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Interaction and mechanical effect of materials interface of contact zone
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Abstract. Aiming at the mechanical and structural characteristics of the contact zone composite rock, the uniaxial
compression tests and numerical studies were carried out. The interaction forms and formation mechanisms at the contact
interfaces of different materials were analyzed to reveal the effect of interaction on the mechanical behavior of composite
samples. The research demonstrated that there are three types of interactions between the two materials at the contact interface:
constraint parallel to the interface, squeezing perpendicular to the interface, and shear stress on the interface. The interaction is
mainly affected by the differences in Poisson’s ratio and elastic modulus of the two materials, stronger interface adhesion, and
larger interface inclination. The interaction weakens the strength and stiffness of the composite sample, and the magnitude of
weakening is positively correlated with the degree of difference in the mechanical properties of the materials. The tensile-shear
stress derived from the interaction results in the axial tensile fracture perpendicular to the interface and the interfacial shear
facture. Tensile cracks in stronger material will propagation into the weaker material through the bonded interface. The larger
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inclination angle of the interface enhances the effect of composite tensile/shear failure on the overall sample.
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1. Introduction

There are a large number of composite rock masses
composed of different components and structures in the
earth’s crust. Different lithology and structural
characteristics make composite rock have significant
anisotropy, which is the main factor leading to the
instability and fracture of underground engineering (Klein
et al. 2001, Miiller et al. 2018, Zhang et al. 2018). The
layered composite rock mass formed by sedimentation
(Zhang et al. 2017, Xing et al. 2019, Zanjani and Soroush
2019) and the contact zone composite rock mass (Fig. 1)
formed by magmatic intrusion and metamorphism (Machek
et al. 2014, Ajalloeian et al. 2017, Cawood and Bond 2018)
are two types of composite rock masses that are common in
underground engineering.

A large number of studies on the mechanical behavior of
layered composite rocks have been carried out. The results
show that the differences in mechanical properties of
different rocks have an important influence on the strength,
deformation and failure mode of composite rock (Celleri et
al. 2018, Alneasan et al. 2019, AlTammar et al. 2019,
McBeck et al. 2019). The strength and elastic modulus of
composite rock are lie between the different component
materials, and the most deformable component governs the
overall deformation of composite rock (Ferrill et al. 2012,
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Fig. 1 Contact zone composite rock mass and composite
rock sample

Amann et al. 2014, Chen et al. 2018). During compression,
tensile cracks and shear cracks are generated in the strong
and weak materials, respectively, forming a composite
tensile-shear fracture (Liang et al. 2007, Li et al. 2014,
Chen et al. 2019). The interaction between the two
materials at the interface is the main cause of these results
(Lu et al. 2017, Yue et al. 2018, AlTammar et al. 2019,
Bauer et al. 2019, Yin et al. 2019). During deformation,
different materials produce uncoordinated deformation at
the contact interface, causing additional stresses in the
strong material (tensile stress) and weak material
(compressive stress) (Amann et al. 2011, Dubinya and
Galybin 2018, Wang and Du 2019). With increasing
confining pressure, the uncoordinated deformation weakens
and the additional stress decreases, which in turn affects the
mechanical characteristics of the composite sample,
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Table 1 Mechanical parameters of five kinds of material samples and corresponding material ratios

Axial strain Elastic

Tensile

Sample Peak stress Poisson’s  Cohesion Friction Cement Sand Water
number (MPa) at rupture modulus ratio. force (MPa) angle (°) strength sum ratio plastic ratio cement ratio
(%) (GPa) # & (MPa) &P P

1 7.00 0.60 1.93 0.13 2.58 19.86 1.22 0.75 1.10 0.46

2 8.13 0.64 2.10 0.10 2.18 28.46 1.37 0.60 0.95 0.44

3 11.32 0.73 248 0.08 291 22.86 1.50 0.45 0.80 0.42

4 20.89 091 3.62 0.08 436 45.65 1.80 0.30 0.65 0.39

5 27.64 0.98 4.58 0.07 5.40 49.85 2.79 0.15 0.50 0.36

especially the expansion of the fracture (Liang et al. 2007,
Li et al. 2014, Douma et al. 2019, Yang et al. 2019).
Stronger interface bonding enhances uncoordinated
deformation and composite fracture development.

