface expressed in
stages based on the proposed shear model.
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interface under different normal stress (Figure 4), the measured
shear strength of specimens with the same failure mode is fitted
with linear Coulomb strength criterion. The intersection point
of each linear strength line corresponds to the normal stress
threshold. Note that the normal stress threshold used to divide
the shear strength curve is not a constant, and it varies with
sawtooth angle.

An Empirical Shear Model of Interface
The experimental results indicate that the shear strength of the
interface changes in a non-linear manner; therefore, the non-
linear change in shear strength of the interface cannot be
evaluated by the linear Coulomb criterion. Thus, it is necessary
to formulate an empirical shear model to describe the non-
linear shear strength change of interface inspired by other non-
linear strength models of geotechnical materials with
structural planes (Patton, 1966; Ladanyi and Archambault,
1970; Maerz et al., 1990; Serrano et al., 2014; Barton, 1973;
Huang et al., 2002; Andjelkovic et al., 2015; Zhou et al., 2019).
Based on the stage division of the shear strength of the
interface (Figure 12), a staged interfacial shear model is
formulated as follows:

τ � σtanϕ + C, (5)

where σ is the normal stress; ϕ is the total friction angle
containing the friction angle between the sawtooth contact
interface and the friction angle of the sawtooth, and C is the
total cohesion containing the cohesion between the sawtooth
contact interface and the cohesion of the sawtooth.

The staged interfacial shear model is established according to
the failure mode as follows:

Sliding Mode
When the shear failure of the interface specimen is the sliding
mode, the shear strength consists of the friction strength and the
cohesive strength between the sawtooth contact interface (see
Figure 13), and the friction strength is related to the sawtooth
contact angle and normal stress. In many shear strength formulas
of structural interfaces on geotechnical materials (Patton, 1966;
Ladanyi and Archambault, 1970; Barton, 1973), the relationship
between shear strength and dilatancy angle was established.
Especially for rock samples with regular sawtooth interfaces, as
the dilatancy angle is equal to the sawtooth contact angle, the
relationship between shear strength and dilatancy angle can be

TABLE 1 | Values of the shear model parameters.

Sawtooth angle/° Failure mode Model parameters

ϕs/° ϕr/° Ci/ kPa Cr/ kPa a b

15 Sliding 30.14 — 13.03 — — —

Sliding and shear-off 30.14 31.942 13.03 130.4 0.0003 0.017
Cutoff — 31.942 — — — —

30 Sliding 30.14 — 19.06 — — —

Sliding and shear-off 30.14 41.669 19.06 170.5 0.0087 0.0051
Cutoff — — — — — —

45 Sliding 30.14 — 29.99 — — —

Sliding and shear-off 30.14 35.82 29.99 205.1 0.1218 0.0025
Cutoff — 27.64 — 205.1 — —

60 Sliding 30.14° — 40.46 — — —

Sliding and shear-off 30.14 33.156 40.46 283.8 0.0759 0.0082
Cutoff — 26.12 — 283.8 — —

TABLE 2 | Experimental and model values of the shear strength of interfaces.

Sawtooth angle/° Strength values/kPa Normal stress/kPa

12.5 25 37.5 50 100 200 300 400

15 Experimental value 24.05 35.12 35.12 60.18 104.47 205.71 255.09 366.92
Model-derived values 24.69 35.45 46.24 56.49 104.05 188.67 260.69 362.93
Error/% −2.66 −0.94 −31.66 6.13 0.40 8.28 −2.20 1.09

30 Experimental value 33.95 60.65 83.62 108.78 178.5 325 442.33 552.43
Model-derived values 39.89 60.4 79.83 108.79 180.6 325.27 439.62 553.24
Error/% −5.94 0.25 3.79 −0.01 −2.1 −0.27 2.71 −0.81

45 Experimental value 69.44 109.60 137.11 163.26 242.79 370.63 487.34 613.23
Model-derived values 68.86 91.31 144.7 152.29 220 378.47 493.53 582.35
Error/% 0.84 16.68 −5.54 6.72 9.39 −2.12 −1.27 5.04

60 Experimental value 75.61 106.21 137.11 176.24 253.05 403.3 511.6 597.14
Model-derived values 81.35 129.79 151.78 159.33 233.3 407.33 557.9 621.11
Error/% −7.59 −22.20 −10.70 9.59 7.80 −1.00 −9.05 −4.01
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established directly. Inspired by this, the functional relationship
between shear strength and dilatancy angle can be established as
follows:

τ � σtan(ϕs + βp) + Ci, (σ < σa), (6)

where ϕs is the static friction angle between the sawtooth contact
interface (which is equal to the friction angle between the
sawtooth contact interface when the sawtooth angle is zero);
βp is the dilatancy angle corresponding to the peak strength of the
interface; and Ci is the cohesion between the sawtooth contact
interface.

