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Abstract: In order to study the shear behavior of the interface between sand and structure, a series of
shear tests were carried out using an HJ-1 ring shear apparatus (Nanjing, China). First, through the
monotonic shear tests, the loose sand and dense sand were sheared at the steel interface with different
roughnesses. The results showed that when the interface was relatively smooth, the shear stress–
shear displacement curves of loose sand and dense sand both exhibit strain hardening characteristics.
When the interface was rough, the dense sand showed strain softening. The initial shear stiffness of
the sand–steel interface increased with the increase in normal stress, interface roughness, or sand
relative density. Then, considering the influence of initial shear stress, through the cyclic shear test,
this work analyzed the shape of the loading and unloading curves and the development law of
cumulative normal deformation, and discussed the change of loading and unloading shear stiffness
under different stress level amplitudes and the residual deformation generated during the cycle. The
research results showed that loose sand and dense sand generally shrunk in volume during the cycle.
The initial loading process was similar to the case of static loading. In the later dynamic loading
process, the shear shrinkage per cycle was relatively small and continued to develop. Additionally, it
was found that the unloading stiffness of the sand–steel interface is always greater than the initial
loading stiffness. As the number of cycles increases, the loading stiffness increases, and it may
eventually approach the unloading stiffness.

Keywords: sand–structure interface; shear behavior; monotonic and cyclic tests; interface roughness

1. Introduction

The problem of the interaction between soil and structure is widespread in geotechni-
cal engineering [1–9], such as the interaction between piles and surrounding soil, under-
ground diaphragm wall and soil behind the wall, etc. Due to the great difference between
the stiffness of soil and structure, under the action of external load, discontinuous phenom-
ena such as shear slippage, dislocation and disengagement may occur at the contact surface.
Therefore, the shear stiffness, strength, deformation and other mechanical properties of the
contact surface have become one of the core topics in the study of the interaction between
soil and structure [10–16].

To date, scholars have conducted research on the contact surface between soil and
structure through static tests. Uesugi and Uchikawa [17] employed the direct simple shear
test to investigate the shear behavior of the soil–structure interface. Potyondy [18] was the
first to use an improved shear box to carry out interfacial shear tests to study the problem
of interfacial friction between sand and structural materials. Hamid and Miller [19] used a
direct shear box to demonstrate the shear strength of the interface between lean clay and
steel and concluded that normal stress may influence shearing resistance for both smooth
and rough interfaces. Considering that there may be cyclic loading in actual engineering,
such as seismic load, wave load, etc., Desai et al. [20] introduced a two-degree-of-freedom
cyclic direct shear instrument for cyclic testing and modeling research on the sand–concrete
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interface. The experimental results showed that the peak or mobilized shear stress increased
with the number of cycles. However, the increase for higher density was not as rapid as
that for the lower density. This implied that, in general, for cohesionless soils, the interface
response hardened with an increasing number of cycles, and the rate of such hardening
decreased with an increasing number of cycles. Kawk et al. [21] constructed a modified
multi-purpose interface apparatus to replace the field test of the pile–soil interface shear
test. Additionally, he found a consistent conclusion with Desai, which was that the increase
in the number of test cycles caused the shear stiffness of the interface to change. However,
the effect of initial shear stress was ignored in their experiments. In many engineering
applications, the shear stress already existed before the dynamic load was applied. For
example, under cyclic loads such as seismic loads, wave loads, and traffic loads, the
shear stress of the contact surface between the pile and the soil around the pile might
fluctuate around the initial shear stress. However, the difference of loading and unloading
stiffness and the accumulated residual deformation are important factors to be considered
in engineering design.

According to Masing’s law [22], if unloading occurs under the initial shear stress,
the unloading stiffness is consistent with the loading stiffness. Loading and unloading
under the condition of constant amplitude forms a closed hysteresis loop. If, according to
Pyke’s loading and unloading criteria [23], the stiffness of each load is only related to the
current turning point (Figure 1), this behavior will produce the obvious accumulation of
residual plastic deformation, which is similar to the ratchet effect [24–28]. Additionally, the
applicability of the two models to the experimental results needs to be verified. Therefore,
it is of great engineering significance to study the cyclic shear behavior of the interface
between sand and structure considering the initial shear stress.

Figure 1. Schematic diagram of loading and unloading modulus.

