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Abstract

A 3D particle-based DEM model was established taking into account the geometries
of rock bridges. The model was used to investigate the shear behaviour of incipient
rock joints. Fifty-seven direct shear tests were conducted under constant normal load
(CNL) boundary conditions using the established model, in which rock bridges with
nineteen different geometries and incipient joints with various areal persistence
(between 0.2 and 0.96) were involved. Our results show that, for the cases having a
single rock bridge, cracks often initiated around the edges of the rock bridges and

coalesced first in the middle of the rock bridge areas. While for other cases
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containing multiple rock bridges, cracks initially appeared at the connection points
(located in the middle of the joint planes) of the rock bridges and then propagated to
the edges. High crack initiation stresses were measured, which were often more
than 60% of the shear strength of the tested incipient rock joints. Sudden failures of
the rock bridges subjected to shearing were observed, accompanying dramatic
increases in the number of cracks. Another important conclusion derived from this
research is that both joint areal persistence and rock bridge geometry played
significant roles in the shear failure of the simulated Horton Formation Siltstone
joints. The present study has shown that shear strength increased gradually when
joint areal persistence was decreased. Interestingly, different shear strength values
were measured for rock joints with the same areal persistence (e.g. K=0.5). Shear
velocity was also found to have a significant influence on the shear characteristics of
the Horton Formation Siltstone joints. A higher shear strength was measured when

the shearing velocity was increased from 0.01 to 1 m/s.

Keywords Discrete element method; Particle flow code; Incipient rock joints; Rock

bridges; Shear strength; Joint persistence

List of Symbols

A Cross-sectional area of parallel bond
AB Total area of rock bridges on an incipient joint plane

Ai1, A2, ..., An  Persistent areas along an incipient joint plane

a, b Two side lengths of a rectangle rock bridge

c Cohesion of parallel bond

Csj Cohesion of smooth-joint bond

dv, dn Vertical and horizontal spacings between adjacent joint planes

E Young’'s modulus
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Ec_
Fe
Fn
Fs

J*

j1,)2, «ory Jn

Kn/Ks
Kn_/Ks_
Knsj
Kss;j

Lc
Nc

Rmax

Rmin

Osj

Sl

Young’s modulus of particle linear contact

Young’s modulus of parallel bond

Vector of contact force

Normal force acting on parallel bond

Shear force acting on parallel bond

Moment of inertia of the cross section of parallel bond
Total length of an incipient joint

Polar moment of inertia of the cross section of parallel bond
Joint segments measured along an incipient joint
Joint areal persistence

Particle linear contact normal to shear stiffness ratio
Parallel bond contact normal to shear stiffness ratio
Normal stiffness of smooth joint contact

Shear stiffness of smooth joint contact
Moment-contribution factor to strength

Branch vector

The number of active contacts within the measurement region
A property of the cross-section of parallel-bond
Maximum particle radius

Minimum particle radius

Volume of a measurement region

Strike of an incipient joint

Dip of an incipient joint

Poisson’s ratio

Tensile stress in parallel-bond periphery

Tensile strength of parallel bond

Tensile strength of smooth-joint bond

Average stress measured in a measurement region

Shear stress in parallel-bond periphery
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1 Introduction

Friction angle of parallel bond

Coefficient of particle friction

Coefficient of smooth-joint contact

Increments of normal and shear forces in parallel bond
Increments of components of parallel bond moment
Increments of normal and shear displacement, respectively
Constant normal load

Discrete element method

Flat joint contact model

International Society for Rock Mechanics and Rock Engineering
Loading rate

Parallel bond model

Particle flow code

Rock failure process analysis

Smooth joint model

Uniaxial compressive strength

Incipient rock joints retain considerable tensile and shear strength as a result of

partial development, which may be due to varying stress conditions, secondary

mineralization or cementation processes (Hoek 2007; Hencher 2012; Shang et al.

2016). These incipient rock joints often develop over geological time into full

mechanical joints (Hencher 2014), which have zero true cohesion as defined by

ISRM (1978).

The term ‘rock bridge’ is defined as a small area of intact/strong rock material

separating coplanar or non-coplanar joints in rock masses (Kim et al. 2007), which

usually occupy a part of joint place (Dershowitz and Einstein 1988). Fig. 1 shows
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two surfaces of a broken Horton Formation Siltstone core after direct tension, on
which an intact rock bridge was unveiled (red dashed areas in Figs. 1a and 1b).
Rock bridges lead to non-persistent nature of rock joints and play a vital role in
stabilizing rock masses (e.g. Zheng et al. 2015; Paronuzzi etal. 2016) such as in

engineered rock slopes (Hencher 2006).

In rock engineering, failure is often accompanied by the sudden rupture of rock
bridges (Paronuzzi et al. 2016), which can be triggered by insolation (Collins and
Stock 2016), precipitation (Wieczorek and Jager 1996), weathering (Borrelli et al.
2007; Hencher 2014; Goudie 2016) and seismic loading (Cravero and Labichino
2004). Gradual initiation, propagation and coalescence of rock bridges within

incipient rock joints are likely to be additional challenges confronting practitioners.

Joint persistence is the areal extent of an incipient rock joint (Einstein et al. 1983).
The areal persistence definition allows the effects of the incipient parts of a
discontinuity (represented by rock bridges) to be taken into account inthe stability
analysis of rock engineering. Fig. 2 illustrates the terminologies used for the
description of an incipient joint plane. The areal persistence, K, of this joint plane is

expressed by Eqg. 1.

A]'1 +A]'2+"'+A]'n

K=%

Ay A+t Ay +Ap (1) (Lajtai 1969b)

where A, A,, ..., 4;, are the persistent areas along the joint plane, while Ay is the

total area of rock bridges.

