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The shear behaviour on the interface between soil and structure is a research hot point. Based on the RMT-150B rock mechanics
test system, a series of high-stress direct tests were performed on the coarse sand under the condition of different moisture contents
and concrete substrates with different rough and hardness. The results showed that the shear stress-displacement curve and
volumetric strain-displacement curve of the interface under high stress could be fitted by a hyperbolic model; the ultimate shear
strength and initial shear stiffness of the interface both increased with the normal stress while the shear stiffness decreased with
the shear displacement. The crushing rate of the coarse sand particles on the interface increased with the normal stress. After
the range analysis for the influencing factors of the interface’s shearing behaviour, it was shown that for the ultimate shear
strength, their sequence of influencing degree was normal stress, the roughness of interface, moisture content, and hardness of
concrete base; for the initial shear strength, the sequence was normal stress, moisture content, interface roughness, and basal
hardness. As for dry sand, the possibility of relative particle crushing was higher than that of sand with a moisture content of

8%, and a peak of crushing occurred when the moisture content was 16%.

1. Introduction

The interaction between rock-soil mass and structure is
widely spread in underground engineering. Due to the differ-
ence in stiffness between the structure and the soil, problems
such as nonlinearity, large deformation, and local disconti-
nuity [1] result in a very complicated shear behaviour on
the interface [2]. The shear test is the simplest method to
study the mechanical properties of this interface [3]. Since
Potyondy [4] adopted the direct shear apparatus, many
researchers have studied the characteristics of soil and inter-
face. Zong-Ze et al. [5] conducted large-scale direct shear
tests on the interface between soil and concrete and pointed
out that they slip unevenly. Hu and Pu [6] conducted a shear
test on the sand using an improved direct shear apparatus
and analyzed the deformation mechanism of shear failure
on the interface. Suits et al. [7], Taha and Fall [8], Wang
et al. [9], Xiao and Liu [10], and Farhadi and Lashkari [11]

used direct shear tests to study the mechanical properties of
the soil-structure interface.

In order to effectively treat the damaged underground
structure and scientifically design new underground struc-
tures, it is necessary to study the shear behaviour on the
interface between the underground structure and the sur-
rounding rock soil. The force analysis and deformation
calculation of the underground structure provide the basis
for selecting influencing factors. Potyondy [4] studied the
mechanical properties of shear on different interfaces
between sand, clay, cohesive granular soil and steel, concrete,
and wood through hundreds of direct shear tests. The exper-
imental research by Fakharian and Evgin [12] shows that the
volume variation and the tangential stress-strain relationship
of the interface between sand and structure have a great rela-
tionship with the stress path and normal stiffness. Yang et al.
[13] analyzed the friction of geogrid from several aspects
such as test method, loading method, edge effect and size
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(a) Direct shear apparatus

(b) Shear box

FIGURE 1: Direct shear apparatus under high stress.

effect of test box, filler thickness, compaction degree, and
reinforcement clamping status characteristics affecting fac-
tors. Chen et al. [14] used a large-scale direct shear apparatus
to conduct direct shear tests on the interface of red clay-
concrete specimens and quantitatively analyzed the influence
of roughness on the shear failure and deformation of the
interface and discussed the influence mechanism of rough-
ness. Aliyeh et al. [15] conducted direct shear tests on the
interface between spherical sand and geotextile. The test
revealed that the particle shape affected both the peak value
and the residual friction angle. Ji et al. [16] analyzed the
effects of freezing temperature, contact interface roughness,
and coarse or fine aggregates on shear characteristics through
the direct shear test of the frozen soil-concrete interface. Li
etal. [17] tested the influence of temperature on the mechan-
ical properties of the pile-red clay interface through indoor
temperature-controlled direct shear tests and pointed out
that the shear strength of the pile-red clay interface increased
slightly with the increase of temperature. The research men-
tioned above has promoted the study on the interaction
between soil and structure and deepened the understanding
of the mechanical characteristics of the shear interaction.
With the existing projects developing toward higher and
deeper trends, for example, Pingdingshan, Huainan, and
Fengfeng, which have a depth of more than 600m, and
the average depth of new mines is 500 m, it is urgent to
develop the research on shear behaviour and influencing
factors of the soil-structure interface under high-stress con-
ditions[18-23]. Guo et al. [24] designed a simple shear tes-
ter to conduct a simple shear test on the interface between
saturated sand and structure and analyzed the constitutive
interface model and the changing trend of interface shear
stiffness under a high-stress condition. Liu et al. [25, 26]
used a high-pressure direct shear instrument to study the
relationship between the peak strength, residual strength,
and normal stress of the interface of different structures.
Lu [27] used a high normal stress residual shear instrument
to systematically study the shear characteristics of the soil-
structure interface with different roughness. At present, the
study of shear mechanics and deformation characteristics
of the interface between soil and structure under high stress