This paper aimed to study the cyclic shear behavior of the sand–structure interface
considering the initial shear stress. The structure of this paper was mainly divided into
two parts of static and dynamic tests, as well as the analysis and discussion of the results.
In the first part, a series of monotonic shear tests were carried out with HJ-1 ring shear
apparatus (Nanjing, China). Through this series of tests, the factors affecting the shear
stiffness were discussed, and the dilatancy and shrinkage of the sand were found. Accord-
ing to the empirical formula [29] of initial shear modulus proposed by the predecessors
and fitting the test results, the formula for calculating the initial shear stiffness of the
interface between sand and structure was proposed. Then, in the second part, the cyclic
shear tests were conducted on the basis of considering the influence of the initial shear
stress. This work showed the shape of the loading and unloading curves, as well as the
development law of normal deformation. This study clarified the relationship between
loading stiffness and unloading stiffness, as well as the changing law of loading stiffness
with cycle. The behavior of cyclic accumulated residual deformation was analyzed. In
addition, comparative tests of cyclic shear on the sand–steel interface under different stress
level amplitudes were carried out. This work discussed the variation law of loading and
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unloading stiffness and its residual deformation under different stress level amplitudes.
This research is helpful to improve our understanding of sand–structure contact in practice.

2. Materials and Experimental Process
2.1. Test Soil

The sand used in this test was taken from Fujian, China, and its particle grading curve
is shown in Figure 2. Table 1 lists the properties of the sand.

Table 1. Properties of sand used in this study.

Average Grain
Diameter D50 [mm]

Specific
Gravity Gs [-]

Coefficient of
Uniformity Cu [-]

Coefficient of
Curvature Cc [-]

Maximum Void
Ratio emax [-]

Minimum Void
Ratio emin [-]

0.34 2.65 1.54 0.95 0.85 0.52

Figure 2. Particle size distribution of sand.

2.2. Test Apparatus

This research used an HJ-1 ring shear apparatus (Nanjing TKA Technology Co., Ltd.,
Nanjing, China), as shown in Figure 3a. The test apparatus had the advantages of constant
contact area during shearing, uniform stress and strain, and large shear displacement. In
order to realize the interface shear test, the concave–convex blade originally located at the
bottom of the shear box for fixing the specimen was taken out, and then the prefabricated
ring steel of the corresponding size was put in and fixed with screws. This was to ensure
that the steel ring and the base would not move relative to each other during shearing.
Therefore, the HJ-1 ring shear apparatus could study the interface shear characteristics of
two different materials and supported the shear test in both clockwise and counterclockwise
directions, as well as controlled the shear modes of equal stress and equal displacement.
These functions were not available in traditional ring shear apparatus. This research did
not consider drainage conditions, and mainly studied the shear behavior of the interface
between dry sand and structure. The sample size in the ring shear box was 100 mm (outer
diameter) × 60 mm (inner diameter) × 20 mm (height). Figure 3b showed a schematic
diagram of the placement of sand and steel in the ring shear box. The bottom of the ring
shear box was connected with a torque sensor, the shear box was rotated by applying torque
to cut, and the normal load was applied by the counterweight. The vertical displacement
monitoring platform was installed above the normal stress sensor. The maximum normal
stress that could be applied was 900 kPa, and the maximum torque was 300 N·m. After
the instrument was connected to the computer, the shearing torque could be automatically
collected. The conversion relationship between shear stress and torque was as follows:

τ =
3M

2π(R3
2 − R3

1)
(1)
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where τ is the shear stress; M is the shear torque; and R1 and R2 are the inner radius and
outer radius of the sand sample, respectively.

Figure 3. Interface shear testing apparatus. (a) The HJ-1 ring shear apparatus. (b) Schematic diagram
of shearing of sand–steel interface.

2.3. Roughness of Structure Interface

In this study, the surface roughness of the stainless-steel ring was specially prefabri-
cated. The method was to cut the sandpaper into the same size as the surface of the steel
ring and paste it on the surface of the steel ring with epoxy resin to simulate different inter-
face roughness levels. The roughness of the contact surface of the stainless-steel ring made
by this method was relatively uniform. In this paper, the different grit sizes of sandpaper
were used as the evaluation parameters of the simulated sand–steel interface roughness
(sandpaper grit #120, sandpaper grit #60). The grit size of the sandpaper indicated the grain
size or thickness of the surface material of the sandpaper. Larger grit size implied that the
material had fine particle size, and the undulation degree of the sandpaper surface profile
was relatively small; that is, the interface roughness was relatively small. The opposite was
true for smaller grit size, indicating that the undulation degree of the sandpaper surface
profile was relatively large; that is, the interface roughness was relatively large. In addition,
there was a steel ring without sandpaper as a relatively smooth interface. It should be
noted that the smooth interface was not completely without roughness. It was just that the
undulation of the steel surface was much smaller than that of the sand surface. Therefore,
it could be approximated as a smooth contact surface. In this way, three kinds of roughness
(Rn1, Rn2, Rn3) of the steel ring interface were produced, which corresponded to a relatively
smooth interface, a medium rough interface and a rough interface, as shown in Figure 4.

