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Abstract

The strain rate equation of a rock sample end block unit was obtained during the transient unloading process, and the
strain rate magnitude indicated that the rock sample had an obvious dynamic effect according to the strain rate standard
of rock loading dynamics. The end unit produced a tensile stress with certain unloading times. In addition, the dynamic
module of the 3DEC program and its “static stress initialization-dynamic unloading” calculation mode were used to
analyze the stress propagation property after transient unloading. It was observed that the rock sample containing elastic
material circularly produced high tensile and compressive stresses that were reflected at two ends of sample. The cycle
period was 4 x T when the propagation time between the two ends was T. Additionally, a rock sample with elastic-plastic
material displayed a plastic damage zone that was affected by tensile stress, which was produced by reflection at the
fixed end. Finally, a significant finding was that the inner stress was always tensile stress and that compressive stress
never appeared after the damage zone appeared. Simultaneously, the results showed that the cycle period of tensile

stress was 2 x T, while the stress presented an attenuation phenomenon.

Keywords: Rock dynamics; strain rate; stress wave propagation; transient unloading.

1. Introduction

With the gradually increasing and continuous expansion
to greater depths of underground rock engineering, an
understanding of failure mode and failure process of the
surrounding rock around man-made openings (such as
tunnels, roadways and chambers) has greatly changed,
and the quantifiable expression is now being investigated.
High stress is superimposed and accumulated by gravity,
tectonic stress or residual tectonic stress. Concentrated
stress can also be caused by excavation. These changes
come with aberrant ground stress in deep rock mass. A
large amount of elastic strain energy can accumulate in a
rock mass under high stress. Dynamic disasters can occur
under these specific conditions (Hu et al et al., 2008; Dou
et al., 2005).

Many researchers (Shao et al.,2004; Lietal.,2005; Liet
al.,2007) have studied the dynamic failure characteristics

and criteria based on rock loading dynamics according
to stress wave theory. This has improved the theoretical
awareness of rock mass dynamic disasters. Rock mass
with high stress could also present dynamic phenomena
in the unloading process. For instance, coal and gas
bursting always occurs during the process of uncovering
rock cross-cut coal in coal mines. Rock-burst can also
occur during the excavation of rock roadways, tunnels,
and chambers.

In the rapid unloading process of rock mass with high
stress, many properties have been found to be similar to
that of the rock loading dynamic. Some are even more
intense, like the broken degree and damage range of a
rock mass , which can be significant. Yi et al. (2005), Lu
et al. (2007; 2012), Yang et al. (2013), Fan et al. (2015)
and Yan et al. (2015) analyzed the mechanic effects
and calculated the stress unloading duration time in the
excavation process of underground rock with medium-
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high stress. The researchers proposed the viewpoint of
transient unloading while considering that the dynamic
effect should be taken into consideration. The process of
transient unloading was found to induce a vibration near
the excavating surface of rock mass. It was different from
that of the conventional quasi-static unloading. Further
studies have shown that the vibration amplitude might
exceed that of blast vibration in the surrounding rock.
This phenomenon may become the main factor causing
rock mass failure.

For the studying of rock unloading dynamics,
numerical simulations and laboratory studies have been
widely carried out. Tao et al. (2012; 2013) studied rock
sample failure characteristics with an unloading time from
107 to 10* s using a commercial finite element program,
LS-DYNA. The study was based on strain energy density
(SED) rate and initial stress release rate (ISRR) theory.
Huang et al. (2011) used RFPA2D to simulate the transient
unloading confining pressure process. They found that
the rock sample presented a large area of damage near
the free surface and mainly presented the shear failure
under a high-axial stress condition. Xu and Lu (2003)
investigated the role of the dynamic unloading effect in the
rock blasting process and judged the relative study to be
insufficient and mostly limited to the qualitative research.
He et al. (2007; 2014) rapidly unloaded the horizontal
stress of a granite sample under three-dimensional stress
condition and discovered that it presented non-linear
dynamic failure phenomena. Wei et al. (2014) and Yang
et al. (2014) found that the damage range of surrounding
rock with high stress under the transient unloading
condition was significantly greater than that of the static
stress unloading process.

From the above analysis, the dynamic phenomenon of
high stress rock mass caused by transient unloading has
been subject to more research for the failure mechanism.
The prevention and suppression of transient unloading-
induced disasters and utilization of their failure mechanism
for rock breaking is thus an important research topic. This
is especially true for deep well gas drilling. However, most
researchresults were obtained via qualitative analysis of the
apparent phenomena, which is not a significantly accurate
way to analyze the essential cause of this dynamic effect.
Additionally, the unloading process is difficult to control
for unloading failure of rock in a laboratory. This leads to
special data in the unloading process of deep underground
rock which cannot be ascertain to interpret the dynamics
of the phenomenon.