is limited; the interface state evolution such as particle failure
in the shear failure process was rarely involved [28-31].
Meanwhile, the influence of the relative scale of the soil par-
ticles and the surface morphology of the structural surface
was rarely considered, and the understanding of the mecha-
nism of the shear strength of the interface is still insufficient.

In this research, the RMT-150B rock test system was
specially modified to conduct the high-stress shear test
under four different factors: normal stress, moisture content,
basal hardness, and roughness; during the test, the corre-
sponding shear stress and shear displacement, volumetric
strain and shear displacement, and particle crushing of the
interface were monitored. After analyzing the test results
using the intuitive analysis method, the effects of these four
factors on the ultimate shear strength, initial shear stiffness,
residual volume strain, initial volume strain, and relative
particle crushing rate were expected to provide a reference
for the study of shear mechanics and particle crushing of
the interface.

2. The Test System and Method

2.1. The Test System. The present direct shear instruments
can sustain relatively small vertical loads, but it is difficult
to meet the requirements for high normal stress. So, the
RMT-150B rock mechanics system was modified by specially
designing and processing the accessories such as the direct
shear box and the drag reduction for the slab. The modified
test system can sustain the vertical load of 1000 kN, the shear
load of 500kN, and the maximum shear stroke of 20 mm.
The upper shear box is a steel cylinder with an inner diameter
of 124 mm, and the concrete base size is 250 mm x 200 mm
x 60 mm. The test result shows that the maximum normal
stress can reach more than 10 MPa. The device also has the
functions of automatic loading, real-time data collection,
and automatic drawing of charts. The servo-controlled
hydraulic system can apply vertical and horizontal loads.
There is a friction-reducing roller between the lower shear
box and the main equipment to improve the accuracy of
shear stress acquisition. The modified test system is shown
in Figure 1.
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FIGURE 2: Diagram of interface.

2.2. Identifying the Experimental Factors

2.2.1. Roughness and Hardness of Concrete Base. The base is a
concrete panel with an artificially prefabricated standard
prism shape with the same height and width on the rough
side. The width is 0 mm, 2mm, 3 mm, and 4mm, and the
bottom angle of the isosceles trapezoidal prism is 45°, as
shown in Figure 2.

The roughness of the substrate was calculated with the
sand cone method [32], repeatedly spreading the coarse sand
on the surface of the ridge structure, pouring the sand into
the tray after scraping and levelling, and covering the sand
with a 100ml graduated cylinder for 3 times. The ratio of
the average value of the sand volume v to the surface area
of the structure s is defined as the interface roughness r.
The measured roughness is 0, 0.133, 0.249, and 0.332.

Concrete bases with four strengths of C20, C30, C40, and
C50 are made according to the mixture ratios in the literature
[33-36]. The hardness of the concrete substrate can be
directly expressed by the rebound value measured by the
rebound test. The strength value of the four tested concrete
substrates is 28.1, 33.9, 38.1, and 41.9.

2.2.2. Coarse Sand Preparation. The particle size and charac-
teristic parameters of coarse sand are listed in Table 1, max-
imum dry density of coarse sand is 1.9 g/cm®, and the particle
size distribution curve is shown in Figure 3. The moisture
content of the sand is set as 0%, 8%, 16%, and 24%, respec-
tively. The specific preparation procedure is as follows: weigh
and place 1000 g of dried coarse sand on the tray, and then,
spray the water of 0g, 80g, 160g, and 240 g to prepare the
sand sample.

2.2.3. Normal Stress Determination. When the depth of the
underground project exceeds 100 m, the horizontal ground
pressure p [35] in the deep and thick soil layer is as follows:

p=KH, (1)

where H is the depth of the buried calculation point, m, and
K is the calculation coefficient ranging from 0.01 to 0.02.

