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*e scale effect of rock joint shear behavior is an important subject in the field of rock mechanics. *ere is yet a lack of consensus
regarding whether the shear strength of rock joints increases, decreases, or remains unchanged as the joint size increases. To
explore this issue, a series of repeated and enlarged numerical joint models were established in this study using the particle flow
code (PFC2D).*emicroparameters were calibrated by uniaxial compression tests and shear tests on the concrete material under
the constant normal loading (CNL) condition. *ree different normal stresses were adopted in numerical shear tests with joint
specimen lengths ranging from 100mm to 800mm. In addition to the commonly used CNL, the constant normal displacement
(CND) condition was established for the purposes of this study; the CND can be considered an extreme case of the constant
normal stiffness (CNS) condition. *e shear stress-shear displacement curves changed from brittle failure to ductile failure
alongside a gradual decrease in peak shear strength as joint length increased. *at is, an overall negative scale effect was observed.
Positive scale effect or no scale effect is also possible within a limited joint length range. A positive correlation was also observed
between the peak shear displacement and joint length, and a negative correlation between shear stiffness and joint length. *ese
above statements are applicable to both repeated and enlarged joints under either CNL or CND conditions. When the normal
stress is sufficiently high and shear dilatancy displacement is very small, the shear behavior of rock joints under CNL and CND
conditions seems to be consistent. However, for shear tests under low initial normal stress, the peak shear strength achieved under
the CND condition is much higher than that under the CNL condition, as the normal stresses of enlarged joints increase to greater
extent than the repeated ones during shearing.

1. Introduction

Scale effect, including the shear behavior of rock joints,
exists widely in rock engineering scenarios. A common
approach to quantifying the shear strength of large rock
joints is to conduct shear tests on small rock samples in the
laboratory, then establish a relationship with large-scale
rock joints. Barton et al. [1–5] have explored both aspects of
rock joint shear testing and achieved a series of influential
results.

*e empirical equation (1) proposed by Barton and
Choubey [3, 4] can be used to estimate the peak shear
strength (τpeak) of a rock joint; it was obtained from shear
tests on 136 100mm long rock samples. Ten typical profiles
were utilized to quantify the JRC value for a small rock joint

specimen (Table 1) by visual assessment using equation (1).
*e relationship between small rock joints and large ones is
given by equations (2) and (3) [1, 2]. *ese equations can be
used to determine the τpeak of a large rock joint.

τpeak � σn tan JRClog
JCS
σn

  + φb , (1)

JRCn � JRC0
Ln

L0
 

− 0.02JRC0

, (2)

JCSn � JCS0
Ln

L0
 

− 0.03JRC0

, (3)

where σn is the normal stress applied on the joint surface,
JRC is the joint roughness coefficient, JCS is the joint wall
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compression strength, and φb is the basic friction angle. *e
subscripts n and 0 of JRC and JCS in equations (2) and (3)
refer to the in situ and normal size (100mm), respectively.

Equations (2) and (3) show that the τpeaks of rock joints
decrease as joint size increases.*is is generally referred to as
“negative scale effect.” Many previous researchers have
observed similar results in physical or numerical shear tests
(e.g., [6–17]). Other scholars, however, have observed
“positive scale effect,” where τpeak increases with joint size
(e.g., [18–20]). Others have found that no obvious scale effect
occurs in shear tests (e.g., [21–26]).*ere is no consensus on
this issue, largely due to the inherent difficulty of carrying
out large-scale rock joint shear tests.

*e shear test method adopted by Ueng et al. [26]
involves reducing, enlarging, and assembling one joint
profile unit ranging from 75mm to 300mm, which is
convenient for analyzing the scale effect of rock joints. No
obvious scale effect was observed in proportionally en-
larged and reduced joints in their direct shear tests, which
may be due to a limited range of rock joint length. Particle
size effects do not readily appear when the joint length is
limited. By contrast, numerical simulations allow for shear
tests on large-scale joints without size limitations.
Bahaaddini et al. [7] conducted numerical shear tests in
PFC2D software to find easily observable negative scale
effect on the τpeak of rock joints. However, they cut small
joints from larger ones; there is no correlation between the
morphological characteristics of rock joints with different
sizes.

