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Hccnedosano enuanue pazveOuHeHus: COeOUHeHUs. NPU cO8uee NI0CKO20 HeCAOUIbHO20 COeOUHEHUS
100 Oeticmeuem UHMEHCUSHOU HOPMATbHOU HASPY3KU C UCTONb308AHUEM NPOSPAMMHO20 0becneyerus
PFC2D. Ilepsonauanvro karubposka PFC2D npogedena na ocHoge 9KCHepUMEHMATbHbIX OAHHBIX
0I5l CO2NACOBAHUSL C MOOCTUPYEMbIM HUCTOGBIM PE3YIbMAmoM. [J0Cmo8epHOCHb MOOeUPyeMblx
Mooenell npogepena npu CPAGHEHUL ¢ Pe3yIbMamami. RPSIMbIX UCILIMAHUL HA CO8U2, BbINOIHEHHbIX
Ha HeCMAabUIbHBIX COUNEHEHHBIX usuueckux mooensx. brazooaps uucio8omy npsamomy UCHblmMmaHuio
Ha cosue npoyecc paspywenusi 6bll ommedeH GU3VAIbHO, U paspyuleHHble 00pasybl OMOUpaIiucy no-
O00OHBIMU IKCNEPUMEHMATLHO HAOII00aeMbIM MEeHOeHYUusaM. [JUCKpemHoe MoOeIuposanue ieMeHma
noKaszvleaen, umo Ha paspyuleHue o6pasya iasHbiM 00pazoM éiusem pazbeOuHeHUue COeOUHEeHUsl, 6
Mo 8peMsi KaK NPOYHOCHb NPU COBU2E CEA3AHA C MOOENbIO PA3PYUIEHUSL U MEXAHUZMOM PA3PYULEHUSL.

Knwouegvie cnosa: mporpammuoe oOecneuenne PFC2D, HecrabuimbHOe coeauHEHHE,
pa3beIMHEHNE COSAMHEHUS], TPCUINHBI CIBUTA U PACTSKCHUS.

Introduction. The rock mass is composed of non-persistent joints and intact rock [1].
The shear sliding of non-persistent joints is important factor controlling the mechanical
behavior of rock masses [2]. Therefore, a study on the shear failure behavior of non-
persistent joint can provide a good understanding of both local and general rock instabilities,
leading to an improved design for rock engineering projects. Lajtai [3, 4], tensile wing
cracks were found to first appear at the tips of horizontal joints, followed by the secondary
shear cracks propagating towards the opposite joint. Savilahti et al. [5] did some further
study on the specimens with jointed rock under direct shear testing where the joint
separation varies in both horizontal and vertical directions and joint arrangement changes
from non-overlapping to overlapping using modelling material. The coalescence patterns
for specimens indicated that, the jointed rock failed in mixed and tensile modes for
non-overlapping and overlapping joint configurations, respectively. Wong et al. [6] studied
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shear strength and failure pattern of rock-like models containing arrayed of open joints in
both modelling plaster material and natural rocks under direct shear tests. Results showed
that failure pattern was mainly controlled by the joint separation while shear strength of
jointed rock depended mostly on the failure pattern.

Ghazvinian et al. [7] made a thorough analysis of the shear behavior of the
rock-bridges based on the change in the persistence of their area. The analysis proved/
showed that the failure mode and mechanism are under the effect of the continuity of the
rock-bridge.

In recent years, numerical modelling techniques for fracturing process simulation
have been widely used in rock engineering. In general, many established numerical
techniques can be used, i.e., the finite element method [8, 9], the boundary element method
[10-16] or the displacement discontinuity method. In recent decades, numerous theories for
predicting stress distribution and crack propagation have been proposed. For most practical
purposes, the three fundamental theories commonly employed are [17]: maximum
tangential stress theory [18], maximum energy release rate theory [19], and minimum
energy density theory [20].

In [21-27], studied crack initiation, propagation and coalescence using Particle Flow
code (PFC2D). In many cases, there are similarities between the results for crack initiation
and coalescence through numerical analysis and laboratory testing. Using smooth-joints
would be preferential in modelling the mechanical behaviors of a joint in PFC. Many PFC
users have reported the successes, failures and difficulties encountered during the PFC
usage. The shear behavior of non-persistent joint using PFC2D has not been investigated in
any previous researches.