In this paper, a theoretical analysis based on dynamics
theory was utilized to evaluate the characterization

parameters of unloading dynamics, including rock strain
rate (RSR) and acceleration. Then a dynamic module
of the 3-dimensional distinct element code (3DEC) was
employed to simulate inner stress, and its propagation
property in rock sample with elastic-plastic material, and
finally discuss the failure mechanism of rock mass.

2. Dynamic parameters analysis of transient

unloading

It is generally believed that a rock sample will produce
some vibrations when the RSR is more than 1x10- s'. An
RSR between 1x10! and 1x10*s! belongs to the rock load
dynamics field, and the rock dynamic action time is at a
microsecond (us) and millisecond (ms) level (Field et al.,
2004; Huang, 2011). In addition, in the rock dynamic field,
the typical load is the impulse load and the inertial effect
must be considered. This means that high acceleration
will be produced (Bin et al., 2013). Therefore, RSR and
acceleration are two important parameters to characterize
dynamics, and their value size will be described in detail.

2.1 Model for transient unloading

To solve for the unloading dynamic parameters, the
displacement solution must be obtained. But, first,
the unloading model and unloading path must be
determined.

2.1.1 Rock sample unloading model

In reality, an underground rock mass is in a 3D stress
state, but the unloading process of the rock mass under 3D
initial stress is very complex. Thus, the analytical solution
of displacement might be impossible for any statically
indeterminate system. Therefore, it is complicated to use
3D-modelling to solve this problem. However, man-made
opening excavations only operate in one direction (Tao et
al., 2012). To simplify the problem, the model is stress-
free, i.e., the confining stress is zero, which simplifies this
case to a 1D-stress state problem when characterizing the
transient unloading process under axial initial stress only
(Tao et al., 2012). Therefore, the unloading process is
estimated by using a rock sample with isotropic material
(Figure 1).

It is assumed that the rock sample in Figure 1 has being
compressed based on the stress state of underground
rock mass, and has initial compression deformations The
magnitude of the initial deformations mainly depends on
the magnitude of the deformations produced by the initial
stress. Assume the stress is applied along the x-direction
and there is an initial equilibrium, the relationship of
stress and deformation can be expressed by Equation
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Fig. 1. Rock sample unloading model

(1a). Then it is also unloaded in the same direction. For
the model (Figure 1), | is the initial length of the sample
before compressing. Ax is the end unit length, d is the
maximum compression deformation under the action of
P,, and u(?) is the displacement of the end unit for sample
compression state. Furthermore, o(?) is the left end stress
of this unit in unloading process, which was produced
by deformation and expressed by Equation (1b). The
dynamics relationship for the end unit in the unloading
process is shown in Equation (1c).

ES-R, @
ot =E2 _l”(t) b)> (1

ot)-s—Pt)-s—m-i(t)=0 (¢)

where E is the elastic modulus of the material, p is the
sample density, and s is the area size of sample cross

section..
2.1.2 Path for transient unloading

The different excavation methods can be characterized
by different initial stress unloading paths. The paths of
stress transient unloading for a rock mass can be fitted by
a linear, negative exponential and a 1/4 cosine function,
as shown in Fig. 2 (Lu ef al., 2008). The functions can be
observed in Equations (2), (3) and (4), respectively.
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Fig. 2. Paths for transient unloading of in-situ stress

P(t)=P,(1-¢/1,) 2)
P(t)=Pe™"™ 3)
P(t) = P, cos(zt / (2t,)) » “4)

where P(t) is the external pressure stress in the unloading
process, P is the in-situ stress, #, is the duration time of
unloading, and /# is the attenuation exponent. To simplify
the calculation procedure, the linear unloading path is
used for the calculations.

2.2 Displacement solution

According to Equations (1) and (2), the following physical
equation is obtained:
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E
p-Ax~ii(z)+7u(r)—Poi=o )

0
Equation (5) is a 2-order, non-homogeneous, linear

ordinary differential equation, the boundary conditions of
which are as follows:

=0
fi o

u|r:0=0

After using the method of variation of the constant,
the displacement analytical solution for Equation (5) is
obtained, as follows:

u(r)= T sin(\JE / (pl - Ax) t)+Et0 t 7)

E
0=<r<ty)

It can be found that the density p and the elastic modulus
E for a specific material are constant. The end block unit
length Ax and rock sample length / were subjectively
selected, which has a great impact on the displacement.

To produce results with a certain precision and
comparability, the length Ax = 0.001 m, I = 1 m, and the
physical and mechanical parameters of sandstone and
the model parameters were used, as listed in Table 1. In
addition, it was determined that the MPa and the value of
0=3x1075,5x1075,7.5%107 s, 1x 104 s, 2.5 x 10* s
and 5 x 10*s. This allowed for the displacement changing
curves under 6 different unloading times to be calculated
(Figure 4).