Previous researchers have tended to focus on the shear
behavior of rock joints under the constant normal loading
(CNL) condition, as shown in Figure 1(a), in which case
the normal stress is constant and the normal displacement
of the shear boxes is servo-controlled. As a result, the
distance between the upper and lower pressing plates
usually increases with shear dilatancy. *ough the CNL
condition is generally employed for the rock joint shear
tests in the laboratory, scholars have pointed out that it is
only suitable for shallow rock joints because the shear

dilatancy of deep rock joints is constrained by the sur-
rounding rock. *e constant normal stiffness (CNS)
condition should, thus, be adopted for research (e.g.,
[27–29]).

Under the CNS condition (Figure 1(b)), the normal
displacement of the pressing plates is linearly deformed as
normal stress increases. *e deformation rate is the constant
normal stiffness:

σn(t + Δt) � σn(t) + knΔd, (4)

where σn is the applied normal stress on the joint specimen,
Δd it is the normal displacement of the upper pressing plate
(providing the lower one is fixed) during Δt, and kn is the
normal stiffness of the upper pressing plate.

In practice, it is very difficult to identify the kn value for a
certain rock engineering scenario. Moreover, when the kn is
very high, the normal displacement is small enough to be
ignored. In this regard, shear tests under the CND (Constant
Normal Displacement) condition can be considered as an
extreme case of the CNS condition, as shown in Figure 1(c).
When the normal displacement is fixed at 0 during the shear
test, then the normal stiffness of the pressing plates kn �∞
falls under the CNS condition (Figure 1(b)). As a result, the
CND condition is easier to control than the CNS condition,
which usually needs a complex digital-controlled shear
testing apparatus [28]. When the normal stress is loaded to
the set value, the CND condition only requires fixing the
normal pressing plate without changing the normal dis-
placement according to the force on the pressing plate. *is
places less stringent requirements on the testing machine.
Under the CND condition, the normal stress increases more
significantly than under the CNS condition during shearing.
*is allows the extreme shear strength value of a given rock
joint to be effectively obtained.

*e stringent requirements for the CNS condition on the
testing machine make it more difficult to control in practical
experiments than the CNL condition. Few researchers have
explored the scale effect of large rock joints accordingly. *e
primary difference between them is that the normal stress
applied on the pressing plate is constant under the CNL but
increases gradually under the CNS condition. As a result, the
joint surface is more significantly damaged under the CNS
condition. *is is also related to the joint roughness (e.g.,
[30, 31]). As Jiang et al. [28] stated, strain hardening be-
havior occurs under the CNS condition, while the initial
normal stress and rock mass stiffness increase.

*e stringent requirements for experimental equipment
have generally prevented researchers from carrying out
shear tests on large rock joints under the CNS (or CND)
conditions. Additionally, there has been no previous study
on the scale effect of rock joints under these conditions. In
view of this, a numerical simulation method was adopted in
this study. Physical shear tests under the CNL condition
were implemented on concrete joint specimens, which have
surface morphology to the tenth standard joint roughness
profile (Table 1). Numerical tests were then conducted in
PFC2D software, and the results were compared against the
experimental results. On this basis, a series of numerical

Table 1: Ten typical roughness profiles [3].
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No. 

1

3 

4

6 
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8

9 

2
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JRC

0–2 (0.4)
2–4 (2.8) 

4–6 (5.8) 

6–8 (6.7)
8–10 (9.5) 

10–12 (10.8) 

12–14 (12.8)
14–16 (14.5)

16–18 (16.7) 

18–20 (18.7) 

Rock type
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(muscovite) 

Granite
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(nodular) 

Aplite
Aplite

Hornfels 
(nodular) 

Aplite

Granite

Soapstone

Scale 

Roughness profiles

0 5 10 cm
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shear tests were employed on different-sized rock joints:
100mm, 200mm, 400mm, and 800mm. Large numerical
rock joints were generated by enlarging and repeating the
tenth standard JRC profile. *e numerical shear tests were
performed under both CNL and CND conditions to study
the scale effect of rock joints comparatively.

