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Shear strength deterioration of rock joints and its induced instability of key blocks subjected to dynamic disturbance constitute the
mechanism of many geological disasters such as rockburst, landslide, and rockfall. In this study, the influence of dynamic
disturbance on rock joints was quantified in the form of stress, of which model was established by quasistatic method. The
dynamic shear strength of rock joints was analyzed theoretically following the Coulomb-Navier criterion and further
investigated experimentally by split Hopkinson pressure bar (SHPB) tests with impact velocities of 4.850m/s, 8.722m/s,
12.784m/s, and 16.935m/s. The effect of engineering disturbance on shear strength of rock joints was measured, and a
degradation coefficient was used to describe it quantitatively. Considering the degradation of dynamic shear strength of rock
joints and its influence on block stability, the method for determining key blocks under dynamic disturbance was given.
Implementing this method into the program of Geotechnical Structure and Model Analysis-3D (GeoSMA-3D) developed by the
authors’ team, the visualization of key blocks was achieved. From theoretical analysis and experimental investigation, it was
figured out that the shear strength of rock joints is degraded under dynamic disturbance. The degradation of friction angle
becomes more sensitive than that of cohesion. Additionally, numerical results show that the number of key blocks was increased
with the increasing impact velocities.

1. Introduction

An appropriate evaluation of shear behavior of rock joints is
vital, for instance, when analyzing the stability of rock slopes,
designing excavations in jointed rock, and designing rock-
socked piles [1]. A considerable amount of work has been
conducted to describe the shear behavior of rock joints [2–8].
However, in a variety of geomechanical engineering applica-
tions, such as rock quarrying, rock drilling, rock excavation,
and rock blasting, rock joints may be stressed and failed
dynamically [9]. Many studies have indicated that the
large-scale engineering work destroyed the original stress
balance of rock joints and influenced their shear behavior.
The collapse, landslides, and many other geological disasters
may occur under engineering disturbance. That is to say the
strength deterioration of rock joints bears significant advent
impacts to the geotechnical disasters [10]. Studying the fail-

ure process and degradation characteristics of rock joints
under dynamic loading is critical for analyzing the failure
mechanism of unstable work under dynamic disturbance.
In practice, not only the failure mechanism but the secure
method used in the unstable engineering work should be
studied. Many publications have shown that the instability
of rock engineering is often manifested in the form of the
slip of the blocks formed by the intersection of joints
[11–15]. The methods used to judge the block stability and
determine the key blocks show that block stability is domi-
nated by shear behavior of rock joints. Obviously, the
strength deterioration of rock joints inevitably induced the
emergence of key blocks. Therefore, it is of great importance
to judge the block stability and establish a method to deter-
mine the key blocks under engineering disturbance.

At shallow depth, jointed rock mass failure commonly
occurs along weak discontinuities in shear mode [3]. An

Hindawi
Geofluids
Volume 2019, Article ID 6803512, 12 pages
https://doi.org/10.1155/2019/6803512

https://orcid.org/0000-0001-6123-5186
https://orcid.org/0000-0001-7768-1084
https://orcid.org/0000-0001-9295-858X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6803512


appropriate evaluation of shear behavior of rock joints is
vital. In conventional studies, the shear response of a joint
was usually investigated in an experimental method or a
theoretical way. With regard to shear behavior evaluation
through laboratory investigation, the direct shear test and
cyclic shear test have gained significant attention. Consider-
ing the spatial geometry and stress state of rock joints, direct
shear tests [6, 16–20] and cyclic shear tests [7, 8, 21–25] were
conducted by different researchers from around the world. It
should, however, be noted that the aforementioned shear test
requires a costly shear test apparatus, and moreover, it
involves a difficult, complex, and time-consuming procedure
of sample collection and preparation. Therefore, the estima-
tion of shear strength empirically by using existing shear
strength criteria has got obvious advantages. In the past few
decades, many researchers proposed empirical shear strength
criteria of joints considering their physical and geometrical
characteristics [3, 26–32]. It should be noted that fruitful
results have been achieved by different researchers from
around the world on a regular basis which certainly have
got significant academic importance. However, few existing
publications regarding the dynamic shear behavior of rock
joints were carried out. The dynamic shear strength of rock
joints has a significant influence on the stability of rock engi-
neering. With the increase of dynamic engineering activities,
the research on dynamic shear strength of rock joints is
urgently needed.