At present, the depth of underground engineering is
mostly in the range of 50~500 m. So, in this paper, the buried

TaBLE 1: Characteristic size and parameters.

Property ds0 d50 d30 dio0 Cu Cc

Coarse sand (mm) 0.464 0.430 0.263 0.089 521 1.675

depths are set as 100 m, 200 m, 300 m, and 400 m, and the
corresponding coefficient K is 0.2. The normal stress of the
interface is calculated as 2 MPa, 4 MPa, 6 MPa, and 8 MPa
using Equation (1).

2.3. The Test Scheme. Four factors affecting the shear behav-
iour of interfaces under high stress, including concrete basal
hardness, interface roughness, normal stress, and soil mois-
ture content, are selected, and 4 levels of each influencing fac-
tor are designed, as shown in Table 2.

Before conducting the shear test, the coarse sand sample
was firstly loaded in the vertical direction at a rate of 0.5 kN/s;
then, the consolidation was carried out under a specific nor-
mal load at the rate of 0.0025 mm/min; after about 3 min, the
consolidation became stable; the shear test started at a rate of
0.02mm/s under a constant normal load. When the shear
stress-displacement curve became flat or the shear displace-
ment reached 12 mm, the test would be terminated. At the
same time, the shear stress, relative shear displacement, and
normal specimen displacement of the interface were
recorded.

3. Results and Analysis of Shear Test

3.1. The Curve of Shear Stress-Displacement. The curve of
shear stress-displacement on the interface between the coarse
sand and the structure under high stress is shown in Figure 4.

It can be seen that under the condition of different con-
crete basal hardness, the curve of shear stress-displacement
was the same, and the normal stress showed an obvious influ-
ence on the curve. The shear strength and shear stiffness
increased with the normal stress. When the normal stress
was 2 MPa, the shear stress-displacement curve showed an
ideal plastic property. When the normal stress was greater
than or equal to 4 MPa, because the broken coarse sand par-
ticles were relatively stable and the void ratio almost did not
change when normal stress was 2 MPa, the curve showed the
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FiGURE 3: Particle size distribution curve.

TABLE 2: Selected test factors.

Normal stress Roughness  Basal hardnc;ss (©) I\f(())rtstz:te
(A) (MPa) (B) (mm) (N/mm~) (D) (%)
2 (Al) 0.083 (B1) 28.1 (C1) 0 (D1)
4 (A2) 0.133 (B2) 33.9 (C2) 8 (D2)
6 (A3) 0.249 (B3) 38.1 (C3) 16 (D3)
8 (A4) 0.332 (B4) 41.9 (C4) 24 (D4)

phenomenon of strain hardening. According to the princi-
ple of the relationship between density and shear strength
[36], the shear strength tends to be a stable value. When
the normal stress was greater than or equal to 4 MPa, with
the increase of the shear displacement, the density and the
shear strength, and the decrease of the void ratio, the num-
ber of broken sand particles all increased. In the high-
stress direct shear test, the relationship between shear
stress and displacement was not corresponding to the
shape of the hyperbolic model, and the initial shear stiff-
ness of the interface was affected by various factors regard-
ing the interface.

3.2. Regression Analysis of Test Data. The nonlinear hyper-
bolic model 7 = w,/(aw + b) can be transformed into a linear
regression model wy/T = aw, + b [37], where wy is the shear
displacement and a and b are the model regression parame-
ters. The transformed hyperbolic linear regression model
was used to perform regression analysis on the shear test
data, as shown in Table 3.

It can be known that the hyperbolic model was used to
perform regression analysis on the 7 —s relationship. The
regression coeflicient R was more than 0.97, indicating that
a hyperbolic model can well describe the interface shear
stress-displacement and volumetric strain-shear under the
high stress.