Previous publications on the shear properties of individual rock discontinuities
focused on the mechanical ones with zero true cohesion (e.g. Cawsey and Farrar

1976; Barton 1976; Kulatilake et al. 1999; Karami and Stead 2008; Hencher and
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Richards 2015; Ge et al. 2017). For non-filled incipient rock joints, shear strength is
mainly controlled by four components, including: fundamental shear strength of rock
bridges (Shang et al. 2018a); internal friction in solid bridges (after rock bridge is
mobilized); friction from the persistent joint segments (Lajtai 1969b; Maksimovi¢
1996); geometry and location of bridges (Ghazvinian et al. 2007). Rock bridges
significantly increase the shear strength of incipient rock joints, since they effectively
produce a strength reserve which need to be mobilised prior to failure (Jennings

1970; Stimpson 1978; Gehle and Kutter 2003; Paronuzzi et al. 2016).

It is, however, rare to see laboratory shear testing on natural incipient rock joints as it
seems impossible to secure groups of natural rock samples containing

discontinuities with identical geometrical characteristics (Shang et al. 2017c). Boulon
et al (2002) reported an experimental study of the shear properties of incipient
calcite-healed joints that were prepared by sawing blocks containing incipient joints.
The sample preparation process was carefully controlled to prevent incipient joint
planes from breaking. Similar sample preparation was used by Shang et al (2015
and 2016) to investigate the tensile strength of incipient geological discontinuities. In
many studies, artificial samples were used as an alternative to investigate the
mechanical properties of rock masses and discontinuities (e.g. Bandis et al. 1981;

Grasselli 2006; Hossaini et al. 2014; Liu et al. 2017).

Lagtai (1969a) reported a pioneered work on shear testing of incipient rock joints.
One main finding of that work was that shear strength was controlled solely by the
tensile strength of solid rock bridges, provided the frictional resistance was
negligible. Ghazvinian et al. (2007) presented a laboratory investigation on the effect
of rock bridge geometry on the shear properties of planar joints. Plaster block

samples having different types of rock bridges were moulded. The study concluded



153  that the failure patterns and shear strength of their samples were controlled by the

154  geometry of rock bridges.

155 It has to be agreed that rock joints containing rock bridges with different geometrical
156  parameters are readily to be analysed in numerical analysis (e.g. Cundall 2000;

157 Pariseau et al. 2008; Park and Song 2009; Ghazvinian etal. 2012; Huang et al

158  2015). Zhang et al (2006) reported a 2D numerical direct shear test based on the
159  rock failure process analysis (RFPA) code, in which two edge-notched joints with
160 different linear persistence was investigated. In that study, a dramatic drop of shear
161  strength was observed which was due to the brittle failure of rock bridges. They also
162  found that shear strength of their non-persistent rock joints increased consistently,
163  when the linear persistence value was decreased. A similar two edge-notched

164  numerical model was created by Ghazvinian et al. (2012) using the particle flow code
165 (PFC 2D). Open joints were generated by removing particles. It was found that the
166  progressive failure of tension-induced micro-cracks resulted in the macro-scale

167  shear failure of rock bridges.

168  In the aforementioned investigations, rock joints are often simplified and treated as
169 linear traces in 2D numerical analysis; these investigations failed to consider the

170  effects of joint geometry and areal persistence on shear characteristics. The present
171 study, therefore, sets out an approach to investigate the effects of areal persistence
172 and geometry of rock bridges on the shear behavior of incipient rock joints. A 3D

173  particle-based model containing incipient rock joints was established based on the
174  Particle Flow Code (PFC 3D). In the particle-based DEM model, rock matrix and

175  bridges were represented as particles that were parallel bonded and persistent joint

176  segments were generated using the smooth-joint model.
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2 Numerical model set-up and calibration

2.1 Parallel bond model in PFC3D

In the parallel bond model (PBM), rock matrix is represented by a combination of
rigid particles with parallel bond at their contacts (see Fig. 3a), which can transmit
both force and moment (tasca Consulting Group Inc 2008). The mechanism of force

and moment of PBM is described by Egs. 2 to 5.

AF, = k,AA, )
AF, = —k AAO, 3)
AM, = —k, J*A6, (4)
AM, = —k, A6, (5)

where AFn and AFs are increments of normal and shear forces and Fn>0 is tension.
AMn and AMs are increments of components of parallel-bond moment; kn and ks are
normal and shear stiffness of the parallel bond; Ad,, and Ad, are increments of
normal and shear displacement, respectively, J* and | are polar moment and
moment of inertia of the cross section of parallel bond and A is the cross-sectional
area of bond. The tensile and shear strength of the parallel-bond can be calculated
using Eqgs. 6 and 7. The bond will break if applied stresses exceed the tensile or
shear strength of bond, thus failure of rock can be simulated in either tension or

shear.

_Fa g MR
0—A+k p (6)
t=54 MR (3p) (7)
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where o and t are tensile and shear stresses of the parallel-bond periphery; R is a

bond cross-sectional property (shown in Fig. 3a). k is the moment-contribution factor

to strength, see Potyondy (2011) for more details.

2.2 Smooth joint model

Bond removal (e.g. Cundall 2000) and bond weakening of particles of a joint plane
(e.g. Kulatilake et al. 2001; Huang et al. 2015) are often used as ways of generating
rock joints. In those methods, particles laying on one side of joint place will ride over
particles on the other side which leads to unrealistic simulation of mechanical
behaviour of rock joints due to stress concentration (interlocking) and significant
dilation at the initial stage of shearing (Bahaaddini et al. 2013). To overcome this
problem, Pierce et al (2007) proposed the smooth joint model (SJM) which allows
smooth-jointed particles lie upon opposite sides of joint overlap and slide past each
other (see Fig. 3b). The SIM provides linear elastic behaviour of joint interfaces and

does not resist relative rotation (tasca Consulting Group Inc 2008).

