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ABSTRACT
Purpose. Experimental study and theoretical modeling of the shear resistance of original coal-shale joint.

Methods. A two-segment model was developed to describe the shear resistance-shear displacement curves obtained
from the direct shear tests of eight coal-shale joints by letting the two segments of the fitting curve pass through the
peak point of each curve.

Findings. The two-segment model well describes the shear resistance variation of the coal-shale joints during the
shear process, and there exist good relationships between the fitting parameters and the shear testing parameters. The
initial slope of the softening part of the shear resistance — shear displacement curve can help to predict whether the
coal pillar will burst drastically when it fails. Moreover, the normal displacement was very small in the pre-peak range
which indicates that the complete detachment of original coal-shale joint surfaces has not occurred before the peak.

Originality. Direct shear tests were conducted on original coal-shale specimens for the first time, and a two-
segment model is developed to describe their shear resistance-shear displacement curves. The initial slope of the
softening part of the shear resistance — shear displacement curve is proposed to predict the burst tendency of coal
pillar. Different from unbonded rock joints, the detachment of the original coal-shale joint occurs just after the peak.

Practical implications. The conclusions may have some help to understand the shear resistance mechanism of origi-
nal coal-shale joint and to provide some new ideas of maintaining coal pillar stability.

Keywords: rock mechanics, direct shear test, coal-shale joint, shear resistance, shear dilatancy

1. INTRODUCTION

The coal mass surrounding the gob, roadway or cham-
ber in coal mine may fail statically or dynamically during
the transferring process of the abutment pressure. The
static failure usually contributes to the shape deformation
and area reduction of the roadway section, but the dynamic
failure may cause dynamic disasters such as rock/coal
burst. The similarity between the static and dynamic fail-
ures is that the compressive stress of the coal mass exceeds
its corresponding compressive strength. The compressive

strength of the coal pillar is related to its shape and struc-
ture, and is also controlled by the shear resistance of the
joints between roof/floor and coal pillar (Wang, Pan,
Sheng, & Ding, 2002; Wang, 2005; Chen & Liu, 2013).
For the roof-coal-floor structure, the compressive strength
of the coal pillar is high before the failure of the joints but
becomes lower after the failure of the joints (Iannacchione,
1990; You & Su, 2004). The bearing capacity of the coal
pillar maintain its maximum value for initial intact coal-
rock joints and degrade to its minimum value when the
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shear resistance of the coal-rock joints decrease to its re-
sidual value. The coal pillar breaks if the normal stress is
bigger than the maximum bearing capacity of the coal pillar
and won’t break if the normal stress is less than the mini-
mum bearing capacity of coal pillar. The actual bearing
capacity of the coal pillar is between its minimum value
and maximum value while the shear resistance of the coal-
rock joints in the coal pillar is between its residual and peak
values. As the shear resistance of joints degrades to some
extent, the bearing capacity of the coal pillar will decrease
correspondingly, and the coal pillar will break when the
bearing capacity of the coal pillar decreases to be less than
the loaded constant normal stress between the minimum
and maximum bearing capacities of the coal pillar.

There have been some theoretical and experimental
studies on the effects of the shear resistance of rock
joints on the failure type of coal pillars. Yue (1992) ana-
lyzed the effect of the shear strength between coal mass
and the roof/floor on the dynamic hazard of a coal pillar
by developing a mechanics model and concluded that the
bigger the shear strength of joints was, the higher the
bearing capacity of the coal pillar was. He and Zou
(1993) found that slipping failure of the joint was liable
to occur and correspondingly the stability of coal pillar
was worse when the joint was composed of strip coal
pillar being arranged along the strike direction and the
roof/floor. Hu (1995) found that hard roof could improve
the stability of coal pillar while tensile failure occurred
easily in coal pillar with soft-weak roof. Lu et al. (2008)
studied the effect of the cohesive force of a coal-rock
joint on the coal pillar compressive strength by a numeri-
cal simulation method. Xie and Fan (2008) established a
mechanics model to analyze the effect of the friction
between the coal seam and the roof/floor on the width of
the plastic zone formed in coal pillar, and concluded that
the increment of the joint friction force is beneficial to
improve the coal pillar stability. Although the studies
reviewed above provide valuable contributions to the
effect of the shear resistance of joints on the coal pillar
stability, however, none of them has studied the reduction
characteristic of the shear resistance of coal-rock joint.