According to the 7 - s hyperbolic model, the ultimate
shear strength 7, on the interface can be obtained:

(2)

The slope of the curve of shear stress-displacement was
regarded as the shear stiffness kg, of the interface:

(3)

When the shear displacement approached 0, the shear
stiffness became the initial value of kg:

@

Two regression parameters a and b can be calculated
through Equations (2) and (4), as listed in Table 4. The ulti-
mate shear strength and initial shear stiffness of the interface
under high stress are listed in Table 5.

k lim

w,—>00

si

3.3. Crushing Mechanism of the Particle on the Interface and
the Determination of the Thickness of the Shear Zone. Particle
crushing mainly occurred in a thin layer near the interface,
and the thickness is equal to that of the shear zone. There
are two forms of particle crushing on the interface under
high-stress compression and shearing. Due to the difference
in the size of the coarse sand particle, when the particles are
compressed, the larger particles will play the role of the skel-
eton and sustaining most of the normal pressure, and the
smaller particles are embedded between the skeletons and
consume the rest of the normal pressure. So the local edges
and corners of the large-diameter particles will be damaged,
or the whole particle is crushed to smaller-sized particles to
help resist normal pressure. When the larger normal stress
is applied, the particles will break down again and became a
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FIGURE 4: Shear stress-shear displacement curves under different test schemes.

TABLE 3: Regression results of experimental data.

Conditions a (MPa') b (mm/MPa) Regression factors R
A2-B1-C2-D0 0.689 0.554 0.988
A4-B2-C2-D24 1.167 0.217 0.971
A6-B3-C2-D8 0.520 0.181 0.992
A8-B4-C2-D16 0.392 0.155 0.987
A2-B2-C3-D8 0.978 0.508 0.997
A4-B1-C3-D16 0.896 0.280 0.974
A6-B4-C3-D0 0.439 0.215 0.995
A8-B3-C3-D24 0.360 0.137 0.997
A2-B3-C4-Dl16 1.656 0.458 0.993
A4-B4-C4-D8 0.640 0.291 0.996
A6-B1-C4-D24 0.353 0.186 0.993
A8-B2-C4-D0 0.284 0.152 0.997
A2-B4-C5-D24 0.561 0.701 0.989
A4-B3-C5-D8 0.394 0.316 0.992
A6-B2-C5-D16 0.403 0.195 0.995
A8-B1-C5-D8 0.531 0.117 0.993

smaller size to form a new compressive crushing balance, and
the crushing rate increases as the normal stress increases. At
the same time, the coarse sand particles at the shear zone and
the interface will be clamped and rotated and be subjected to
an antirotation resistance from the surrounding particles. So,
when the shear strength of the particle itself was less than the
clamping force, particles will undergo shear failure under
counterrotating force. Liu and Lu [38] pointed out that shear
stress is an essential factor to determine particle crushing.
The particle and the interface mainly exist in the form of
point contact. The higher the normal stress, the closer the
bite between the particles and the interface, the more difficult
it is for the particles to slip and roll, resulting in the increase
of horizontal shear failure of the particles.

Based on previous research on the thickness of the inter-
face, the average soil particle size d50 can reflect the phenom-
enon of rotation, self-locking, adjustment, and the potential
ability to break up [39]. Hence, the recommended thickness
of the interface is also mainly related to the average particle
size d50. Desai and Ma [37] believed that the shearing and
fragmentation of particles on the interface between soil and
structure occurred near the interface. Frost et al. [40] used
digital photography technology to microscopically determine
the thickness of the interface as (5~7) d50. Wang et al. [41]
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TaBLE 4: Intuitive analysis results of shear strength.

Factors Normal pressure Roughness Basal hardness Moisture content
A B C D
K, 1.562 3.708 3.604 3.494
K, 2.896 3.641 3.549 3.77
K5 4.294 3.728 3.650 3.483
K, 5.675 3.350 3.624 3.677
R 4.113 0.378 0.101 0.278
Optimization levels 4 1 3 4
Important order Normal pressure A > roughness B > moisture content D > basal hardness C
Optimal combination A4B1C3D4
TaBLE 5: Ultimate shear strength and initial shear stiffness.
Cases Factors Ultimate shear Initial shear
A B C D E strength (MPa) stiffness
1 Al B1 Cl D1 E1l 1.604 1.451
2 Al B2 C2 D2 E2 1.687 1.022
3 Al B3 C3 D3 E3 1.644 0.604
4 Al B4 C4 D4 E4 1.314 1.783
5 A2 Bl C2 D3 E4 2.737 1.115
6 A2 B2 Cl D4 E3 3.040 0.856
7 A2 B3 C4 D1 E2 2.904 2.536
8 A2 B4 C3 D2 El 2.903 1.562
9 A3 B1 C3 D4 E2 4.492 2.827
10 A3 B2 C4 D3 El 4.276 2.484
11 A3 B3 Cl D2 E4 4.499 1.922
12 A3 B4 C2 D1 E3 3.908 2.276
13 A4 B1 C4 D2 E3 6.001 1.884
14 A4 B2 C3 D1 E4 5.561 3.512
15 A4 B3 C2 D4 El 5.864 2.773
16 A4 B4 C1 D3 E2 5.273 2.547