Figure 4. Three kinds of roughness interface formed by sandpaper and steel ring: (a) Rn1 : relatively
smooth interface; (b) Rn2 : medium rough interface; (c) Rn3 : rough interface.
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2.4. Experimental Programs

The relative density, vertical confinement pressure and interface roughness of the sand
samples for the interface shear test are listed in Table 2.

Table 2. Schemes of monotonic shear tests and cyclic shear tests.

Types of Interface Shear Monotonic Shear Cyclic Shear

Relative density of sand Dr
0.3 (e = 0.79) 0.3 (e = 0.79)
0.9 (e = 0.56) 0.9 (e = 0.56)

Vertical confining pressure σ [kPa] 200, 300, 400 200, 300, 400
Interface roughness Rn Rn1, Rn2, Rn3 Rn1, Rn3

Two series of tests were conducted in this study, one was the monotonic shear test
of sand–steel interface, which considered the influence of factors such as normal stress,
interface roughness, and relative density of sand on the test. In the shear test studies of
sand conducted by Punetha [30], Wang [31] and Kou [32] and many other researchers,
the shear rate was 0.2–1.2 mm/min. In order to ensure the stability and reliability of the
test data, this test controlled the shear rate at 0.3 mm/min and stopped the test when the
fixed shearing displacement had reached 10 mm. The other was the cyclic shear test of
sand–steel interface considering the initial shear stress. This is to ensure the consistency
and reliability of the comparison between results of static and dynamic tests. Therefore,
the shear rate of the cyclic shear tests was also controlled at 0.3 mm/min. The initial shear
stresses were set to 30%, 60%, and 90% of the peak shear stress, and then unloaded so that
each set of tests were cycled 10 times.

3. Monotonic Shear Tests
3.1. Test Results
3.1.1. Shear Stress–Shear Displacement Curve

As shown in Figure 5a, when the interface roughness is relatively smooth, the shear
stress-shear displacement curve of loose sand or dense sand first grows nonlinearly and
then tends to be gentle; that is, the characteristics of strain hardening. The maximum shear
stress almost always corresponds to a shear displacement of about 3 mm. Figure 5e shows
the interface under rough conditions. For dense sand, there will be obvious peak shear
stress; that is, strain softening. For loose sand, the trend is similar to that when the interface
is relatively smooth. The performance of the interface roughness at Rn2 is similar to that
of Rn3, but the softening phenomenon is not so obvious. It is observed that as the normal
stress or interface roughness increases, the softening phenomenon exhibited by the dense
sand becomes more intense.

If the tangent slope of the initial nonlinear growth phase in the shear stress–shear
displacement curve is defined as the initial shear stiffness, whether loose sand or dense
sand is on the same roughness interface, as the normal stress increases, the initial shear
stiffness increases accordingly, and the shear strength also increases. Under the same
normal stress, as the interface roughness increases, its shear strength also increases.

3.1.2. Shear Displacement–Normal Displacement Curve

Figure 5b shows that when the interface is relatively smooth, the loose sand exhibits a
reduction in volume. Additionally, the greater the normal stress, the greater the amount
of shear shrinkage. This test stipulates that the normal deformation is the positive value
of the upward deformation. When the normal stress increases to 400 kPa, the normal
displacement stabilizes at approximately −0.35 mm. In this case, the volume of dense sand
hardly changes. For the case of Rn3 (Figure 5f), loose sand still shows shear shrinkage, but
the volume shrinkage of sand is greater. Similarly, when the normal stress is 400 kPa, the
normal displacement reaches about −0.9 mm. In this case, dense sand appears as shear
shrinkage at the beginning, and then it undergoes dilatancy. Additionally, with the increase
in normal stress, the amount of shearing increases continuously, and the maximum normal
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displacement is stabilized at about 0.5 mm. For the case of Rn2, the curve behavior is
consistent with that when the interface is rough, but the phenomenon of shear shrinkage is
not so severe. Additionally, it is also found that with the increase in the interface roughness,
the shear shrinkage of loose sand and the shear dilatancy of dense sand are more obvious.