As for the experimental studies on the shear re-
sistance of coal-rock joints, Qi et al. (1998) studied the
friction characteristics of rock-rock joint, coal-rock joint
and coal-coal joint experimentally to analyze the rock
burst mechanism caused by the failure of coal-rock joint.
Lu et al. (2007) and Dou et al. (2005) studied experimen-
tally the electromagnetic radiation regularities during the
dynamical failure processes of roof-coal-floor combined
specimens. Guo et al. (2011) studied experimentally the
failure mechanism of coal-rock combined specimens
with the joint dipping in different angles and concluded
that the compressive strength of the coal-rock combined
specimen decreased with increase of the joint dip angle.
Zuo et al. (2011) studied the mechanical properties of the
coal-rock specimens with two equal-length segments of
the rock and the coal and found that the failure mainly
happened inside the coal segment no matter under uniax-
ial compression condition or triaxial compression condi-
tion. Besides, Liu et al. (2004) and Li et al. (2005) found
that the rock burst proneness of the coal-rock combined
specimen increased with the increase of the ratio of rock

segment length to coal segment length through experi-
mental study. Although the effect of coal-rock joint on
the failure patterns of coal segment was involved in al-
most all experimental studies reviewed above, most of
them always focused on the effect of the ratio of the rock
segment length to the coal segment length on the failure
pattern of the coal-rock combined specimen and ignored
the effect of joint shear failure characteristics on the
failure pattern of the coal-rock combined specimen.
However, the joint shear failure is a key factor to affect
the bearing capacity and failure patterns of a coal pillar,
the effect of joint shear failure process on the bearing
capacity of the coal-rock combined specimen should be
focused on in the studies of stability and rock burst
proneness of a coal pillar.

The shear resistance variations of the rock joint dur-
ing the shear process have been studied by some re-
searchers. Haberfield and Seidel (1990) presented a re-
view of the shear resistance evolution of rock joints in
the direct shear process. The shear resistance variation of
the cemented (Tian, Chen, Yang, & Yang, 2015) or
uncemented (Saiang, Malmgren, & Nordlund, 2005)
concrete-rock joints was studied by the direct shear tests
and the numerical simulation methods, respectively. Liu
et al. (2005) carried out a numerical simulation on the
interface friction in the direct shear test, and concluded
that the shear dilatancy existed in the dense Distinct
Element Method (DEM) sample while the shear shrink-
age existed for the loose DEM sample. Roosta et al.
(2006) proposed a visco-plastic multilaminate model
with the hardening and softening effects taken into ac-
count to simulate the shear stress-shear displacement
curve and the normal displacement-shear displacement
curve of the artificial-jointed specimens under Constant
Normal Load (CNL) condition. Asadollahi et al. (Asadol-
lahi, Invernizzi, Addotto, & Tonon, 2010) validated the
modified Barton’s shear strength model for rock joint by
conducting a series of direct shear tests. Ghazvinianet et
al. (2009) investigated the effect of roughness and com-
pressive strength of joint walls on the shear behavior of
the bedding planes between two different rock types with
a high compressive strength difference. Park et al. (2013)
proposed a constitutive model to describe the shear be-
havior of rock joints under Constant Normal Stiffness
(CNS) and CNL conditions based on the direct shear test
results on tensile fractured rock joints and replicas of
tensile joints. He et al. (2014) built a piecewise index
model to describe the stress and deformation characteris-
tics of structural planes in rock masses. Irregular artificial
saw-tooth joints with different asperity heights were
sheared by Zhou et al. (2014) in the laboratory to study
the shear behavior of joints under various experimental
conditions (e.g. different asperity heights, shear rates,
and normal loads). Bahaaddini et al. (2014) studied the
direct shear behavior of the rock joints using the particle
flow code PFC2D. Mirzaghorbanali et al. (2013) numeri-
cally studied the shear strength variation of infilled rock
joints under cyclic loading and CNS conditions. Nguyen et
al. (2014) presented a new procedure to get deeper insight
into the shear behavior of rock joints. Indraratna et al.
(2014) proposed a new analytical model to predict the
shear behavior of rock joints under CNS conditions by
incorporating the effect of the asperities damage.
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In summary, the shear resistance of rock joints has
been studied to some extent, but fewer studies have been
done on the shear resistance of the original coal-shale
joints. Thus, direct shear tests were conducted in this paper
on the original coal-shale joints using the direct shear
apparatus RDS-200 to study the shear failure process of
the coal-shale joint. The shear resistance-shear displace-
ment curves obtained from the direct shear tests were then
analyzed to develop a theoretical model characterizing the
joint shear resistance variation, and various parameters
affecting the theoretical model were also discussed.

