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Abstract The impact of loading rate is a vital issue 
in the study of the time-dependent behavior of rock 
masses. A sample containing a single inclined joint 
is represented by the particle flow code and used as 
an analog to examine the rate-dependent behavior 
of jointed rock. A series of numerical triaxial com-
pression tests are completed at various loading rates 
on specimens containing this single joint inclined 
at 30°, 45°, and 60° with respect to the orientation 
of the confining stress of 5  MPa. Observations are 
recovered for the evolution of stress–strain, deforma-
tion and energy release together with resulting failure 
mode. Rate sensitivities of four parameters defin-
ing a smooth joint model (normal stiffness, shear 
stiffness, stiffness ratio and friction coefficient) are 
used to represent observed response. We find that 
competition between mechanical damping and iner-
tial force results in the strain rate effect and that the 
peak strength of the rock specimens increases with 
increasing loading rate. The step-wise form of both 
the stress–strain and kinetic energy can be used as 

indicators of the onset of dynamic failure. These 
numerical experiments are consistent with observa-
tions from laboratory experiments on identical sam-
ples where rate effects in the jointed rock are accen-
tuated over those apparent in intact rocks. Change in 
the loading rate has a significant effect on the failure 
mode for specific joint angles relative to the confin-
ing stress. The joint friction coefficient is the main 
rate dependent factor controlling behavior and is an 
important factor in defining the significance of load-
ing rate effects.

Article Highlights 

• A series of numerical triaxial compression tests 
are completed at various loading rates on speci-
mens containing this single joint inclined at 30°, 
45°, and 60°.

• Rate sensitivities of four parameters defining a 
smooth joint model (normal stiffness, shear stiff-
ness, stiffness ratio, and friction coefficient) are 
used to represent the observed response.

• These numerical experiments are consistent with 
observations from laboratory experiments on 
identical samples where rate effects in the jointed 
rock are accentuated over those apparent in intact 
rocks.
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1 Introduction

Loading rate exerts a significant influence on the 
mechanical properties of rock containing disconti-
nuities rendering rock masses more sensitive to these 
effects than intact rock. This dependency results from 
the role of inertial forces at ultra-high rates (Blanton 
1981) and impacts of friction and non-linear deforma-
tion on surfaces at low rates (Dieterich 1978). Load-
ing rates vary over a spectrum of timescales, incor-
porating creep, standard compression, earthquake, 
dynamic impact and explosive loadings in order of 
monotonically increasing rates. In a general manner, 
loading rate regimes may be divided among static 
loading, quasi-dynamic loading, and fully-developed 
dynamic loading as rates progressively increase, as 
shown in Table  1. Increasing loading rates increase 
the apparent strength of intact rock (e.g., Swan et al. 
1989; Lajtai et al. 1991; Li et al. 2013) with an abrupt 
increase in strength at threshold loading rates (Olsson 
1991; Qi et al. 2009).

Coefficients of friction of joint surfaces are some-
times considered to be constant, but are typically both 
time-dependent (Dieterich 1972; Schneider 1977) 
and rate-dependent (Dieterich 1978). “Stick–slip” is 
intrinsically associated with rate-weakening effects 
of friction on rock surfaces (Jaeger et  al. 2007) and 
rate-and-state friction (Scholz 1998) provides a suit-
able representation for this and its elevated impact 
on interfaces relative to intact rock (Fahimifar 1996, 
1997; Fahimifar and Soroush 2005).

Distinct element methods (DEM) have been widely 
used as a powerful tool to investigate the mechanical 
behavior (strength, deformation and failure processes) 
of rocks and jointed rock masses (Potyondy and Cun-
dall 2004). Jointed rock masses can be described in 
such granular mechanics models using a Synthetic 
Rock Model (SRM). Such SRM models (Ivars et al. 
2011) consider mechanical behaviors as a combina-
tion of intact rock and joints. Particles are bonded by 
parallel-planes to simulate the behavior of intact rock 
(Wang et al. 2014) with a contact model incorporat-
ing bonded particles (BPM). However, preexisting 
joints in a rock mass are discontinuous and may slip 
along the locus of their planes—this can be enabled 
with a Smooth Joint Model (SJM) which neglects the 
geometric positions of the local particles, to allow 
smooth gliding along a linear surface that transects 
individual particles, to correctly simulate the behavior 
of smooth sliding along the joint plane (Huang et al. 
2015). The SJM has proven effective in predicting 
the mechanical behavior of rock joints (e.g., Bahaad-
dini et al. 2016; Wang et al. 2017; Zhang et al. 2017; 
Chen et al. 2018; Huang et al. 2019; Gao et al. 2020), 
despite its imperfections (Mehranpour and Kulati-
lake 2017). The coefficient of friction in the SJM is 
assumed to be constant, but may accommodate the 
roughness of the joint surface where the parameters 
are modified according to, for example, a Barton-
Bandis failure criterion (Chiu et  al. 2013; Lambert 
and Coll 2014). Loading rate effects in synthetic rock 
mass models (SRM) are simultaneoulsy influenced 
by both BPM and SJM effects. Strain rate effects for 
BPMs may be accommodated by ‘step strain rates’ 
(Zhang and Wong 2014).

The effect of loading rate of the mechanical 
properties of rock materials is an important issue. 
At present, there are many studies on loading rate 
effects of intact rock, while those addressing load-
ing rate effects in jointed rock masses are relatively 
rare. The following reports triaxial compression 
experiments conducted at various loading rates to 
define the impacts of loading rate on deformation 
and failure behavior. These observations are used 
to calibrate a numerical SRM model for a cylindri-
cal core transected by a single inclined through-
going joint. Rate sensitivity of the smooth joint 
model parameters, under different loading rates, 
are explored to define the observed response and to 
deconvolve behavior.