Figure 5. Comparison of morphological characteristics of sand–steel interface in monotonic shear test: (a,b) Rn1; (c,d) Rn2; (e,f) Rn3.
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3.2. Analysis and Discussion
3.2.1. The Influence of Interface Roughness on Shear Strength

The interface shear strength of sand–steel with different roughness is fitted with the
Mohr Coulomb criterion. Table 3 lists the shear strength parameters determined by the
interface peak value and the residual shear strength fitting envelope.

Table 3. Strength parameters of monotonic shear at the sand–steel interface.

Interface Strength Type
Peak Friction Angle Residual Friction Angle

ϕ0 [◦] ϕr [◦]

Rn1
Dr = 0.3 24.70 24.50
Dr = 0.9 30.28 29.64

Rn2
Dr = 0.3 30.24 30.07
Dr = 0.9 38.76 35.43

Rn3
Dr = 0.3 33.54 33.23
Dr = 0.9 39.18 33.82

It is observed that when Rn increases from Rn1 to Rn2, the peak friction angle of loose
sand and dense sand increases by 5.54◦ and 6.78◦, respectively, and the residual friction
angle of the interface also increases significantly. However, when Rn increases from Rn2 to
Rn3, ϕ0 of loose sand increases from 30.24◦ to 33.54◦, while the interface of dense sand only
increases by 0.42◦. Additionally, the friction angle corresponding to the residual strength
of the dense sand interface decreased slightly (ϕr = 35.43◦ to 33.82◦). This shows that the
roughness of the structural surface has a great influence on the strength of the interface.
On the one hand, the shear strength parameter increases with the increase in the roughness
of the structural surface, but the growth rate is gradually reduced. However, when the
interface roughness is increased to Rn2 and then increased, the peak friction angle of the
interface hardly increases, which is especially significant for the dense sand interface. This
also verified the results of Su’s [33] experimental research. In his research, he found a
critical value of relative roughness, the critical roughness (Rcr). Additionally, the peak
friction angle could no longer be readily enlarged when Rn was beyond Rcr. Moreover, the
shear shrinkage and dilatancy are more severe. On the other hand, as the roughness of
the contact surface continues to increase, the difference between ϕ0 and ϕr of the dense
sand-steel interface also increases. This also reflects that the rougher the interface between
the relatively dense sand and the structure, the stronger the softening trend.

3.2.2. Initial Shear Stiffness

Figure 6 shows the results of initial shear stiffness of loose sand and dense sand
with different interface roughness. The abscissa is F(e)Pa(σ/Pa)

0.5, and the ordinate is
Kin. It can be found that the fitting results of three interface roughness are three parallel
lines. With reference to the empirical formula for the initial shear modulus of sand [29], a
formula for calculating the initial shear stiffness of the interface between sand and structure
is proposed:

Kin = AF(e)Pa(
σ

Pa
)

0.5
+ B (2)

where F(e) is the void ratio function, F(e) = (2.17 − e)2/(1 + 2e), σ is the normal stress,
and Pa is atmospheric pressure, which is 101 kPa. A and B are fitting parameters to the
test results, both of which are related to the interface roughness. A is the amplitude of
initial shear stiffness increasing with F(e)Pa(σ/Pa)

0.5, reflecting the influence of interface
roughness on shear stiffness when shear stress is present. B represents the influence of
interface roughness on shear stiffness when there is no shear stress. This may be due to the
presence of similar bite forces after the sand surface is in contact with the steel surface.
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Figure 6. Fitting results of initial shear stiffness under different interface roughness.

It can be seen from Figure 6 that the value of parameter A is almost unchanged, and
they are all around 0.8 mm−1. The main factor that affects the roughness of the interface
is parameter B. The greater the value of B, the greater the roughness of the interface,
resulting in greater initial shear stiffness. It can also be found that as the normal stress or
the relative density of sand increases, both affect the initial shear stiffness of the sand–steel
interface. This is consistent with the law observed in the shear stress–shear displacement
curve above.