In this paper, a particle flow code is used to study the shear failure behavior of
non-persistent joint under high normal load. Also, the ability of PFC2D in determining the
failure patterns in rock bridges has been checked by comparison of the numerical and
experimental results. For this purpose, using an inverse-modelling calibration approach, the
laboratory results of the uniaxial, Brazilian and triaxial tests were used to obtain the
estimates of the intact rock micromechanical parameters used in the simulation. A
validation of the simulation was then performed by comparison between the shear behavior
of rock bridges in PFC2D and that of the non-persistent joint tested under direct shear
loading in the laboratory. The validated numerical model was used to further studying the
mechanical behavior of the jointed models with different joint persistency.

1. Laboratory Tests.

1.1. Model Material Preparation. The model material used in preparing the intact
samples and jointed blocks was a mixture of plaster (37.5%), cement (25%), and water
(37.5 %). Mixing, casting, curing of the specimens and their dimensions has been described
in details by Sarfarazi et al. [27]. The uniaxial/triaxial compression and the Brazilian tensile
tests were performed in Rock Mechanics Laboratory of Graz University of Technology
(Austria) by the Machine Tool System (MTS) in order to determine the mechanical
properties of intact model material (Table 1).

Table 1
Property Values of the Intact Model Material Determined Experimentally

Property Value

Average uniaxial compressive strength (MPa) 6.6

Average Brazilian tensile strength (MPa) 1.0

Average elastic modulus in compression (GPa) 5.4

Average Poisson’s ratio 0.18

Internal angle of friction (deg) 20.4

Cohesion (MPa) 2.2
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1.2. Intact Model Material Properties. The uniaxial, triaxial compression and Brazilian
tensile tests were performed in order to determine the mechanical properties of the intact
model material. The mechanical properties of the physical models are summarized in Table 1.

1.3. Preparation, Testing and Results of the Rock-Like Model Consisting of
Non-Persistent Joints. The mold dimensions for discontinuous jointed samples were 150 mm
in length, 150 mm in width, and 150 mm in thickness. The mold is consisted of four
20-mm-thick fibreglass sheets bolted together plus two fibreglass plates (placed at the top
and bottom of the mold) (Fig. 1). The top plate has two orifice openings used to fill the
mold with the liquid mixture. The upper and the lower surfaces have slits cut into them.
The opening of the slits is 1 mm, and their tract is equal to the width of the model. Through
these slits, greased metallic shims are inserted through the thickness of the mold (to
produce non-persistent joints) before pouring of the gypsum. Each sample was kept in the
mold for about 7 h, the specimens were un-molded, and the metallic shims were pulled out
of the specimens. The grease on the shims prevents adhesion of the shim with the sample
and facilitates the removal of the shims. As the mixture is placed and hardened, each shim
leaves an open joint in the specimen through the thickness and perpendicular to the front
and back of the specimen. It appears that the pulling out of the shims does not produce any
damage to the joints. Immediately after removing of the shims, the specimen is stored in the
laboratory room with the temperature controlled at 20+ 2°C for 20 days. It is important to
note that consistency in mixing, casting, curing and testing is required to obtain acceptable
test results.

Fig. 1. Mold used for fabrication of the jointed specimens.

Three specimens with different rock bridge surface of 34, 68, and 135 cm? were

prepared (Fig. 2). Based on the change in the surface of the non-persistent joints, it is
possible to define the joint coefficient (JC) as the ratio of the joint surface to the total shear
surface, 225 cm?. The values of JC for three specimens are 0.4, 0.7, and 0.85.
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a b c

Fig. 2. Views of the non-persistent joint: (a) rock bridge surface is 34 cm?; (b) rock bridge surface is
68 cm?; (c) rock bridge surface is 135 cm?.