2. MATERIALS AND METHODS

Eight coal-shale specimens containing original coal-
shale joints were used for the shear tests and each speci-
men was prepared into the cube shape with section size of
about 70 x 70 mm. Figure 1 shows the servo-controlled
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direct shear testing system RDS-200 used in this study,
which was manufactured by Geotechnical Consulting and
Test Systems (GTCS). In the direct shear testing appa-
ratus, there are two shear boxes, each of them consists of
one circular ring, and the coal-shale specimen is placed in
these two rings with sufficient length extending into both
the upper and lower rings. Cement is used to fix the spec-
imen in the two rings while plasticine is used to isolate
the cements in the upper and lower rings. During the
shearing test, the moving upper box moves parallel to the
fixed lower box. The shear and normal displacements are
measured by LVDTs, and the shear and normal load ca-
pacities of the direct shear testing system are 10 and 5 t,
respectively. Automatic CNS control mode is used for all
specimens except the specimen JSCs, in which the con-
stant displacement control mode is used. The shear dis-
placement rate is set as | mm/min.

Lo_wer&ear box

Figure 1. Servo-controlled direct shear testing system RDS-200

3. RESULTS

3.1. The shear resistance-shear displacement curves

Figure 2 illustrates a typical 7/N-D; curve that could
be divided into a compression part, a linear part and a
yielding part in the pre-peak range while a softening
part and a residual part in the post-peak range. The
compression part mainly reflects the shear-compression
loading characteristics of the coal-shale joint, the linear
part mainly reflects the elastic shear deformation char-
acteristics, and the yielding part between yielding point
and peak point indicates that the joint surfaces may
detach partially from each other. The intersection of the
extended regressed straight line of the linear part and
the abscissa axis is set as the dividing point between the
compression part and the linear part. Correspondingly,
the total shearing displacement before the dividing
point is defined as D,. while the shear displacement
between the dividing point and the peak point is defined
as Dy. The slope of the line tangent to the initial seg-
ment of the softening part is defined as Sy, which re-
flects the drop speed of the shear resistance in the post-
peak range.

A
Peak point value

Softening part

Initial slope of softening part

\J

D, D, D,

Figure 2. Typical T/N-Ds curve

Figure 3 depicts the shear resistance (the shear load
normalized using normal load, i.e. 7/N) — shear dis-
placement curves, i.e. the 7/N-D; curves (Lee, Park, &
Song, 2014) and the normal displacement-shear dis-
placement curves of the eight specimens. Table | sum-
marizes the main physical-mechanical parameters of the
eight coal-shale joints.
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Figure 3. Relationship between the shear load normalized using the normal load and the shear displacement and that between the
normal and shear displacements obtained from the direct shear tests: (a) JSCi1; (b) JSC2; (c) JSCs; (d) JSCy; (e) JSCs;
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Table 1. Main parameters of specimens containing coal-shale joint in direct shear tests

No. kn (MPa/mm) oni (MPa) 7, (MPa) onp (MPa) Dsp (mm) T/N,  Dsi (mm) Ssi (mm!) T/Nps-=3
JSCy 0.10 2.50 2.54 2.51 4.86 1.01 1.68 -9.17 0.44
JSC2 0.23 2.50 3.37 2.51 3.35 1.35 1.80 —24.84 0.58
JSC;s 0.35 2.50 2.39 2.52 4.37 0.95 1.24 —-4.78 0.38
JSCs 0.45 2.50 2.59 2.50 3.56 1.03 1.36 -3.27 0.47
JSCs 0.45 2.50 2.08 2.48 3.82 0.84 1.35 —-1.36 0.55
JSCs 0.45 2.50 1.83 2.50 2.87 0.73 1.07 -0.36 0.36
JSCr 6.00 4.30 3.98 4.52 3.99 0.98 1.30 -5.71 0.36
JSCs * 3.95 3.56 4.24 4.26 0.84 1.53 —10.09 0.40
*under constant normal displacement control mode
From Table 1: )2
k, — the normal stiffness, MPa/mm; T/N, bp = W’ (1)
oy — the initial normal stress, MPa;
7, — the shear stress at peak, MPa; where:

onp — the normal stress at peak, MPa;

Dy, — the shear displacement at peak, mm;

T/N, — the shear resistance at peak and the value is
equal to 7/oy;

Dg; —the shear displacement of the shear resistance
increasing, mm;

Sy — the initial slope of the softening part, mm-

T/Nps -5 is the shear resistance at D; = 8 mm.