At present, there are few studies on the mechanical
behavior of the contact zone composite rock, mainly based
on specific engineering cases. When the tunnel or chamber
passes through the contact zone, there are obvious stress
concentration and differentiations in the rock masses near
the contact interface (Feng et al. 2012). Convergence
differences between different rock masses are obvious, and
shear fractures appear near the interface of composite rock
masses (Panda et al. 2014; Xing et al. 2018). Different rock
masses squeeze each other at the contact interface, resulting
in a larger plastic zone in the weaker rock mass,
accompanied by disasters such as roof falling (Yassaghi and
Salari-Rad 2005, Feng et al. 2012).

There is obvious difference between the contact zone
composite rock and the layered composite rock in
component strength, degree of difference in mechanical
properties of components, interface bonding strength and
interface inclination angle. The strength of the contact zone
composite rock is much larger than that of the layered
composite rock (Yassaghi and Salari-Rad 2005, Liang ef al.
2007), and the uniaxial compressive strength ratio of
different component is about 1~2, while the layered
composite rock is about 1~8 (Feng et al. 2012, Douma et al.
2019). There is strong adhesion between different
components of the contact zone composite rock, rather than
weak adhesion or friction, and the interface inclination
angle is mainly within 60°~90° (Yassaghi and Salari-Rad
2005, Cawood and Bond 2018). Due to the large inclination
of the interface, the interaction between different
components of the contact zone composite rock exists in
both the normal and tangential directions of the interface,
while the interaction of the layered composite rock only
exists in the tangential direction.

Based on the mechanical and structural characteristics
stated above, it is necessary to carry out uniaxial
compression test on the contact zone composite rock. The
effect of the difference in mechanical properties of the
components materials on the strength, deformation and
failure of the contact zone composite rock are studied, the
formation and influence mechanism of the interaction of
different component in the direction parallel and
perpendicular to the contact interface are analyzed, and
discuss the formation and influence factors of shear stress at
the interface, with the expectation to supply some basic
information support for the stability study of contact zone

engineering. Due to the difficulty in sampling the contact
zone composite rock, the test was carried out by preparing
physically similar samples with an interface inclination of
90°. A numerical model of composite rock was constructed
based on experiments to analyze the interaction
perpendicular to the interface.

2. Experimental methodologies
2.1 Sample preparation

In order to ensure that the physical similar samples have
good rock-like properties, P425 Portland cement, gypsum
powder, river sand with particle diameters ranging from 0.9
to 1.2 mm and water were chosen as similar materials for
preparing the samples (Hu et al. 2019, Huang et al. 2019).
For more pronounced deformation and failure
characteristics, the composite sample was designed to be a
prism of 100 x 100 x 200 mm dimension. The ratios of five
kinds of similar materials with different mechanical
properties were determined by multiple adjustments and
tests to simulate rocks with different mechanical properties.
The ratios and mechanical parameters of five kinds of
similar materials are listed in Table 1.

Two similar materials were separately filled on both
sides of specially designed mold of 100 x 100 x 200 mm
dimension, and the mold was fixed on vibration table, as
shown in Fig. 2(a). The mold frame was divided into two
parts 50 mm in width. A thin vertical plate was inserted
between two parts. The similar materials were shaken for
one minute after filled, and then pulled out the plate and
shaking continued for one minute to compact the similar
materials and bond the two materials.

By combining two different materials, ten sets of
composite samples with different degrees of difference in
mechanical properties of the two materials were obtained,
and three samples were prepared for each group. The
composite samples is identified using a-b. Where a and b
correspond to the material numbers in Table 1. The elastic
modulus ratio of the two materials was defined as A=FE)/E,,
which was used to quantified the degree of difference in
mechanical properties of the two materials of composite
sample. Fig. 2(b) shown the prepared composite samples.

2.2 Experimental procedure

The testing system shown in Fig. 3 includes a loading
module and deformation acquisition module. The loading
system is YAW-1000A microcomputer controlled
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electrohydraulic servo pressure machine, with maximum
load of 1,000 kN. Testing samples were loaded at the
loading rate of 0.002 mm/s. Two YWC-10 displacement
sensors were installed on both sides of the contact interface
in the middle of the composite sample. The distance
between the sensors was 18 mm, monitoring the lateral
deformation of the two materials parallel to the contact
interface during loading. The displacement sensor has a
monitoring range of 10 mm and an accuracy of 0.001 mm.
UT8516 dynamic data acquisition instrument is adopted for
deformation data acquisition, and the acquisition frequency
is set to 25 Hz, the same as the press