It is worthwhile mentioning that the persistent portions of the incipient joints
simulated in the current study have zero true cohesion (tensile strength=0). The
smooth joint interface in this study was not bonded and there will be no cracks (bond

break) between smooth jointed particles.

2.3 Setup of 3D direct shear tests of incipient rock joints

Fig. 4 shows numerical setup of the 3D direct shear tests. Rock samples with length
100 mm, width 100 mm and height 40 mm were produced which consist of around
49000 particles with minimum particle radius Rmin=1.0 mm and Rmax/Rmin=1.5 that

follows a uniform distribution (Shang et al. 2017b). For each sample (Fig. 4a), an
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incipient rock joint with a dip of 0° was generated, represented by the non-
persistent joint trace (see the yellow particles in Fig. 4a). Fig. 4b shows the 3D
geometry of the persistent portions of the incipient joint (particles of the rock matrix
and the rock bridge were not shown for clarity). The rock bridge through the joint
plane was embraced by the red dashed lines. In the present study, nineteen
incipient rock joints with different geometries (different locations and numbers of
rock bridges) were produced, and they were divided into 5 groups (A-E, Fig. 4c)).
Areal persistence of these joints varied from 0.2 (A1) to 0.96 (D4). It should be
noted that planar incipient rock joints were simulated and focused on in this study,
without consideration of roughness and asperities (see Discussion on this

simplification).

In the shear test, the lower box was fixed and the upper box was sheared in the
positive X-direction (see Fig. 4a) at a constant velocity of 0.02 m/s to ensure quasi-
static equilibrium (Park and Song 2009). Samples were sheared under different
normal stresses, i.e., 2, 4 and 6 MPa, which was controlled by the servo-
mechanism on the top shear box (ltasca Consulting Group Inc 2008). The time-step

for each calculation cycle was 1.3333X10’s.

2.4 Calibration of particle-based DEM

The aim of the calibration of particle-based DEM is to choose suitable input micro-
parameters that can reproduce a simulated macroscopic response close to that of
the laboratory test results (Kulatilake et al. 2001). The calibration process in this

investigation involved the determination of micro-parameters for PBM and SJM, as

shown in Table 1.

2.4.1 Calibration of PBM
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The DEM model was calibrated against physical experiments of Horton Formation
Siltstone, which is typically medium to dark grey strong to extremely strong, formed
approximately 421 to 423 million years ago in the Silurian period (Shang 2016). The
rock is quarried at Dry Rigg Quarry, Horton-in-Ribblesdale, Settle, north England.
Uniaxial compressive test has often been used to calibrate bonded model (e.g. Park
and Song 2009; Bahaaddini et al. 2013; Duan and Kwok 2016), thus the PBM model
was calibrated against uniaxial compressive strength (UCS), Young’s modulus (E)
and Poisson’s ratio (v). Table 1 shows the micro-parameters of BPM and the
corresponding related macro-parameters. A numerical cylindrical sample containing
9596 particles with a radius ranging between 1.0 and 1.5 mm was generated. The
size of the cylindrical DEM sample (H x R = 120 mm x 50 mm) was same as that
used for the laboratory experiment. Calibration process was similar to that used by
Bahaaddini et al. (2013) and Shang et al. (2018a), in which Young’s modulus, E, was
firstly calibrated through a trial-and-error process, by adjusting particle linear contact
modulus Ec, linear contact normal to shear stiffness ratio Kn/Ks, parallel bond
modulus Ec_and parallel bond normal to shear stiffness ratio Kn_/Ks_. The Poisson’s
ratio, v, which is controlled by stiffness of both linear contact and bond (see Table 1)
was subsequently calibrated. UCS was lastly matched through fine-tuning the

cohesion and tensile strength of bond (c and oc).

Fig. 5a shows a comparison of the results of the calibrated numerical model and
laboratory experiment. Failure patterns of real and simulated samples were also
included, on which primary fractures were highlighted. It can be seen that numerical
results agreed well with the laboratory test results. The corresponding calibrated
micro-parameters of BPM are listed in Table 2. Comparison between laboratory test

results and those obtained from the calibrated numerical model is shown in Table 3.
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2.4.2 Calibration of SIM

The smooth joint parameters were calibrated against direct shear and normal
deformability tests on planar and opened joints with zero true cohesion, as used by
Kulatilake et al. (2001). Again, micro-parameters (see Table 1) in the numerical
model were altered through trial-and-error to match the direct shear and normal
deformability test results in the laboratory (see Shang et al. 2018a for details). Figs.
5b, 5¢ and Table 3 show a comparison between results from laboratory tests and
numerical simulations. The results demonstrated that the calibrated SIJM can
reproduce the direct shear behaviour of the planar Horton Formation Siltstone joint.
Table 2 lists the calibrated micro-parameters of SIM. Note that tensile strength and
cohesion of the smooth-joint bond were set to zero for the persistent portions of the

incipient joints in this study.

3 Numerical results and interpretation

As described earlier, a series of numerical shear tests were conducted on incipient
rock joints with 19 different geometrical properties under different normal stresses (2,
4 and 6 MPa). As shown in Fig 4c, samples were divided into five groups, i.e.,
Groups A-D (rock joints with a single rock bridge) and Group E (rock joints with

multiple rock bridges).