2. Physical Shear Tests and PFC2D Model
Parameter Calibration

2.1. Preparation of Artificial Rock Joint Specimens. *e joint
specimens were generated by pouring mortar concrete to joint
moulds, which were assembled by a 3D printed joint surface of
PLA material and outer metal frame (Figures 2(a) and 2(b)).
With regard to the joint surface, the tenth standard JRC profile
provided by Barton and Choubey [3] was selected as the basic
rock joint unit in the shear direction and parallel stretched in
the vertical direction.*e joint size is 100×100mm2.*e joint
specimens and shear boxes are shown in Figure 2(c). *e mass
ratio of mortar concrete is sand : high-strength cement :water
�2 : 6 :1, and the mechanical parameters of the concrete ma-
terial after 3 days of curing are listed in Table 2. Shear tests were
conducted under the CNL condition with three different
normal stresses: 10%, 30%, and 50% UCS. Other relevant
experimental details are shown below.

2.2. Parameter Calibration of PFC2D Models Based on
Physical Test Results. Uniaxial compression and direct shear
tests were used to calibrate the microproperties of PFC2D

models in this study, as shown in Figure 3. *e uniaxial
compression test was conducted on a square specimen cured
for 3 days. *is specimen was fabricated with the same
mechanical properties as the joint specimens (Table 2). *e
loading rate was 0.2 kN/s for the uniaxial compression test
(Figure 3(a)).

Shear tests were conducted based on the joint specimens
discussed in Section 2. During the shear tests, the lower
block was fixed, and the upper block was pushed from right
to left at a shear rate of 5mm/min (Figure 3(b)). *e ex-
perimental uniaxial compression test and shear test results
are shown in Figures 4 and 5, accompanied with the nu-
merical results gathered in the PFC2D software.

*e parallel-bonded model embedded in the PFC2D was
adopted to simulate the concrete specimens in this study, as
it realistically reflects the qualities of rock-like materials [32].
As shown in Figure 6, the bonds between two particles may
break in either tension or shear directions with an associated
reduction in stiffness. *e parallel-bonded model can be
envisioned as a set of elastic springs uniformly distributed
over a rectangular cross-section with constant normal bond
stiffness and shear bond stiffness lying on the contact plane
and centered at the contact point [33, 34].

*e PFC2D model requires microproperties that are
carefully calibrated by physical experiments by trial-and-
error. Generally, macroscopic elastic modulus E depends on
particle normal/shear stiffness ratio Kn/Ks, particle contact
modulus Ec, parallel bond normal/shear stiffness ratio

Normal stress

Shear stress

σn = constant

(a)

Normal stress

Shear stress

kn = constant (CNS)
d = shear dilatancy

σn = f (kn, d)

(b)

Normal stress

kn = ∞
d = 0 (CND)

Shear stress

(c)

Figure 1: Shear tests under different normal loading conditions: (a) CNL. (b) CNS. (c) CND.
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Kn/Ks, and parallel bondmodulusEc.*e Poisson’s ratio v is
calibrated by altering Kn/Ks and Kn/Ks, UCS is calibrated by
the normal strength of parallel bonds, σc, and the shear
strength of parallel bonds τc, respectively. Numerical tests
were carried out here under the same condition as the
physical uniaxial compression and direct shear tests. *e
calibrated microparameters are listed in Table 3. A series of
large numerical joints were generated accordingly.

3. Numerical Shear Tests on Joints of Different
Sizes and Shapes

3.1. Geometry Design of Numerical Joints of PFC2D. In most
previous studies on the scale effect of rock joints, small joint
specimens were cut from larger ones (e.g., [3, 7, 10, 16, 17, 21])
or partial replicas of a large rock joint (e.g., [8, 9, 12, 22]).
Fluctuations in the asperities on the joint surface and the dip
angles of these small joints are quite different when using
these methods; namely, there is no morphological correlation
between small and large joints. In view of this, Ueng’s [26]

method was adopted in this numerical simulation; the large
joint models were generated by enlarging or assembling to-
gether small ones.

*e tenth standard JRC profile was selected here as a
basic joint unit with length of 100mm, then enlarged and
repeated in length to establish seven types of numerical joint
model with four different lengths: 100mm, 200mm,
400mm, and 800mm, all 100mm in height (Figure 7). *e
length and height of large joint specimens were not enlarged
equally according to the basic joint model, mainly for the
sake of calculation efficiency. *ere were more than 15,000
balls for the basic joint model of 100mm× 100mm; if it was
enlarged equally to achieve a joint with a length of 800mm,
the number of balls would increase 63-fold, which is difficult
for a PC to calculate.