3.2. The two-equation 7/N-Ds model

Both the increasing shear resistance characteristics
before the peak point and the decreasing shear resistance
characteristics after the peak point of the normalized
shear load 7/N exist in all non-monotonic 7/N-Djy curves.
Thus, two fitting functions are used to fit the pre-peak
range and post-peak range of the 7/N-D; curves, respec-
tively, and these two fitting curves are required to pass
through the peak point of a 7/N-Ds curve for each speci-
men. The fitting function is required to reflect the con-
cave feature of the compression part and the convexity
feature of the yielding part, thus the composite function
in Equation (1) is chosen to fit the pre-peak range of the
T/N-Dj; curve:

1.
B

T/Np, — the normalized shear load 7/N before the peak;

D, — the shear displacement, mm,;

p1 represents the extreme value of 7/N,, when the
shear displacement is infinite;

p2 denotes the shear displacement of the joint shear
resistance increasing, mm;

p3 expresses the shear displacement when 7/Ny, is
half of its extreme value, mm.

The hyperbolic function in Equation (2) is chosen to

fit the post-peak 7/N-D; curve as follow:

TIN, = + Do Q)

yn (Ds _ps)

where:

T/N,p — normalized shear load 7/N after the peak;

pas— reflects the initial slope of the softening part;

ps — denotes the right offset distance, mm;

pe — represents the residual value of 7/N.

Equation (1) and (2) were then used to fit the 7/N-D;
curves by requiring both Equation (1) and (2) pass
through the peak point (D, T/N,) of each T/N-D; curve.
The regression parameters are summarized into Table 2.

Table 2. Regression parameters

No Equation (1) Equation (2)

' p P2 ps R P4 ps s R
JSCu 1.19 2.16 4.04 0.999 26.75 4.80 0.47 0.87
JSCz 1.64 2.19 2.65 0.999 84.84 3.33 0.57 0.44
JSCs 1.21 2.76 3.90 1.000 8.41 4.17 0.35 0.93
JSCs 1.48 2.21 3.18 0.999 5.42 3.25 0.43 0.97
JSCs 1.08 245 3.31 0.998 25.14 3.68 0.56 0.92
JSCs 0.98 2.83 2.48 0.997 3.82 221 0.34 0.95
JSC, 1.27 2.74 3.55 0.999 25.67 3.92 0.35 0.95
JSCs 1.04 2.40 3.66 0.999 50.06 4.21 0.40 0.81

While the fitting 7/N-D; curves for the eight speci-
mens are depicted in Figure 2.

It can be seen from Figure 2 and Table 2 that the fit-
ting Equation (1) and (2) well reflect the shape features of
the T/N-D; curves. Specially, the fitting correlation coeffi-
cients R? for the pre-peak T/N-D; curves are all larger than
0.99 and those for the post-peak 7/N-D; curves are above
0.8 except that of JSC,. It is also found that the fitting
correlation coefficient R? for the post-peak T/N-Dy curves
increases linearly with the increase of Sy but decreases
nonlinearly with the increase of ps4 on the whole, as de-
picted in Figure 4a, b, respectively. That is to say, the

faster the post-peak curve drops, the smaller the fitting
correlation coefficient R? is. Moreover, Grasselli and
Egger (2003) proposed a three-segment constitutive crite-
rion to model the relationship between the shear stress
and the shear displacement during the shear failure pro-
cess of rock joints under CNL conditions. Lee et al. (2014)
proposed a two-segment fitting model to describe the
shear resistance variation of rock joints. Compared with
above two references, from the point of view of fitting
effect, the two-equation 7/N-D, model put forward in this
paper can also model the shear resistance variation of the
coal-shale joint during the direct shear process.
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Figure 4. The relationships between post-peak R’ and Ssi, ps: (a) Ssi; (b) p4

3.3. The relationships between the regression
parameters and test parameters

Figure 5 illustrates the relationships between the fit-
ting parameters p; ~ps of the two-equation 7/N-D;
model as summarized in Table 2 and the shear testing
parameters as listed in Table 1. Simply speaking, p; has
a positive linear relation with 7/N, (Fig. 5a), p» has an
inverse linear relation with Dy (Fig. 5b), p3 has a posi-
tive linear relationship with Dy, (Fig. 5c), ps4 has an
inverse linear relation with Sy; (Fig. 5d), ps has a posi-
tive linear relation with Dy, (Fig. 5e), and ps has a posi-
tive linear relation with 7/Nps-g (Fig. 5f). Thus, the

