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Effects of cyclic shear loads on strength, stiffness and dilation of rock fractures
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Abstract

Direct shear tests have been performed to determine the peak and residual shear strengths of fractures in sandstone,
granite and limestone under cyclic shear loading. The fractures are artificially made in the laboratory by tension inducing
and saw-cut methods. Results indicate that the cyclic shear load can significantly reduce the fracture shear strengths and
stiffness. The peak shear strengths rapidly decrease after the first cycle and tend to remain unchanged close to the residual
strengths through the tenth cycle. Degradation of the first order asperities largely occurs after the first cycle. The fracture
dilation  rates  gradually  decrease  from  the  first  through  the  tenth  cycles  suggesting  that  the  second  order  asperities
continuously degrade after the first load cycle. The residual shear strengths are lower than the peak shear strengths and
higher than those of the smooth fractures. The strength of smooth fracture tends to be independent of cyclic shear loading.
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1. Introduction

Joint shear strength is one of the key properties used
in the stability analysis and design of engineering structures
in  rock  mass,  e.g.  slopes,  tunnels  and  foundations.  The
conventional method currently used to determine the joint
shear strength is the direct shear testing (e.g. ASTM D5607-
08).  The  joint  properties,  such  as  roughness,  strength  of
asperities, separation, gouge and even the spatial distribu-
tions make the behavior of jointed rock masses more com-
plicated (Lee et al., 2001). Most of the previous laboratory
experiments on the mechanical properties of rock joints have
been focused on determining the peak shear strength and
the stress–displacement relations under unidirectional shear
loading. Cyclic displacements due to earthquake loadings
can however affect the shear strength. The cyclic effect has
been first recognized by Hutson and Dowding (1990) who
conclude that the cyclic shear loading can reduce the shear
strengths of rock fractures. Jafari et al. (2002, 2003) have

performed  shear  testing  on  rock  replica  fractures  (cast
cement) to investigate the effect of cyclic shear loading on
the  degradation  of  fracture  asperities.  They  propose  an
empirical model to describe the fracture shear strength as
affected  by  number  of  shear  cycles.  The  model  is  then
compared with some shear test results from the actual rock
fractures. Hosseini et al. (2004) stated that small repetitive
earthquakes  may  not  make  considerable  movements,  but
because of their repetitive nature they may affect the shear
resistance  of  rock  joints.  These  cyclic  displacements  can
degrade the first and second order asperities along the joint
surface and reduce its shear strength. The shear strength of
rock joints under cyclic loadings is therefore an important
consideration for long-term stability of engineering structures
in the areas where seismic activities occur. Even though the
cyclic  shear  effect  has  long  been  recognized  data  basis
relevant to the issue have rarely been produced. In parti-
cular, the effects of cyclic shear load on the fracture stiffness,
dilation rate, and on different fracture roughness have rarely
been investigated.

The objective of this study is to investigate the rock
fracture strength and stiffness under cyclic shear loads in
the laboratory. The effort primarily involves performing series
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of cyclic direct shear tests on smooth and rough fractures.
The peak and residual shear strengths, fracture shear stiff-
ness,  dilation  rate  and  degradation  of  asperities  of  the
fractures under cyclic shearing are of interest. The findings
are of useful in understanding the shear behavior of rock
fractures as affected by cycles of shear loading.

2. Rock Samples

The  rocks  selected  for  this  study  are  Phu  Phan
sandstone, Saraburi limestone, and Tak granite (hereafter
called PPSS, SLS and TGR). The sandstone is fine grained
rock brownish yellow and composed mainly of quartz and
feldspar with a few mica. They are well sorted and angular.
The rock comprises 72% quartz (0.2-0.8 mm), 20% feldspar
(0.1-0.8 mm), 3% mica (0.1-0.3 mm), 3% rock fragment (0.5-2
mm), and 2% other (0.5-1 mm). The limestone is rounded
pelsparite texture. The rock comprises 97% calcite, 0.57%
dolomite, 0.94% quartz and 0.6% clays. Tak granite is felsic
and phaneritic rock. It comprises 40% plagioclase (0.5-1 mm),
30% quartz (2-5 mm), 5% orthoclase (3-5 mm), 3% amphibole
(1-2 mm), and 2% biotite (1-2 mm).