Table 1  Threshold values of strain rates separating states of 
dynamic, quasi-dynamic and static loading

References Strain rate �̇�∕s−1

Static Quasi-dynamic Dynamic

Blanton (1981) – 10–1 ~  101 –
Li et al. (2013) 10–4 ~  101 – 101 ~  104

Logan (1970) 10–5 ~  10–2 10–2 ~  102  >  102

Olsson (1991) 10–4 ~  101 – 101 ~  103

Qi et al. (2009) 10–4 ~  10–2 10–2 ~  102  >  102

Sierakowski (1985) 10–4 ~  10–1 10–1 ~  100  >  102

Tarasov (1990) 10–8 ~  10–3 – 10–2 ~  100
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2  Physical and numerical models of fractured 
specimens

Compression experiments are completed on cylindri-
cal samples containing through-going fractures where 
deformation is measured under constant loading rates. 
These are used to calibrate virtual models of identical 
geometry.

2.1  Physical experiments

Figure  1 shows the physical samples of both intact 
and jointed rocks. The results for deviatoric stress 
versus total axial strain for the physical tests are 
shown in Fig. 2. These are derived from triaxial com-
pression tests on specimens at a single confining pres-
sure of 5  MPa. To maximize reproducibility (Zou 
et  al. 2022), the physical specimens comprise rock-
like materials of water:sand:cement in the proportion 
0.169:0.365:0.466 by weight. These specimens are 
prepared to dry. A single artificial fracture is saw-
cut in each specimen to produce a persistent unfilled 
joint that transects the center of the different samples 
at dip orientations of 30° and 45° with respect to the 
horizontal (orientation of confining stress). Triaxial 
compression tests are completed for intact specimens 
under different confining pressures. By comparison, 
it can be seen that the mechanical properties of the 
material are similar to that of brittle sandstone. Due 
to the limitation of experiment conditions, there was 
no physical experiment of dip orientation of 60° at 

confining pressure of 5  MPa. However, the physical 
and numerical investigations of dip orientation of 60° 
at confining pressure of 10 MPa in the author’s previ-
ous study can be used for reference (Hu et al. 2018).

The transected specimens were then reassembled 
and fixed with adhesive tape along the joint trace to 
retain both ends of the jointed cylindrical specimen 
parallel. The three models of Fig. 1 are all post-exper-
iment with the red dashed lines representing preexist-
ing joints. The samples are loaded in the axial direc-
tion at a rate of 2 kN/s. The density of the specimens 
is 2085  kg/m3. The numerical experiments replicate 

Fig. 1  Physical experi-
mental models of intact and 
jointed rocks (red dashed 
lines represent preexisting 
joints; blue dashed circles 
represent shear bands)

Fig. 2  Stress–strain curves for physical and numerical tests, 
Solid lines represent the results of physical tests (P) and dotted 
lines represent the results of numerical simulations (N). The 
results for the intact rock are displayed as black lines (I), and 
the results for jointed rock with joint angles of 30° and 45°are 
displayed as red (30°) and blue lines (45°), respectively
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exactly the physical samples and experiments. The 
(numerical) jointed rock models with three dip angles 
of 30°, 45° and 60° together with intact rock are 
tested at five loading rates (0.05/s, 0.5/s, 5/s, 10/s, and 
15/s) and mirror the triaxial compression tests con-
ducted at a confining stress of 5 MPa.

2.2  Virtual experiments

Virtual experiments are conducted to calibrate the 
response against the physical experiments. An SJM 
model is used to overcome the inherent roughness of 
the particulate interface and to simulate the behavior 
of a smooth interface regardless of local particle sizes 
and orientations (Ivars et al. 2011). The SJM has two 
modes—unbonded or bonded—as selected in simu-
lating the behavior of a frictional or bonded interface. 
The bonded mode employs a Coulomb sliding law to 
incorporate friction and cohesion after breakage of 
the cohesive bond. The combination of the BPM and 
the SJM makes the SRM approach a valid pathway to 
characterize properties and behavior of jointed rock 
masses.

2.2.1  Intact rock specimen

An intact rock specimen was created by BPM using 
the method of Potyondy and Cundall (2004). A 
cylindrical vessel is generated using six walls, two 
additional platens at the top and bottom and four 
cylindrical surfaces surrounding the sample. The 
height of the vessel is 122.7 mm, and the diameter 
is 51.74  mm. In order to retain the representative-
ness, precision and the efficiency of the PFC cal-
culation, the size of particles is retained less than 

1/20th of the diameter of the cylinder with a uni-
form particle size distribution (minimum radius 
(Rmin) of 1.2  mm) and with a fixed ratio of maxi-
mum radius to minimum radius (Rmax/Rmin) of 1.66. 
The selection of particle sizes is founded upon the 
established guidelines suggested by the Interna-
tional Society for Rock Mechanics (ISRM) with 
regards to best practices in experimental procedures 
(Fairhurst and Hudson 1999). The total number of 
spherical particles comprising the numerical speci-
men is 12,546.

The assembly of frictionless particles is com-
pressed at a small isotropic stress until the particles 
are compacted, and the contact forces have equili-
brated. Finally, parallel bonds are applied between 
all particles in relative proximity to each other and 
the specimens of intact rock completed.

2.2.2  Jointed rock specimen

Intact specimens are transected by a single joint 
passing through the center of the virtual (numerical) 
specimen. The dip angle and dip direction of the 
joint is an octagonal disk passing through the joint 
center and is oriented parallel to the joint surface 
(Fig. 3). The radius of the disk (blue polygon) is set 
at 100 mm to ensure that it fully transects the speci-
men. To retain the smooth behavior of the joint, the 
thickness of the polygon is set intermediate between 
the minimum and maximum particle radius. The 
sample is transected by this joint at inclinations 
of 30°, 45°, and 60°, as shown in Fig. 3. The SJM 
model is activated in all particles intersected by the 
disk instead of a parallel bond model.

Fig. 3  Numerical speci-
mens of intact and jointed 
rock. The dip inclination 
of the joint (θ) is measured 
from the horizontal
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2.3  Calibration of jointed rock specimens

Loading is completed in two phases to replicate the 
conditions of our physical triaxial compression tests. 
The first phase is a seating phase in which the con-
fining stress is uniformly set to 5 MPa by using the 
servo-loading mechanism. The second phase is the 
loading phase where the confining pressure is main-
tained, and the sample loaded in the axial direction 
at the prescribed velocity. A servo-loading mecha-
nism is implemented to achieve the desired loading 
schedule.