3.1 Crack initiation, propagation and coalescence: observations at microscale

3.1.1 Incipient rock joints with a single rock bridge

Microstructure controls micromechanisms occurring in rock, which are complex and
difficult to characterize (Potyondy and Cundall 2004). As mentioned earlier, in the

particle flow code the bond between cemented particles of rock matrix will break, in
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either tension or shear, when applied stress equals to or exceeds the strength of
cement (bond). Fig. 6 shows an example of crack initiation, propagation and
coalescence that were observed in this study (Sample A2; a=60 mm, b=100 mm,
K=0.4 and normal stress=6 MPa). Particles of rock matrix and bridge, and parts of
walls forming the top shear box are not shown for clarity. As described in Section
2.3, the lower shear box (purple) was fixed and the upper shear box (red) was forced
to move with a constant velocity of 0.02 m/s (shown by the red arrow in Fig. 6a). It
was observed that cracks were initiated around two edges of the rock bridge (along
the X-direction) and these cracks were connected at the cycle of 59436 when shear
force was equal to 162.1 kN (Fig. 6b). Shear cracks dominated at this stage
(545/603) and note that some scattered cracks were generated within the rock matrix
due to stress concentration. More cracks were generated in the middle of the rock
bridge at the cycles of 68831 and 72387 (Figs. 6¢ and 6d) and they propagated
dramatically when the shear force rose up to 195.1 kN (Fig. 6e). Peak shear force
was observed (211.9 kN) at the cycle of 81795 when cracks coalesced initially in the
middle of the rock bridge area (Fig. 6f). The number of shear cracks (5921) at the
time of sample failure was around 12 times that of tensile cracks (483). After failure,
shear force dropped slightly to 205.3 kN when cracks fully coalesced within the rock
bridge area (see Fig. 6g). Fig. 6h shows the final frame of this numerical test when
horizontal shear displacement was 1 mm. More tensile cracks (3475) can be seen

that was approximately 26.1% that of shear cracks (13319).

For cases with a larger areal persistence (for example Sample D2; K=0.88, see Fig.
7), it took shorter time for the shear failure of the incipient rock joints and lesser

cracks were induced within the rock bridges.

3.1.2 Incipient rock joints with multiple rock bridges
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Numerical results on incipient rock joints with multiple rock bridges (Group E in Fig.
4c) are presented in this section. Fig. 8 shows the crack initiation and propagation of
Sample E1 in direct shear test under a normal stress of 4 MPa. Cracks initiated at
the cycle of 51200 with a clear concentration on the connection point of two rock
bridges (Fig. 8b). The shear force measured at this cycle was 125.5 kN which was
85.4% of the peak shear force (147 kN, Fig. 8h). As shown in Figs. 8c-8g, a steady
crack propagation was observed, developing from the middle to the edges of the two
rock bridges. The measured peak shear stress of this sample (E1) was 147 kN (Fig.
8h) where the number of shear cracks was 4237, approximately 11 times larger than
that of tensile cracks (386). Fig. 8i shows the final frame of the test when horizontal

shear displacement was 1.0 mm.

3.2 Shear stress and displacement analysis

It is well accepted that both size and location of rock bridges along a discontinuity
will affect its mechanical properties (Zhang et al. 2006; Bonilla-Sierra et al. 2015;
Shang et al. 2016). In this study, shear strength of incipient rock joints with different
sizes and locations of rock bridges was measured. Fig. 9 shows the relationship
between shear stress and horizontal shear displacement of incipient rock joints in
Group A (b=100 mm and a=80, 60, 40 and 20 mm, respectively). The cumulative
number of cracks (failed in both tension and shear) was tracked and plotted against
horizontal displacement (see the dashed lines in Fig. 9). For Sample Al (see Fig.
9a), the peak shear stress was 24.8 MPa under a normal stress of 6 MPa, and it
dropped to 22.1 and 17.5 MPa respectively under lower normal stresses (4 and 2
MPa). Sample Al failed within a shear displacement of 0.7 mm for the three different
normal stresses. A clear yield stage can be seen when normal stress was 2 MPa

(black line in Fig. 9a). For all the tested samples in this group, the shear stress and
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the number of cracks (both tensile and shear cracks) increased with the increase in
applied normal stresses. A clear stress drop can be seen at the occurrence of peak
shear stress, accompanied with a significant increase of the number of cracks, which
can be represented by the sub-vertical slopes of all the dashed curves (see for
example Figs. 9c and 9d). These phenomena show some evidence of the brittle
property of Horton Formation Siltstone. As anticipated, the number of cracks did not

increase when only residual strength left (mainly arising from friction).

Stress and displacement of rock joints in Group B is shown in Fig. 10. Similarly, peak
shear strength reduced gradually from B1 to B4 for the same applied normal stress,
due to the steady increase of areal persistence (from 0.36 to 0.84). The shear
strength of Sample B1 was 21.2 MPa under a normal stress of 6 MPa, which was
somewhat smaller than that of Sample Al (24.8 MPa) in Group A. The yield
procedure at a lower normal stress (2 MPa) was also observed (black line in Fig.
10a). The lowest shear strength of the samples in this group was 5.2 MPa (Sample
B4 in Fig. 10d) when the applied normal stress was 2 MPa, which was also smaller

than that of Sample A4 (6.3 MPa) in Group B (Fig. 9d).

Areal persistence of the samples in Groups C and D were much larger, ranging from
0.72 (C1) to 0.96 (D4). In general, shear strength of the samples in these two groups
was smaller than that of those samples in Groups A and B. Similarly, as the normal
applied stress increased, the peak shear stress increased (Figs. 11 and 12). Lesser
number of cracks was observed compared with that in Groups A and B. The peak
shear displacement (shear displacement at peak shear strength) increased with the
increment of applied normal stresses which was similar to the findings by Bahaaddini

(2013). Fig. 13 presents an example of the relationship between normal
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displacement and shear displacement observed in the numerical shear tests. It

shows that higher normal stress leads to smaller normal displacement.