The block specimens are prepared to have nominal
dimensions of 10´10´16 cm. Specimens with smooth fracture
are  simulated  by  using  saw-cutting  surfaces.  The  rough
surfaces are prepared by applying a line at the mid-section of
the specimens until splitting tensile failure occurs (tension-
induced fractures). For both smooth and rough fracture speci-
mens, the upper block is trimmed out about 1 cm to obtain
constant contact area during shearing. The tested fracture
area is 9´10 cm. Figure 1 shows examples of rock fractures
prepared for the three rock types. The asperity amplitudes
on the fracture planes are measured using the laser-scanned
profiles along the shear direction (Figure 2). The readings
are made to the nearest 0.01 mm. The maximum amplitudes
can be used to estimate the joint roughness coefficients (JRC)

of each fracture based on Barton’s chart (Barton, 1982). The
initial JRC values for the fractures in sandstone, limestone
and granite are in the ranges of 8-10, 10-12 and 18-20. The
roughness  of  the  tension-induced  fractures  tends  to  be
governed by the textures and mineral compositions of the
rocks. Hence, the fracture roughness for each rock type is in
the  narrow  range  of  the  JRC  values  (i.e.  tends  to  remain
constant). The rock density is measured using the ASTM (C
127-12). The densities of sandstone, limestone and granite
specimens are 2.31, 2.85 and 2.71 g/cc. These rocks are classi-
fied as medium to strong rocks based on the ISRM standard
(Brown,  1981).  The  rock  uniaxial  compressive  strengths
determined  from  previous  studies  are  85,  93  and  118  MPa
for Phu Phan sandstone (Fuenkajorn and Khenkhonthod,
2010), Saraburi limestone (Boonbatr and Fuenkajorn, 2011),

Figure 1. Line load applied at the mid-section of the specimens to
obtain a tension-induced fractures (a), and tension-induced
fractures specimens (b).

Figure 2. Examples of laser-scanned profiles revealing the maximum asperity amplitude used to estimate the joint roughness coefficient
(JRC) for tension-induced fractures (a) and smooth saw-cut surfaces (b).
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and Tak granite (Rodklang and Fuenkajorn, 2014). These
selected  rock  samples  are  highly  uniform  in  texture  and
mechanical properties, and hence the study performed here
is isolated from the effects of the intrinsic variability due to
the non-homogeneity for each rock type.

3. Test Method

The test method and calculation follow as much as
practical  the  ASTM  (D5607-08)  standard  practice.  Each
specimen is sheared under each normal stress using a direct
shear device (SBEL DR44) (Figure 3). The applied constant
normal stresses are 0.5, 1, 2, 3, and 4 MPa. The rates of shear
displacement are maintained constant at 0.01-0.02 mm/s. The
maximum number of loading cycles is 10 with the maximum
shear displacement of ±5 mm (forward and backward), which
is equivalent to the amplitude of 10 mm. The applied normal
and shear forces and the corresponding normal and shear
displacements are monitored and recorded. Linear variable
differential transformers (LVDT’s) are used to measure the
shear  and  normal  displacements.  Each  loading  cycle  is
divided into four stages: forward advance (stage I) when the
specimen  moves  from  the  center  to  +5  mm  with  positive
corresponding shear stress; forward return (stage II) when
the specimen returns from +5 to the center with negative shear
stress; backward advance (stage III) when the specimen
moves from the center to -5 mm with negative corresponding
shear stress; backward return (stage IV) when the specimen
returns from -5 to the center with positive shear stress (Figure
4). Due to the limitation of the available shear device and
measurement system the cyclic frequency is relatively low,
about 10-3 cycle/second. The effect of cyclic frequency is not
investigated in this study

