
1. INTRODUCTION 
Dynamic failure in coal mines, known as “bursts” or 
“bumps,” is one of the most challenging and persistent 
engineering problems associated with coal mining in 
highly stressed conditions. These events occur when 
stresses in a coal pillar, used for support in underground 
workings, exceed the critical strength of the pillar, 
causing the pillar to rupture without warning. These 
events can be exceptionally violent, ejecting coal and rock 
with explosive force [1, 2]. 

These events occur suddenly and often without warning. 
As such, miners often do not have the opportunity to move 
to safety before an event. Although relatively rare, 
dynamic failure events resulted in worker injury up to and 
including fatality in 52% of the reported cases occurring 
from 2000–2019. Moreover, the fatality rate is roughly 
ten times greater than that associated with roof falls, a 
leading cause of ground-control-related injuries in 
underground coal mines [3]. The risk associated with 
faults/fault zones and coal bumps has been acknowledged 
by several researchers in the literature. Mauck [4] and 
Peperakis [5] mention the risk of bumps with regard to the 
proximity of mining operations to faults. Some describe 
the role of faults in stress concentration [5-9], thus 
causing conditions with increased bursts/bumps risk. 
Others specifically mention fault slip and the resulting 
release of energy associated with bursts/bumps [5, 7-10]. 

However, conventional rock support designs that only 
consider static loading are inadequate to safely maintain 
underground excavations under dynamic loading because 
dynamic properties are very different from static 
properties of a rock mass. In general, the dynamic 
properties, e.g., dynamic rock modulus and dynamic rock 
(shear or tensile) strength, are two to three times greater 
than static moduli and strengths. Thus, understanding the 
dynamic rock characteristics is necessary to improve the 
design of support systems in underground mines, nearly 
all of which are subject to dynamic loading  

This paper is part of an effort by the National Institute for 
Occupational Safety and Health (NIOSH) to identify risk 
factors associated with bursts/bumps in highly stressed 
ground conditions. More specifically, this paper reports 
the baseline results of an ongoing study. Based on the 
experimental direct shear tests on jointed specimens 
manufactured by 3D printer to represent 3D joint 
roughness coefficients (JRC) [11], we report the results of 
numerical direct shear tests using 3DEC modeling code 
[12] that were conducted for the purpose of learning more 
about dynamic shear failure mechanisms.  

This paper describes common approaches for a joint shear 
deformation analysis by direct shear test simulation under 
both static and dynamic loading. A 3-dimensional block 
model of a laboratory-scale specimen was constructed for 
the direct shear test using 3DEC. After the completion of 
the direct shear test simulations, a shear stress of the joint 
surface for each test was estimated by back calculation. 
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ABSTRACT: In general, the dynamic properties, e.g., dynamic rock modulus and dynamic rock (shear or tensile) strength are two 
to three times greater than static moduli and strengths. Thus, understanding the dynamic rock characteristics is necessary to improve 
the design of support systems in underground mines, nearly all of which are subject to dynamic loading. In this paper, we report the 
baseline results of an ongoing study.  Experimental direct shear tests were conducted on jointed specimens that were created by 3D 
printer to represent 3D joint roughness coefficients (JRCs) of 12 and 17. These JRC values are relatively close, but they represent the 
roughness of a large proportion of joints found in underground mines.  We also report the results of numerical direct shear tests using 
3DEC modeling code that were conducted for the purpose of learning more about dynamic shear failure mechanisms.  We performed 
static direct shear tests for the purpose of calibrating our models with the empirical solution.  Results of these tests compared well 
with the empirical results. Subsequent dynamic numerical direct shear tests were performed using 3DEC, simulating the dynamic 
direct shear tests performed in the laboratory. The numerical direct shear stresses compared well with those of the laboratory tests.  
Furthermore, the results confirm that the ratio of dynamic to static shear strengths vary between approximately 2 and 3 in the range 
of normal stresses used in the tests.  
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2. METHODS  
For the direct shear simulation in this study, the 3DEC 
model was built in a 3D-dimension with 0.06 (W) x 0.13 
(L) x 0.03 m (D) as big as the laboratory specimen.  To 
create the two different joint surface geometries, we 
considered the joint roughness coefficient (JRC) and the 
replication techniques of the geometries published in the 
literature. 