The parallel bond model was calibrated first, to 
match the results of the experiments conducted on 
the intact physical specimens. Contact stiffness was 
first varied to match the observed Young’s modulus 
of the intact rock. This was achieved by setting the 
bond strength to a large value and then matching the 
Poisson ratio by varying the normal and shear stiff-
nesses. Peak strength was then matched by varying 
the parallel bond normal and shear strengths. The cal-
ibrated values of the microscopic parameters, includ-
ing Young’s modulus (Ec), ratio of particle normal 
to shear stiffness (kn/ks), particle coefficient of fric-
tion (μc), parallel bond Young’s modulus ( Ec ), ratio 
of parallel bond normal to shear stiffness ( k

n
∕k

s
 ), 

parallel bond normal strength ( ̃𝜎c ) and shear strength 
( �c ) are listed in Table  2. Zhang and Wong (2014) 
suggests that the magnitude of the stepped strain 
rate should be approximately  10–8/step—the strain 
rate used to calibrate the parameters is 0.5/s, and the 
timestep is 1.938 ×  10–7 s/step in this study.

The calibration of the SJM is then completed 
for the sample with a fracture angle of 45°. After 
inclusion of the fracture, the properties of the 
SJM are inherited from the parallel bond model. 
Unlike the parallel bond model, the shear strength 
of the smooth joint model follows the Mohr failure 

criterion, defined by the cohesion (cb) and friction 
angle (ϕb) (Duan et al. 2016). Considering that the 
joints were introduced as saw cuts, the SJM model 
in this study is set as unbonded. For this, the normal 
strength (σc), cohesion (cb), dilatancy angle (ψ) and 
friction angle (ϕb) are all set to zero. The calibrated 
values of other microscopic parameters of the SJM, 
viz. the radius multiplier ( � ), the normal and shear 
stiffness ( k

n
 and k

s
 ), and the friction coefficient (μ) 

are listed in Table 2.
Triaxial compression is applied to both physi-

cal and numerical tests. Comparison between the 
stress–strain curves of the physical tests and numer-
ical tests are as shown in Fig. 2.

In previous studies of parameters of the SJM 
on the mechanical behavior of joint rock (Hu et al. 
2018), we concluded that after the micromechanical 
properties were calibrated at joint dip angles of 45°, 
the discrepancy could be observed in the case of 30° 
and 60°. This can be explained through two obser-
vations: (1) The micro parameters, except joint ori-
entation, for all the cases were the same while the 
properties of the artificial joint, including rough-
ness, friction coefficient, and stiffness, were diffi-
cult to retain consistency in different specimens; (2) 
Different from the physical experiments, the appli-
cation of confining pressure in the simulations via 
rigid walls created a non-uniform stress distribu-
tion along the surface of the specimen. Therefore, 
it isn’t easy to achieve complete agreement between 
the physical and numerical experiments in some 
cases. It is worth noting that the same transition 
of stress–strain curves from brittle to ductile due 
to the change in joint orientation was observed in 
both the experimental and numerical results. Con-
sidering that this discrepancy will not affect the 
research of variation rule of mechanical behavior of 
jointed rock in this paper the recovered numerical 

Table 2  Micromechanical 
properties of particles and 
contacts

Particle Value Parallel bonded 
model

Value Smooth Joint Model Value

Ec (GPa) 12 E
c
 (GPa) 12 k

n

 (GPa/m) 1260

kn/ks 1.5 k
n

∕k
s 1.5 k

s

(GPa/m) 840

μc 0.5 �̃�
c
(MPa) 75 ± 40 μ 0.15

Rmax/Rmin 1.66 �
c
(MPa) 75 ± 40 σc, cb (MPa) 0

Rmin (mm) 1.8 � 1.0 ψ, ϕb (deg) 0

ρ (kg/m3) 2085.16
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mesoscopic parameters may be considered reason-
able and reliably used in the subsequent numerical 
simulation studies.

3  Effects of loading rate on the macro‑mechanical 
properties

Loading rates applied by the walls are controlled by a 
servo-loading mechanism, as described in our prior 
work (Wang et al. 2016; Hu et al. 2018). The confining 
stress is also controlled by a servo-mechanism where 
the velocity of the wall is set to be equal and opposite to 
maintain the specified pressure as,

where Pw is the current pressure on the wall, Pt is 
the target pressure and εp is the equilibrium-pressure 
tolerance. A velocity boundary condition is used to 
apply the stress with the loading velocity controlled 
by the axial strain rate and the axial length of speci-
mens as,

(1)
|Pw − Pt|

Pt
≤ �p

(2)|v| = 1

2
�̇�aha

where, v is the loading velocity of the wall, �̇�a is 
the axial strain rate and ha is the axial length of 
specimens.

A strain rate of 0.5/s is used to maintain the quasi-
static loading state in the previous calibration tests. 
The strain rate used in the numerical simulation is 
larger than that in the physical test. The calibration 
tests require a strain rate to maintain the quasi-static 
loading state. The value of 0.5 is appropriate because 
the stepped strain rate is of the order of  10–8 which 
can maintain stability in the explicit dynamic calcula-
tion used in PFC. To study the effect of loading rate 
on the response of jointed rock masses we select five 
designated strain rates of 0.05/s, 0.5/s, 5/s, 10/s, 15/s 
spanning static to fully dynamic conditions (Table 1). 
Except for the loading rates, all other mechanical con-
ditions are the same as the calibration tests.

3.1  Effect on stress–strain response

The stress–strain curves of all specimens at the five 
loading rates are as shown in Fig. 4. Each curve ter-
minates at an axial strain of ε = 2%. As indicated 
in Fig. 4, the loading rate has a clear impact on the 
stress–strain curves. For intact specimens, as shown 
in Fig.  4a, peak strength increases with an increase 
in loading rate despite no significant change in the 

Fig. 4  Stress–strain curves 
of intact and jointed speci-
mens under various strain 
rates (red circle indicates 
the yield point from linear 
to nonlinear)
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deformation modulus. The post-peak stress–strain 
curve for loading at 0.05/s is steep. As the loading 
rate increases, the slope of the post-peak stress–strain 
curves become progressively shallower. This implies 
that the increase in loading rate leads to a transition 
from brittle failure to strain softening. These results 
are consistent with the conclusions of Zhang and 
Wong (2014) and Jackson et  al. (2008). They found 
that both ductility and peak stress increase with 
an increase in strain rate from observations of rate 
dependent loading of intact rock.