4. Test Results

The shear stresses are calculated and presented as a
function of shear displacement for each constant normal
stress. Figure 5 shows examples of shear stress-displacement
curves  under  0.5  MPa  (minimum)  and  4  MPa  (maximum)
normal stresses. For all rock types the first shear cycle clearly
reveals the peak shear and residual shear stresses under each
normal load. From the second to tenth cycles, the peak shear
stress rapidly reduces to close to the residual shear values.
Under low normal stress the residual shear stresses remain
virtually unchanged for all cycles. Under high normal stresses
however the residual shear stresses continue to decrease
slightly as the number of shear cycles increase. This observa-
tion is more obvious for strong rock (granite) than for softer
rock (sandstone). The reduction of the peak shear stresses
under the first shear cycle is due to the degradation of the
first order asperities. The residual shear stresses are contri-
buted by the shearing resistance of the second order asperi-
ties, which gradually decrease as the shear cycles increase.
This conclusion is supported by the results of the fracture
dilation  rate  (vertical-to-horizontal  displacement  ratio)

Figure 3.  Direct shear device SBEL DR44 used in this study.

Figure 4.  Shearing paths for four stages in one cycle.

Figure 5. Examples of shear stress-displacement curves for tension-
induced fracture specimens under normal stresses of 0.5
MPa (a) and 4 MPa (b).
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monitored during shearing. Figure 6 shows examples of the
dilation as a function of shear displacement on the tension-
induced fractures under 0.5 MPa and 4 MPa normal stresses.
The dilation rapidly decreases after the first shear cycle due to
the sheared-off of the first order asperities. Then it gradually
decreases as the shear cycles increase, which is probably
due to the slow degradation of the second order asperities.
The dilation rates (dn/ds) are plotted as a function of number
of shear cycles in Figure 7. The diagrams clearly show the
reduction of dilation rates as the shear cycles and normal
stresses increase.

Figure 8 shows the shear stress-displacement curves
of the smooth saw-cut fractures under 0.5 MPa and 4 MPa
normal  stresses.  No  peak  shear  stress  is  detected  for  all
normal loads and loading cycles. The results from cycle one
to cycle ten are virtually identical. This suggests that the
shear strengths and dilation rates of the smooth fracture are
independent of the shear cycle.

Figure 9 shows the fracture shear stiffness values
(Ks) calculated for all cycles of the three rock types. Fracture
shear stiffness is the parameter defined as the slope at a
linear portion of the shear stress-displacement curve before
the peak value is reached (Jaeger et al., 2007). It represents
the  ratio  of  shearing  stress-to-deformation  of  a  fracture
before any significant displacement occurs. The results (data
points in Figure 9) indicate that the shear stiffness of the
tension-induced fractures rapidly drops during the first few

Figure 6. Normal displacement as a function of shear displacement
for tension-induced fractures under normal stresses of 0.5
MPa (a) and 4 MPa (b).

Figure 7. Dilation rate (dn/ds) as a function of number of shear cycles
(Ns).

Figure 8. Examples of shear stresses as a function of shear displace-
ment for smooth saw-cut surfaces under normal stresses
of 0.5 MPa (a) and 4 MPa (b).
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shear cycles, and then gradually decreases and approaching
a limit value near the tenth shear cycle for each normal load.
The larger decrease is observed under the greater normal
load. The shear stiffness for smooth fractures is also deter-
mined. Their values from the sandstone are significantly
lower  than  those  of  the  rough  fractures.  For  granite  and
limestone, the shear stiffness values of the smooth fractures
are slightly lower than those of the rough fractures. This is
probably due to that the cohesive force at the contacts of
smooth surfaces for the granite and limestone are greater
than that of the sandstone. More discussion on this issue is
given in the next section.