With the shear strength degradation of joints under engi-
neering disturbance, the block stability will be influenced
accordingly. Over the years, many methods have been put
forward to estimate the block stability and determine the
key blocks [33–36]. The existing investigation mainly ana-
lyzed the effects of joint morphology on key blocks [37–39],
such as the rock bridge and the distribution or the length of
joints. However, the shear strength of rock joints has been
generally regarded as the most critical factor of the block sta-
bility, which is closely related to the safety factor of key
blocks. Notably, in conventional studies, the key blocks
determined by block theory were under static loading. How-
ever, in a variety of geological disasters, such as rockburst,
landslide, and rockfall, the rock block may be stressed and
failed dynamically. The accurate determination of key blocks
under dynamic loading is thus desirable in many rock engi-
neering applications, the shear strength should be considered
at the same time.

With the limitation of test conditions and the difficulties
in dynamic experimental investigation, the study on the
dynamic properties of rock joints experiences a huge chal-
lenge, especially its shear behavior. Limited research on the
dynamic shear behavior of rock mass was conducted. For
example, a testing method called the punch-through shear
test was introduced by Backers et al. [40, 41]; a series of
laboratory tests on limestone, marble, and granite were pre-
sented, and the influence of confining pressure, loading rate,
sample size, and cyclic loading was studied. Huang et al. [42]
gave a dynamic punch method to quantify the dynamic shear
strength of sandstone by a split Hopkinson pressure bar sys-
tem (SHPB) with a specially designed holder. The punch-
through shear (PTS) method was further studied by Yao

et al. [9]; the dynamic Mode II fracture toughness of rocks
was determined, and the dynamic fracture pattern and
modes of the rock were analyzed. However, the exiting pub-
lications mainly focused on the shear behavior of rock mass
not rock joints. For this, attempts are made to study the
dynamic shear strength of rock joints in quasistatic method
in this paper.

In the present study, a stress model was established to
evaluate the mechanical characteristics of rock joints under
dynamic disturbance. The theoretical expression on the var-
iation of joint shear strength was deduced by the established
stress model and the Coulomb-Navier criterion. The detri-
mental effect of dynamic disturbance on the shear strength
of rock joints was analyzed, and a degradation coefficient
was used to describe it quantitatively. Considering the influ-
ence of joint shear strength on key blocks, a method for
judging block stability under engineering disturbance was
established. Moreover, the judgment method of block sta-
bility was implemented into the GeoSMA-3D software,
which realized the visual analysis of block stability under
dynamic disturbance.

2. Characterization on the Variation of
Dynamic Shear Strength

The influence of dynamic disturbance on rock joints was
quantified in the form of stress. The stress model was estab-
lished. Combining the stress model and Coulomb-Navier cri-
terion, the theoretical expression on the variation of joints
shear strength under dynamic disturbance was determined.

2.1. Analysis on the Stress State. The stress state of rock
joints under engineering disturbance was interpreted by
the superposition of original stress state and engineering
disturbance stress state [43]. In this study, the self-weight
stress is considered as the original stress state, as shown
in Figure 1.

Figure 1 indicates that the geostatic stresses have fixed
orientation on each joint, while the engineering disturbance
is a dynamic loading and its orientation should be considered
in the stress state [44]. As the dynamic loading affect the joint
shear in arbitrary direction, eight cases are considered in this
study. The stress caused by engineering disturbance is
applied to rock joints in the form of horizontal and vertical
stress, and the original self-weight stress was considered at
the same time. The orientations between the principal
stresses of dynamic loading and the geostatic stress are
shown in Figure 2.
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Figure 1: The stress state under self-weight.
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It can be observed from Figures 2(b), 2(c), 2(e), 2(f), and
2(h) that the external dynamic loading can make the Mohr
circle closer to the Coulomb-Navier failure envelope. In the
practical analysis, the whole eight cases are checked out for
failure on each joint and the one most unfavorable to joint
properties is regarded as the final stress state.