A servo-controlled MTS direct shear apparatus was used for the purpose of testing the
artificial non-persistent joints. All samples were tested by applying a shear displacement
rate of 0.01 mmy/s. The high normal stress applied to the rock bridges was 2.5 MPa, which
is approximately 38% of the uniaxial strength of intact sample. The shear loads as well as
the shear displacements were taken by a data acquisition system during the shear test.

The crack pattern was observed after completion of the test. It was observed that the
pre-existing joint surfaces have not been destroyed during the test. It means that the rock
joint has no effect on the shear behavior of the rock bridge. The shearing process of a
discontinuous joint constellation begins, as one would expect, with the formation of new
fractures, which eventually transect the material bridges and lead to a through-going
discontinuity. The observation results showed that the rock bridge surface influences the
failure pattern of the rock bridge. Figure 3 shows the failure patterns obtained in the direct
shear tests.

C

Fig. 3. Failure patterns obtained in the direct shear tests: (a) JC = 0.85; (b) JC =0.7; (c) JC =0.4.
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When JC = 0.4 (Fig. 3a), the surface of failure at the bridge area is shear because
crushed materials and evidence of shear movement were noticed. The shear surface plane is
nearly horizontal with shear loading direction. The dilation angle is zero due to non-
asperity effect of failure surface.

When JC = 0.7 (Fig. 3b), the surface of failure at the bridge area is shear because
pulverized materials and evidence of shear movement were noticed. The shear surface
plane is undulating with asperity angle 15°. The dilation angle in this configuration is 4° due
to asperity effect of failure surface.

When JC = 0.85 (Fig. 3c), the surface of failure at the bridge area is shear because
pulverized materials exist in shear surface. The shear surface plane is undulating with
asperity angle 30°. The dilation angle in this configuration is 8 due to asperity effect of
failure surface.

Figure 4 shows the variation of the failure stress and crack initiation stress versus the
joint coefficient. The crack initiation stress is related to the stress whenever the sample
initiates to dilate.

3.5
3 -
E 2.5 -
=3
@ 1.5
£, | —e—Failure stress
[42]
0.5 - == Crack initiation stress or dilation stress
0 T T T T 1
0 0.2 0.4 0.6 0.8 1

Joint coefficient

Fig. 4. Variation of the failure stress and crack initiation stress versus the joint coefficient.

The failure stress and the crack initiation stress are reduced by increasing the JC.
When the JC is high, 0.85, the difference between the crack initiation stress and failure
stress is low. It shows that the final failure is occurred as soon as the cracks are initiated
within the rock bridge. It means that the brittle failure has been occurred. But when the JC
is low, 0.4, the difference between the crack initiation stress and failure stress is high. It
shows that the final failure is occurred at the more loading steps after the cracks are
initiated within the rock bridge. It means the progressive failure has been occurred.

2. Numerical Modelling with PFC.

2.1. Preparation and Calibration of the PFC2D Model for Rock-Like Material. The
standard process of generating a PFC2D assembly to represent a test model, used in this
study, is described in detail in [28]. The process involves: particle generation, packing the
particles, isotropic stress installation (stress initialization), floating particle (floater)
elimination and bond installation [29, 30]. A gravity effect did not need to be considered as
the specimens were small, and the gravity-induced stress gradient had a negligible effect on
macroscopic behaviors.

Uniaxial compressive strength, Brazilian and biaxial tests were carried out to calibrate
the properties of particles and the parallel bonds in bonded particle model [22, 27]. By
adopting the microproperties listed in Table 2 and the standard calibration procedures [30],
a calibrated PFC particle assembly was created.
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Table 2
Microproperties Used to Represent the Intact Rock
Property Experimental result PFC2D model result
Elastic modulus (GPa) 5.4 5.0
Poisson’s ratio 0.18 0.19
Ultimate compression stress (MPa) 6.6 6.7
Tensile strength (MPa) 1.0 1.1
Friction angle (deg) 20.4 21.0
Cohesion (MPa) 2.2 2.2