4. Cyclic Shear Tests
4.1. Test Results
4.1.1. The Relationship between Shear Displacement and the Shear Stress Ratio

The loose sand and dense sand are subjected to a half-period cyclic shear test at two
different roughness interfaces (Rn1, Rn3). This work was carried out in 12 groups. Each
group was divided into three tests, which were the 30%, 60% and 90% of the peak shear
stress loading and unloading tests. Figure 7a–c show three sets of tests, all of which show
the relationship between shear displacement and shear stress ratio. They are the test results
of loose sand with different normal stress on the relatively smooth interface. The expression
of the shear stress ratio (Pτ) is as follows

Pτ =
τ

τp
(3)

where τ is the interface shear stress, and τp is the interface peak shear stress.
It is observed that the loading and unloading curves of loose sand on the relatively

smooth interface are not closed under the three stress level amplitudes. Among them, the
stress level amplitude of 90% is the most significant. This means that during the cyclic
shearing process, residual deformation occurs at the loose sand interface. The other nine
groups of trials also have a similar curve shape trend, which is not shown here. The
difference is that the loading and unloading hysteresis curve of dense sand is tighter than
that of loose sand. In particular, the stress level amplitudes of 30% and 60% are close
to the closed hysteresis curve. In the case of a rough interface, the shape of the loading
and unloading hysteresis curve of loose sand or dense sand is denser than that when the
interface is relatively smooth. It shows that only when the stress level amplitude is 90% is
the dense sand interface similar to that of loose sand, and the residual deformation occurs
in the cycle. The reason why the loading and unloading hysteresis curve is not closed is
mainly due to the difference in shear stiffness between loading and unloading. Therefore,
it is necessary to further excavate and analyze the residual deformation and load–unload
shear stiffness generated during the cycle.
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Figure 7. Comparison of morphological characteristics of sand–steel interface in cyclic shear test: (a,d) σ = 200 kPa, Rn1;
(b,e) σ = 300 kPa, Rn1; (c,f) σ = 400 kPa, Rn1.

4.1.2. Shear Displacement–Normal Displacement Curve

The changes in shear stiffness and residual deformation in the above cycles will be
discussed later in this article. In order to compare with the previous monotonic shear
test research, Figure 7d–f show the shear displacement–normal displacement curve cor-
responding to the test results above. It can be seen from the test results that the loose
sand is located on a relatively smooth interface. During the initial loading process, the
curve is similar to the static loading situation described above, generally showing volume
shrinkage. In the later dynamic loading process, the normal displacement of each cycle
is much smaller than that of the initial loading stage, and it continues to develop. It is
found that the final deformation accumulated during the dynamic loading phase exceeds
that produced by the above-mentioned static test. The higher the stress level amplitude,
the greater the accumulated normal deformation. In addition, the normal deformation
is mainly affected by the normal stress, and the interface roughness has little effect on
its deformation. As the normal stress increases, the total amount of normal deformation
accumulated during dynamic loading decreases. Taking the stress level amplitude of
90% loose sand on the relatively smooth interface as an example, when the normal stress
is 200 kPa, the cumulative normal deformation is 0.108 mm. When the normal stress
increases to 400 kPa, the accumulated normal deformation is reduced by 35%. It can be
seen that the normal displacement of the loose sand interface gradually decreases in each
cycle. This corresponds to the tightness between the loading and unloading curves of
the aforementioned shear displacement–shear stress ratio. The loading and unloading
curve tend to be loose, the normal displacement produced by each cycle is larger, and
the final cumulative normal deformation is larger. Additionally, notice that the normal
displacement curve has a tendency to move continuously to the right, which means that
residual deformation has occurred in the cycle. This is also consistent with the above
analysis of residual deformation caused by inconsistent loading and unloading stiffness.
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The performance of dense sand in circulation is similar, except that the accumulated normal
deformation is smaller than that of loose sand.

4.2. Analysis and Discussion
4.2.1. Residual Deformation of Cyclic Shear

The point in the shear displacement–shear stress ratio curve after each loading and
unloading cycle is taken as the research base point. Through the normalization method,
the ratio of usr and usy is used to measure the degree of residual deformation in this cycle
test. Where usr is the residual displacement accumulated after each cycle, usy = τy/Kin
and τy is the peak strength in the monotonic shear test.