Sliding and Shear-off Mode
When the shear failure is the sliding and shear-off mode, the
shear strength consists of the friction and cohesive strength
between the sawtooth contact interface (corresponding to the
sliding process), and the friction and cohesive strength of the
sawtooth (corresponding to the shear-off process), as shown in
Figure 13. Therefore, we need to establish a strength formula that
can reflect the whole process of sliding and shear-off.

The friction strength between the sawtooth contact interface,
related to the sawtooth angle and normal stress, can be
established as a function of the peak dilatancy angle. The
friction strength of the sawtooth can be established as a
function of the basic friction angle of the sawtooth determined
by the residual strength. Taboada et al. (2006) studied the
interfacial shear strength of cohesive granular materials and
reported that the dilatancy angle at the peak state can be
expressed as a function of the difference between the peak and
the residual friction angles. Inspired by this work, the peak
friction angle of the interface, ϕp, is established as the sum of
two terms of different origins: the basic friction angle, ϕr, and the
peak dilatancy angle, βp, as follows:

ϕp � ϕr + βp, (7)

where ϕp is the peak friction angle, determined by the peak
strength; ϕr represents the contribution of pure friction to
the shear strength, determined by the residual strength; and
βp represents the contribution of dilatancy to the shear
strength.

The cohesive strength of the interface is composed of the
cohesive strength between the sawtooth contact interface, Ci, and
the cohesive strength of the sawtooth, Cs. The cohesive strength
Cs, related to the shearing position of the sawtooth (Figure 13),
can be expressed as follows:

Cs � kCr, (8)

where Cr is the cohesive strength of the sawtooth when the
specimen is sheared off through the root of the sawtooth (see
Figure 10) and k is a correction coefficient related to the normal
stress and the position of shear plane. k is calculated as follows:

k � aebσ , (9)

where a and b are test parameters. Note that that k is a coefficient
smaller than 1.

Therefore, the shear model of an interface with sliding and
shear-off mode can be expressed as follows:

τ � σtan(ϕr + βp) + Ci + kCr (σa < σ < σb). (10)

Cutoff Mode
When the shear failure is the cutoff mode, the shear strength is
mainly composed of the cohesive strength and the friction
strength of the sawtooth (Figure 13). The friction strength of
the interface can be regarded as the combination of dilatancy and
friction. Therefore, the shear model of an interface with the cutoff
mode is expressed as follows:

τ � σtan(ϕr + βp) + Cr (σ > σb), (11)

According to the aforementioned analysis, an empirical shear
model of an interface is obtained as follows:

τ � σtan(ϕs + βp) + Ci (σ < σa),
τ � σtan(ϕr + βp) + Ci + kCr (σa < σ < σb), and (12)

τ � σtan(ϕr + βp) + Cr (σ > σb),
The shear model parameters ϕs, ϕr, βp, Ci, and Cr were

obtained from the test-derived values of peak strength,
residual strength, dilatancy displacement, and shear
displacement of the interface specimens. The shear model
parameters a and b were calculated from the fitted line of
shear strength expressed in stages (Figure 12). The values of
the shear model parameters are listed in Table 1.

Model Validation
In order to verify the accuracy of the proposed shear model,
firstm the theoretical values of the shear strength of the interface
under different normal stress were calculated by using Eq. 12.
Then the model-derived values of shear strength of interfaces
were compared with the experimental values, as shown in
Table 2. It is obvious that the proposed interface shear model
shows a satisfying prediction accuracy with prediction errors
were between −31.66% and +16.68%. This indicates that the
proposed interfacial shear model can be used to estimate the
shear strength of the loess–Hipparion red clay interface with
relative accuracy.