3.3 Static stress within rock bridges: microscale behaviour

In the particle-based DEM model, the contact force and displacement of particles
inside a measurement region can be computed at microscale (ltasca Consulting
Group Inc 2008). In static situation, average stress & inthe measurement region can

be expressive in terms of contact forces which is described by Eq. 8.
5:_§210VCFC®LC (8)

where V is the volume of the measurement region; N, is the number of active
contacts within the region; F€ is the vector of each contact force; L is a branch

vector and the operator @ represents outer product.

To investigate the evolution of static stress within rock bridges in the direct shear
tests, measurement spheres were distributed in the rock bridge areas. Fig. 14 shows
the relationships between stresses measured at different locations and calculation
step (Sample B3, normal stress =4 MPa). Eight measurement spheres with the same
radius (10 mm) were arranged within the rock bridge area, as shown in the insert
diagram in Fig. 14a. For the stresses measured in XX direction (Fig. 14a), stresses
measured at different positions showed a similar trend, where a peak shear stress of
28.2 MPa was measured at the step of around 60000. Tensile stress (negative) in
the XX direction was measured after the step of 120000, while they were tracked
much earlier in YY (Fig. 14b) and XY (Fig. 14c) directions. For the stresses at the ZZ

direction, both compressive and tensile stresses were measured before the failure of
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the sample (around 60000 steps), after which the compressive stress dominated

(Fig. 14d).

3.4 Orientation of cracks

Induced cracks in rock may distribute in different directions relying on the
combination of mineral grains (Peng et al. 2017), stress distributions (Paterson and
Wong 2005) and confinement (Martini et al. 1997). Fig. 15 shows stereonet plots
(equal-areal projection) of shear and tensile cracks monitored after simulations C3
(@a=40 mm and b=40 mm, Fig. 4c). Three different loading stresses were applied (2,
4 and 6 MPa). Cracks were plotted as poles and contour lines showing statistical
pole concentration were calculated. For comparison, contour interval was set to 2
and legends were indicated in each diagram. The filled contoured areas in Fig. 15a
represented densities of 2, 4 and 6% per 1% area for the shear cracks created at a
normal stress of 2 MPa, and geometries of these contoured areas changed slightly
at different normal stresses (see Figs. 15c and 15e). Densities of tensile cracks
ranged between 2, 4 and 6% per 1% area when normal stress was 2 MPa (Fig. 15b),
while they were between 2 and 12% per 1% area when normal stress increased to 4
MPa (Fig. 15d) and further increased up to 14 % per 1% area when normal stress

was 6 MPa (Fig. 15f).

3.5 Contact force between particles

Fig. 16 shows the distribution of contact forces between particles of rock matrix and
joints after shear (Sample C3). Magnitudes, orientations (shown on the XY plane)
and the number of active contact forces are presented. It can be seen that contact

force between particles (either forming rock matrix or joints), varied with different
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normal loading conditions. Forces between particles of smooth joints were much

smaller than that between particles of rock matrix (parallel bonded).

3.6 Effect of loading rate on shear strength

Shear strength of a rock discontinuity may be influenced by loading velocity
(Schneider 1977; Atapour and Moosavi 2014). It is suggested that static shear
strength of rock joints should be assessed at a low shearing velocity to ensure an
equilibrium status (Muralha etal. 2013). To investigate the effect of loading rate (LR)
on the shear properties of incipient rock joints, samples containing single and
multiple rock bridges were sheared at different loading rates of 0.01, 0.02, 0.1, 0.5
and 1.0 m/s, respectively. Fig. 17a shows the test results of Sample A2 with a single
rock bridge, where stress is plotted against strain (upper part) and the number of
cracks created in each loading velocity are also included (lower part). The results
show that there was a dramatic increase in shear strength when LR was increased.
The peak shear strength was 13.6 MPa of Sample A2 at a LR of 0.01 m/s, while it
increased to 17.5 MPa when the LR was 0.1 m/s. It increased further to 18.3 and
21.5 MPaat a LR of 0.5 and 1.0 m/s. Residual strength of the sample was quite
close (around 5 MPa), irrespective of LR. The number of tracked cracks increased
with the increment of LR. It was 11789 at a LR of 0.01 m/s while it rose up to around
17500 when the LR increased to 1.0 m/s. It was also noted that oscillation of the
stress-strain curves can be observed (before failure) if shear velocities were high
(0.1, 0.5 and 1.0 m/s in the study). The oscillatory behaviour was eliminated when
LR was reduced to 0.02 and 0.01 m/s (see Fig 17a). Furthermore, the difference
between the numerical tests (in terms of shear strength and number of cracks) at
shearing velocities of 0.02 and 0.01 m/s was insignificant, which means that the

loading rate effect is negligible when the shear velocity was reduced to 0.02 m/s.
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The measured results of Sample E2 having multiple rock bridges are shown in Fig.

17b. Again, stresses and the number of cracks created in each case are both plotted
against horizontal strain. A steady increase in shear strength from 15.1to 17.5 MPa
was observed when LR was increased, similar to the findings shown in Fig. 17a. The
total number of cracks were also increased with increase in LR, ranging from 12483

(0.01m/s) to 15520 (1.0 m/s) with a net increment of 24.3%.