Based on the analysis of stress state and the calculation of
σ1e, σ3e, the formula of normal stress σ and shear stress τ
under various stress states can be determined by stress equa-
tions on the shear plane.

σ = σ1 + σ3
2 + σ1 − σ3

2 cos 2ϕ,

τ = σ1 − σ3
2 sin 2ϕ,

ð1Þ

where σ1, σ3 is the maximum and minimum principal stress,
respectively, ϕ is the angle between shear plane and the direc-
tion of the maximum principal stress.

In this study, the orientation of the principal stresses of
dynamic loading on a joint is considered in eight forms
which is reflected by the parameters k1 and k2 in equation

(2). Its relationship with the principal geostatic stress under
each stress state is shown in Table 1. The establishment and
analysis of the stress model of rock joints under dynamic
disturbance are realized.

σ = σ1 + σ3 + k1 + k2ð Þσe

2 + σ1 − σ3 + k1 − k2ð Þσe
2 cos 2ϕ,

τ = σ1 − σ3 + k1 − k2ð Þσe
2 sin 2ϕ  k1, k2 = −1, 0, 1ð Þ,

ð2Þ

where σe is the disturbance stress.

2.2. Theoretical Expression. Based on the stress model estab-
lished above, the shear strength of rock joints was character-
ized. The effect of dynamic disturbance on the shear strength
of rock joints was analyzed by the Coulomb-Navier criterion.
Then, the theoretical expression on the degradation of
dynamic shear strength can be obtained.

The Coulomb-Navier criterion considers that the shear
failure along one side of rock joints is controlled not only
by shear stress but also by normal stress [45]. The failure of
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Figure 2: Stress state of rock joints under engineering disturbance.

3Geofluids



rock joints does not occur along the plane with maximum
shear stress but ruptures along one of the faces where shear
stress and normal stress reach the most unfavorable combi-
nation. The Coulomb-Navier criterion of rock joints can be
expressed by

τf
�
�

�
� = τ0 + fσn, ð3Þ

where jτf j is the shear strength of the shear plane, τ0 is
the inherent shear strength of rock joints which is similar

to the definition of cohesion c, fσn is the frictional resis-
tance on the shear surface, σn is the normal stress on
the shear plane, and f = tan φ is the friction coefficient of
rock joints.

Equation (4) is the Coulomb-Navier criterion that is
expressed by σ1 and σ3. If the stress state meets this formula,
the rock joints will experience shear fracture.

2c = σ1 sec φ − tan φð Þ − σ3 sec φ + tan φð Þ: ð4Þ

Considering the dynamic disturbance, σ1, σ3 are replaced
by σ1e, σ3e. A strength analysis model corresponding to the
stress state in Figure 2 was established, as shown in Table 2.
The general form is given, as shown in

2c = σ1 − σ3 + k1 − k2ð Þσe½ � sec φ
− σ1 + σ3 + k1 + k2ð Þσe½ � tan φ  k1, k2 = −1, 0, 1ð Þ:

ð5Þ

Based on the strength analysis criterion, the effect of
dynamic disturbance on the shear strength of rock joints
was analyzed by contrasting the shear strength parameters,
c, φ, of rock joints under the original stress with ce, φe of rock
joints under dynamic disturbance. The degradation coeffi-
cients kc, kφ are used to describe the shear strength variation
quantitatively, as shown in Table 3. The general form is
given, as shown in

This process provides a theoretical method for analyzing
the variation of joint shear strength under dynamic distur-

bance. A new idea for analyzing the induced mechanism of
unstable works under engineering disturbance is given.

Table 2: The strength analysis criterion of rock joints.