analyzed the two-dimensional discrete element method and
found that the maximum thickness of the shear zone at the
interface was (8-10) d50. By microscopically observing the
direct shear test, Zhang [42] found that the thickness of the Upper shear box
coarse-grained soil and the structural shear zone was about
(5-6) d50; the roughness of the structural panel and the nor-
mal stress had little effect on the thickness of the shear zone.
In this paper, to guarantee the quality of this research, the
thickness of the interface shear zone was set as the maximum
value (10) d50. The average particle size of the coarse sand
used in the interface shear test was d50 = 0.43 mm, and the
corresponding thickness of the face shear band was set as
4.30 mm under high stress. In order to ensure the consistency
of the sampling thickness, upper and lower shear boxes that
can be embedded were designed, as shown in Figure 5. The
bottom of the lower shear box is in contact with the concrete
interface, and its height is consistent with the thickness of the
selected shear band. The upper shear box can be completely FIGURE 5: Layered shear box.
removed to carry out smoothing, sampling, and screening.

Lower shear box
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FIGURE 6: Definition of relative crushing (B,).

3.4. Evaluation Method and Selection of Particle Crushing. As
for the particle crushing degree, it is necessary to select a rea-
sonable quantitative indicator. Lade et al. [43] proposed that
the change value (B10) of the limited particle size d10 after
the test could be used to characterize the crushing degree of
particle. This index is greatly affected by the particle size,
and it is difficult to reflect each particle group and the actual
change amount. Hardin [44] proposed the changing area
which is enclosed by the particle analysis curves, and the ver-
tical line d = 0.074 mm was regarded as the total broke B,; the
area enclosed by the vertical line d = 0.074 mm and the parti-
cle analysis curve before the test was considered as the crush-
ing potential B,,, as shown in Figure 6:

B. =

r

(5)

'Ub;j|r—*°:J

Hardin’s research showed that when only particle grada-
tion was changed, the relative crushing B, was constant and
independent of gradation. B, can be used as an index to eval-
uate particle crushing, and some problems of particle crush-
ing can be discussed.

3.5. The Relationship between Particle Crushing and
Influencing Factors. By using the evaluation method for par-
ticle crushing above, data processing software was applied to
process the particle crushing test data to obtain the curve of
normal stress-relative crushing rate, as shown in Figure 7.
There are many factors affecting the crushing of coarse
sand particles on the interface during shear deforming.
Therefore, the relationship between the relative crushing
rate and the normal stress shows a large dispersion. Accord-
ing to Figure 8, it can be seen that the normal stress
(2MPa~8 MPa) affected the relative crushing rate of the

coarse sand on the interface following laws: (1) the relative
crushing rate increased with the increase of normal stress
and presented a nonlinear increase in the opening upward.
Compared with the moisture content, basal hardness, and
roughness, the influence of normal stress was more signifi-
cant. (2) When the moisture content was 0%, the relative
particle crushing increased rapidly with the normal stress;
for the same normal stress, the relative particle crushing rate
first increased and then decreased with the increase of mois-
ture content; the most severe particle crushing appeared
when the rate was 16%. As the moisture content further
increased, the relative particle crushing decreased. (3) The
impact of basal hardness and interface roughness on particle
crushing was relatively discrete.