An empirical equation is proposed here to represent
the fracture shear stiffness as a function of normal stress (n)
and number of shear cycles (Ns). After several trials, it is
found that the power equation can best represent the reduc-
tion of the shear stiffness as n decreases and Ns increases.
It can be described as follows:

Ks = + {  × n × Ns
} (1)

where ,  and  are empirical constants. Linear regression
analyses have been performed on the test data using SPSS
statistical  software  (Wendai,  2000)  to  determine  these
empirical constants. The results are shown in Figure 9 for
both tension-induced and smooth fractures. Good correla-

tions are obtained between the test data and the proposed
equation (R2 is greater than 0.9). Equation (1) is useful to
predict the shear stiffness (Ks) of the tested fractures in Tak
granite, Phu Phan sandstone and Saraburi limestone. The
fracture roughness is not explicitly incorporated into the
above  equation.  This  is  primarily  because  the  tension-
induced fractures tend to be consistent for each rock type.

Post-test measurements of the JRC values have been
made after the 10th-cycle (Table 1). The differences of the
JRC values between the 1st cycle and 10th cycle are larger for
the sandstone, compared to those of the granite and lime-
stone. This is probably because the sandstone has the lowest
strengths than the other two.

5. Strength Criterion

An attempt is made here to demonstrate how the shear
cycles  affect  the  fracture  strength  under  various  normal
loads, and hence suitable strength criterion can be developed
and applied to the stability analysis and design of engineer-
ing  structures  in  rock  mass.  The  Coulomb  shear  strength
criterion  is  adopted  here  to  describe  the  fracture  shear
strength () as a function of normal stress (n) as follows
(Jaeger et al., 2007):

 = c + n  × tan  (2)

where c and  are cohesion and friction angle. Figure 10
compares  the  peak  and  residual  shear  strengths  obtained
from the first through the tenth cycles. The shear strengths of
the  smooth  saw-cut  fractures  are  also  incorporated.  Good
correlations between the test results and the Coulomb crite-
rion are obtained. The coefficient of correlations (R2) for all
curves are greater than 0.9. It is clear that the peak shear
strengths  of  the  second  through  tenth  cycles  for  all  rock
types  are  notably  lower  than  those  of  the  first  cycle.  The
reduction  of  these  shear  strengths  is  reflected  by  both
cohesion and friction angle. The -n diagrams in Figure 10
show  that  the  shear  strengths  of  the  smooth  saw-cut
fractures are lower than the residual strengths. This implies
that the second order asperities remain on the fracture planes
after the first order asperities have been sheared off by the
first shear cycle.

To  further  examine  the  variation  of  the  peak  and
residual  shear  strengths,  the  friction  angle  and  cohesion
values calculated as a function of shear load cycles (Ns) are
plotted in Figure 11. The results show that some variations

Figure 9. Joint shear stiffness (Ks) as a function of number of shear
cycles (Ns) for tension-induced fractures (a) and smooth
saw-cut surfaces (b).

Table 1. Joint roughness coefficients of tested rocks.

     JRC
Rock types

Before 1st cycle After 10th cycle

PPSS 8-10 4-6
TGR 10-12 8-10
SLS 18-20 14-16
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Figure 10. Shear strengths (t) as a function of normal stress (n) for
peak (a) and residual (b).

Figure 11. Friction angle and cohesion of peak (a) and residual (b)
shear strengths as a function of number of shear cycles.

of the f and c values occur from the second through tenth
cycles. In principle the residual f and c would continue to
decrease as Ns increases, presumably due to the gradual de-
gradation of the second order asperities. The fluctuation of
these  parameters  is  probably  because  the  small  rock  frag-
ments and powder trapped in the fracture aperture causes
unequal effects on different shear cycles. The magnitudes of
the residual f and c are nevertheless lower than those of the
peak strengths and notably higher than those of the smooth
fractures.