2.3 Numerical model construction

The interaction between the two materials of the
composite samples No. 1-5, No. 2-3, No. 3-4 and No. 3-5

Table 2 Mesoscopic parameters of single material model

Model  Density Elastic Poisson’s Cohesion Friction Tensile
number  (kg/m?) modulus ratio,u  (MPa) angle (°) strength
(GPa) i (MPa)

1 2500 1.26 0.13 1.50 40 1.20

2 2500 1.27 0.10 1.80 40 1.60

3 2500 1.70 0.08 2.20 45 1.40

4 2500 2.36 0.08 3.40 50 2.00

5 2500 2.52 0.07 4.20 55 2.20

Table 3 Reduction factors of numerical model parameters

Model number Re R, R,
1-5 0.96 1.45 1.55
3-5 0.93 1.57 1.67
4-5 1.15 0.82 0.92

perpendicular to the contact interface was simulated.
Numerical simulation is carried out using FLAC3P software,
the numerical model of the composite sample has the same
dimensions as the physically similar sample, and consists of
125,000 cells of 2 x 2 x 4 mm dimensions (Fig. 4). The
model used strain softening constitutive model, based on
the Mohr Coulomb failure criterion, the element only
produces elastic strain at pre-peak stage, and produces
elastic strain and plastic strain after yielding. The
mesoscopic parameters of the model include bulk modulus,
shear modulus, Poisson’s ratio, cohesion, friction angle and
tensile strength. The lower end surface has a zero
displacement boundary, the upper end surface moves
downward at a speed of 2 x 107 mm/step, and the side
boundary is free. According to the stress-strain curve and
mechanical parameters of the test (Table 1), the meso
parameters corresponding to the five kinds of single
material model were calibrated after multiple tests, as listed
in Table 2.

The stress-strain curve, peak strain and uniaxial
compressive strength (UCS) of the composite model were
calibrated according to the test results. The calibration of
the composite model parameters was achieved by reducing
the mesoscopic parameters of the single material models
and assigning them to different component materials of the
composite model. The reduction is mainly due to the size
effect between the composite model material and the single
model material, and the interaction between the different
materials. The reduction was achieved by multiplying the
elastic modulus, cohesion and tensile strength of the two
materials which constitute the composite model by the same
reduction factor respectively and keeping the other
parameters constant. The corresponding reduction factors of
elastic modulus, cohesion and tensile strength are defined as
Re, R. and R;, respectively. Based on the test results, after a
series of tests, the reduction factors corresponding to the
composite models No. 1-5, No. 2-3, No. 3-4 and No. 3-5
were determined, as listed in Table 3.

As shown in Fig. 4, a horizontal profile P is made in the
middle of the composite model. Observe the stress and
strain distribution of the two materials on the profile P in
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Table 4 Uniaxial compression test results of composite samples

Eiﬁgg Peak stress (MPa)  Elastic modulus (GPa)  Axial strain at rupture (%) Modulus ratio, 4 Difference in E;isson’s ratios,
1-2 8.08 2.01 0.68 1.08 0.03
1-3 8.80 1.81 0.77 1.28 0.05
1-4 11.73 1.60 1.24 1.87 0.05
1-5 16.12 1.90 1.36 2.37 0.06
2-3 9.34 2.03 0.94 1.18 0.02
2-4 13.01 1.97 1.08 1.73 0.02
2-5 15.83 1.92 1.16 2.19 0.03
3-4 14.59 2.37 1.07 1.46 0.00
3-5 17.89 2.52 1.15 1.85 0.01
4-5 20.94 3.60 1.15 1.27 0.01
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Fig. 5 The relationship between the ratio of mechanical parameters of composite sample to single sample and A

the horizontal and perpendicular to the contact interface
direction (x direction). The scan line 4-B is the midline in
the x direction on the profile P. Record the stress (oy) and
strain (&) of the elements along the line A4-B and the
displacement of the gridpoint (c¢) in the x direction to
analyze the variation of the interaction during loading.

3. Analysis of uniaxial compression results
3.1 The effect of A on mechanical parameters

The test results of the 10 sets of composite samples are
listed in Table 4. The mechanical parameters of the
composite sample and the single material sample (Table 1)
were compared. The results shown that the strength of the
composite samples is lie between the strength of the two
components and closer to the higher material strength. The
elastic modulus of the composite sample is almost always
less than that of the two components and closer to the
weaker material. The peak strain of the composite sample is
greater than that of the two components. These result are
different from the conclusion that the mechanical
parameters of the layered composite rock are between the
mechanical parameters of the two component materials
(Liang et al. 2007, Chen et al. 2018).