Stress state The strength analysis model

(a) 2c = σ1 − σ3 − σeð Þ sec φ − σ1 + σ3 + σeð Þ tan φ

(b) 2c = σ1 − σ3 + σeð Þ sec φ − σ1 + σ3 − σeð Þ tan φ

(c) 2c = σ1 + σe − σ3ð Þ sec φ − σ1 + σe + σ3ð Þ tan φ

(d) 2c = σ1 − σe − σ3ð Þ sec φ − σ1 − σe + σ3ð Þ tan φ

(e) 2c = σ1 − σ3 + 2σeð Þ sec φ − σ1 + σ3ð Þ tan φ

(f) 2c = σ1 − σ3ð Þ sec φ − σ1 + σ3 + 2σeð Þ tan φ

(g) 2c = σ1 − σ3 − 2σeð Þ sec φ − σ1 + σ3ð Þ tan φ

(h) 2c = σ1 − σ3ð Þ sec φ − σ1 + σ3 − 2σeð Þ tan φ

kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3 + k1 − k2ð Þσe½ � sec φ − σ1 + σ3 + k1 + k2ð Þσe½ � tan φ
,

kφ =
tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ1 + k1σeð Þ σ3 + k2σeð Þ½ �
σ1 − σ3 + k1 − k2ð Þσe½ � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1 + k1σeð Þ σ3 + k2σeð Þp

− c σ1 + σ3 + k1 + k2ð Þσe½ �
n o

σ1σ3
:

ð6Þ

Table 1: The stress expression of rock joints.

Stress state The formula of σ and τ

(a)
σ = σ1 + σ3 + σe

2 + σ1 − σ3 − σe

2 cos 2ϕ,

τ = σ1 − σ3 − σe
2 sin 2ϕ

(b)
σ = σ1 + σ3 − σe

2 + σ1 − σ3 + σe

2 cos 2ϕ,

τ = σ1 − σ3 + σe
2 sin 2ϕ

(c)
σ = σ1 + σ3 + σe

2 + σ1 + σe − σ3
2 cos 2ϕ,

τ = σ1 + σe − σ3
2 sin 2ϕ

(d)
σ = σ1 − σe + σ3

2 + σ1 − σe − σ3
2 cos 2ϕ,

τ = σ1 − σe − σ3
2 sin 2ϕ

(e)
σ = σ1 + σ3

2 + σ1 − σ3 + 2σe

2 cos 2ϕ,

τ = σ1 − σ3 + 2σe
2 sin 2ϕ

(f)
σ = σ1 + σ3 + 2σe

2 + σ1 − σ3
2 cos 2ϕ,

τ = σ1 − σ3
2 sin 2ϕ

(g)
σ = σ1 + σ3

2 + σ1 − σ3 − 2σe

2 cos 2ϕ,

τ = σ1 − σ3 − 2σe
2 sin 2ϕ

(h)
σ = σ1 + σ3 − 2σe

2 + σ1 − σ3
2 cos 2ϕ,

τ = σ1 − σ3
2 sin 2ϕ
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3. Quantification of the
Degradation Coefficients

The effect of engineering disturbance on the shear strength of
rock joints was expressed theoretically. In this section, the
variation of joint shear strength under dynamic distur-
bance will be analyzed quantitatively and the value of deg-
radation coefficient will be given in experimental method
by SHPB tests.

3.1. Methods. In this study, a 100mm diameter SHPB system
is utilized to exert the impact loading [46, 47]; its physical
and mechanical properties are given in Table 4.

In our configuration, a loading stress pulse is induced
by the impact of the striking system composed of a gas
gun and a striker bar on the incident bar, as shown in
Figure 3. Stresses are transmitted to the specimen via the
incident bar, and we record the complete dynamic stressing
history using strain gauges on the incident and transmitted
bars equidistant from the specimen, each set consists of
two gauges located diametrically opposite [47]. Based on
the strains derived from these three waves in the elastic
bars, the loading forces on the two ends of the specimen
can be calculated.