Barton and Choubey [13] proposed 10 standard roughness 
joint profiles in an article and gave the JRC inverse value 
of these joints when they are sheared from left to right as 
shown in Fig. 1.  

 
Fig. 1 Roughness profiles corresponding to the joints showing 
the typical range of JRC values (after  [13]) 

Kim et al. [11] created the artificial joint of JRC 12 and 
17, as indicated in yellow shade in Fig. 1. They used the 
random midpoint displacement method to manufacture 
the artificial joint model using a 3D printer. The applied 
random midpoint displacement method extends the two-
dimensional Brownian profile to three dimensions to 
produce surface roughness [14, 15]. 

Fig. 2 shows the examples of the fabricated joint surface 
with roughness for 0.13(W) × 0.06(L) m specimens using 
the 3D printer. We replicated them in the 3DEC model by 
importing the 3D geometries as illustrated in Fig. 3.  

 
(a) 

 
(b) 

Fig. 2. Fabricated roughness on synthetic joint surface – (a) 
JRC=12; (b) JRC=17 [11].  

Two deformable synthetic blocks were prepared in the 
3DEC model by importing the fabricated block 
geometries. The two elastic blocks were separated by a 
continuously yielding joint.  

 
(a) 

 
(b) 

Fig. 3. Replicated joint surfaces in 3DEC blocks – (a) JRC=12; 
(b) JRC=17. 
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The boundary conditions were Constant Normal Stiffness 
(CNS) in the direct shear test simulations. The CNS 
boundary condition is a shear test method in which the 
normal load constantly increases due to vertical 
expansion as the test frame applies shear displacement 
[16]. The bottom, the front, and the back of the model 
were fixed in z- and y-direction, respectively. Both sides 
of the model were free so that the model was able to move 
laterally under a given loading condition.  

Material properties of the models were determined in 
static direct shear tests by calibrating the model so that 
results agreed with the empirical Barton and Bandis 
equation [17]. Table 1 presents the input parameters used 
for the direct shear simulations in 3DEC. 
Table 1. Initial material properties for the 3DEC model 

Input parameter Value 

Unit weight (MN/m3) 0.027 

Block Young’s modulus (GPa) 38.7 

Block Poisson’s ratio 0.3 

Joint normal stiffness (GPa/m) 60 

Joint shear stiffness (GPa/m) 50 

 
After the static model calibration, subsequent dynamic 
numerical direct shear tests were performed using 3DEC 
to simulate the dynamic direct shear tests performed in the 
laboratory [11].  

The dynamic stress determined by the laboratory test as 
the input for the dynamic shear test simulation is 
presented in Fig. 4. The dynamic load as velocities 
calibrated by the laboratory dynamic tests were applied 
on the right along the top half of the model. 

 

 
Fig. 4. Dynamic load as input for dynamic shear test 
simulation. 

3. RESULTS AND DISCUSSION 
Based on the static direct shear test, the results of shear 
stress shear displacement curves of joint samples with 
different roughness are given in the following figures. 
Here, only the condition of normal stress 0.5 MPa and 3 
MPa were taken as a representative for discussion.  

Fig. 5 and Fig. 6 illustrate the displacement results of the 
direct shear test in the 3DEC model for the JRC, which 
are 12 and 17, respectively. The shear stress/displacement 
curves are indicated in black in the figures. The x-axis in 
the figures is a shear displacement in 10-3 m and the y-axis 
in the figures is a shear stress in MPa, respectively. With 
the increase of JRC and normal stress, the shear stress of 
joints showed an obvious increasing trend. This behavior 
was consistent with physical experiments. 

 

 
(a) 
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(b) 

Fig. 5. 3DEC direct shear test results of synthetic joint with 
JRC=12 under static condition – (a) normal stress = 0.5 MPa; 
(b) normal stress = 3 MPa. 