3.2. Numerical Shear Tests under CNLCondition. During the
numerical shear tests under the CNL condition, three levels
of normal stresses (10%, 30%, and 50% UCS) were applied
on the joint specimens in a manner similar to the physical

(a) (b)

(c)

Figure 2: Concrete joints with uniform topography: (a) 3D printed joint surface derived from the tenth standard JRC profile [3]. (b)
Assembled moulds of PLA joint surface and outer metal frame. (c) Concrete joint specimens and shear boxes.

Table 2: Mechanical properties of concrete specimens.

Elasticity modulus
(GPa)

Poisson’s
ratio

UCS
(MPa)

Cohesion
(MPa)

Strength of
extension

Internal frictional angle
(°)

Basic frictional angle
(°)

12.6 0.22 24.3 5.34 1.53 28.6 32.2
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shear tests. *e resulting shear stress-shear displacement
curves are shown in Figure 8. Generally, for both repeated
and enlarged joints, the τpeak value decreases as joint length
increases and increases as normal stress increases. *e
postpeak shear strength drops rapidly for small joint
specimens, showing obvious brittle failure characteristics.
For larger joint specimens, the postpeak shear strength drops
slowly and shows ductile failure characteristics.

In these numerical shear tests, the smooth joint model
[35] was not adopted as per the stated focus on the shear
resistance of asperities on the rough joint surface. *e
smooth joint model weakens this effect to some extent. As a
result, the post τpeak suddenly decreases for the small rough
numerical joint, which can be attributed to the limited
number of particles in contact and the fact that the size of the
particles (i.e., the smallest destructible element) is much
larger than that of real rock/concrete material. As shown in
Figure 8, as the joint length and the number of particles in
contact increase, the post τpeak tends to decrease more and
more slowly.*is is consistent with previous research results
(e.g., [1, 6]). *us, the numerical shear test results are
generally acceptable and can be further analyzed.

Four indexes were adopted for analysis to observe the
shear behavior of the repeated and enlarged joints in detail:
the peak shear strength τpeak, peak shear displacement δpeak,
peak shear dilatancy displacement dpeak, and shear stiffness
ks, as shown in Figure 9. Overall, the τpeak increases with
normal stress but is also slightly affected by the geometrical
configuration of the joints. *ere is little difference between
the repeated and enlarged joints (Figure 9(a)).

With regard to the scale effect of τpeak, there was neither
simple positive scale effect nor negative scale effect observed
in this study under lower normal stresses (10% or 30%UCS).
Especially for the repeated joints, the τpeak first rises and then
falls with a maximum value at length of about 200mm.*at
is to say, no obvious scale effect occurred within a limited
joint length. *is agrees well with the results of Ueng’s [26]
experimental results. *e length range of Ueng’s joint

(a)

Normal jack

Horizontal jack

Shear box

Joint specimen

Shear direction

(b)

Figure 3: Uniaxial compression test and shear test of concrete material joint specimens: (a) Uniaxial compression test. (b) Shear test.
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specimens was from 100mm to 300mm, and the experi-
mental material ranged from 9.0MPa for a specimen of
54 mm in diameter to 6.8MPa for a specimen of 162 mm in
diameter; the normal stresses applied on the joint specimens
in their shear tests were only 0.294MPa to 0.882MPa.

As shown in Figure 9(a), the τpeaks decreased with the
increase in joint length on the whole, which is consistent
with the statements of most previous scholars as well.
Even so, because the scale effect of τpeak was unstable,
fluctuated within a limited range of joint size, and affected
by the normal stress and surface morphology, and the
negative scale effect of τpeak was only obvious when the
joint reached a sufficient length. *is may be the main
reason why different conclusions were drawn by previous
scholars.

*e peak shear displacement δpeak is the horizonal dislo-
cation distance of the two halves of shear boxes at τpeak, as
illustrated in Figure 9(b). *e δpeak peak shear displacement
increased as joint length increased for both the repeated and
enlarged joints. Moreover, it was more significant for the

enlarged joints under higher normal stress (50% UCS). On the
contrary, the peak shear dilatancy displacement dpeak (which is
equal to the shear dilatancy displacement at τpeak) was more
significant under lower normal stress (10% and 30% UCS), as
shown in Figure 9(c). *ere was a slight increase in dpeak
observed for the repeated joints with increase in joint length,
but with an obvious increase for the enlarged joints, especially
under lower normal stress (10% and 30% UCS). Substantial
“waviness” on the joint surface was shorn off under higher
normal stress (50% UCS), which created a small dpeak for the
enlarged rock joints.