Figure 8 shows the most significant situation in which the residual deformation
phenomenon occurs in the above-mentioned cycle, which is the 90% stress level amplitude.
When the interface is relatively smooth, the residual displacements of loose sand and
dense sand both increase with the increase in the number of cycles. However, the residual
displacement increment between each cycle gradually decreases. As the normal stress
increases, the residual deformation of the interface between loose sand and dense sand will
decrease. When the normal stress is constant, the residual deformation at the interface of
loose sand is larger than that of dense sand. For example, when loose sand is subjected
to normal stresses of 200 kPa and 400 kPa, the cumulative shear deformation after the
10th cycle increases by 8.92% and 5.08%, respectively, compared with that after the first
cycle. When the normal stress is both 200 kPa, the final residual deformation of loose sand
and dense sand differs by 7.67%. Figure 8 b reflects the residual deformation when the
interface is rough. It is basically consistent with the morphological trend when the interface
is relatively smooth. However, under the same conditions, the residual deformation of
rough interface sand is smaller than that of the relatively smooth interface. This means that
the residual deformation of the cohesionless soils in the cyclic shearing process gradually
increases. Additionally, the weekly residual displacement increment gradually decreases.
As the normal stress increases, the residual deformation of the same density sand will
become smaller. Compared with dense sand, when the normal stress is the same, the
residual deformation of loose sand will be greater. If the relative density of sand is the
same as the normal stress, the residual deformation of the rough interface is smaller than
that of the relatively smooth interface.

Figure 8. The development law of residual deformation with the number of cycles (Stress level amplitude: 90%): (a) Rn1. (b) Rn3.

The residual deformation under different stress level amplitudes when the normal
stress is controlled at 300 kPa (Figure 9). It is observed that the residual deformation at
the sand–steel interface at stress level amplitudes of 30% and 60% is extremely small. The
proportion of residual deformation does not exceed 3% of the displacement that reaches



Appl. Sci. 2021, 11, 11837 11 of 17

the peak shear strength. Therefore, the residual deformation generated in the cycle for the
stress level amplitude below 60% has very little impact on the actual project. Therefore,
this article will not go into detail.

Figure 9. Influence of different stress level amplitudes on residual deformation: (a) Rn1. (b) Rn3.

The change in the trend of the residual deformation and the cumulative residual
displacement increment is obtained above. The main reason for the residual deformation
is the inconsistency of the shear stiffness during the cycle. In previous studies on the
response of similar hysteresis loops, the secant stiffness of the loading and unloading
hysteresis curves of Masing’s model [22] was the same. Therefore, there is no residual
deformation. On this basis, if the study uses the loading and unloading criteria proposed
by Pyke [23] (the characteristic of the model is that the stiffness of each loading is only
related to the current turning point), although it is also possible to simulate the case where
the loading stiffness is less than the unloading stiffness, the loading stiffness is the same
every time. This may cause excessive residual deformation. The phenomenon obtained in
this experiment is the accumulation of residual deformation, and the increment of residual
deformation gradually decreases. Therefore, both Masing and Pyke’s models are flawed in
the simulation of this experimental phenomenon. It is necessary to propose a new model
to simulate this experimental phenomenon.

4.2.2. Cyclic Loading and Unloading Shear Stiffness

Comparing the initial loading stiffness in the cyclic test with the initial loading stiffness
in the monotonic shear test above, the corresponding shear stiffness data are basically the
same. Additionally, in the cyclic test, the initial loading phase curves of different stress
level amplitudes almost overlapped on one curve. This also reflects the reliability of this
monotonic shear test and cycle test. Due to the dense distribution of the loading and
unloading curves in the cyclic test image, the shear stiffness of the cyclic loading and
unloading curves is better reflected by the respective secant stiffness. The cyclic load and
shear deformation incremental model shown in Figure 10 can be used to consider the
change of the interface cyclic load path to construct a calculation method for the shear
stiffness of the cyclic loading and unloading curve.

The shear stiffness of the Nth loading and unloading secants are:

KlN =
τmax − τmin

uslNmax − usNmin
(4)

KuN =
τmax − τmin

usuNmax − usNmin
(5)
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where KlN is the secant shear stiffness of the loaded branch corresponding to the Nth cycle
and KuN is the secant shear stiffness of the unloaded branch corresponding to the Nth
cycle. τmax and τmin are the maximum and minimum interface shear stresses, respectively.
uslNmax and usuNmax are the cumulative shear displacements of the maximum loading and
unloading branches during the Nth cycle, respectively. usNmin is the cumulative shear
displacement of the minimum loading and unloading support during the Nth cycle.