Further, to ensure the accuracy of the measurement
results with the simple one-wave analysis, one has to guaran-

tee valid testing conditions with some testing techniques, e.g.,
stress equilibrium for sample, failure sequences of sample,
slenderness ratio of sample, and proper lubrication for min-
imizing the friction effect [47]. In this study, a small piece
of brass with 50mm diameter and 1mm thickness is selected
as the pulse shaper which is adhered on the top surface of the
incident bar to reach such dynamic force equilibrium. Lubri-
cants were used on the interfaces between bar and specimen
to minimize the radial inertial effect and achieve uniform
deformation of the specimen.

In this test, the specimen containing fractures is com-
posed of a cylinder of red sandstone filled with the sand.
The diameter and length of each cylinder are 100 and
50mm, respectively. The rectangular fracture with the
dimensions of 50 × 40 × 4mm is paralleled to the longitudinal

Table 3: The formula of kc, kφ for rock joints under engineering disturbance.

Stress state The formula of kc, kφ

(a) kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3 − σeð Þ − σ1 + σ3 + σeð Þ sin φ
kφ =

tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ3 + σeð Þ
σ1 − σ3 − σeð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1 σ3 + σeð Þp
− c σ1 + σ3 + σeð Þ

h i

σ3

(b) kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3 + σeð Þ − σ1 + σ3 − σeð Þ sin φ
kφ =

tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ3 − σeð Þ
σ1 − σ3 + σeð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1 σ3 − σeð Þp
− c σ1 + σ3 − σeð Þ

h i

σ3

(c) kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3 + σeð Þ − σ1 + σ3 + σeð Þ sin φ
kφ =

tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ1 + σeð Þ
σ1 + σe − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ3 σ1 + σeð Þp
− c σ1 + σe + σ3ð Þ

h i

σ1

(d) kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3 − σeð Þ − σ1 + σ3 − σeð Þ sin φ
kφ =

tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ1 − σeð Þ
σ1 − σe − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ3 σ1 − σeð Þp

− c σ1 − σe + σ3ð Þ
h i

σ1

(e) kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3 + 2σeð Þ − σ1 + σ3ð Þ sin φ
kφ =

tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ1 + σeð Þ σ3 − σeð Þ½ �
σ1 − σ3 + 2σeð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1 + σeð Þ σ3 − σeð Þp
− c σ1 + σ3ð Þ

h i

σ1σ3

(f) kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3ð Þ − σ1 + σ3 + 2σeð Þ sin φ
kφ =

tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ1 + σeð Þ σ3 + σeð Þ½ �
σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1 + σeð Þ σ3 + σeð Þp
− c σ1 + σ3 + 2σeð Þ

h i

σ1σ3

(g) kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3 − 2σeð Þ − σ1 + σ3ð Þ sin φ
kφ =

tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ1 − σeð Þ σ3 + σeð Þ½ �
σ1 − σ3 − 2σeð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1 − σeð Þ σ3 + σeð Þp
− c σ1 + σ3ð Þ

h i

σ1σ3

(h) kc =
c
ce

= σ1 − σ3ð Þ − σ1 + σ3ð Þ sin φ

σ1 − σ3ð Þ − σ1 + σ3 − 2σeð Þ sin φ
kφ =

tan φ

tan φe
=

σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1σ3
p

− c σ1 + σ3ð Þ
h i

σ1 − σeð Þ σ3 − σeð Þ½ �
σ1 − σ3ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 + σ1 − σeð Þ σ3 − σeð Þp

− c σ1 + σ3 − 2σeð Þ
h i

σ1σ3

Table 4: Physical and mechanical properties of SHPB.