2.2. Numerical Direct Shear Tests on the Non-Persistent Open Joint.

2.2.1. Preparing the Model. After calibration of PFC2D, direct shear tests for jointed
rock were numerically simulated by creating a shear box model in the PFC2D (Fig. 5). The
PFC specimen had the dimensions of 76X 60 mm. A total of 11,179 disks with a minimum
radius of 0.27 mm were used to make up the shear box specimen. The particles were
surrounded by four walls. The planar non-persistent joints were formed by deletion of two
non-persistent vertical bands of particles from the model. The opening of these notches is
1 mm (Fig. 5). To create the shear test condition, two horizontal narrow bands of particles,
with the width of 1 mm, were deleted from both the upper left side and the lower right side
of the model at a distance between the joint walls and the shear box wall (Fig. 5). In total
four specimens containing two planar edge-notched joints with different lengths were set
up to investigate the influence of joint separation on the shear behavior of rock bridges. For
different specimens, the lengths of these edge-notched joints were different, while in the
same specimen, the lengths of those two joints were the same, and they are both arrayed in
the vertical middle plane. The joint length (b) has a range from 12 to 25.5 mm with an
increment of 4.5 mm, while the joint separation or ligament length (/) decreases from 36 to
9 mm with a negative change value of 9 mm. Based on the change in the length of planar
non-persistent joints, it is possible to define the joint coefficient (JC) as the ratio of the joint
length to the total shear length, i.e., 2b/(T+2b). The value of JC increases from 0.4 to 0.85
with an increment of 0.15.

F T 6mum: 1
Fixedwall
Wall 2
& N
Fixed wall
\\-’311-1\ Ligament
\ ' Normal
60mm o ; force
: v
Stress measuringy Wall 3
- circle
] |
Loading wall
X Wall 1

Y direction velocity = 0.016m/s
Fig. 5 Illustration of the direct shear test simulation scheme in PFC.
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2.2.2. Loading Setup. Both the upper and left walls of the shear box were fixed (Fig. 5).
Shear loading was applied to the sample by moving the lower wall in the positive
Y-direction, with an adequate low velocity (i.e., 0.016 m/s) to ensure a quasi-static
equilibrium, while the normal stress was kept constant by adjusting the right wall’s velocity
using a numerical servo-mechanism. The normal stress applied to the rock bridges in the
numerical tests was the same as in the laboratory tests (i.e., 2.5 MPa), which is
approximately 38% of the uniaxial strength of the intact sample. Shear displacement was
measured by tracing the lower vertical wall displacement (Fig. 5, wall 7). The shear force
was registered by taking the reaction forces on the wall 2 in Fig. 5.

3. Results and Discussion.

3.1. Parallel Bond Forces in the Models before Crack Initiation. Figure 6 shows the
parallel bond force distribution at a state before the crack initiation in four PFC samples,
which have different values of JC of 0.4, 0.55, 0.7, and 0.85, respectively. The dark and red
lines represent the compression and tensile forces in the model, respectively. The coarser
the line is, the larger the force is. As can be seen, the maximum force concentrations occur
around the joint tips and also within the rock bridge area. When the joint coefficient was
0.85 (Fig. 6b), the maximum compressive force was equal to 2056 N. The maximum tensile
force, developed near the tip of the joint, was equal to 1658 N. By decreasing the JC, the
maximum tensile force at the joint tip is increased (Fig. 6) what explains the fact that the
failure initiation stress increase by decreasing the joint surface continuity.

=Tensileforce=2388 N

Fig. 6. The distribution of parallel bond forces in the models before the crack initiation occurs:
(a) JC =0.85; (b) JC =0.7; (c) JC =0.55; (d) JC =0.4.
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3.2. Influence of Joint Separation on the Failure Behavior of the Rock Bridge.
Figures 7, 8, 9, and 10 illustrate the fracture patterns recorded at three stages in the loading
of the planar non-persistent joint for JC = 0.4, 0.55, 0.7, and 0.85, respectively (i.c., at the
crack initiation stress stage of 4, at the peak stress stage of B, and after the peak shear stress
stage of C where have been shown in the charts printed on these figures). In each JC, the
evolution of the bond force at the three stages of fracture development was recorded. The
dark and red lines represent compression forces and tensile forces, respectively; the coarser
the line, the bigger the force acting at the model. Also at each stage of the simulation, the
uncounter clockwise orientation of crack related to the loading direction and the number of
shear and tension induced cracks were determined.