following steps can be taken to use the two-equation
T/N-Ds; model in the numerical simulation method to
describe the shear resistance of rock joints: (1) the di-
rect shear tests of the rock joint are firstly conducted to
obtain 7/N,, D;i, Dy, Ssi, and T/Nps=3; (2) above testing
parameters are then substituted into each equation
shown in Figure 5 to determine the fitting parameters
p1~pe; and (3) the fitting parameters p; ~ ps are input
into the two-equation 7/N-D; model embedded in the
numerical simulation code to simulate the shear re-
sistance variation of the rock joints in various engineer-
ing applications.
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Figure 5. Relationships between the regression parameters in the two-equation T/N-Ds joint model and the testing parameters from
the direct shear test of rock joint: (a) p1vs T/Np; (b) pz vs Dsis (c) p3 vs Dsp; (d) p+vs Ssis (€) p5s vs Dsp; (f) psvs T/Nps=s
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4. DISCUSSIONS

4.1. Normal displacement variation
during shear process

The normal displacement-shear displacement curves
obtained during the shear processes of these eight coal-
shale joints are illustrated in Figure 2. Figure 2a — g are
obtained from the shear tests under CNS control mode
while Figure 2h is under constant normal displacement
control mode. As can be seen from Figure 2, with the
normalized shear stress approaching the peak, no exten-
sional (negative) normal displacement is observed even
some rock joints present the slightly increasing contrac-
tive (positive) normal deformation. Therefore, no matter
which kind of control modes is adopted in the shear test,
the normal displacement in the pre-peak range does not
change evidently for original rock joints. Similarly, ac-
cording to literatures (Lee, Park, & Song, 2014; Oh,
Cording, & Moon, 2015), the normal displacement was
nearly zero in the pre-peak range during the joint shear
process. In order to take the dilation into account,
Asadollahi and Tonon (2010) proposed a modified Bar-
ton’s model which can predict negative compressive
dilatancy at small shear displacements; it also shows that
negative shear dilatancy may occur before the peak.
However, shear shrinkage may exist in both pre-peak and
post-peak ranges for open joints under high normal
stresses in their direct shear tests.

From Figure 2 it can be also seen that, in the post-
peak range, the normal displacement may change signifi-
cantly, which depends on the roughness of the new de-
tached joint surfaces and the particle sizes of the new
generated infilled rock fragments. If the roughness of the
new formed joint surfaces is higher, shear dilatancy will
occur when the two joint surfaces change into non-
matching state during the shear process. Otherwise, shear
shrinkage will occur if the infilled rock fragments be-
tween the joint surfaces are ground into powder with
smaller sizes during the shear process. Combined action
of above two phenomena decides the final normal dis-
placement of the coal-shale joint in the direct shear tests.

4.2. The composition evolution
of joint shear resistance

The small change of the normal displacement ob-
served in the pre-peak range during the coal-shale joint
shearing process may show adequately that the complete
detachment of the joint surfaces has not occurred before
the peak point. During the shear process, the attached
part of the joint surfaces provides shear resistance by
static friction (including cohesion between two joint
surfaces) while the detached part provides shear re-
sistance by sliding friction. Since the maximum static
friction coefficient is greater than the sliding friction
coefficient, the shear resistance decreases where the joint
surfaces detach, meanwhile the detachment of the joint
surfaces in a place leads to the provided static friction
increase of its surrounding attached joint surfaces. The
shear resistance of the joint is mostly provided by the
increasing static friction before the yielding point of the
T/N-Dy curve, however, it may be provided by the com-
bination of the static friction between attached joint sur-
faces and the sliding friction between detached joint

surfaces after the yielding point. After the yielding point
of the T/N-Djy curve, the static frictions between attached
joint surfaces consistently lose and transform into the
sliding friction between detached joint surfaces, and the
new provided static friction between the surrounding
attached joint surfaces gradually increases. However, in
the yielding part, the increasing amount of the new pro-
vided friction between the surrounding attached joint
surfaces is bigger than the decreasing amount of static
friction between new detached joint surfaces, which
causes the shear resistance increasing continually till the
peak. After that, in the softening part, the increasing
amount of the new provided static friction between the
surrounding attached joint surfaces is lower than the
decreasing amount of the static friction between new
detached joint surfaces, which causes the shear resistance
decreasing in the fast drop form or the gradual decrease
form, in which the overall detachment between the two
joint surfaces occurs suddenly or gradually, respectively.
Finally, all the static friction between the joint surfaces
loses and the shear resistance is completely provided by
the sliding friction. In the residual part, 7/N decreases
very slowly with the shear displacement increasing and
finally tends to a constant value.