We find that the stress–strain curves of the intact 
specimens have a clear peak at maximum strength 
and exhibit strain softening in the post-peak phase. 
By contrast, when the jointed specimens slip along 
the joint surface, the stress–strain curves have no 
apparent peak, and the post-peak phase is pure due 
to shear sliding without obvious peaks. As exhib-
ited in Fig. 4b, when the strain rate is below 5/s, the 
stress–strain curves of the jointed specimens with a 
30° joint become shallower as they pass through the 
elastic phase. The transition from the elastic stage 
to shear sliding is represented by the peak strength 
of stress–strain curves (Hu et  al. 2016) (red circles 

shown in Figs.  4b, c, d). When the loading rate is 
greater than 5/s, the stress–strain curves mimic the 
response of intact specimens with a clearly defined 
peak strength and with a post-peak phase of strain 
softening.

As shown in Figs.  4c, d, when the strain rate is 
below 5/s, the stress–strain curves of the jointed 
specimens with joint inclinations of 45° and 60° are 
similar to the response to that for a joint at an incli-
nation of 30°. However, with an increased inclina-
tion of the joint, the stress threshold for this transition 
decreases. When the strain rate is greater than 5/s, 
the stress–strain curves appear conspicuously step-
like—a typical characteristic of dynamic loading. By 
contrast, Fig. 4a, b show that when the strain rate is 
greater than 5/s, a subtle step-wise feature appears in 
the stress–strain curves. Zhang and Wong (2014) also 
observed a similar phenomenon in their numerical 
experiments under uniaxial compression.

The peak strength and elastic modulus of 
each specimen in Table  3 are obtained from the 
stress–strain curves in Fig. 4—all increased percent-
ages are calculated relative to behavior at a strain 
rate of 0.05/s. With the increase in loading rate, peak 

Table 3  Peak strength and 
elastic modulus recovered 
from triaxial compression 
tests

Joint angle Specimen 
number

Strain rate Peak strength (Mpa) Elastic modulus (Gpa)

Intact 1 0.05 81.9 13.6
2 0.5 82.06 (+ 0.2%) 13.62 (+ 0.15%)
3 5 85.45 (+ 4.33%) 13.79 (+ 1.4%)
4 10 88.35 (+ 7.88%) 13.94 (+ 2.5%)
5 15 91.16 (+ 11.31%) 14.13 (+ 3.9%)

30° 6 0.05 58.86 10.25
7 0.5 59.34 (+ 0.82%) 10.25 (+ 0.00%)
8 5 62.02 (+ 5.37%) 10.5 (+ 2.44%)
9 10 65.5 (+ 11.28%) 10.76 (+ 4.98%)

10 15 67.7 (+ 15.02%) 11.25 (+ 9.76%)
45° 11 0.05 31.35 7.84

12 0.5 31.54 (+ 0.61%) 7.87 (+ 0.38%)
13 5 33.87 (+ 8.04%) 8.1 (+ 3.32%)
14 10 34.41 (+ 9.76%) 8.36 (+ 6.63%)
15 15 36.17 (+ 15.37%) 8.72 (+ 11.22%)

60° 16 0.05 18.4 5.75
17 0.5 18.55 (+ 0.82%) 5.78 (+ 0.52%)
18 5 19.24 (+ 4.57%) 5.99 (+ 4.17%)
19 10 19.6 (+ 6.52%) 6.71 (+ 16.7%)
20 15 20.44 (+ 11.09%) 7.13 (+ 24%)
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strength and elastic modulus of each group of speci-
mens change in different modalities. As the loading 
rate increases to 15/s, the peak strength increases by 
11.31% and the elastic modulus increases by 3.9% 
relative to the case of the intact specimen. They 
increase 15.02% and 9.76% respectively for the case 
of a 30° joint, 15.37% and 1.22% respectively for a 
45° joint and 11.09% and 24% respectively for the 
60° joint. This illustrates that for the case of a 45° 
joint, the change in peak strength with an increase in 
the loading rate has the greatest increase in strength 
and modulus. For a joint at 60°, the elastic modulus is 

more sensitive to loading rate than the peak strength. 
These loading-rate-induced changes in strength are 
new to the literature.

3.2  Effect on deformation characteristics

Under the various loading rates, the deformation 
behavior of rock specimens containing a joint dis-
plays clear regularity. As shown in Fig. 5, when the 
loading rate is increased from 0.05/s to 15/s, the 
reduction in Poisson’s ratio of the jointed specimens 
for the 30° (6.81% reduction), 45° (7.23% reduction) 
and 60° joints (8.94% reduction) is larger than that 
of the intact specimen (1.7% reduction). The more 
steeply inclined the joint, the larger the deformation 
of the rock mass and the larger the Poisson’s ratio. 
This behavior indicates that, for a low loading rate, 
the rate of change of lateral strain becomes greater 
than the rate of change in axial strain—due to a slight 
dilation at the initiation of sliding.

The effect of loading rate on the deformational 
behavior of jointed specimens in which joint sliding 
is a leading cause of later-stage deformation is pro-
nounced. As shown in Fig. 6a, when the loading rate 
is 0.05/s or 0.5/s, the deformation style of the intact 
specimens changes little, and the volume strain curves 
exhibit little variation. As the loading rate continues 
to increase, the volume strain of the intact specimens 

Fig. 5  Change in Poisson’s ratio of intact and jointed speci-
mens under various loading rates

Fig. 6  Volumetric strain 
versus axial strain curves of 
intact and jointed speci-
mens under various loading 
rates
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rises steeply as the increased loading rate restricts the 
change of lateral deformation. Similar results have 
also been observed by Fahimifar (1996) who found 
that increased strain rate both decreases the reduction 
in volume strain and joint closure.