4. Analysis of Factors on the Shear
Characteristics of the Interface

4.1. Analysis of Influence Factors of Ultimate Shear Strength.
To determine the degree of various factors” influence on the
ultimate shear strength of the interface, range analysis was
carried out on the orthogonal table test data, as listed in
Table 4. K is the average value of test results for different
levels of each factor, and it can be used to choose the optimal
value of every factor to make the optimal test design; R is the
range of factors, and the range of test results can be shown
through the range response. The larger the R, the greater
the influence of this factor on the test index, which should
be regarded as the main factor. According to Table 4, it can
be analyzed that the sequence of factors’ influence is normal
stress, interface roughness, moisture content, and concrete
basal hardness; the optimal combination of the test was
determined as A4B1C3D4, meaning the ultimate shear
strength of the interface reached the maximum under the
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FIGURE 7: Relationship between relative crushing and normal stress.

combination of normal stress of 8 MPa, the roughness of
0.083, moisture content of 24%, and basal hardness of 38.1.
In order to make up the disadvantage of insufficient
exploration of the relationship between the variation of fac-
tors and ultimate shear strength in the range analysis, the test
data was analyzed to estimate the influence of each factor
qualitatively, and the results are shown in Figure 9.
According to Figure 9, the ultimate shear strength of the
interface increased approximately linearly with normal
stress. According to the Mohr-Coulomb criterion, the ulti-
mate shear strength of noncohesive soil is related to the nor-
mal stress and the internal angle of friction. The internal
friction angle remains unchanged, and the shear strength is
proportional to the normal stress. As the roughness of the
interface increased, the ultimate shear strength first increased

and then decreased; this is because when the rough surface
was small, the sand particles and the interface moved in a
sliding manner and the binding force was small. As the
roughness of the interface increased, the groove width
became close to the grain size of the coarse sand, and the par-
ticles and the interface were inlaid, which hindered the move-
ment of the particles. As the ultimate shear strength
increased, the roughness furtherly increased, the shear stress
of the interface was smaller, and the ultimate shear strength
was reduced accordingly; the hardness and moisture content
of the base hardly affected the ultimate shear strength.

It can be concluded that the ultimate shear strength of the
interface was the largest under the conditions of high normal
stress, small roughness, low dry density, medium basal hard-
ness, and high moisture content.
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4.2. Analysis of Influence Factors of Initial Shear Stiffness of
the Interface. To determine the influence degree, the optimal
combination, and the order of effects on the initial shear
strength, a range analysis was performed on the orthogonal
table test data. The analysis results are shown in Table 6.

It can be seen that the factors affecting the ultimate shear
strength in descending order are normal stress, basal hard-
ness, moisture content, and roughness. The optimal combi-
nation of the test is A4B4C4D1, in which the ultimate shear

stiffness of the interface between coarse sand and concrete
was the largest when the normal stress was 8 MPa; the com-
bination is the roughness of 0.332, moisture content of 0%,
and basal hardness of 41.9.

According to Figure 8, by visually analyzing the experi-
mental data, it was found that the initial shear stiffness
increased nonlinearly with the increase of normal stress; this
is because, at the initial stage of shearing, the shear energy is
proportional to the normal pressure. However, under differ-
ent normal stress, the adjustment of the friction angle of the
interface and the crushing of coarse sand particles is different,
causing the normal stress and the initial shear stiffness to
increase nonlinearly. With the increase of the moisture con-
tent, the initial shear stiffness first increased and then
decreased, and the minimum value was found when the
moisture content was between 8% and 16%. Due to the low
crushing strength of dry sand, the density of coarse sand
and the shear resistance between the coarse sand and con-
crete structure were increased. As the moisture content
increased, the water film between the soil particles appeared
“adsorption.” The water film between the particles sustained
part of the force, and the crushing strength of the coarse sand
gradually increased, reducing the amount of particle crush-
ing. However, when the moisture content continued to
increase, the “adsorption” effect of the water film gradually
decreased and disappeared. At this time, the crushing
strength of the coarse sand gradually decreased [45], which
means there existed an optimal moisture content, and the
crushing strength reached the maximum value. The literature
[46] pointed out that under the same normal stress, the skel-
eton curve under different moisture contents existed a critical
moisture content which was proved to be 11.2%. The shear
strength increased with the increase of the base hardness;
the roughness of the interface had little effect on the ultimate
shear stress, which showed a slight increase with the increase
of the roughness.

4.3. Visual Analysis of Particle Crushing on the Interface. In
order to determine the optimal level, optimal combination,
and priority order of the initial shear strength, the range anal-
ysis of the orthogonal table test data was carried out. The
analysis results are shown in Table 7.