*e shear stiffness ks is another important index,
which represents the slope of the prepeak portion of the
shear stress versus shear displacement graph, as shown in
Figure 9(d). *e ks in this test decreased with the increase
in joint length due to the lower τpeak and higher δpeak of the
large joints. *ere was little difference between the re-
peated and enlarged joints, which indicates that the ks is
only related to the mechanical properties of the joint
surface.
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Figure 6: Microparameters and force-displacement behavior of particles in PFC2D [33], where Kn and Ks are normal stiffness and shear
stiffness of particles, Kn and Ks are normal stiffness and shear stiffness of parallel bond, Fn and Fs are normal contact force and shear contact
force between two particles, respectively; Rbond is radius of parallel bond.

Table 3: Calibrated microparameters of PFC2D model.

Kn (N·m−1) Ks (N·m−1) Kn (N·m−1) Ks (N·m−1) σc (MPa) τc (MPa) Rbond Friction factor
Rock 2.5×108 2.5×108 3×1011 3×1011 36 36 1 0.25
Joint 0 0 0 0 0 0 0 0.1
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Figure 7: Geometry design of numerical joints in PFC2D: (a) repeated and (b) enlarged rock joints derived from the tenth standard JRC
profile.
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Figure 8: Continued.
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Figure 8: Shear stress-shear displacement curves of different-sized rock joints under CNL condition: (a) repeated and (b) enlarged rock
joints derived from tenth standard JRC profile.
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3.3. Numerical Shear Tests under CND Condition. Similar to
the shear tests under the CNL condition, three levels of normal
stress (10%, 30%, and 50%UCS) were adopted in the shear tests
under the CND condition with the shear dilatancy displace-
ment fixed to 0.*e shear stress-shear displacement curves are
shown in Figure 10. *e overall trend of these results is similar
to that under the CNL condition (Figure 8). For in-depth
analysis, four indexes are used for comparison: τpeak, δpeak, ks,
and the percentage of the normal stress increment ω.

Unlike the shear test results under CNL condition, there was
a significant difference in τpeak between the repeated and en-
larged rock joints under the CND condition (Figure 11(a)). *e
τpeaks of the enlarged joints were apparently higher than those of
the repeated joints under lower normal stresses (10% and 30%
UCS), butwith the increase in normal stress, the gap between the
two kinds of joints gradually decreased. Under the CND con-
dition, the τpeak showed neither simple positive scale effect nor
negative scale effect. With increase in joint length, the τpeak first
increased, then decreased for the enlarged joints under any
normal stress. *is phenomenon was less significant for the
repeated joints, which showed an overall negative scale effect.
*us, the τpeak is significantly affected by the geometrical
configuration of a joint under the CND condition, in which case
the influence of substantial fluctuations on the joint surface is
more prominent.

*e above numerical results are similar to those of
Ueng’s experimental results [26] under the CNL condition;
that is, the τpeak of enlarged rock joints may first increase and
then decrease in the range of 100mm to 300mm, but the
CND loading conditions highlight this change trend. *e
main reason for this may be that joints with large fluctua-
tions provide greater shear resistance, which leads to a
positive scale effect on the τpeak over a limited length range.
However, when the joints are too long, these large fluctu-
ations on the joint surface do not form any resultant force
against the shear direction; thus, they are sheared in turn,
and there is no obvious peak shear strength (Figure 10).

*e peak shear displacement δpeak (Figure 11(b)) in-
creased with the increase in joint length for both repeated
and enlarged joints under the CND condition.*is is similar
to the results under the CNL condition. In general, the δpeaks

of enlarged joints were larger than those of the repeated ones
under lower normal stresses (30% and 50% UCS), especially
for the large joints, but there was little difference under
higher normal stress (50% UCS). *e similar effects are also
reflected in the percentage of normal stress increment ω
shown in Figure 11(c). Both repeated and enlarged joints
achieved a larger ω value under low normal stress (10%
UCS), and the enlarged joints increased to greater extent
than the repeated ones. With the increase in normal stress,
the ω tended to decrease for both joint types, as did the gap
between them. Combined with the experimental results
under the CNL condition, this indicates that the shear tests
under the CNL and CND conditions are consistent when the
normal stress is sufficiently high.