As shown in Fig.  6b, when the loading rate is 
either 0.05/s and 0.5/s, shear sliding occurs on the 
joint surface of the specimens containing a joint at 
30° and the evolutions of volume strain are almost 
coincident. As the loading rate continues to increase, 
the volume strain decreases. We speculate that the 
lateral strain is fully manifest at low loading rates 
where the volume of the specimens expands with 
time and the volume strain increases. However, with 
an increase in the loading rate, the sensitivity of the 
response to lateral strain gradually decreases, and the 
development of the lateral strain is restricted. Hence, 
the rate of volume expansion gradually reduces with 
an increase in the loading rate.

As shown in Fig. 6c, d, when the joint dip is 45° 
or 60°, the evolution of volume strain at various load-
ing rates is again almost coincident. This form of 
deformation is mainly related to the failure mode of 
the jointed specimens. Shear sliding occurs along the 
joint surface at various loading rates when the joint 
angle is 45° or 60°, so the volume expansion of the 
jointed specimens retains the same behavior. Moreo-
ver, the lateral deformation is also limited by the joint 
angle since the higher inclination joint decreases the 
slope of the volume strain curve.

3.3  Effect on failure modes

The breakage of bonded contacts between particles in 
PFC (Wang et al. 2016) acts as a proxy for the fail-
ure state of the virtual samples representing the rock 
mass. Fracturing results when normal or shear contact 
forces between the particles in the rock specimens 
exceed the prescribed normal stress or shear stress 
intensity thresholds (strengths). In Fig.  7, the sam-
ples are sliced by a zone of thickness equal to one-
fifth of the sample radius and cut through the center 
of the specimens across the radius. The information 
contained in the zone, such as evolution of cracks, 
contact force chains and smooth joint contact is pro-
jected onto this plane. Black dots represent tensile 
cracks, light red dots correspond to the shear cracks, 
light orange background network shading represents 
contact force chains (the thickness of the force chain 

corresponds to the magnitude) and the light blue 
streaks indicate smooth joint contacts.

The failure modes observed in the jointed rock 
masses can be classified into three modes: axial split-
ting (splitting by fracture through intact rock), slid-
ing (sliding along the pre-existing joint plane), and 
mixed mode failures (mixed failure in splitting and 
sliding modes) (Hu et al. 2016). As shown in Fig. 7, 
with an increase in loading rate, splitting failure 
mainly occurs in the axial direction. A large num-
ber of microcracks are primarily distributed proxi-
mal to the spatial focusing force chains in which the 
contact force is large. We speculate that the contact 
force can be transmitted even if there is no bonding 
force between the particles after the breakage of par-
allel bonded contacts—due to frictional transmission. 
When the joint dip is 30° and the strain rate is 0.05/s 
or 0.5/s, shear sliding mainly occurs along the joint 
surface and the small number of tensile and shear 
cracks are evenly distributed. As the loading rate con-
tinues to increase, more cracks appear at the top and 
bottom of the samples—at the platen contact. This 
implies that if the loading rate is sufficiently large, the 
contact forces at both ends cannot transfer sufficiently 
rapidly (inertial constraint) to other parts of the sam-
ple and therefore crack formation concentrates at 
both ends of the specimens—principally represented 
by mixed mode failure (Fig. 7c, d). The presence of 
a joint surface requires that the energy passing from 
both ends of the sample to the joint surface is con-
verted into frictional energy by shear sliding. It is 
difficult to accumulate significant strain energy, so 
cracks adjacent to the joint surface have difficulty in 
growing and extending. When the joint dip is 45° or 
60°, the failure mode of the specimens is similar to 
that for 30°, but an increase in the loading rate has 
less influence on the failure pattern. Compared with 
the case for 30°, the angle between the axial load 
and the joint surface is smaller and sliding on the 
joint surface is more easily induced. The failures are 
all in sliding mode when the joints are at 45° or 60° 
(Fig. 7e, f), although the intact specimen split axially 
in tension (Fig. 7a, b).

Monitoring the number of microcracks that initiate 
is an effective way to describe microcrack develop-
ment and the initiation of rupture. A tensile or shear 
microcrack is generated corresponding to the failure 
state breaking a parallel bond. Figure  8 shows the 
number of microcracks in specimens subjected to 
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Fig. 7  Crack propagation and displacement distribution 
in intact and jointed specimens at various loading rates (a, 
b-intact; c, d-30°; e, f-45°; g, h-60°; the red dots represent ten-

sile cracks, the black dots represent shear cracks, the yellow 
chains represent contact forces and blue dashed lines represent 
smooth joint contacts)
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Fig. 7  (continued)
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the five different loading rates. The three curves cor-
respond to the total number of microcracks (To), the 
number of tensile microcracks (Te) and the number of 
shear microcracks (S) and are shown for each load-
ing rate. The relationship between these metrics is 
To = Te + S with Fig. 8 revealing the following effects 
of the loading rate on crack intensity.

The number of cracks is closely related to the 
modes of both shear sliding and axial splitting fail-
ure. As shown in Fig. 8a, b, an increase in the loading 
rate results in a clear growth of the number of micro-
cracks. The number of microcracks reflects the degree 
of damage of the compressed rock. When the loading 

rate is 0.05/s or 0.5/s, the number of shear microcracks 
that develop exceed the number of tensile microcracks 
for the 30° joint. The specimens mainly slide in shear 
along the joint surface. For intact specimens the number 
of shear microcracks is nearly equal to the number of 
tensile microcracks. When the loading rate exceeds 5/s, 
the number of tensile microcracks are greater than the 
number of shear cracks and the failure mode is by axial 
splitting failure both for intact specimens and for the 
case of the frictionally constrained 30° joint. Figure 8c, 
d show that when the joint dip is 45° or 60°, there are 
more shear microcracks than tensile microcracks under 

Fig. 7  (continued)
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the various loading rates corresponding to the failure 
mode of shear sliding.