Based on the proposed shear model, the shear strength
envelope of the interface can be expressed in stages, as shown
in Figure 13. If the contact interface of the specimen is smooth,
that is, when the sawtooth surface angle is 0, the shear strength of
the interface specimens conforms to the linear Coulomb strength
criterion. If the contact interface of the specimen is rough, the
shear strength curve is a non-linear, composed of three stages
related to the failure mode: sliding mode for σ ≤ σa, sliding and
shear-off mode for σa< σ ≤ σb, and cutoff mode for σ > σb. The
normal stress thresholds σa and σb are not constant and decrease
with increasing sawtooth angle (see Figure 4 and Figure 12).

Furthermore, Figures 12, 13 also show that the shear strength
curves can be divided into two or three stages under the range of
normal stress used in this test (0–400 kPa). This indicates that
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there is also a sawtooth angle threshold, ic (Figure 13), that is,
when the sawtooth angle i < ic, the shear strength curve is two-
staged because the cutoff mode does not occur under normal
stress in the range of 0–400 kPa; when i > ic, the shear strength
curve is three-staged, indicating that all three modes of shear
failure including sliding, sliding and shear-off, and cutoff occur.
Based on the stage division of the shear strength curves (Figure 4
and Figure 12), the sawtooth angle threshold ic is estimated
between 30° and 45°.

Based on the shear strength characteristics of interface
specimens, it is noted that the discontinuous loess–Hipparion
red clay interface has significantly lower shear strength, and the
contribution of the interface to shear performance (failure mode,
shear deformation, and shear strength) varies with the interface
roughness and applied normal stress. For the loess–Hipparion
red clay interface, if the contact interface is approximately flat,
the interfacial shear strength is lower. However, if the contact
surface is rough, the interfacial strength is higher than that of the
flat interface, and increases with increasing roughness.
Therefore, for the genetic mechanism analysis of loess
landslides, the weak shear strength of sedimentary
unconformity interface between loess and Hipparion red clay
should be fully considered. Nevertheless, the influence of the
contact interface roughness on the formation of loess slopes
requires further research.

CONCLUSION

A list of shearing tests on the loess–Hipparion red clay interface
was conducted to better explore the interface’s shear performance
and influencing factors. In the shearing tests, rough interface
specimens with different contact angles were prepared and
subjected to different normal stress. The test results indicate
that contact interface roughness and normal stress greatly
influence the shear performance including failure mode, shear
deformation, and shear strength. The detailed conclusions are
shown as follows:

1) The shear failure mode of the loess–Hipparion red clay interface
can be divided into three types. The shear failure modes are
related to the interface roughness and normal stress, and different
failure modes can be identified according to the shear dilatancy in
the shear process. The loess–Hipparion red clay interface
undergoes the sliding mode if interface roughness is low and
large shear dilatation of specimens due to sliding can be observed.
With higher interface roughness, the cutoff mode is more likely to
occur, and the shear dilatation of specimens is small with this
failure mode.

2) Discontinuities between loess and the Hipparion red clay
reduce the shear strength of the soil/sediment significantly.
The roughness of the contact interface greatly affects the
shear strength. The peak shear strength is found to increase
non-linearly with increasing interface roughness.
Meanwhile, the increment of shear strength decreases
for high-angle contact interfaces. It should be noted that
the trend of interfacial shear strength is related to the shear
failure mode. The sliding mode is likely to occur if the
interface roughness or normal stress is small, and the peak
strength increases rapidly with increasing friction
resistance on the interface. The increment of peak
strength decreases gradually as the mode of interface
failure transitions from the sliding mode to cutoff mode
if the interface roughness and normal stress further
increase.

3) An empirical shear model considering the shear failure mode
was developed to describe the non-linear variation of shear
strength of interfaces with interface angle and normal stress.
The model was further validated by comparing the model
prediction and experimental results. The results indicate that
the empirical shear model can capture the peak shear strength
of the interface with relative accuracy (estimation errors
−18.17–10.35%). The aforementioned results not only
provide a reference for understanding the interfacial shear
but also explore both the importance of interfacial properties
and normal stress in the mechanical behavior of contact
interfaces, especially the shear behavior of interfaces
between different soils and sediments.
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