Compared with the stronger components, the
compressive strength of the composite sample is reduced
and the deformability is increased. Comparing the

composite samples with different degree (4) of difference in
mechanical properties of the two component materials, Fig.
5 shows that the difference in mechanical parameters
between the composite sample and the single sample
increases with an increase in A. This indicates that the
difference in mechanical properties of different materials
leads to a weakening of the mechanical properties of the
composite samples, and there is a positive correlation
between them. The slope of the fitted curve in Fig. 5
indicates that the difference in mechanical properties of the
different materials has a greater effect on the strength of the
composite sample (k=0.8836) than on the elastic modulus
(k=0.4116) and axial deformation (k=0.7412).

stress-strain of  uniaxial

3.2  Typical curves

compression tests

As shown in Fig. 6, the stress-strain curves of the
composite samples has good continuity. However, for the
composite samples with a large difference in the mechanical
properties of the two materials, the axial stress-strain curve
has a turning phenomenon. The turning of the sample No.
2-5 (A = 2.19) with a larger 4 value was more pronounced
than that of the sample No. 1-4 (4 = 1.87). Since the sample
did not show macroscopic fracture when the curve turns,
and the curve still shows a linear elastic increase after the
turning, it can be inferred that the local damage at the
contact interface inside the sample caused the curve to turn.

During the loading process, the lateral deformation
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Fig. 7 The correlation of Ad with A and Ay, respectively

parallel to the interface of the two materials on both sides of
the interface is different, and is more obvious as the axial
deformation increases. 40%, 50%, 60% and 80% of the
strength of the composite sample were selected as four
characteristic points. The ratio of the difference in lateral
deformation of the two materials to the lateral deformation
of the strong material at the feature point is defined as Adao,
Adso, Adso, and Adgo, respectively. As shown in Fig. 7, in
general, the degree of difference in the lateral deformation
of the two materials of composite sample is positively
correlated with the difference in their mechanical
properties. Compared with the difference in elastic modulus

3.3 The effect of A on failure mode

Difference in failure modes of the composite samples
was observed. In general, with the increase of the degree of
difference in mechanical properties of the two materials, the
failure modes of composite samples shows three types as
follows.

(1) When the mechanical properties of the two materials
are similar, a broken-line-typed shear fracture is formed
mainly throughout the entire sample. The small axial
fractures are formed near the contact interface,
accompanied by slight tensile failure on the surface of the
stronger material, as shown in Figs. 8(a) and 8(b).

(2) When the degree of difference in mechanical
properties is greater, the shear fracture penetrates one or
two materials. The contact interface occurs serious shear
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Fig. 8 Typical failure modes of composite samples
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Fig. 9 The distribution of stress (o)) and strain (&) at
different axial strain on the profile P of the model No. 3-
5

failure, and the stronger material near the contact interface
formed a tensile fracture perpendicular to the contact
interface, as shown in Figs. 8(c) and 8(d).

(3) When the degree of difference is greater than 2.0,
serious axial splitting failure occurs near the contact
interface, and shear failure occurs on the weaker material
side. The contact interface of sample No. 2-5 suffered shear
failure, and the bonding almost completely failed. The shear
and tensile fractures cut the sample into a plurality of
blocks, and the main tensile fractures are perpendicular to
the interface, as shown in Fig. 8(e).

Obviously, the difference in mechanical properties of the
two materials leads to complex failure modes of the
composite sample. These were attributed to the difference in
lateral deformation of the two materials and the
constraining effect produced by it. The distribution of
tensile fractures indicates that its formation is affected by
the constrained tensile stress. The formation and expansion
of tensile fracture ultimately result in failure of
strongermaterial. Under the interface bonding, the tensile
fracture in the stronger material will propagation into the
weaker material, as shown in Fig. 8(f). The shear failure of
the interface show that the differential lateral deformation
of different materials derives the shear stress on the contact
interface, and the shear stress is positively correlated with
the degree of difference in mechanical properties of the two
materials.