3.4  Energy response under different loading rates

In PFC, the energy is partitioined as follows (Itasca 
2008): Boundary energy (Ew) is the accumulated 
work of the forces and moments done by walls in the 
particle model. For each wall, the force is expressed 
as Fi and the moment is expressed as M3. The cor-
responding displacement is ΔUi and the rotation angle 
is θ3 and this occurs on a total number of walls, Nw. 
Thus, boundary energy can be expressed as:

Bond energy (Epb) is the energy stored in the bond. 
For each bond contact, the normal force is F

n

i
 , the 

shear force is F
s

i
 with a moment of M

3
 ; the normal 

stiffness is k
n
 , the shear stiffness is k

s
 and the moment 

of inertia of a contact area is I. The bonded area of 
the contact is A. The number of bonded contacts is 
Nw. Thus, bond energy can be expressed as:

(3)Ew =
∑

Nw

(FiΔUi +M
3
�
3
)
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Frictional energy (Eμ) is the energy dissipated 
due to frictional sliding at all contacts. For each 
contact, the frictional force is ⟨Fs

i
⟩ and the corre-

sponding slip displacement is 
(
ΔUs

i

)slip . The num-
ber of all contacts is Nc. Thus, frictional energy can 
be expressed as:

Kinetic energy (Ek) is the sum of the kinetic 
energy of the particle system, containing both trans-
lational and rotational motion. For each particle, the 
inertial mass is mi, the inertial tensor is Ii, the trans-
lational velocity is vi and the rotational velocity 
is ωi. The number of particles is Np. Thus, kinetic 
energy can be expressed as:

Strain energy (Es) is the total strain energy stored 
in all contacts. For a linear contact model, the nor-
mal and shear stiffnesses are kn and ks, respectively 
and the normal and shear contact forces are Fn

i
 and 

Fs
i
 , respectively. The number of all contacts is Nc. 

Thus, strain energy can be expressed as:

(5)E
�
=
�

Nc

�
⟨Fs

i
⟩
�
ΔUs

i

�slip�

(6)Ek =
∑

Np

(mivi
2 + �i�i ⋅ �i)∕2

Fig. 8  Number of microc-
racks in intact and jointed 
specimens under various 
loading rates



 Geomech. Geophys. Geo-energ. Geo-resour.           (2023) 9:127 

1 3

  127  Page 14 of 22

Vol:. (1234567890)

The total energy (Et) is the sum of bond energy, 
frictional energy, kinetic energy and strain energy. 
The energy ratio (R) is the ratio of total energy to 
boundary energy. The relation is denoted as:

The built-in FISH functions of PFC are used to 
monitor the release of energy in the loading process, 
with the results listed in Table 4. At low loading rates 
(such as 0.05/s and 0. 5/s), the change in loading rate 
has little effect on the test results. However, as the 
loading rate increases (> 5/s), the loading conditions 
become dynamic and the various energy components 
vary broadly. In this state, the boundary energy and 
kinetic energy increase with an increase in load-
ing rate. Frictional energy also increases with the 
increase in loading rate except for the case of a 30° 
joint, where frictional energy decreases for a strain 
rate of 5/s. This phenomenon is related to the energy 
used in the propagation of cracks (seen in Fig.  7c). 

(7)Es =
∑

Nc

(||Fn
i
||
2
∕kn + ||Fs

i
||
2
∕ks)∕2

(8)R = Et∕Ew = (Epb + E
�
+ Ek + Es)∕Ew

Among the proportional contributions to total energy, 
frictional energy comprises the largest component, 
which illustrates that friction is the main effect con-
trolling residual strength instead of the intrinsic 
strength mobilized post-peak. When the loading rate 
is greater than 5/s, the kinetic energy changes from 
zero to a positive value. Here we find another useful 
index describing the transition from static to dynamic 
loading.

The curves of energy ratio versus loading rate for 
each group are shown in Fig. 9. For intact specimens, 
energy ratio decreases gradually with an increase in 
loading rate. This implies that energy loss gradually 
increases with an increase in the loading rate. At high 
loading rates, boundary energy increases faster than 
the total energy because the failing part of specimens 
has already shed kinetic energy, with frictional dis-
sipation occurring on the boundary walls and in the 
specimens. Moreover, an increase in the loading rate 
has little effect on the energy ratio in the case of frac-
tures inclined at 45° and 60°. When the loading rate 
increases from 0.5/s to 5/s for the 30° joint, there is a 

Table 4  Energy statistics for groups of numerical experiments

Joint angle Strain rate  (s−1) Boundary energy
Ew (N·m)

Bond energy
Epb (N·m)

Frictional energy
Eμ (N·m)

Kinetic energy
Ek (N·m)

Strain energy
Es (N·m)

Total energy
Et (N·m)

Intact 0.05 235.86 10.68 80.22 0.00 17.87 108.77
0.5 235.70 10.54 79.23 0.00 17.97 107.75
5 255.46 10.10 80.96 0.03 19.09 110.18
10 274.64 11.04 83.06 0.08 20.39 114.57
15 289.31 10.71 83.38 0.16 20.53 114.77

30° 0.05 262.27 20.84 123.85 0.00 27.47 172.17
0.5 263.40 20.76 124.24 0.00 27.52 172.53
5 237.13 10.86 89.68 0.05 20.04 120.62
10 240.33 13.61 78.15 0.10 25.01 116.87
15 248.68 13.58 79.11 0.15 24.67 117.51

45° 0.05 146.82 5.99 57.74 0.00 10.21 73.93
0.5 147.22 6.02 57.81 0.00 10.23 74.07
5 151.08 6.08 58.66 0.03 10.15 74.91
10 156.07 6.27 59.86 0.09 10.30 76.52
15 160.26 6.61 60.24 0.17 10.60 77.61

60° 0.05 88.36 2.27 37.22 0.00 5.11 44.6
0.5 88.51 2.28 37.25 0.00 5.12 44.65
5 89.95 2.32 37.48 0.02 5.17 44.99
10 91.98 2.35 37.98 0.09 5.20 45.62
15 94.00 2.48 38.07 0.19 5.36 46.1
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substantial reduction in energy ratio with this indicat-
ing a transition in failure modes.