According to formulas (4) and (5), the variation law of the secant shear stiffness of
the interface cyclic loading and unloading branches with different relative roughness (Rn1,
Rn3) under different normal stresses can be calculated.

Figure 10. Calculating method of interface cyclic shear stiffness.

The secant shear stiffness of the loose sand loading curve on the interface of dif-
ferent relative roughness gradually increases with the increase in the number of cycles
(Figure 11a). Additionally, the growth amplitude of its loading shear stiffness gradu-
ally decreases and finally the situation tends to be stable. For example, when τmax is
78.3 kPa, Kl1 = 156.35 kPa·mm−1, Kl2 = 176.67 kPa·mm−1, Kl9 = 228.28 kPa·mm−1, and
Kl10 = 229.62 kPa·mm−1, it can be seen that the loading shear stiffness of the 10th cycle
is 30.21% higher than that of the first cycle. Kl2 to Kl1 is about 13% higher, and Kl10 to
Kl9 is only 0.59% higher. It is also found that the loading stiffness of the same relative
density sand increases with the increase in the normal stress. However, the growth rate
of its loading stiffness decreases. The main reason is that the greater the normal stress,
the greater the initial shear stiffness. Moreover, the loading shear stiffness of sand under
a rough interface is generally greater than that of the relatively smooth interface. It can
be seen from Figure 11b that the loading stiffness change trend of dense sand is basically
the same as that of loose sand. The difference is that the loading shear stiffness of dense
sand increases more slowly. If the normal stress and the interface roughness are the same,
the loading stiffness of dense sand is generally higher than that of loose sand. This shows
that both loose sand and dense sand show a cyclic hardening tendency during the cyclic
shearing process. This is consistent with the change rule of residual deformation mentioned
above. The loading stiffness increases with the increase in the number of cycles, and the
unloading stiffness is almost unchanged, resulting in a continuous increase in residual
deformation. In addition, the increase in the loading stiffness and residual displacement
increment per cycle continuously decreases.

Looking back at the unloading shear stiffness, Figure 11c,d show that the secant shear
stiffness of the unloading curve does not increase or attenuate significantly during the
cycle. However, the unloading shear stiffness of each set of tests is greater than the loading
shear stiffness. When comparing the initial loading stiffness of each cycle test with the
tangent stiffness of the last unloading curve, it is found that the final unloading stiffness
of each group of tests is greater than its initial loading stiffness. This means that the
unloading shear stiffness in each cycle test is always greater than its loading shear stiffness.
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Additionally, the loading shear stiffness gradually increases with the increase in the number
of cycles, but the loading shear stiffness will not exceed the unloading shear stiffness.

Figure 11. The development law of interface cyclic loading and unloading shear stiffness with the number of cycles (stress
amplitude level: 90%). (a) Cyclic loading, Dr = 0.3. (b) Cyclic loading, Dr = 0.9. (c) Cyclic unloading, Dr = 0.3. (d) Cyclic
unloading, Dr = 0.9.

4.2.3. Loading and Unloading Shear Stiffness under Different Stress Level Amplitudes

In the tests, the normal stress is controlled at 300 kPa to observe the changing trend of
cyclic loading and unloading stiffness under different stress level amplitudes (Figure 12).
The development trend of the curve shape of the cyclic loading stiffness of loose sand
with stress level amplitudes of 30% and 60% is almost the same as the abovementioned
90% change law. They all show a trend of increasing loading stiffness, but their increasing
range gradually decreases. For example, the second loading stiffness of loose sand with
a 30% stress level amplitude at the relatively smooth interface is about 1.9% higher than
the first loading, while the tenth loading stiffness is only about 0.2% higher than the ninth
loading. In addition, when the interface roughness is the same, as the stress level amplitude
increases, the overall loading stiffness decreases. Additionally, under the same stress level
amplitude, the loading stiffness of the relatively smooth interface is generally less than that
of the rough interface. The behavior of dense sand is different. The loading stiffness at the
30% and 60% stress level amplitude hardly increases or decays. This means that at low or
medium stress level amplitude, the load–shear stiffness of relatively dense cohesive soils
hardly changes during the cycle.
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Figure 12. The influence of different stress level amplitudes on the shear stiffness of cyclic loading and unloading. (a) Cyclic
loading, Dr = 0.3. (b) Cyclic loading, Dr = 0.9. (c) Cyclic unloading, Dr = 0.3. (d) Cyclic unloading, Dr = 0.9.