4.3. The relationship between p4
and coal burst tendency

The confining pressure loaded in triaxial compres-
sion test improves the bearing capacity of a cylindrical
specimen by limiting the lateral deformation along
whole length of the specimen, while the horizontal fric-
tion between the testing machine indenter and the spec-
imen ends improves the bearing capacity of the rock
specimen by limiting the lateral deformations of two
ends, which both improves the bearing capacity of the
rock specimen by increasing the normal stress on the
potential shear fracture surface. Figure 6 depicts the
relationship between the compressive strength and the
confining pressure of the specimens obtained by the
authors in another study (Guo, 2009). In Figure 6, the
point 4 denotes the axial compressive strength of a rock
specimen under the confining pressure of 20 MPa when
two ends are fixed horizontally while the point B repre-
sents the axial compressive strength of the same rock
specimen under the confining pressure of 30 MPa when
two ends are totally free horizontally.

The specimen has nearly equal compressive strength
although under above different confining pressures,
which reveals that the effect of fixing two ends of the
specimen horizontally is equivalent to the effect of in-
creasing the confining pressure of 10 MPa on the axial
compressive strength of the specimen with two smooth
ends. Similarly, the effect of unloading confining pres-
sure may correspond to that of unloading end friction on
the axial compressive strength of the specimen. Further-
more, according to the numerical simulation results
(Guo, 2009), when the horizontal friction of two ends
was set as zero, the softening range of the axial compres-
sion stress-strain curve became short and obvious drop
occurred after the peak point. Thus, more brittle failure
will occur of the rock specimen when the horizontal
friction of two ends decreases.
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Figure 6. Relationship between strength and confining pres-
sure (Guo, 2009)

Yuan et al. (2006) found that unloading confining pres-
sure rapidly improved the brittleness of rock specimen
failure through a numerical simulation method, meanwhile,
Wang and Huang (1998) concluded that the larger the
unloading ratio of the confining pressure was, the lower
the bearing capacity of the rock specimen became, and the
lower the initial confining pressure is, the more obvious
the brittleness of rock specimen failure was. Therefore, it
can be deduced that the reduction rate of the coal-rock
joint shear resistance affects the axial compressive strength
and the failure type of a coal pillar. The coal pillar failure
will be more brittle and prone to burst during its failure
when the drop of the coal-rock joint shear resistance is
more rapid. As introduced previously, the regression
parameter p4 reflects the drop speed of the softening part
of the 7/N-Djy curve since it has an inverse linear relation
with Sy;. Thus, the regression parameter ps can help to
predict whether the coal pillar will burst drastically when
it fails, and the coal pillar will burst more intensively
when the regression parameter p4 is bigger.

5. CONCLUSIONS

In this study, the shear resistance characteristics of
original coal-shale joints were studied by conducting
direct shear tests. The conclusions of this work are sum-
marized as follows:

1. The pre-peak range of the normalized shear stress-
displacement 7/N-D; curve can be divided into the com-
pression, linear and yielding parts, while the post-peak
range of the 7/N-D; curve can be divided into the soften-
ing and residual parts. Two equations including a compo-
site function and a hyperbolic function are used to fit the
pre-peak and post-peak ranges of the 7/N-D, curve, re-
spectively. The two-equation 7/N-D; model fitted well
the shear stress-displacement curves obtained from the
direct shear tests of all eight coal-shale joints under both
the CNS and the constant displacement loading condi-
tions with the assumption that the fitting pre-peak and
post-peak ranges of the 7/N-D; curve passed through the
peak point (Dyy,, T/N,). The regression coefficients for the
pre-peak range are rather high while those for the post-
peak range improve with the increase of Sj;.

2. The fitting parameters p; ~ pe of the two-equation
T/N-D,; model have following relations with the shear
testing parameters on the whole: p; has a positive linear
relation with 7/N,, p; has an inverse linear relation with
Dy;, ps has a positive linear relationship with Dy,, p4 has
an inverse linear relation with S, ps has a positive linear
relation with Dy, and ps has a positive linear relation
with 7/Nps-3s. The coal pillar will burst more intensively
when the regression parameter p,; reflecting the drop
speed of the softening part of the 7/N-D; curve is bigger
and it can help to predict whether the coal pillar will
burst drastically when it fails.

3. The joint normal displacement in the pre-peak
range of the 7/N-D, model is not obvious, which indi-
cates that the complete detachment of original coal-shale
joint has not occurred before the peak, the whole de-
tachment of the coal-shale joint may occur after the peak.