Properties Unit Values

The diameter of input (output) bar mm 100

The length of input (output) bar mm 4000

Young’s modulus GPa 206

The density kg/m3 7850

The wave propagation velocity m/s 5122.698
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axis of the cylindrical specimen. The schematics and pictures
of the specimen were shown in Figure 4. The end surfaces
shall not depart from perpendicularity to the longitudinal
axis of the specimen by more than 0:5° and are flat to
0.01mm. In addition, the surfaces of the specimen cylinder
are smooth, free of abrupt irregularities, and straight to
within 0.5mm over the full length of the specimen since such
irregularities might act as stress concentrators. Moreover, the
deviation between the connecting line of the center points in
both ends of the specimen and the specimen axis did not
exceed 0.025mm every 25mm in length.

The specimens are divided into four groups according to
the impact velocity, i.e., 4.850m/s, 8.722m/s, 12.784m/s, and
16.935m/s, respectively. With respect to different impact
velocities, four test groups were conducted to investigate
the effects of impact velocity on the strength degradation of
rock structure. Each test group includes three tests to guaran-
tee the repeatability of the experimental study.

In this test, pairs of diametrically oriented strain gauges
are glued on the surfaces of the incident and transmitted bars.
A digital oscilloscope connected to the gauges is applied to
record and store the amplified strain signals collected from
Wheatstone bridge circuits. The incident and reflected waves
propagating in the input bar and the transmitted wave prop-
agating in the output bar can be obtained from the records of
strain gauges. The recorded strains from the test are used to
determine the dynamic response in the specimen.

3.2. Results. The stress wave of the specimen with different
impact velocities is given in Figure 5. Figure 5 indicated that
the wave forms of the transmitted and reflected waves are
very similar while impact velocities are different. But the
amplitude of stress wave is different, which is associated with
the impact velocity. It can be observed from Figure 5 that the
amplitude of the transmitted wave decreases while the ampli-
tude of the reflected wave increases with the increasing
impact velocity.

The stress state of the sample subjected to impact loading
with different velocities of 4.850m/s, 8.722m/s, 12.784m/s,
and 16.935m/s is shown in Figure 6. It can be observed
that the stress forms are similar while the impact velocity
varies. The peak stresses increase with increasing impact
velocity. The largest stresses acting on specimens were
58.38MPa, 89.55MPa, 95.23MPa, and 106.3MPa when the
impact velocity was 4.850m/s, 8.722m/s, 12.784m/s, and
16.935m/s, respectively.

Combining the theoretical analysis in Section 2 with this
experimental study, the relation between impact velocity and
degradation coefficient can be obtained. The degradation
coefficient of internal friction angle φ is 3.0524, 5.4119,
5.8386, and 6.669 for the impact velocity of 4.850m/s,
8.722m/s, 12.784m/s, and 16.935m/s, respectively. The cor-
responding degradation coefficient of cohesion c is 0.461,
0.292, 0.274, and 0.244. The effect of impact velocity on the
degradation coefficient and the corresponding fitting curves
are shown in Figure 7. The fitting curve results revealed that
the tendency of kφ rises with the increase of impact velocity.
In comparison, it is also indicated that kc decreases with the
increase of impact velocity. This phenomenon suggests that
the strength of jointed rock is degraded under impact load-
ing. Additionally, the degradation of the internal friction
angle becomes more obvious than that of cohesion.

4. Influence on Key Blocks

Based on the block theory and modern computer technique,
a three-dimensional numerical software GeoSMA-3D is
developed for identifying key blocks [15, 48, 49]. The main
procedures include three dimension discontinuities network
simulation, analysis of intersecting lines between discontinu-
ities and surfaces, analysis of primary loops, loops location
analysis, isolated loops deleting, relative loop analysis, closed
block identification, and key block determination [48, 49].
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Figure 3: The SHPB apparatus.
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Figure 5: Stress wave of specimen with different impact velocity.
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The block search module in GeoSMA-3D was used to
determine the key blocks based on the classical block theory.
In order to establish a key block judgment method which can
realize the determination and visualization of key blocks
under engineering disturbance, the formula for calculating
the safety factors of block was modified by applying kc and
kφ to reflect the deteriorating effect of shear strength on joints
under engineering disturbance. The formula for judging
block stability under engineering disturbance was given.
With this method linked to the search module of key
blocks in the program GeoSMA-3D, the determination
and visualization of key blocks under engineering distur-
bance were achieved.