3.7 Effect of areal persistence on shear strength

Extensive investigations have been undertaken to study the effect of linear
persistence to shear strength of rock discontinuities (for example Lajtai 1969a;
Zhang et al. 2006). Shang et al. (2017) has demonstrated the errors in the
approximation of areal persistence (real persistence) using linear persistence. Fig.
18 shows the shear stress and shear strain curves of incipient rock joints with
different areal persistence ranging from 0.2 to 0.88. It demonstrated that the shear
strength reduced from 25.1 to 7.3 MPa when joint areal persistence was increased.
Fig. 19 shows that shear strength was also different for samples having the same
areal persistence (K=0.84) but different geometries of rock bridge. The shear
strength of Sample D1 (with a rock bridge area of a=80 mm and b=20 mm) was the
largest (9.2 MPa), and it was 8.3 MPa for Sample B4 having a rock bridge of a=20
mm and b= 80 mm. The shear strength of Sample C3 with the same area of rock

bridge (a=40 mm and b=40 mm) lay in between.

A further study was conducted on samples of incipient rock joints with multiple rock
bridges and same areal persistence (K=0.5). The relationship between the shear
stress and shear strain of those tested samples is shown in Fig. 20, together with the

diagrams of persistent joints (yellow particles). The measured shear strength of
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Sample E2 was observed to be the largest, compared with other samples,
irrespective of applied normal stresses. Under a lower normal stress (4 MPa), the
shear strength was 15.8 MPa for Sample B2, while the shear strengths of Samples
E1 and E3 were 14.5 and 13.7 MPa, respectively (solid lines in Fig. 20). The shear
strength of Sample E2 increased to 17.9 MPa when the applied normal stress was 6
MPa (red dashed line in Fig. 20), which was somewhat larger than the measured

strength of Samples E1 (17.2 MPa) and E3 (16.3 MPa) at the same normal stress.

4 Discussion and limitations of this study

Current definitions of joint areal persistence imply that rock joints are planar in shape
(Lajtai 1969b; Jennings 1970; Einstein et al. 1983; Shang et al. 2018b). In this study,
planar incipient rock joints having rock bridges with 19 different geometries were
produced based on this assumption, which will unavoidably have some limitations as
many rock joints observed in the field are non-planar. For example the Woodworth’s
(1896) observation of joint geometry in Cambridge Argillite (Metamorphosed shale)
demonstrated that rock joints are not planar surfaces, but have some distinct surface
morphologies. Due to the inaccessible nature of rock masses, information on real
joint shape is limited (Zhang and Einstein 2010), although some attempts have been
made (e.g. Shang et al. 2017a). For simplicity, planar rock joints have often been
used for the investigation of mechanical behaviour of rock masses (e.g. Kemeny
2005; Ghazvinian 2007; Yang et al. 2016; Liu et al. 2017), including the present
paper. Additionally, as mentioned in DEM model setup (Section 2.3), persistent
sections (planar and opened joint sections) of the planar incipient rock joints were
simulated in this study without consideration of roughness and asperities. The main
reason for this simplification is restricted by the scope of this study, which aims at

investigating the effects of spatial distribution of rock bridges and areal persistence
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on the shear characteristics of planar incipient rock joints. The contribution to shear
strength of an incipient rock joint from intact rock bridges can be much larger than
that from the small asperities of a planar and opened joint plane (Gehle and Kutter
2003). For example, shear strength of the intact Horton Formation Siltstone in this
study (around 17.5 MPa, see Fig. 9a, black line) was approximately 10 times larger
than that of a planar and opened joint (1.54 MPa, see Fig 5c). This simplification
therefore, has little effects on the shear strength of the planar incipient rock joints

focused inthe study.

Fracturing and rupture of a piece of intact rock are influenced by mineralogy
(Bieniawski 1967), which is complex and inhomogeneous. Cracks preferentially
initiate along mineral grain boundaries between neighbouring hard minerals (e.g.
guartz) and soft minerals (e.g. K-feldspar) and sometimes occur within mineral
grains as applied stress increases (Eberhardt et al. 1999), which are often called
intergranular failure and transgranular failure, respectively. The particle-based DEM
established in this study did not attempt to simulate specific mineralogical grains but
represented rock as an assembly of grains (which is a common practice in the PFC)
that can exhibit macro-mechanical behaviour of the simulated rock. Rock bridges
ruptured suddenly after the initiation of cracks accompanied with a dramatic increase
in the number of cracks (Figs. 9-12), especially when the number of rock bridges
increased (see Fig. 8). This finding agrees with the brittle rupture of the Horton
Formation Siltstone observed in the laboratory and in the field (Shang et al 2016).
The induced cracks orientated with much more concentration under higher normal

stresses (Fig. 15).

It has been found that the number of shear cracks (at microscale) was approximately

10 times more than that of tensile cracks after shear failure (Fig. 6-8). The smaller
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number of tensile cracks observed in the study can be attributed to (1) the nature of
the tests reported in the study, where DEM samples were failed in pure mode |l
shear pattern from a macroscopic point of view, which can lead to more shear
cracks; and (2) the intrinsic limitation of the standard PBM which overestimates the
tensile strength of rock used in the study (especially when uniaxial compressive tests
are used in model calibration). As described in Section 2.4.1, uniaxial compressive
tests were used to calibrate the PBM, following the procedures used by Bahaaddini
et al (2013) and Shang et al. (2018a). In the calibration process, parallel bond
microparameters were properly selected to match UCS of Horton Formation
Siltstone (see Fig. 5a), which has inevitably led to the overestimation of tensile
strength of the rock. This fact is due to the use of spherical grains in the standard
PBM which cannot provide adequate grain interlocking (after the parallel bond is
broken and vanished) as that of real rocks (Potyondy and Cundall 2004). To
eliminate this intrinsic limitation of the standard PBM, the flat joint contact model
(FICM) proposed by Potyondy (2012) is suggested to be used in future research. In
the FICM, the interfaces between cemented particles can be damaged partially and
still exist after bond breakage which can provide much more interlocking between
particles (Potyondy 2012). Potyondy (2013) and Vallejos et al. (2017) have
demonstrated that the calculated compressive-to-tensile strength ratio based on the

FJCM is able to match that of experimental results.