4. In the pre-yielding range of the two-equation 7/N-Dj
model, the joint shear resistance of the coal-shale speci-
men is mainly provided by the static friction between the
original attached joint surfaces while it is mainly provid-
ed by the sliding friction between the detached joint
surfaces in the residual part. In the yielding and softening
parts, the shear resistance of the joint is provided by the
combination of the static friction between the attached
zone of the joint surfaces and the sliding friction between
the detached joint surfaces, but the loss amount of the
static friction between the attached joint surfaces is lower
than the increasing amount of the new provided static
friction between the surrounding attached joint surfaces,
so that the shear resistance of the coal-shale joint in-
creases gradually till the peak in the yielding part, while
in the softening part, the loss amount of the static friction
between the attached joint surfaces becomes greater than
the increasing amount of the new provided static friction
between the surrounding attached joint surfaces, which
results in the decrease of the shear resistance.
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ABSTRACT (IN UKRAINIAN)

MeTta. ExcriepuMeHTaIbHE JOCIIKCHHS Ta TEOPETUUHE MOJICIIFOBAHHS OMOPY 3CYBY MOYaTKOBOTO APy BYTJIUCTO-
TO CJAHIIIO.

MeTomuka. Po3po6ieHo MOJEIb IS OIMICY KPHBUX OMOPY 3CYBY W 3CYBHOTO 3MIlICHHS, OTPUMAHUX y Pe3yJIbTaTi
BUNPOOYBaHb Ha NMPSIMHUA 3CYB BOCBMH IIAPiB BYIJHCTOTO CIAHIO. MO BKIIOYA€E 1BA CETMEHTH alpOKCHMYIOUOi
KPHBOI, IO MPOXOIATh Yepe3 BHUIII TOUKH OMUCYBaHUX KPUBHX.

Pe3yabTaTH. 3aponoHoBaHa MOJEH JOCTOBIPHO OIMCYE 3MiHY OMOpPY Ha 3CYB IIapiB BYIJIMCTOTO CIAHIO B MPO-
TIpoIIeCi 3CYBY, MPH IBOMY BU3HAYEHO HASBHICTH TiCHOTO 3B’S3Ky MK IapamMeTpaMH ampOKCHMAIii Ta mapamMeTpaMu
BHIIPOOYBaHHS Ha 3CyB. 3a IMOYATKOBHM HAXWIOM KPHBOI B YaCTHHI OCIAOJCHHS OMOPY 3CYBY W 3CYBHOTO 3MIIICHHS
MOYKHA TIepe10aunTH, Y1 BiIOYAEThCs 3HAYHE PYHHYBaHHS [[LIMKa BYTLLIS IpH Horo oOBaneHHi. HopmaiibHe 3MileHHs
€ HEe3HAYHHUM Y MepeTiKOBOMY Jiara3oHi, 110 CBIIYKUTH MPO Te, 10 B Iiel 4ac He BiJI0YBaeThCS MOBHOTO BIIPUBY MOBE-
PXOHB IIapy BYTJIUCTOTO CJIAHLO.

HayxoBa HoBu3Ha. BunpoOyBaHHsI Ha MpsSMUiA 3CyB NMPOBOJMIIMCS BIEpPILIE HA 3pa3Kax [MOYaTKOBOTO BYIJIHCTOTO
ciaHm. J[BoxcerMeHTHa MoJiesb OyJia po3po0iieHa CrelialibHO AJIs OMKHCY KPUBUX OMOPY 3CYBY Ta 3CYBHOT'O 3MilLIEH-
Hsl JIOCJIIJDKYBaHUX IapiB. 3a TOYaTKOBUM HAaXWJIOM KPHBOI B 4aCTHHI OCJIa0JIEHHS OTIOpY 3CYBY I 3CYBHOI'O 3MILLIEHHS
MOJKHA Iepei0aYnT XapakTep pyHHyBaHHS Lnka. Ha BiaMiHy Bif He3B’sI3aHUX LIAPiB MOPOJH, BIIUICHHS OYATKO-
BOTO LIAPy BYTIIMCTOrO CIAAHIO BiNOYBAETHCS MiCJIs MIKOBUX 3HAYCHB OCIIKYBaHUX KPUBHX.

IpakTnyna 3HAYMMicTh. BHCHOBKM MOXYTh JOMOMOITH 3pO3yMITH MEXaHI3M ONOpY 3CyBY B MEpBiCHOMY Liapi
BYTJIMICTOTO CIIAHITIO i OKPECITUTH HOBI MIXOAH 0 30epekeHHsI CTabiTbHOCTI ByTLIHHOTO MIJIHKA.