32.1. JC=0.85.

Stage A: As seen in Fig. 7a, before the peak shear stress is reached, only tensile
fractures are initiated within the rock bridge and propagated for a short distance as a result
of the release of tensile force. These cracks are categorized in the major fracture set of F0

>

Shear loading Pt
direction

B

Number oftensile crack=8
Number of shear crack=1

ARG

Number of tensile cracks=49
Number of shear eracks=4

F1

Number of tensile crack=84
Number of shear crack=9

C

Fig. 7. Development of cracks, evolution of the bond force, and mean orientation of particle cracks
during the three stages of shear loading. Here and in Figs. 8—10: (a) before beak, (b) at peak, and
(c) after peak shear strength.
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with a mean orientation of 65°. The kinematic energy is released and transmitted into the
neighbouring bonds. Since the force intensity at the unbroken bonds is not enough to
rupture the contacts, the cracks develop in a stable manner.

Stage B: As seen in Fig. 7b, when the shear stress reaches the peak strength, the new
tensile cracks are developed along the fracture set F/ and propagate parallel to the
maximum compressive force for a large distance. In this stage, four shear bands propagate
within the rock bridge. The mean orientation of the fracture set, '/, is 30°. The number of
cracks in this step is 53 that are 57% of total number of cracks propagated in stage C. It
means that when 57% of total cracks developed within the rock bridge, the shear strength is
decreased and unstable crack growth is reached.

Stage C: In the final stage, as shown in Fig. 7c, a new tensile fracture set, F2,
develops in the vicinity of the fracture set of F'/ but in opposite direction and propagates for
a short distance. The propagation length of fracture set F/ in this stage is 2—3 times more
than the length of F3 shear bands. The mean orientation of the two fracture sets of F/ and
F3 is 30 and 320°, respectively.

The force distribution at this stage shows that the compressive force chains have
developed in the model due to residual contact between the balls. The final failure occurs
by breakage of these chains. It is worth noting that a few shear cracks are observed in the
broken model as a result of breakage of shear bonds.

As can be seen from Fig. 3a, nearly the same failure pattern has occurred in the
physical sample when JC = 0.85.

322.JC=0.7.

Stage A: As seen in Fig. 8a, the upper and lower tensile cracks (in the fracture set, F0)
develop with a mean orientation of 60° from the notch tips prior to the peak shear stress
being attained. These propagate parallel to the maximum compressive force zone for a short
distance. These fracture sets turn stable because of the release of tensile force with the
development of tensile cracks. Following the bond breakage, the maximum tensile force is
concentrated close to these two fracture sets.

Stage B: As the shear stress reaches the peak strength (Fig. 8b), the new tensile cracks
that form the fracture set, F'/, develop at the midst of the rock bridge and propagate parallel
to the maximum compressive force. The mean orientation of fracture set of F/ is 35° In
this stage, the number of newly developed tensile cracks existing in the fracture set F/ is
more than that in the fracture set 0. This means that the maximum tensile force has been
transmitted within the rock bridge so several shear band develops in this area. The force
distribution in the rock bridge shows that the maximum tensile force is concentrated near
the broken bond.

The number of cracks in this step is 125 that are 59% of total number of cracks which
propagate in stage C. It means that when 59% of total cracks developed within the rock
bridge, the shear strength is decreased and unstable crack growth is reached.

Stage C: In the final stage of the shear loading, as shown in Fig. 8c, tensile cracks
develop near the fracture set, F'/. Also the tensile fracture set F2 develops within the rock
bridge and coalesces with the fracture set F'/ so that the intact bridge area gets split with an
uneven shear failure surface. The mean orientation of two fracture sets, F/ and F2, is 40
and 330°, respectively. The propagation length of fracture set '/ in this stage is nearly 2-3
times more than the length of F2 fracture set.

The length and orientation of fracture set 0 remain constant after the first stage of
shear loading. It means that the external shear load does not induce any force concentration
near the fracture set F0 during the different stages of shear loading (stages of B and C).