4.1. Determination of Key Blocks. The key blocks are deter-
mined by the safety factor based on block theory. From the
formula of safety factor, we can see that the shear strength
of rock joints influenced the value of safety factor strongly.
Considering the degradation of dynamic shear strength of
rock joints, the determination of key blocks under dynamic
disturbance can be given.

4.1.1. The Block Is Separated from the Jointed Rock. If the
movement of the block is in the form of falling, the safety
factor is zero.

4.1.2. The Block Slides along a Single Surface. The sliding
model for blocks which slides along a single surface is shown
in Figure 8. Applying kc and kφ to reflect the effect of dynamic
disturbance on the shear strength of rock joints, the stability
of blocks under dynamic disturbance can be determined. In
this sliding model, the safety factor η can be calculated by

η = G cos θ tan φe + ceS
G sin θ

, ð7Þ

where

tan φe =
tan φ

kφ
, ce =

c
kc
, ð8Þ

where G is the gravity of the block; S is the area of the sliding
plane; θ is the dip angle of slipping plane; φe, ce is the internal
friction angle and cohesion of rock joints under engineering
disturbance, respectively, and kφ, kc is the degradation coeffi-
cient of internal friction angle and cohesion, respectively.

4.1.3. The Block Slides along Bilateral Surfaces. The sliding
model for blocks which slides along bilateral surfaces is
shown in Figure 9. In this model, the safety factor η of the
block can be calculated by

η = N1 tan φ1e +N2 tan φ2e + c1eS1 + c2eS2
G sin θ

, ð9Þ

where

tan φ1e =
tan φ1
k1φ

, tan φ2e =
tan φ2
k2φ

, c1e =
c1
k1c

, c2e =
c2
k2c

,

ð10Þ

where θ is the dip of the intersection of the slipping plane J1
and J2;N1 andN2 are the normal force of the slipping planes,
φ1e, c1e and φ2e, c2e are the internal friction angle and cohe-
sion of joints J1 and J2 under engineering disturbance,
respectively, k1φ, k1c are the degradation coefficient of φ1e,
c1e; and k2φ, k2c are the degradation coefficient of φ2e, c2e.

4.2. Visualization of Key Blocks. Combining the information
of joints derived from ShapeMetriX3D with the block search
module in the GeoSMA-3D software, the judgment of block
stability and the visualization of key blocks can be achieved.
The block search module in GeoSMA-3D can provide the
visualization of key blocks, as well as quantitative informa-
tion such as the safety factor, volume, and sliding surface of
key blocks [15, 48, 49]. The key blocks determined in the
original procedure were under static loading. In order to
determine the key blocks under engineering disturbance,
the judgment method should be improved.

Based on the calculation formula of the safety factor of
the block, the stability judgment formula of the block under
engineering disturbance is given by using the reduction coef-
ficient of the damage effect under engineering disturbance.
The judgment method of block stability is implemented into
the GeoSMA-3D software. Combining with the original
block search module in the system, the search and visual
analysis of key blocks under engineering disturbance could
be realized.

The strength degradation of rock joints varies with differ-
ent levels of impact loading, resulting in different number
and distribution of key blocks. Combining the degradation
coefficient given in Section 3 and the safety factor realized

S1
S2

L
J

Figure 8: Model of single sliding surface.

S1

J1 L12 J2

S2

Figure 9: Model of bilateral sliding surfaces.
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in Section 4, the key blocks can be determined under the
impact velocity of 4.850m/s, 8.722m/s, 12.784m/s, and
16.935m/s, respectively. Figure 10(a) shows the key blocks
under static loading, while Figures 10(b)–10(e) illustrate the
key blocks under different impact loading, for example,
4.850m/s, 8.722m/s, 12.784m/s, and 16.935m/s, respec-

tively. Figure 10 revealed that the number of key blocks
becomes more with the increase of impact velocity.