 

 
(a) 

 
(b) 

Fig. 6. 3DEC direct shear test results of synthetic joint with 
JRC=17 under static condition – (a) normal stress = 0.5 MPa; 
(b) normal stress = 3 MPa. 

In order to proceed to the next step of a dynamic direct 
shear test simulation, we verified the material properties 
as the input data for the simulation by calibrating the peak 
shear stress as a function of the given normal stress 
obtained from the model with the analytical solution [17]. 

Fig. 7 and Fig. 8 present the comparison of the 3DEC 
simulation results with the analytical solution. The model 
results matched well to the analytical solution in terms of 
the peak shear stress under the normal stress.  

 

 
Fig. 7. Peak shear stress versus normal stress obtained from 
3DEC model for JRC=12 comparing with analytical solution. 

 
Fig. 8. Peak shear stress versus normal stress obtained from 
3DEC model for JRC=17 comparing with analytical solution. 

We concluded that this static direct shear test model 
considering the JRCs in 3DEC was ready to be utilized 
for a numerical model simulating a dynamic shear test 
simulation based on the calibrated material properties. 

As mentioned above in Fig. 4, we considered the dynamic 
loading which was determined by the laboratory test to 
the 3DEC model configuration. 

Fig. 9 and Fig. 10 present the displacement results of the 
dynamic direct shear test in the 3DEC model for the JRC, 
which are 12 and 17, respectively. The shear 
stress/displacement curves are indicated in black in the 
figures. With the increase of JRC and normal stress, the 
dynamic shear stress showed an obvious increasing trend. 
This behavior also agreed well with the physical 
experiments. 
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(a) 

 
(b) 

Fig. 9. 3DEC direct shear test results of synthetic joint with 
JRC=12 under dynamic condition – (a) normal stress = 0.5 
MPa; (b) normal stress = 3 MPa. 

 
(a) 

 
(b) 

Fig. 10. 3DEC direct shear test results of synthetic joint with 
JRC=17 under dynamic condition – (a) normal stress = 0.5 
MPa; (b) normal stress = 3 MPa. 

We found that the maximum shear stress with the increase 
of joint JRC was more than two times greater than the 
result of the static direct shear test in the model. This 
means that the resistance of the joint roughness to 
dynamic loading was much stronger than that of the static 
condition as the JRC increased. 

As a result, we confirmed that the ratio of dynamic to 
static shear strengths vary between approximately 2 and 3 
in the range of normal stresses used in the tests as 
summarized in Table 2. 

 
Table 2. Ratio of dynamic to static shear stress as a function of 
JRC and normal stress 

Normal stress 
(MPa) 

Shear stress ratio (dynamic/static) 

JRC=12 JRC=17 

0.5 2.4 1.8 

1 2.1 2.2 

1.5 2.9 2.8 

2 3.2 3.3 

3 3.2 3.2 

4. CONCLUSIONS 

Researchers from the National Institute for Occupational 
Safety and Health (NIOSH) conducted a numerical 
simulation for the purpose of understanding the shear 
behavior of a joint associated with two different 3-
dimensional geometries under both static and dynamic 
conditions.  

In this paper, we report the preliminary results of an 
ongoing study. We performed static direct shear test 
simulations for the purpose of calibrating our models with 
the empirical solution. Afterward, we conducted dynamic 
direct shear test simulations using 3DEC for the purpose 
of learning more about the dynamic shear failure 
mechanisms. The simulations results compared well with 
those of the laboratory tests.   

Further experiments are planned that will test more 
extreme values of JRC to examine whether the strength 
ratios will remain in the current range or manifest outside 
of that generally expected range. Such experiments will 
provide important information that affects the design of 
support systems to withstand dynamic stresses that could 
potentially be applied in underground mines. The results 
are expected to guide the design of support systems to 
reduce injuries and fatalities in underground mines. 
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DISCLAIMER 

The findings and conclusions in this report are those of 
the author(s) and do not necessarily represent the views of 
the National Institute for Occupational Safety and Health. 
Mention of any company or product does not constitute 
endorsement by NIOSH.  
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