There are obvious differences between the contact zone
composite sample and the layered composite rock in the
location and morphology of the failure. An axial tensile
fracture perpendicular to the interface and an interfacial
shear fracture were formed near the interface of the contact
zone composite sample (Fig. 8). However, layered
composite rocks such as coal rock and salt rock mainly
form composite tensile-shear cracks that penetrate through
the interface under compression. The tensile-shear cracks
are mainly manifested as changes in the inclination angle,
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and the interface forms a slight local shear crack (Liang et
al. 2007, Li et al. 2014). These directly lead to the
difference in the extent and scope of damage between the
two types of composite samples. Analysis shows that this
can be attributed to the differences in the brittleness of the
components and the bonding strength, inclination angle and
dimension the interface of the two types of composite
samples.

3.4 Stress and strain in perpendicular to contact
surface

Fig. 9 shows the distribution of horizontal stress (o) and
horizontal strain (&) perpendicular to the contact interface
on the profile P of the composite model No. 3-5 during the
initial phase of loading. The results show that the stress and
strain of the two materials near the contact interface are
significantly different. At 0.5%o axial strain, the maximum

stress (compressive) is distributed on the side of the
stronger material near the interface, and the tensile strain of
the stronger material is greater than that of the weaker
material. The difference in stress and strain between the two
materials varies with the increase in axial strain.

The changes in horizontal stress (oy) and horizontal
strain (&x) along scan line 4-B during the test were observed.
As shown in Fig. 10, there is stress and strain transfer
between the two materials of the composite model. The
maximum stress of the model gradually approaches the
interface from the stronger material side, and the degree of
the difference in stresses on both sides of the interface
gradually decreases. The strain of stronger material near the
interface experiences a change of smaller-equal-larger than
that of weaker material. The transfer of strain precedes that
of stress. The displacement of the gridpoint ¢ in the x
direction indicates that the stronger material near the
interface displaced toward the weaker material side during
the test, and the displacement tends to be stable with
increasing axial strain before failure, as shown in Fig. 11.

Analysis shows that under axial compression, the two
materials near the contact interface squeeze each other in
the direction perpendicular to the interface, accompanied by
changes of stress and strain between the materials. The
squeezing is driven by the lateral unbalanced force between
the two materials, which is strong at the beginning of the
test and gradually decreases with the increase in axial strain,
and finally tends to be stable. Comparing the composite
models with different degrees (1) of difference in elastic
modulus of the two materials in Figs. 10 and 11, it is found
that the stress and strain of the model with larger 4 have
more significant differences on both sides of the interface.
And the material with larger elastic modulus produced
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greater displacement toward the side of the material with
smaller elastic modulus, resulting in a more pronounced
squeezing. These results indicate that the difference in
elastic modulus of the two materials is the main influencing
factor of the squeezing.

4. Analysis of interaction mechanisms between
different materials

4.1 Squeezing in perpendicular to the contact
interface

Materials with larger elastic modulus produce greater
lateral compressive stress under axial compression.
Therefore, the material near the contact interface is
subjected to an unbalanced force toward the side of the
material with smaller elastic modulus and is displaced to
form a squeezing. This results in a decrease in the lateral
strain of the material with smaller elastic modulus near the
contact interface, and an increase in the lateral strain of the
material with larger elastic modulus, which is manifested as
the transfer of strain between the materials. According to
Hooke’s law, under a certain axial strain, the change of
lateral strain will increase lateral stress of the material with
small elastic modulus and reduce lateral stress of the
material with large elastic modulus, which is manifested as
the transfer of stress between the materials.

As shown in Fig. 12, the transfer of stress and strain
derives the relative compressive and tensile stress in the
material with smaller elastic modulus and the material with
larger elastic modulus, respectively. Derived stress will
further reduce the unbalanced force of the two materials
near the interface. Therefore, the nature of the squeezing
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Fig. 12 The formation mechanism of squeezing and
derived stress of two materials perpendicular to the
contact interface. o and d denote the original stress and
the derived stress, respectively; and owa =0wp, 0%a =-
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Fig. 13 Stress state of the composite unit near the contact
interface

and the formation of the derived stress is the processes of
stress balance. Due to the material with larger elastic
modulus bear the main load during compression, therefore,
the weakening of the mechanical properties of the stronger
material by the derived tensile stress has a greater impact on
the mechanical properties of the composite sample.