6. Discussions on Fracture Roughness Degradation

Table  2  summarizes  the  fracture  characteristics  at
the  1st-cycle  and  the  10th-cycle.  The  peak  and  residual
cohesions and friction angles of the 1st-cycle are higher than
those of the 10th-cycle. The peak shear strengths signifi-
cantly drop from the 1st-cycle to the 10th-cycle for all rock
types. The residual shear strengths, however, are not that
much  different  from  the  1st-cycle  through  the  10th-cycle.
It seems that fractures in softer rock (sandstone with lower
UCS) tend to show larger reduction of the shear strengths
than those of the stronger rocks (granite and limestone), as
shown in Table 2. The fracture shear stiffness (Ks) tends to be
insensitive to the rock strength. This is because the stiffness
is mainly governed by the rigidity modulus of the fracture
wall  rock  and  by  the  cohesive  force  between  two  contact
surfaces. The highest fracture shear stiffness is obtained
from  granite  and  limestone  where  they  also  have  higher
value of cohesion from the smooth fracture (see Figure 9)
and higher intact strengths (see Table 2), compared to those
of sandstone.

Since the precision of the laser scanning system used
here is inadequate to directly measure the asperity angles,
an indirect assessment of these angles is used. The Patton
fracture shear strength (Hoek and Bray, 1981) concept is
adopted to determine the 1st- and 2nd-orders of the asperi-
ties.  Patton  states  that  the  friction  angle  of  rock  fracture
may be separated into two parts: (1) basic friction angle (or
friction angle of smooth surface), and (2) asperity angles.
From Figure 10 the 1st-order asperity angle can, therefore,
be approximated by subtracting the peak friction angle by
the  average  residual  friction  angle.  This  is  based  on  an
assumption that the 1st-order asperity angle is completely
sheared off after the 1st-shear cycle and leaves the 2nd-order
asperity angle on the fracture surface. Subsequently the 2nd-
order asperity angle can be approximated by subtracting to
average residual friction angle by the friction angle of the
smooth fracture. The results from these postulations are
given in Table 3. Note that the 1st-order asperity angles are
significantly greater than the 2nd-ones for all rock types.
The  largest  difference  is  observed  from  the  fractures  in
sandstone. This agrees with the JRC values measured before
the 1st-cycle and after the 10th-cycle that the sandstone also
shows the largest difference of the JRC values from the two
measurements, as compared to those of the granite and lime-
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stone. The 2nd-order asperity angles gradually reduce as the
fractures roughness continues to degrade from the 2nd-cycle
through the 10th-cycle which is also reflected by the gradual
decrease of the residual friction angles.

7. Conclusions

This study clearly shows that the cyclic shear loading
do affect the shear strengths and stiffness of rough fractures
in  sandstone,  granite  and  limestone.  The  decrease  of  the
peak shear strengths is due to the rapid degradation of the
first order asperities during the first shear cycle, and the
gradual degradation of the second order asperities during the
second through tenth cycles. Here, the Coulomb criterion can
well describe the peak and residual shear strengths of the
rough and smooth fractures. The cohesion and friction angle
of all rocks tested rapidly decrease from the first cycle and
tend to remain constant through the tenth cycles. The joint
shear stiffness also exponentially decreases with increasing
loading cycles. The shear strengths of the smooth saw-cut
fractures are clearly independent of the loading cycles. This
suggests that for the same rock type the effects of cyclic
shear loading may act more for rougher fractures with rela-
tively low strength. It can therefore be postulated that the
effect of cyclic shear may be found in other rock types that
have comparable mechanical properties to those used in this
study.

The -n diagrams plotted in Figure 10 are useful for
engineering applications. The results suggest that applica-
tion of the peak shear strength (obtained from the first cycle)
for the stability evaluations and design of slope embank-
ments in the seismic activity areas may not be conservative.
The peak and residual shear strengths obtained from the

second through tenth cycles would be more appropriate in
this case. The application of the shear strengths obtained
from the smooth saw-cut fractures would be overly conser-
vative for most engineering structures in rock mass under
seismic activities.
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