Under the CND condition, the shear stiffness ks still
decreased with increasing joint length as shown in
Figure 11(d). Despite some small fluctuations, the change
tendency of ks was almost the same as that under the CNL
condition. *erefore, the shear stiffness ks seems to be less
sensitive to the loading conditions (CNL or CND), while the
joint length is a key factor in ks.

3.4. Comparison of Shear Tests under CNL and CND
Conditions. As stated above, the CND condition can be
considered as an extreme case of the CNS condition,
under which the shear dilatancy displacement is strictly
restricted to 0 during shearing. *us, the normal stress
increases more significantly under the CND condition,
especially for joints with large fluctuations under low
original normal stress. *e percentage of τpeak increment
under the CND condition compared to the CNL condition
is shown in Figure 12, where τpeak increases more for the
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Figure 9: Shear behavior of different-sized repeated and enlarged joints under CNL condition. (a) Peak shear strength. (b) Peak shear
displacement. (c) Peak shear dilatancy displacement. (d) Shear stiffness.
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enlarged joints than the repeated ones. However, the
difference between the two kinds of joints appears to
decrease significantly with increase in normal stress. *is
is because shear dilatancy is very small under high normal
stress for both repeated and enlarged joints. Compared to
the τpeak under the CNL condition, the percentage of τpeak
increment under the CND condition is positively

correlated with joint length, for both repeated joints or
enlarged joints.

As shown in Figure 12, the peak shear strength incre-
ment was slightly negative for short joint specimens under
the normal stress of 50% UCS, which actually reflects that
the CND and CNL loading conditions are very similar under
high normal stress. *is is further reflected in the limited
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Figure 10: Shear stress-shear displacement curves of different-sized rock joints under CND condition: (a) repeated and (b) enlarged rock
joints derive from the tenth standard JRC profile.
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normal stress increment shown in Figure 11(c). *e slight
difference or negative value of the shear strength increment
belongs to the normal fluctuation of the numerical calcu-
lation results. For longer joints, the stress concentration at
the edge of the specimen created a significant increase in
normal stress resulting in a larger increase in peak shear
strength, as shown in Figure 13.

*e maximum principal stress contours of the repeated
and enlarged joints under different normal stresses (10% and
50% UCS) are shown in Figure 13. Only the results under the
CNL condition are provided here, as the main difference
between the two conditions (CNL and CND) was the effective
normal stress during the shear tests; they were almost the
same under high normal stress.*emaximumprincipal stress
contours show where the contact area increased with increase
in joint length, especially for the repeated joints under lower
normal stress (Figures 13(a) and 13(c)), though themaximum
principal stress was higher in the contact areas of the large
joint. *ey were distributed relatively evenly on the joint

surface, which may have caused the negative scale effect of
τpeak. In addition, the stress distribution of the large-scale joint
specimen is not uniform. A severe stress concentration
emerged in the face of the shear box even resulting in damage
under high stress (Figures 13(b) and 13(d)). *us, for a large
rock joint, the shear resistance tends to bemainly borne by the
joint ends during the shear process.

4. Discussion

*e CNL and CNS conditions, respectively, represent shallow
and underground rock joints. *e essential difference between
them is how the shear dilatancy is restricted. In extreme cases of
the CNS loading condition, that is, where the stiffness of the
normal pressing plate is infinite and shear dilatancy is com-
pletely restricted during the shear process, the CND condition is
achieved.*us, the CND loading condition is an extreme case of
the CNS.*eminimum andmaximum τpeaks of a joint under a
certain normal stress can be obtained under the CNL and CND
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Figure 11: Shear behavior of different-sized repeated and enlarged joints under CND condition. (a) Peak shear strength. (b) Peak shear
displacement. (c) Normal stress increment. (d) Shear stiffness.
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Figure 12: Shear stress increment under CND condition compared to CNL condition. (a) Repeated rock joints. (b) Enlarged rock joints.
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Figure 13: Continued.
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conditions, and the CNS condition can be regarded as a special
case between them. From this perspective, the physical shear
tests under the CND condition merit further study. Its re-
quirements on the testing system are much lower than those of
the CNS condition.