Blanton (1981) built a dynamic representation of 
the testing apparatus to analyze strain rate effects by 
introducing a dashpot for damping. He noted that 
oscillations present in the displacement–time curves 
are due to the inertial term. The oscillations are 
damped-out at slow rates but the increased influence 
of the inertial term at high rates amplifies the ampli-
tude of the oscillations. Local damping in PFC is used 
to dampen accelerating motions and maintain quasi-
static equilibrium for the system. The effect of local 
damping is similar to the manifestation of the dashpot 
noted by Blanton (1981). Boundary energy noted in 
Fig.  9 is not equivalent to the total energy with the 
remainder of the boundary energy dissipated by local 
damping. As the energy rate decreases, the proportion 
of damping-to-dissipated energy increases along with 
an increase in loading rate. At high loading rate, the 
accelerating motion cannot be completely damped 

out, so the kinetic energy turns positive from zero 
and the stress–strain curves shown in Fig.  4 exhibit 
oscillations.

4  Rate sensitivity of smooth joint model 
parameters

Rate sensitivity of the micro-parameters defining the 
SJM is a vital issue in determining the main factors 
affecting the failure modes of jointed rock at vari-
ous loading rates. In the unbonded mode, the main 
micro-parameters of the SJM include normal stiff-
ness (kn, per unit area), shear stiffness (ks, per unit 
area), and friction coefficient (μ). The ratio of  kn to ks 
which defines the ratio of axial and lateral deforma-
tions of the rock joint is also considered in this sec-
tion. Jointed specimens with joint angles of 30° and 
45° are chosen for further discussion in this section. 
Loading rates between 0.5/s and 5/s represent test 
values representing the dynamic loading condition. 
Hence, three typical loading rates (0.5/s, 5/s, 15/s) 
are adopted from the triaxial compression numerical 
tests. The values of the various parameters of the SJM 
discussed in this section are listed in Table  5 with 
other parameters reported in Table 2.

4.1  Effect of joint friction coefficient (μ) of the 
smooth joint

The influence of the joint friction coefficient is 
investigated by varying its value across a range of 
five representative values (0.15, 0.3, 0.5, 0.8, 1.0). 
As shown in Fig.  10a, b, peak strength increases 
with an increase in joint friction coefficient while 
it remains below the threshold magnitude of ~ 0.5. 

Fig. 9  Energy ratio curves for intact and jointed specimens 
under various loading rates

Table 5  List of micro-
parameters of the smooth 
joint model (SJM) for rate 
sensitivity analysis

Joint angle (°) Loading 
rate (/s)

Friction 
coefficient

Normal stiffness 
(GPa/m)

Shear stiffness 
(GPa/m)

Stiffness ratio

30 0.5 0.15 1260 840 10:1
45 5 0.3 630 420 5:1

15 0.5 420 280 1:1
0.8 315 210 1:5
1.0 252 168 1:10

126 84
50.4 33.6
25.2 16.8
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Change in peak strength occurs only slowly (for 
45°) or is even absent (for 30°) when friction coef-
ficient is > 0.5. With an increase in the friction 
coefficient, sliding along the joint surface become 
increasingly more difficult with the intact rock 
accommodating the increase in applied stress. 
However, after the friction coefficient increases to 
a defined magnitude, the growth trend in the load 
that the rock mass can withstand gradually slows 
and even arrests. Thus, a larger joint friction coef-
ficient can clearly enhance the integrity of a speci-
men. Regardless, the peak intensity curves under 
these three loading rates show a consistent trend 
that an increase in loading rate gradually increases 
the intensity of the peak. An increase in joint fric-
tion coefficient has only a minor influence on this 

trend for the case of a 30° joint with the increasing 
trend more obvious for that at 45°.

As shown in Fig. 10c, d, elastic modulus also tends 
to increase with an increase in friction coefficient. It 
appears that a friction coefficient of ~ 0.5 is a critical 
value to present loading rate effects. When it is below 
0.5, the curves of elastic modulus for the three load-
ing rates are almost parallel or overlap; and this ten-
dency changes slowly when it is above 0.5.

To the contrary, as shown in Fig. 10e, f Poisson’s 
ratio decreases with an increase in friction coefficient. 
When the friction coefficient increases to a threshold 
magnitude, Poisson’s ratio decreases only slowly and 
then remains constant. For a low friction coefficient, 
an increase in the loading rate decreases the value of 
Poisson’s ratio. As the friction coefficient increases to 

Fig. 10  Rate sensitivity 
of joint friction coefficient 
on macro-mechanical 
properties of jointed rock 
for joint inclinations of 30° 
and 45°: (1) Peak strength 
at joint inclinations of 30° 
(a) and 45° (b); (2) Elastic 
modulus for joint inclina-
tions of 30° (c) and 45° (d); 
(3) Poisson’s ratio for joint 
inclinations of 30° (e) and 
45° (f)
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a certain value (0.5 for 30° and 0.3 for 45°), the three 
curves showing Poisson’s ratio for the three loading 
rates are nearly coincident.

4.2  Effect of stiffness of the smooth joint model

The effect of normal and shear stiffness of a smooth 
joint is investigated by separately reducing one stiff-
ness value by a factor of 1, 2, 3, 5, 10, 25 and then 50 
while keeping the other o constant.

4.2.1  Effect of normal stiffness

A normal stiffness (Table 2) of 1260 GPa/m per unit 
area is used as a base value for the varied reduction. 
In addition, the corresponding reduced magnitudes 
are shown in the fourth row of Table  5. As shown 
in Fig.  11a, b, with an increase in normal stiffness, 
peak strength remains nearly unchanged, but elastic 
modulus and Poisson’s ratio each increases nonlin-
early before eventually becoming invariant. As shown 
in Fig. 11c–f, when the normal stiffness is lower than 
250 GPa/m per unit area, the increase in elastic mod-
ulus and Poisson’s ratio is more pronounced. Along 
with an increase in normal stiffness, an increase 
in loading rate has a slight influence on the peak 
strength, elastic modulus, and the Poisson’s ratio.