The bond force distribution at this stage shows that the force chains take an uneven
form according to the geometry of the failure surface. These force chains are stable till the
ultimate breakage occurs in the rock bridge. As can be seen from Fig. 3b, nearly the same
failure pattern has occurred in the physical sample when JC = 0.7.
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Shear loading
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Number of tensile crack=22
Number of shear crack=1

=
kL {-" F0

Number of tensile erack=114
Number of shear crack=11

Number of tensile crack=186
Number of shear crack=27

Fig. 8. Development of cracks, evolution of the bond force, and mean orientation of particle cracks
during the three stages of shear loading.

3.2.3. JC=0.55.

Stage A: As shown in Fig. 9a, before the peak shear stress is reached, the tensile
fracture set of F/ is identified in the bridge area with a mean orientation of 45°. This
fracture set initiate near the joint tips where the tensile stress concentration is high. The
fracture set F'/ propagate parallel to the maximum compressive force for a short distance
and become stable.

Stage B: As the shear stress reaches the peak strength (Fig. 9b), the number of tensile
fracture set F/ is increased. These shear bands propagate parallel to the maximum
compressive force for a large distance. The mean orientation of fracture set F/ is equal to
50°. Force redistribution in the midst zone shows that the high tensile force is concentrated
in vicinity of the fracture set /. The numbers of cracks in this step are 223 that are 62% of
total number of cracks which propagate in stage C. It means that when 62% of total cracks
developed within the rock bridge, the shear strength is decreased and unstable crack growth
is reached.
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Shear loading ¥
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1

F1 ;
Number of tensile crack=32
Number of shear crack=6

Number of tensile crack=207
Number of shear crack=16

3

Number of tensile crack=300
Number of shear crack=61

C

Fig. 9. Development of cracks, evolution of the bond force, and mean orientation of particle cracks
during the three stages of shear loading.

Stage C: In the final stage of the shear loading, as shown in Fig. 9c, the short tensile
fracture set 2 develops between the fractures set F/ so that the intact bridge area gets
broken with an unsymmetrical shear failure surface. The mean orientation of fracture set 2
is 340°. The propagation length of fracture set F'/ in this stage is nearly 2-3 times more
than the propagation length of F2 fracture set.

The bond force distribution shows that the force chains develop within the unbroken
parts of the rock bridge. These chains affect the post peak behavior of the shear surface till
the final breakage of the bonded particles is reached. Note that the tensile cracks are the
dominant mode of failure, while a few shear cracks develop within the model.

324. JC=04.

Stage A: Figure 10a indicates that the tensile fracture set F'/ initiate at tip of the joint
and propagate parallel to the maximum compressive force. The mean orientation of the
tensile fracture set F'/ is 60°. Bond force distribution shows that the maximum tensile force
is concentrated within the rock bridge.
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Fig. 10. Development of cracks, evolution of the bond force, and mean orientation of particle cracks
during the three stages of shear loading.

Stage B: As the shear stress reaches the peak strength (Fig. 10b), new cracks
(tensile/shear) develop parallel to the fracture set F1. The shear bands propagate parallel to
the maximum compressive force for a large distance. The mean orientation of the tensile
fracture set of F/ is 60°. The force redistribution in the middle zone shows that the
maximum forces are concentrated near the shear bands. The numbers of cracks in this step
are 223 that are 65% of total number of cracks which propagate in stage C. It means that
when 65% of total cracks developed within the rock bridge, the shear strength is decreased
and unstable crack growth is reached.

Stage C: In the final stage of shear loading (Fig. 10c), the short fracture set of F2
consists of both shear and tensile cracks develops between the shear bands so that the intact
bridge area gets broken with an unsymmetrical shear failure surface. The mean orientation
of the tensile fracture set of F2 is 355°. The propagation length of fracture set F'/ in this
stage is 2—3 times more than the propagation length of F2 fracture set.
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The bond force distribution shows that the force chains develop within the unbroken
rock bridge. The existence of bond forces in the rock bridge affects the residual strength of
the broken model.

The numbers of cracks in this step are 303 that are 66% of total number of cracks
which propagate in stage C. It means that when 66% of total cracks developed within the
rock bridge, the shear strength is decreased and unstable crack growth is reached.