According to the numerical shear tests conducted in this
study, although τpeak showed a negative scale effect in a large
range of joint sizes, positive scale effect or no scale effect can
also be observed in a narrow joint length range. *erefore, it
is reasonable that previous scholars reached different con-
clusions on this issue. For a series of joints with different
surface morphology, the results of this study show that the
maximum τpeak can be obtained from joints with a length of
about 100mm to 400mm. *e length required for the en-
larged joints is even longer, especially for the CND condition
with lower original normal stress (Figure 11(a)). Larger joint
specimens are needed to study the scale effect of τpeak;
400mm seems to be the minimum size requirement, lest
altogether unstable experimental results follow.

5. Conclusion

In this study, numerical shear tests were performed on a
series of repeated and enlarged joints under CNL and CND

conditions, respectively. *e numerical joint models were
established in PFC2D software, and the microparameters
were calibrated based on uniaxial compression and shear
tests on physical concrete specimens. *e numerical shear
tests greatly expanded the joint size and loading condition of
the physical shear tests and revealed important insights into
the scale effect of rock joints.

*e numerical shear test results show that the shear
stress-shear displacement curves change from brittle failure
to ductile failure with increase in joint length.*e τpeak value
shows a negative scale effect in a large range of joint sizes.
Even so, positive scale effect or no scale effect may also be
observed over a limited joint length range.*ere is a positive
correlation between peak shear displacement and joint
length, but a negative correlation between shear stiffness and
joint length. *ese conclusions are applicable to both re-
peated and enlarged joints either under the CNL or CND
condition.

Owing to shear dilatancy, there is little difference in the
τpeak between repeated and enlarged joints under the CNL
condition, but an obvious difference under the CND
condition. *e shear dilatancy is completely restricted in
this case. For the shear tests with low initial normal stress,
the normal stress increment under the CND condition is
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Figure 13:Maximum principal stress for repeated and enlarged joints in shear tests under CNL condition. (a) Repeated joints sheared under
normal stress of 10% UCS. (b) Repeated joints sheared under normal stress of 50% UCS. (c) Enlarged joints sheared under normal stress of
10% UCS. (d) Enlarged joints sheared under normal stress of 50% UCS.
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much larger than that under the CNL condition. Conse-
quently, the τpeak under the CND condition is much higher
than that under the CNL condition. However, when the
normal stress is sufficiently high and shear dilatancy dis-
placement is very small, the shear behavior of rock joints is
consistent under CNL and CND conditions. In addition,
compared to the τpeak under CNL condition, the τpeak
increment under the CND condition is positively corre-
lated with joint length for both repeated and enlarged
joints, though the enlarged joints increase to greater extent
than the repeated joints.

Abbreviations

CND: Constant normal displacement condition
CNL: Constant normal loading condition
CNS: Constant normal stiffness condition
JCS: Joint wall compressive strength (MPa)
JCS0: JCS value for the joint specimens in the laboratory

(MPa)
JCSn: JCS value for the large joints in situ (MPa)
JRC: Joint roughness coefficient (dimensionless)
JRC0: JRC value for the joint specimens in the laboratory

(dimensionless)
JRCn: JRC value for the large joints in situ (dimensionless)
L0: Joint size in the laboratory (nominally 100mm)
Ln: Joint size in situ
UCS: Uniaxial compressive strength (MPa)
φb: Basic friction angle (°)
φr: Residual friction angle (°)
τpeak: Peak shear strength of rock joints (MPa)
δpeak: Peak shear displacement (mm), the shear

displacement when the τpeak achieves
dpeak: Peak dilatancy displacement (mm), the dilatancy

displacement when the τpeak achieves
σn: Effective normal stress applied on a rock joint (MPa)
kn: Normal stiffness of the pressing plates during shear

tests (GPa/m or MPa/mm)
ks: Shear stiffness of physical or numerical shear tests

(GPa/m or MPa/mm)
ω: *e percentage of the normal stress increment under

the CND condition
Kn,Ks: Normal stiffness and shear stiffness of the particles

in PFC2D
Kn,
Ks:

Normal stiffness and shear stiffness of the parallel
bond in PFC2D

Fn, Fs: Normal contact force and shear contact force
between two particles in PFC2D

Rbond: Radius of the parallel bond in PFC2D.
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