The two materials at the upper and lower ends of the
contact zone composite rock are constrained by the roof-
floor of the roadway or the indenter of the testing machine,
which is the macro condition for squeezing. The end
constraints restrict the lateral deformation of the material
during loading. The two types of materials near the contact
interface cannot expand outward freely, which in turn
produces a squeezing perpendicular to the interface and
transfers of stress and strain. The analysis shows that this is
mainly caused by the large inclination angle of the contact
interface of the contact zone composite rock (60°-90°),
which proves that the structural difference between the
contact zone composite rock and the layered composite rock
has a significant effect on the interaction form near the
interface.

4.2 The constraint in parallel to the contact interface

Let E,, E, and u, wp denote, respectively, the
elasticmodulus and Poisson’s ratio and suppose E.>Ej,
Ua<ttp. Let O-zq, 0221 and 6yy4, 03,6 are the axial stress and the
constrained stress on the unit ¢ and b near the interface,
respectively, as shown in Fig. 13.

According to the static equilibrium condition and
Hooke’s law, the following stress-strain relationships of the
composite unit should be satisfied:

o, = Ona T Oy
2 (1
Oy = Oy
SZZ = ZZZ
7
1
€a = E_ (O-zza “HaOyya )
a
1
Eyya = E_ (nya T H30 ;4 ) (2)
a
1
Eah = E_ (O-zzb ~HpOyyp )
b
1
Sy = E_(wa ~ My O )
b

where 0., E.. and &.. are the axial stress, elastic modulus
and axial strain of the unit near the interface, &..., €., and
Eya, Enp are the axial and lateral strains of the two material
units near the interface, respectively, which satisfy the
following relationship at the contact surface:

= 8zzb

3)
Epwa = Epyp
The elastic modulus of the composite unit and the axial

stress and lateral constrained stress of the two materials are
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Based on the test results in Fig. 5(a), the relationship
between o../0.., and A is analyzed by combination of Egs.
(2)-(5). Figure 14 shows that o../0.-, has a strong correlation
with A, and the experimental values and theoretical values
of 0::/0.:. and E.. with identical trend of variation. This
shows that the theoretical model can well explain the effect
of constraint on the strength and elastic modulus of the
composite unit near the interface. However, as A increases,
the error between the theoretical and experimental values of

0::/0-z¢ and E.. increases regularly. The analysis shows that
this phenomenon was attributed to the squeezing and shear
stress at the contact interface, which proves from the side
that there is a positive correlation between the degree of
interaction and the degree of difference in mechanical
properties of the two materials.

The coefficient of ¢.; in Eq. (6) is defined as the laterally
constrained stress factor a. Obviously, a is a constant
determined by the elastic modulus and Poisson’s ratio of the
two materials, and can be used to quantitatively analyze the
constrained stress. Fig. 15 shows that the correlation
between o and Au (R?> = 0.90539) is stronger than that
between a and A (R?> = 0.37655), which is consistent with
the experimental results reflected in Fig. 7.

Taking the composite sample No. 2-5 as an example, the
relationship of 6y, (0.04 MPa) =-ay, (-0.04 MPa) in Eq. (6)
proves that the constraint forms a constrained compressive
stress (weak material) and a constrained tensile stress
(strong material) in the two materials, changing the stress
state of the materials. Fig. 15 shows that the value of « is
between 0.01 and 0.075, it can be speculated that after
considering the squeezing and shear stress, the value of a
will further increase. The influence of interface interaction
changes gradually near the contact interface, that is, there is
a certain distance effect (Figs. 9 and 10). The interaction is
strongest at the interface. On both sides of the interface, the
interaction weakens with the increase of the distance from
the interface, and the weakening in strong materials is more
obvious and rapid. The weakening of interaction is a very
complex phenomenon, which includes the variation of
constraint parallel to the interface, squeezing perpendicular
to the interface and shear stress on the interface. The
theoretical model (Egs. (1)-(6)) mainly explains the stress
and strain of material elements with strong interaction near
the interface, which provides a theoretical basis for
revealing the interaction mechanism.

5. Discussion

The failure mode of the composite sample indicates that
the differential deformation of different materials parallel to
the contact interface result in shear stress near the contact
interface, causing the shear failure of the interface shown in
Fig. 8. Similar phenomena have been observed in layered
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Fig. 16 The distribution of displacement (u,) and shear
stress (oy,) of the composite model No. 3-5 at 0.5% axial
strain. (a) and (b) are the profile P and (c) is the contact
interface

(c) Shear stress

composite rock masses. However, there are different
understandings of the formation mechanism and effects of
shear stress.