4.2.2  Effect of shear stiffness

On the basis of the value of 840 GPa/m in Table 1, 
the shear stiffness per unit area of the SJM is reduced 
as shown in the fifth row of Table 5. With the increase 
in shear stiffness, all of peak strength (Fig.  12a, b), 
elastic modulus (Fig.  12c, d), and Poisson’s ratio 
(Fig. 12e, f) change imperceptibly. In comparison to 
the impact of a change in normal stiffness, the effect 
of shear stiffness can be essentially ignored in its 
impact on the macroscopic strength and deformation 
characteristics of the rock mass. It is also noted that 
the impact of shear stiffness at different loading rates 
on peak strength, elastic modulus and Poisson’s ratio 
is minimal.

4.2.3  Effect of the ratio of normal to shear stiffness

The values of the ratio between normal and shear 
stiffness used in this section are listed in the sixth 
row of Table  5 when the shear stiffness is fixed at 

840 GPa/m per unit area. As shown in Fig.  13a, b, 
in response to an increase in the stiffness ratio, peak 
strength remains constant while the joint is inclined 
at 30°, but decreases for a joint at 45° before the stiff-
ness ratio increases to 1. As shown in Fig. 13c–f, with 
an increase in the stiffness ratio, both elastic modu-
lus and Poisson’s ratio increase, but this trend gradu-
ally weakens with the continued increase in stiffness 
ratio. When the stiffness ratio is less than 1, the elas-
tic modulus and Poisson’s ratio grow rapidly with an 
increase in the stiffness ratio, but they change only 
slowly when the stiffness ratio is > 1. With an increase 
in the ratio between normal and shear stiffness, the 
increase of loading rate has a slight influence on the 
peak strength, elastic modulus and Poisson’s ratio.

4.3  Evaluation of rate sensitivity

Changes in four parameters representing the smooth 
joint model exert various influences on the rate sensi-
tivity of the numerical specimens. Peak strength, elas-
tic modulus and Poisson ratio are chosen as indicators 
of response sensitivity, and the evaluated results are 
listed in Table 6. Change in friction coefficient exerts 
a strong effect on rate sensitivity of both the elastic 
modulus and Poisson ratio, but only a slight change in 
peak strength. For changes in stiffness, normal stiff-
ness has the most significant effect on rate sensitivity 
of the macroscopic mechanical properties. Based on 
the evaluated results, we conclude that the influence 
of these parameters on rate sensitivity of the macro-
scopic mechanical properties of rocks is in the order: 
Friction coefficient > Normal stiffness > Stiffness 
ratio > Shear stiffness.

5  Conclusions

Loading rates exert a significant effect on the strength 
of jointed rock masses and are an important issue in 
rock engineering. This paper reports a series of cali-
brated numerical experiments to study the micro-
mechanical behavior of rock specimens containing 
fractures at three inclinations to the stress-field and 
subject to varied loading rates. The reported results 
can be extended to field scale since they indicate the 
nature of rock behaviour in the presence of a fracture 
and for different loading rates. Several conclusions 
are drawn:
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1. For all rock specimens, peak strength, and elas-
tic modulus both increase with increased loading 
rate while Poisson ratio decreases. The damping 

of dissipated energy reflects the effects of inertia 
on the specimens at different loading rates.

Fig. 11  Rate sensitivity 
of normal stiffness of the 
smooth joint model on 
macro-mechanical proper-
ties of jointed rock for joint 
inclination angles of 30° 
and 45°: (1) Peak strength 
for joint inclination angles 
of 30° (a) and 45° (b); (2) 
Elastic modulus for joint 
inclination angles of 30° (c) 
and 45° (d); (3) Poisson’s 
ratio for joint inclination 
angles of 30° (e) and 45° (f)
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2. Two features of the numerical results indicate that 
a critical value of strain rate exists in the interval 
from 0.5/s to 5/s, which changes the loading state 

from static to dynamic loading. When the load-
ing rate is greater than 5/s, a step increase in the 
stress–strain curve is observed, which is charac-

Fig. 12  Rate sensitivity of 
shear stiffness of smooth 
joint model on macro 
mechanical properties of 
jointed rock at the joint 
inclination angles of 30° 
and 45°: (1) Peak strength 
for joint inclination angles 
of 30° (a) and 45° (b); (2) 
Elastic modulus at joint 
inclination angles of 30° (c) 
and 45° (d); (3) Poisson’s 
ratio at joint inclination 
angles of 30° (e) and 45° (f)
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teristic of the onset of dynamic loading condi-
tions. According to an energy response analy-
sis, the kinetic energy also changes from zero 

to a positive value. This positive kinetic energy 
implies that inertial forces exert a significant 

Fig. 13  Rate sensitivity of 
stiffness ratio in the smooth 
joint model on macro 
mechanical properties 
of joint rock at the joint 
inclination angles of 30° 
and 45°: (1) Peak Strength 
at joint inclination angles 
of 30° (a) and 45° (b); (2) 
Elastic Modulus at joint 
inclination angles of 30° (c) 
and 45° (d); (3) Poisson’s 
Ratio at joint inclination 
angles of 30° (e) and 45° (f)
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influence on the response of the specimens at 
high strain rates.

3. Fluctuations in the stress–strain curves in speci-
mens with joints inclined at both 45° and 60° are 
more severe than those for intact specimens. This 
illustrates that the jointed specimens are more 
sensitive to a change in the loading rate than 
the intact specimens. This is consistent with the 
results of the physical tests.

4. The intact specimens fail in splitting mode with 
the jointed specimens (45° and 60°) failing in 
shear sliding mode. These failure modes do 
not change with increasing load rate. However, 
for specimens with a joint inclined at 30°, that 
remains mechanically locked, loading rate has 
a significant effect on the failure mode. When 
the loading rate is faster than 5/s, the specimens 
fail in combined conical fracturing and sliding 
instead of sliding only. The monitoring of energy 
ratio also reflects the change in failure mode with 
a clear transition occurring from 0.5/s to 5/s.

5. From rate sensitivity analysis of the micro-
parameters defining the SJM, the influence of 
these parameters on the macroscopic mechani-
cal properties of the rock joint is in the order: 
Friction coefficient > Normal stiffness > Stiffness 
ratio > Shear stiffness. The joint friction coeffi-
cient is the main rate dependent factor controlling 
behavior and may be an important factor in defin-
ing loading rate effects.
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