Through Figure 12c,d, it is found that the unloading stiffness of different stress level
amplitude has no obvious fluctuation during the cycle. Additionally, as the stress level
amplitude increases, the overall loading stiffness decreases. Under the same stress level
amplitude, the loading stiffness of the rough interface is generally greater than that of the
relatively smooth interface. It is worth mentioning that the loading stiffness of loose sand
or dense sand under the same stress level amplitude is always lower than the unloading
stiffness. Additionally, with the continuous increase of loading stiffness, it will approach
and unload stiffness. This point is consistent with the above conclusion about the loading
and unloading stiffness of 90% stress level amplitude.

Figure 13 shows the unloading stiffness of the last cycle under different stress level
amplitudes. It can be seen from the figure that whether it is loose sand or dense sand,
under the same normal stress, the higher the stress level amplitude, the lower the final
unloading stiffness. In addition, the increase in normal stress or the relative density of
sand will increase the unloading stiffness. This point is almost consistent with the above
experimental conclusions. Therefore, it can be seen from the comprehensive analysis of
static and dynamic tests that the loading stiffness of the sand–steel interface in the cyclic
shear test continues to increase, and the unloading stiffness hardly changes. The higher
the stress level amplitude, the lower the corresponding loading and unloading stiffness.
Additionally, the unloading stiffness is always greater than the initial stiffness. As the cycle
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increases, the loading stiffness continues to increase, and it may eventually approach the
unloading stiffness.

Figure 13. Final unloading stiffness of different stress level amplitudes. (a) Dr = 0.3. (b) Dr = 0.9.

5. Methodology

In this paper, the shear behavior of the sand–structure interface was studied through
static and dynamic tests. According to the empirical formula of initial shear modulus [29]
proposed previously, and fitting the results of this experiment, a formula for calculating
the initial shear stiffness of the interface between sand and structure was proposed. This
formula mainly considered the influence of factors such as the relative density of the
sand, the roughness of the interface, and the normal stress on the initial shear stiffness.
Then, this research combined the problems that might be encountered in the actual project
and conducted the cyclic shear test under the influence of the initial shear stress. The
normalization method was mainly used to present the shape of the loading and unloading
curve and the development law of the cumulative normal deformation.

Taking the point after each cycle of loading and unloading cycles as the research
base point, usr/usy was used to measure the degree of residual deformation and the
development trend produced in the cycle test. It was found that the residual deformation
of loose sand was greater than that of dense sand. The secant stiffness of the loading and
unloading curve was defined to analyze the behavior of loading and unloading stiffness
during the cycle. The analysis results showed that the unloading stiffness is always greater
than the loading stiffness, and the loading stiffness increases with the cycle, and may
eventually approach the unloading stiffness. In addition, on this basis, the comparative
tests of cyclic shear on the sand–steel interface under the action of different stress level
amplitudes were carried out. In this work, the variation of loading and unloading stiffness
and its residual deformation under different stress level amplitudes were discussed.

6. Conclusions

In this study, a series of tests were conducted on the monotonic and cyclic shear of
the sand–steel interface. The mechanical properties of the shear behavior of the interface
between the sand and structure are analyzed. The conclusions are as follows:

1. In the monotonic shear test, when the interface is relatively smooth, the shear stress–
shear displacement curves of loose sand and dense sand both show strain hardening
characteristics. When the interface is rough, there will be strain softening for dense
sand. The initial shear stiffness of the sand–steel interface increases with the increase
in normal stress, interface roughness, or the relative density of sand.

2. Both loose sand and dense sand generally show volume shrinkage during the cycle.
The initial loading process is similar to the case of static loading. In the later stages
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of dynamic loading, the shear shrinkage per cycle is relatively small and continues
to develop. Additionally, as the normal stress increases, the accumulated normal
deformation during dynamic loading decreases.

3. When the stress level amplitude reaches 90%, residual deformation will occur during
the cyclic shearing process. For loose sand in particular, the maximum deformation
exceeds usr/usy of 12%. However, when the stress level amplitude is less than or
equal to 60%, there is almost no residual shear deformation.

4. The unloading stiffness of the interface between the sand and the structure is always
greater than the initial loading stiffness. Additionally, with the increase in the number
of cycles, the loading stiffness continues to increase, and it may eventually approach
the unloading stiffness. In addition, the increase in normal stress and interface
roughness can improve the loading and unloading stiffness.
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