According to Table 7, it can be seen that the influence
degree of the factors on the ultimate shear strength in
descending order is normal stress, basal hardness, moisture
content, and roughness. The optimal combination of the test
is A4B1C1D3, which means the normal stress is 8 MPa, the
roughness is 0.083, the moisture content is 16%, and the basal
hardness is 28.1. The particle crushing of the interface
between the coarse sand and the concrete is the most serious.

According to Figure 10, it can be seen that the relative
crushing of concrete particles increased with the increase of
the normal stress. When the normal stress was 4 MPa-
8 MPa, the relative crushing increment of the normal stress
was significantly larger than that of 2Mpa-4 MPa. As for the
dry sand with 0% moisture content, its relative particle crush-
ing rate was higher than the sand with 8% moisture content.
When the moisture content was 16%, the crushing peak
occurred and then weakened; the particles were gradually
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TABLE 6: Intuitive analysis results of shear strength.

Factors Normal pressure Roughness Basal hardness Moisture content
A B C D

K, 1.215 1.820 1.694 2.444

K, 1.517 1.968 1.796 1.598

K; 2.377 1.959 2.126 1.687

K, 2.6789 2.042 2.172 2.060

R 1.463 0.223 0.478 0.846

Optimization levels 4 4 4 1

Important order

Optimal combination

Normal pressure A > basal hardness C > moisture content D > roughness B

A4B4C4D1

TaBLE 7: Visual analysis of shear particle crushing rate on the
interface.

Factors A B C D

K, 0.086 0.114 0.120 0.114
K, 0.092 0.108 0.101 0.100
K; 0.106 0.101 0.109 0.120
K, 0.111 0.104 0.096 0.092
R 0.029 0.013 0.024 0.028
Optimization levels 4 1 1 3

Normal pressure A > basal hardness C
> moisture content D > roughness B

A4B1C1D3

Important order

Optimal combination

0.50 ~

0.48

0.46 -

0.44 -

0.42
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FIGURe 10: Relationship between particle crushing rate and
influencing factors.

broken with the increase of interface roughness and basal
hardness, and all of them presented a decreasing trend.

By analyzing the above factors, the initial shear strength,
ultimate shear strength, and particle breaking rate are
affected by the stress method; the largest deeply buried in
the soil and concrete interface engineering should fully con-
sider the influence of buried depth, for deep pile vertical mine
shaft wall, and other projects necessary from the concrete
surface coarse degree to adjust the interface shear strength
limit and to avoid the uneven settlement of stratum soil
resulting in the structure extrusion damage.

5. Conclusions

(1) A shear device for the high-stress shear test of the
interface was designed. It can be obtained that the
ultimate shear strength under high stress increased
with the increase of normal stress, and the shear
stiffness of interface increased with the shear dis-
placement; when the normal stress was 2 MPa, the
shear stress-shear displacement curve presented
ideal plasticity. When the normal stress was greater
than or equal to 4 MPa, the curve showed strain-
hardening characteristics. Both the shear stress-
shear displacement curve and the volumetric
strain-shear displacement curve can be described
using the hyperbolic model

(2) The initial shear stiffness of the coarse sand and the
interface showed a linear relationship with the nor-
mal stress; the initial shear stiffness showed an obvi-
ous increasing trend with the increase of the
interface roughness and the basal hardness. Under
the combination of normal stress of 8 MPa, the
roughness of 0.083, moisture content of 24%, and
basal hardness of 38.1, the ultimate shear strength
test of the interface between coarse sand and concrete
reached the maximum

(3) The ultimate shear strength of the interface was most
affected by the normal stress, and the relationship
between the shear strength and the normal pressure
was relatively linear. Followed by the roughness of
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the interface, the influence degree of the moisture
content was slightly greater than the strength of the
concrete interface. When the normal stress was
8 MPa, the roughness was 0.332, the moisture con-
tent was 0%, and the basal hardness was 41.9, the ulti-
mate shear stiffness of the interface between the
coarse sand and the concrete reaches the highest

(4) The relative crushing rate of coarse sand increased
with the increase of normal stress, and the relation-
ship between relative crushing and normal stress pre-
sented a nonlinear increase in the opening upward.
Normal stress had the most obvious influence on
the shear fracture strength of the interface, followed
by the interface’s roughness. The hardness and mois-
ture content of the substrate had a weaker effect on
the shear fracture of the interface of the structure
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