The bond of the contact interface of the composite coal-
rock mass is weak. Under the axial load, the radial relative
deformation of coal and rock forms a frictional force at the
interface, which is generally considered to be a constrained
normal stress (Zhao et al. 2014). Liu et al. (2014) in the
study of rock-coal-rock composites, considering the
magnitude and influence range of the friction force
gradually decreases from the interface to the end surface,
and it has a conical distribution in the coal and rock body.
The effect of interface constraints on the failure mode of the
complex was well explained. For the salt rock with
interlayer, there is no relative slip between the interlayer
and the salt rock due to strong interface bonding. It is
considered that the layered salt rock has shear stress caused
by the interface cohesive component only near the interface
of the inclined interlayer (Li et al. 2014). Further studies
found that strain incompatibility exists near the interface of
the salt rock interlayer resulted in many micro-shear cracks
(Liang et al. 2007). However, even for composite salt rocks
containing inclined interlayers, the interfacial shear failure
does not occur under axial load.

Bourne (2003) first derived an analytical solution in
three dimensions for the stresses of the interface-bonded
composite layered rock under uniaxial loading normal to
layering, indicating that in-plane tension develops in the
stiffer layers and corresponding compression in the more
compliant layers. Note that these in-plane stress contrasts
are accompanied by the development of radial shear stress
on the interfaces. For layered shale with strong layer
bonding and brittle component, shear fracture parallel to the
interface occurs under unconfined or slightly confined
compressive loading normal to interface (Valrs et al. 2004,
Niandou et al. 1997, Amann et al. 2011). These studies

show that the bonding state of the interface and the
brittleness of the material have important effects on the
shear stress and shear failure of the interface.

Under axial load, the two materials near the contact
interface of the contact zone composite sample have
different lateral deformations parallel to the interface, and
the difference gradually increases from the interface center
to the edges, as shown in Fig. 16. The magnitude of the
shear stress corresponds to the degree of difference in later
deformation, which is consistent with the test results of
interface shear failure (Figs. 8(c)-8(e)).

The analysis shows that the interfacial shear failure of
the contact zone composite sample is mainly affected by the
differences in mechanical properties of two materials, the
interface bonding state, and the components brittleness. Due
to the stronger interface adhesion, the two materials with
different lateral deformations maintain a coordinated meso-
displacement near the contact surface, and the materials
undergo relative displacement parallel to the interface,
which in turn forms shear stress. The degree of relative
displacement at the interface outside the sample is the
largest, and gradually decreases toward the sides and center
of the interface. Therefore, during the loading process, the
shear stress at the interface edge first reaches the interface
shear strength and shear failure occurs. In addition, the
inclination angle of 60°-90° makes the influence range of
the interface larger, resulting in more severe influence of the
interface shear failure on the composite sample.

6. Conclusions

Based on the analysis of the test and numerical
simulation, some conclusions have been made as follows:

e The differences in mechanical properties of different

materials and the interaction near the interface significantly
affect the strength, deformation and failure characteristics
of the contact zone composite sample. The degree of
influence is positively correlated with the degree of
difference in the mechanical properties. The stronger
component brittleness and interface adhesion and larger
interface inclination angle make the interface interaction
mode and failure mode of the contact zone composite rocks
significantly different from those of the layered composite
rocks.

e There is a constraint parallel to the interface and a

squeezing perpendicular to the interface between the two
materials near the contact interface, and are accompanied
by a derived tensile-compressive stress. The differential
lateral deformation of the two materials derives shear stress
at the interface. Constraints and shear stress are mainly
affected by differences in the Poisson’s ratio of the
materials and interface bonding strength. Squeezing is
mainly affected by differences in the elastic modulus of the
materials and interface inclination.

« Interaction at the interface lead to a complex failure

mode of the composite sample. The derived tensile-shear
stress forms an axial tensile fracture perpendicular to the
contact interface near the interface, and s interfacial shear
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fracture occurs, forming a composite tensile-shear failure.
Affected by interface adhesion, tensile cracks in stronger
materials will propagation into weaker materials. The larger
interface inclination angle increases the influence range of
interface failure.

» The expressions for the lateral constrained stress near

the contact interface have been established. The existence of
constrained tensile-compressive stress parallel to the
interface was proved quantitatively, and the linear
relationship between the constrained stress and the
difference in Poisson’s ratios of the two materials was
determined combined with the experimental results.
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