As shown in Fig. 3c, nearly the same failure pattern has occurred in the physical
sample when JC = 04.

From the above discussions, we can conclude that:

1. The tension cracks are considerably greater in number than the shear cracks. Such
differences become even more significant as shear deformation increases.

2. By decreasing the JC, the stable crack growth is increased what means that the
more number of total cracks propagates in the stage of B.

3. The planar rock bridges under high normal load level break by several shear bands,
FI and F2.

4. By decreasing the JC, the mean orientation of the two tensile fracture sets of F'/
and F?2 are increased.

5. Two different tensile fracture sets develop within the rock bridges. The fracture set
F1I is observed at the peak shear stress (stage B in Figs. 7-10), and the fracture set F2
mainly is observed after the peak strength (stage C in Figs. 7-10).

6. When the joint coefficient is high, the stress interaction between the joints is so
strong (Fig. 6) that two fracture sets of // and F2 with low orientation are responsible for
breakage of the rock bridge. By decreasing the joint coefficient, the stress interaction
between the joints is decreased (Fig. 6) and consequently the mean orientation of two
tensile fracture sets of F/ and F2 are increased.

7. By decreasing the joint coefficient, the number and the length of the two fractures
sets of '/ and F?2 increase.

8. The propagation length of fracture set F/ in this stage is 2-3 times more than the
propagation length of F2 fracture set.

Figure 11a illustrates the linear fitting curve of peak shear load and joint coefficient.
Figure 11b shows the variation of failure stress and crack initiation stress versus the joint
coefficient. Figure 11c represents the variation of failure stress versus the joint coefficient
for both the numerical and physical models. Figure 11d shows the variation of crack
initiation stress versus the joint coefficient for both the numerical and physical models. The
fill points and the hollow points represent the stresses in the PFC2D models and laboratory
samples, respectively.

Through comparison between Figs. 7-10, and 11a, we can conclude that the capacity
of bridged rock to resist shear loading has a close relationship with the failure patterns. The
more the shear band number is, the more the peak of shear load is. For a large joint
separation (JC = 0.85), the intact-bridged rock ruptures with 8 number of short shear
bands; for joint separation of JC = 0.7, the middle bridged rock ruptures with 15 number
of short shear bands so an uneven shear failure surface is created. For joint separation of
JC = 0.55, two joints are connected with 21 number of shear bands. Finally, for the joint
separation of JC = 0.4, a more complex shear zone consisting of 26 shear bands, forms the
final fracture surface.

The linear fitting curve between the peak of the shear load and joint coefficient in
Fig. 11a shows that the peak of shear load is almost linear to the joint coefficient. The
smaller the ratio is (JC = 0.4), the higher the peak shear load is. Note that the increase in
the loading capacity of the rock bridge is not only due to the increase in the length of rock
bridge. This may also be explained by the fracture mechanics theory, which indicates that
the small joint lengths are corresponding to the small values of the stress intensity factors
(K; and Kyp). This leads to higher rock bridge strength. From the fitting equation,
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Fig. 11. (a) the linear fitting curve of peak shear load and joint coefficient; (b) the variation of failure
stress and crack initiation stress versus the joint coefficient; (c) the variation of failure stress versus
the joint coefficient; (d) the variation of crack initiation stress versus the joint coefficient for both the
numerical and physical models.

y=—2386x+2326 (Fig. 11a), it can be inferred that when the specimen has no pre-existing
joints, the joint coefficient equals 0, and the peak of shear load is 2326 N. The shear load
would be 60 N (approximately close to 0) when the ideal condition is achieved [i.e., when
the joint runs through the whole specimen (JC = 1)]. Therefore, the numerical results
comply reasonably with the engineering expectation.

Figure 11b shows that the failure stress and the crack initiation stress are reduced by
increasing the JC. When the JC is high, 0.85, the difference between the crack initiation
stress and failure stress is low. It shows that the final failure is occurred as soon as the
cracks are initiated within the rock bridge. It means that the brittle failure has been
occurred. But when the JC is low, 0.4, the difference between the crack initiation stress and
failure stress is high. It shows that the final failure is occurred at the more loading steps
after the cracks are initiated within the rock bridge. It means the progressive failure has
been occurred.