Different impact velocities in the test and simulation
represent different degrees of engineering disturbances on
rock joints. After a series of theoretical study, experimental
investigation, and numerical simulation, the dynamic shear

+z(U)

+x
+y 0

(a) The number and distribution of key blocks under static loading

+z(U)

+x+y 0

(b) The key blocks under the impact velocity of 4.850m/s

+z(U)

+x+y 0

(c) The key blocks under the impact velocity of 8.722m/s

+z(U)

+x+y 0

(d) The key blocks under the impact velocity of 12.784m/s

+z(U)

+x+y 0

(e) The key blocks under the impact velocity of 16.935m/s

Figure 10: The number and distribution of key blocks under different impact disturbances.
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strength of rock joints was quantified and its influence on key
blocks was determined.

5. Discussion

From the theoretical expression and experimental quantifica-
tion on the variation of dynamic shear strength of rock joints,
we can see that the degradation coefficient of the internal
friction angle kφ rises with the increase of impact velocities.
In comparison, it is also indicated that the degradation coef-
ficient of cohesion kc decreases with the increasing impact
velocities. And the degradation of internal friction angle φ
becomes more sensitive than that of cohesion c. Notably,
the value of kφ is larger than one, while the value of kc is
smaller than one. That is to say, the internal friction angle
of rock joints was degraded with the influence of dynamic
disturbance, while the cohesion was upgraded. It is not diffi-
cult to understand that the dynamic impact has a negative
effect on the internal friction angle of rock joints, but how
to explain the positive effect on the cohesion. The tendency
of kc has shown that its value was decreased with the increas-
ing impact velocities, which indicated that the value of ce was
increased with the increasing grade of disturbance. This phe-
nomenon has shown that it is the dynamic cohesion provided
by the high speed impact that caused the positive effect on the
cohesion of rock joints.

From the method determined key blocks, we can see that
the variation of joint shear strength affected the block stabil-
ity strongly. The blocks formed by the intersection of joints
with higher shear strength will be more stable. As the shear
strength of joints was influenced by dynamic impact, the
number and distribution of key blocks are related to the
degree of engineering disturbances closely. The theoretical
study and experimental investigation have shown that the
internal friction angle φ was decreased while the cohesion
was increased with the increasing impact velocities. But the
degradation of internal friction angle φ becomes more sensi-
tive than the upgradation of cohesion c, so their combining
variation has a negative effect on the block stability. As
shown in the numerical simulation, with the increase of
impact velocity, more and more key blocks appeared.

6. Conclusion

In this study, the influence of engineering disturbance on
rock joints was quantified in the form of stress and the stress
model was established. The variation of joint shear strength
under dynamic disturbance was quantified, and its influence
on block stability was analyzed. The method on determina-
tion and visualization of key blocks under engineering
disturbance was given. After a series of theoretical study,
experimental investigation, and numerical simulation, some
conclusions can be drawn as follows:

(1) The stress state related to different kinds of distur-
bance was analyzed. Using the quasistatic method,
the stress model of rock joints under dynamic distur-
bance was analyzed. The shear strength criterion of
rock joints under dynamic loading was established

following the Coulomb-Navier criterion. Then, the
theoretical expression on the variation of dynamic
shear strength was given

(2) SHPB tests on the rock joints with different impact
velocities of 4.850m/s, 8.722m/s, 12.784m/s, and
16.935m/s, respectively. The variation of joint shear
strength under dynamic disturbance was quantified.
The shear strength of rock joints was degraded under
dynamic loading. The degradation of internal friction
angle φ becomesmore sensitive than that of cohesion c

(3) Considering the degradation of dynamic shear
strength of rock joints, the method for judging block
stability under dynamic disturbance was given.
Implementing this method into GeoSMA-3D, the
determination and visualization of key blocks under
dynamic disturbance were achieved. The numerical
simulation shows that the number and distribution
of key blocks are related to the degree of engineering
disturbances closely. With the increase of impact
velocity, more and more key blocks appeared
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