Strength of rock joints is closely related to joint persistence. Many numerical
researches have been conducted on this topic (e.g. Zhang et al. 2006; Prudencio
and Van Sint Jan 2007; Jiang et al. 2015). However in most of the previous studies,
linear persistence was used as a way of representing real joint persistence, which

will unavoidably have some limitations and even errors, as pointed out by Zhang and
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Einstein (2010), and Shang et al. (2017a). In this paper, the relationship between
joint areal persistence and shear strength was investigated. Results demonstrated
that shear strength increased gradually with decrease in areal persistence (Fig. 18),
which agrees with the findings by Zhang et al. (2006). Moreover, Figs. 19 and 20
revealed that shear strength can also be different for incipient rock joints with the

same areal persistence.

5 Summary and conclusions

Fifty-seven direct shear tests under constant normal load boundary conditions have
been conducted on planar incipient rock joints using the established 3D particle-
based DEM model, in which rock bridges with nineteen different geometries were
involved. The DEM model was calibrated against physical experiments of Horton
Formation Siltstone. Shear behaviour of incipient rock joints with various geometries
of rock bridges was then investigated. It is demonstrated that the established 3D
particle-based DEM model can reproduce the shear behaviour and micromechanical
properties of incipient rock joints with various geometries of rock bridges within the

Horton Formation Siltstone. The following conclusions are made from this study:

(1) Based on the calibrated 3D particle-based DEM model, cracks often initiated at

the edges of rock bridges in direct shear. For cases with a single rock bridge, cracks
propagated and coalesced initially in the middle of rock bridge areas; while for cases
with multiple rock bridges, cracks firstly concentrated around the connection points of

rock bridges and then propagated until sample failure

(2) Rock bridge portions of tested incipient rock joints exhibited a quite brittle failure
under direct shear, accompanied with a dramatic increase of the number of cracks.

Shear cracks dominated for all tests in the study and this may be due to the nature of
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the mode Il tests reported in the study and the intrinsic limitation of the standard
PBM which overestimates tensile strength of rock used in the study. High crack
initiation stresses were measured (more than 60% of shear strength) for all tested

rock joints and they varied with rock bridge geometries.

(3) Shear strength of incipient rock joints tested in the study increased when the
applied normal stress was increased. Areal persistence played a significant role in
the shear strength of incipient rock joints. Shear strength increased gradually when
joint areal persistence was decreased. The number and distribution of rock bridges
on the joint planes also affected the shear strength of incipient rock joints. For some
rock joints with the same areal persistence (e.g. K=0.5), the measured shear

strength was still different.

(4) The shearing velocity also affected shear strength, irrespective of the number of
rock bridges. It was found that a high shearing velocity (1.0 m/s) resulted in a higher
shear strength, and simultaneously a strong oscillation of stress-strain curves can be
observed. To eliminate the shearing velocity effect, in the study, a shearing velocity

of 0.02 m/s was used.

It has to be noted that in the current research rock bridges with a regular geometry
(rectangular) were simulated. This of course implies a simplified description of the
geometry of natural rock bridges. An ongoing work is attempting to study the
statistical distribution (fractal) and geometry of real rock bridges based on laboratory

and field observations, which will be an extension of the current study.
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Figure Captions:

Fig. 1 a and b A rock bridge unveiled after the direct tensile failure of a Horton

Formation Siltstone. After Shang et al. 2016

Fig. 2 Descriptive terminology for a plane of weakness (an incipient joint). Adapted

from Lajtai 1969.

Fig. 3 a Parallel bond model (after Cho et al. 2007) and b smooth joint model in

PFC.

Fig. 4 Numerical model setup of direct shear tests. a A bonded particle model
containing a horizontal incipient rock joint; b Joint segments (yellow particles) shown
in a and a rock bridge (embraced by red dashed lines) along the joint plane; ¢
Incipient joint planes with a single rock bridge (Groups A-D) and multiple rock
bridges (Group E). For more details, see text. Please see the web version of this

article for colour interpretation.

Fig. 5 Comparison between results of laboratory experiments and the calibrated
DEM model. a Unconfined compressive of intact Horton Formation Siltstone. Failure
patterns of a DEM sample and a Horton formation Siltstone core are included. Green
and red discs in the broken DEM sample represent tensile and shear cracks,
respectively; b Normal deformability test results and c stress against horizontal
displacement in the direct shear tests: Numerical modeling results (solid lines) and
experimental results (scattered dots). Normal stresses applied were 2, 4 and 6 MPa,

respectively.

Fig. 6 Crack initiation, propagation and coalescence of an incipient joint with an areal

persistence of 0.4 (a=60 mm and b=100 mm) within the Sample A2 under direct
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shear. a Test initiation; b Crack initiation; c-e Crack propagation; f Crack
coalescence; g Fully rupture of the rock bridge and h final frame of the shear test.

Particles of rock matrix and rock bridge and parts of shear box walls are not shown

for clarity.

Fig. 7 Crack initiation, propagation and coalescence of an incipient joint with an areal
persistence of 0.88 (a=60 mm and b=20 mm) within the Sample D2 under direct
shear. a Test initiation; b Crack initiation; c-e Crack propagation and coalescence; f
Peak shear force reached; g Fully rupture of rock bridge and h final frame of the

shear test.