Figure 11c and d shows that the shear strength of non-persistent joints and crack
initiation stress predicted by numerical simulations are nearly similar to the results obtained
by experimental tests. The slight discrepancy may be due to some small variations in the
mechanical specifications of numerical and laboratory specimens (i.e., the tensile strength
and friction angle given in Table 2).

Finally, it may be concluded that the peak of shear load of jointed rock is mostly
influenced by its failure pattern, while the failure pattern of bridged rock is mainly
controlled by the joint separation. Whereas shear strength, as one of the material mechanical
properties, has a close relationship with its defect configuration, the capacity of jointed
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rock masses to resist shear loading is severely influenced by its macroscopic joint
constellation.

Conclusions. The shear behavior (failure progress, failure pattern, failure mechanism
and shear resistance) of rock specimens containing two edge joints with different joint
separations was investigated with the direct shear test by PFC2D numerical Simulation and
verified by experimental tests. Based on the results obtained, the following conclusions
drawn from this research are:

1. Both of the tensile and shear cracks propagate within the rock bridges but tension is
the dominant mode of fracturing, irrespective of the stage of shearing.

2. When the joint coefficient is increased, the stress interaction between the joints
is so strong that two fracture sets of F/ and F2 with low orientation are responsible for
breakage of the rock bridge. By decreasing the joint coefficient, the stress interaction
between the joints is decreased and consequently the mean orientation of two tensile
fracture sets of F/ and F2 are increased.

3. By decreasing the joint coefficient, the number and the length of the two fractures
sets of F'/ and F2 are increased.

4. By decreasing the JC, the stable crack growth length is increased.

5. When JC is high, the brittle failure has been occurred in rock bridge. But when JC
is low, the progressive failure has been occurred.

6. By increasing the JC, both of the failure stress and crack initiation stress are
decreased while dilation angle is increased.

7. The shear strength of non-persistent joints and crack initiation stress predicted by
numerical simulations are nearly similar to the results obtained by experimental tests.

Pe3ome

JIoCmiKEHO BILTUB PO3’€IHAHHS 3’ €IHAHHS [IPH 3CYBI IUIOCKOTO HECTA0ILHOTO 3’ €THAHHS
il €0 IHTEHCHMBHOI'O HOPMAaJbHOI'O HABAHTAXKCHHS 3 BUKOPUCTAHHSAM IPOrPAMHOIO
3abesneueHHs PFC2D. Cnouarky kaniopysanus PFC2D mpoBeseHO Ha OCHOBI eKCIEpH-
MEHTJIBHUX JAHUX JUIS Y3TOJDKEHHS 3 MOJIEJIIbOBAaHMM YHCIOBHUM pe3yibTraTtoM. JlocTo-
BIPHICTH MOJENHOBAaHUX MOJeNeil MepeBipeHO MpH TOPIBHAHHI 3 pe3yibTaTaMH TPSIMHUX
BUIIPOOYBaHb Ha 3CYB, 10 BUKOHAHI Ha HECTAOUILHHMX 3WICHOBAHUX (I3UUHHMX MOJCIISIX.
3aBSIKM YHMCIOBOMY IpPSIMOMY BHIPOOYBAaHHIO Ha 3CyB Tpoliec pyHHYBaHHS Oysio Bij-
MIYEHO Bi3yaJIbHO, 1 3pyHHOBaHI 3pa3K BiOMpanucs MOJIOHUMH EKCIepUMEHTAIbHO
CIIOCTEPE)KYBAHUM TEHACHIIAM. JIMCKpPETHE MOJENIOBAHHS €JIEMEHTA II0Ka3ye, M0 Ha
pyHHYBaHHS 3pa3Ka TOJOBHHUM YHMHOM BIUTMBAE PO3’€THAHHS 3’€IHAHHS, TOJI SK MIIHICTH
IPU 3CYBI TIOB’sI3aHa 3 MOJCIUIIO PyWHYBaHHSI 1 MEXaHI3MOM pYHHYBaHHsL.
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