Kntouogi cnoea: mexanixa nopio, eunpoOy8aHHs HA NPAMUL 3CY8, WAP GY2IUCMO20 CIAHYI, ONIp 3CY8Y, 3MIHA
00’ emy npu 3Cy6Hiti npysicHilu oepopmayii

ABSTRACT (IN RUSSIAN)

Ieab. OKcepUMEHTaIbHOE HCCIEAO0BAaHHE M TEOPETHYECKOe MOAEIMUPOBAHUE COIPOTHBIEHHS CIBUTY IEpPBOHA-
YaJIbHOT'O CJIOS YIJIMCTOTO CJIAHIA.

MeToauka. Pazpaborana mMoienb JUisl ONMCAHUsI KPUBBIX CONPOTHBIICHUSI CABUTY U CABMIOBOTO CMEIICHHS, MOJY-
YEHHBIX B PE3yJIbTaTe MCIBITAHUI Ha MPSIMOM CIBUI BOCBMHU CJIOEB YIJIMCTOTO CiaHId. Moienb BKIIFOYaeT [Ba CerMeH-
Ta alIpPOKCUMUPYIOIIEH KPUBOW KOTOPHIE IPOXOAAT Yepe3 BBICIINE TOUKH OIHCHIBAEMbIX KPUBBIX.

Pesyabtatsl. [Ipeiaraemas MoJienb JOCTOBEPHO ONMCHIBACT N3MEHEHHE COIPOTHBIICHHUS Ha CIIBUT CJIOEB YTJIHCTO-
T'O CJIaHIIa B TIPOLECCE CIIBUTa, IIPH 3TOM OIPEEIICHO HAJIWYHE TECHOW CBSI3M MEXAY IapaMeTpaMiu allpoOKCUMAINH U
napaMeTpaMH HCIIBITaHUs Ha CABUT. [1o HayalbHOMY HaKJIOHY KPHBOW B YacTH OCIAOJICHUS CONPOTUBICHUS CIBUTY H
CIIBUT'OBOTO CMEIIEHHUS MOXKHO NPEACKa3aTh, IPOM30MIET I 3HAYUTEINEHOE pa3pylIeHHe LeNMKa YIJIsd IpH ero oopy-
nreHnd. HopmanbHoe cMelleHne He3HAUYUTENIbHO B IPEIIMKOBOM JIHANa30He, YTO CBUACTENBCTBYET O TOM, YTO B 3TO
BpeMsI He TIPOMCXOJUT ITOJHOTO OTPHIBA TOBEPXHOCTEH CII0S YIIIMCTOTO CIAHIIA.

Hayunasi HoBM3Ha. licibiTaHns HA MPAMOM CABHI IPOBOJHWIIMCH BIIEPBBIE Ha 00paslax NEepBOHAYAIBHOTO YINIU-
cToro ciaHuma. J[ByxcerMeHTHas Mojenb Oblla pa3paboTaHa CIIELMAIBHO AJIS ONMCAHHSA KPHUBBIX CONPOTHBICHHS
C/IBUTY U CIIBUTOBOTO CMELICHUS MCCeqyeMbIX cioeB. [lo HayarpHOMY HaKJIIOHY KPUBOM B YacTH OCIa0JIeHHs COMpO-
THUBJICHHS CIBHUTY U CABUIOBOI'O CMELICHHUSI MOXHO IIpeJICKa3aTh XapakTep pa3pyllieHus Lenrka. B ominune ot HecBs-
3aHHBIX CJIOEB IOPOJIbI, OTAEICHUE TIEPBOHAYAIBHOIO CJIOS YIJIMCTOTO CIIAHIIA TPOMCXOAMUT MOCIE MUKOBBIX 3HAUSCHUH
HCCIIETyEeMBIX KPUBBIX.

IIpakTHyeckasi 3HAYMMOCTb. BBIBOJIBI MOTYT ITOMOYb HOHATH MEXaHU3M COIPOTHBIICHUS CABUTY B I€PBOHAYAIb-
HOM CJIO€ YIJIMCTOTO CJIAHIA U 0003HAYHTH HOBBIE TIOAXO.bI K COXPaHEHHIO CTAOMIBHOCTH YTOJIBHOTO LIeIHKa.

Kntouesvie cnosa: mexanuxa nopoo, UCHbImManus Ha NPAMOl cO8ue, Cloll Yeaucmoeo ClaHyd, CONPOMUseHue cogu-
2y, usmMeHeHue obvema npu cO8U2080U ynpyeot degopmayuu
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