Fig. 8 Crack initiation, propagation and coalescence of an incipient joint (K=0.5) with
two rock bridges within the Sample E1 under direct shear. a Test initiation; b Crack
initiation; c-g Crack propagation and coalescence; h Peak shear force reached and i

final frame of the shear test.

Fig. 9 Shear stress and number of cracks plotted against horizontal displacement of
the incipient rock joints in the Group A. a Al with a rock bridge of a=100 mm and
b=80 mm (K=0.2); b A2 with a rock bridge of a=100 mm and b=60 mm (K=0.4); ¢ A3
with a rock bridge of a=100 mm and b=40 mm (K=0.6) and d A4 with a rock bridge of

a=100 mm and b=20 mm (K=0.8).

Fig. 10 Shear stress and number of cracks plotted against horizontal displacement
of samples in the Group B. a B1 with a rock bridge of a=80 mm and b=80 mm
(K=0.36); b B2 with a rock bridge of a=800 mm and b=60 mm (K=0.52); ¢ B3 with a
rock bridge of a=80 mm and b=40 mm (K=0.68) and d B4 with a rock bridge of a=80

mm and b=20 mm (K=0.84).
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Fig. 11 Shear stress and number of cracks plotted against horizontal displacement
of samples in the Group C. a C1 with a rock bridge of a=80 mm and b=40 mm
(K=0.72); b C2 with a rock bridge of a=60 mm and b=40 mm (K=0.76); ¢ C3 with a
rock bridge of a=40 mm and b=40 mm (K=0.82) and d C4 with a rock bridge of a=20

mm and b=20 mm (K=0.92).

Fig. 12 Shear stress and number of cracks plotted against horizontal displacement
of samples in the Group D. a D1 with a rock bridge of a=80 mm and b=20 mm
(K=0.84); b D2 with a rock bridge of a=60 mm and b=20 mm (K=0.88); ¢ D3 with a
rock bridge of a=40 mm and b=20 mm (K=0.92) and d D4 with a rock bridge of a=20

mm and b=20 mm (K=0.96).

Fig. 13 Normal displacement against horizontal shear displacement under normal

stresses of 2, 4 and 6 MPa (a=80 mm, b=40 mm, and K=0.68).

Fig. 14 Measured stresses plotted against step. a Stress XX; b Stress YY; ¢ Stress
XY and d stress ZZ. Eight measurement spheres (shown in a) with the same radius
of 10 mm were arranged within the rock bridge area. The applied normal stress was

4 MPa (a=40 mm, b=80 mm, and K=0.68).

Fig. 15 Contoured (percent of 1% area) stereonet plots of tensile and shear cracks
of an incipient rock joint with a single rock bridge after shear. Normal stresses were 2
(aand b), 4 (c and d) and 6 MPa (e and f), respectively. The different colours stand
for contoured data density with different intervals shown inthe legend (a=40 mm,
b=40 and K=0.84).

Fig. 16 Contact forces between particles of rock matrix and smooth joint of the
Sample C3 (a=40 mm and b=40 mm) after direct shear. Normal stresses were 2 (a),

4 (b) and 6 MPa (c), respectively.
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Fig. 17 Shear stress against shear strain at different shearing velocities of 0.02, 0.1,
0.5 and 1.0 m/s (upper part). The number of cracks created were also plotted (lower
part). a Sample A2 with a single rock bridge (K=0.4) and b Sample E2 with multiple

rock bridges (K=0.5). Normal stress applied was 4 MPa.

Fig. 18 Shear stress and strain of incipient rock joints with different areal
persistence.
Fig. 19 Shear stress and strain relationship of rock joints (within Samples B4, C3

and D1) with the same areal persistence of 0.82. Normal stress was 6 MPa.

Fig. 20 Shear stress and strain relationship of rock joints (in Group E) with the same

areal persistence of 0.5.
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Fig 2

a Strike of an incipient joint

B Dip of an incipient joint

Jis J2 ,-..y Jo  Joint segments measured along an
incipient joint

J Total length of an incipient joint

adv, ah Spacings between adjacent joint planes

As (gray)  Rock bridge along an incipient joint plane

AinAe,..., An Persistent areas along a joint plane
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(a) NSC=0 Shear force=0.0 kN NSC=545 Shear force=162.1 kN
= NTC=58 Cycle=59436

(C) NSC=1099 Shear force=181.4 kN (d) NSC=1518 Shear force=188.2 kN
NTC=111 Cycle=68831 NTC=145 Cycle=72387

(e) NSC=2124 Shear force=195.1 kN NSC=5921 Shear force=211.9 kN
= Cycle=76312 NTC=483 Cycle=81795

NSC=8964 Shear force=205.3 kN (h) NSC=13319 Shear force=79.9 kN
NTC=1064 Cycle=82877 NTC=3475 Cycle=159020

907 O Shearcracks @ Tensile cracks NSC=Number of shear cracks NTC=Number of tensile cracks

908 Fig 6
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Shear force=0.0 kN (b) NSC=281 Shear force=125.5 kN (C) NSC=478 Shear force=132.2 kN

NTC=25 Cycle=51200

(d) NSC=869 Shear force=139.3 kN (e)NSC:1816 Shear force=143.2 kN (f) NSC=2304 Shear force=145 kN
NTC=74 Cycle=60000 NTC=147 Cycle=65000 NTC=194 Cycle=68000

NSC=3417 Shear force=146.6 kN Shear force=147 kN (i>NSC:12580 Shear force=51.8 kN
NTC=2633 Cycle=155510

NTC=290 Cycle=73000 Cycle=75760

911 © Shear cracks @ Tensile cracks NSC=Number of shear cracks NTC=Number of tensile cracks

912 Fig 8
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