Table 1. Physical and mechanical parameters of sandstone and calculated model parameters

Uniaxial
Uniaxial Internal
X compressi . . L. oiss Elasticity Dilation
X Density tensile Cohesion friction
Lithology 3 on's  modulus angle
P (kg/m”) strength ¢ (MPa) angle . .
strength N ratio E (GPa) w(®)
o: (MPa) ()
o.(MPa)
Sandstone 2630 62.77 7.48 10.83 5191  0.153 24.3 10
Model I(m) Ax(m) Po(MPa)  £,x10™ (s)
—_ 2.3 Strain rate analysis
20x10° F 7
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1.46 =107
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Fig. 3. Displacement functional image

Figure 3 shows: (1) the time difference is more
than ten-fold from #z= 3x10” s to 7,=5x10* s, but the
displacement does not change by much. This illustrates
that the displacement, when the unloading time ends, is
not sensitive to the unloading time of 7.; (2) the shorter
the unloading time of #, the greater the displacement
increases the rate; and, (3) the presence of more obvious
displacement volatility curves and strong nonlinear
properties illustrates that a certain degree of vibration
was produced during the unloading process, which is
consistent with the micro-quake events produced in the
field transient unloading process. See detailed researched
by Lu et al. (2007); Lu et al. (2012); Yang et al. (2013).

process to determine whether it reaches the strain rate
magnitude of the rock loading dynamic, the RSR is
calculated as follows:

du(t) v(t)

TU-d)di (-d) (®)

_det) _d(u)/(-d))

(t
&4 dt dt

In Equation (8), v(?) is the speed of the end block unit.
Through further analysis, according to Equations (7) and
(8), the strain rate expression is derived as follows:

A 0 0
L 71 /E /- Ax) - 71
& (Z) ( ())t(, cos( /(p ) t)+( (,)to (9)

assuming that:

t =1 ?pl-Ax/\/E. (10)

By using the data in Table 1, itis found that £ =3.27x107
s. It can be observed that when t; satisfies 0 <7, <7 , the
maximum strain rate can be calculated by using Equation
(9). When ¢ satisfies #, > ¢ , the maximum strain rate can
be calculated by using Equation (11):

=——0 (4,>1)

(1)



By using Equations (9) and (11), the relationship of
RSR and its maximum value with 6 different unloading
times was computed, as shown in Figure 4.
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Fig. 4. Image of the RSR function

Figure 4 shows that the strain rate curve fluctuates more
obviously, and the maximum strain rate decreases as total
unloading time t; increases. On the contrary, the smaller
the value of t, the larger the maximum strain rate. Further
analysis indicates that the minimum strain rate is 6.6 x 10° s™!
and the maximum strain rate is 1.0792 x 10 s”!, whose values
reach the strain rate magnitude of rock loading dynamics.

Previous studies have shown that deep underground
rock bears overburden stress, concentration stress and
tectonic stress, which tend to be greater. According to
the stress measurement from a study completed in South
Africa, the stress at a burial depth from 3500 to 5000
m can reach 95 to 135 MPa (He et al., 2005). On the
other hand, the unloading time will be shortened using
particular excavation methods. We can find that the strain
rate parameter values were more conservative in the
above calculation process, and if the stress increased and
unloading time decreased, the RSR would become greater
in the transient unloading process, while the unloading
dynamic effect would be more intense.

2.4 Acceleration analysis

According to the D’Alembert principle, it is the inertia
force that retains an object’s original motion state tendency
of the particle system dynamic process, and whose value
can be measured using the acceleration. Through the
analysis the following relationship was found between the
acceleration and RSR:
ii(z):é(t)-l(l—PO/E) (12)

It can be observed that the RSR and the acceleration
are not two independent variables. Their relationship can
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be established using the rock length 1, the pressure stress
PO and the elastic modulus E.

Utilizing Equation (12), the relationship of acceleration
with 6 different of unloading times was computed, as
shown in Figure 5.
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Fig. 5. Image of acceleration function

Figure 5 shows that the smaller the total unloading time
t,, the bigger the maximum acceleration. When ¢, satisfies
t, >t /2, the maximum acceleration can be calculated as
follows:

P 1
i(f)="2 |——
(1) . ,/ e

The data in Figure 5 show that the acceleration can
reach 10° m/s?> when the RSR satisfies the rock dynamics
category in the transient unloading process.

(13)

3. Stress evolution law

Theintensity ofthedynamiceffectinthetransientunloading
process was measured by using the RSR. Generally, the
maximum deformation and the RSR will appear at the
end block unit. Thus, there is a strong representative
significance for studying the RSR of the end block unit,
as has been done in this research. Moreover, it is known
that a rock sample that produces the dynamic effect will
also produce dynamic deformation and damage. In reality,
it will stimulate a stress wave in the unloading direction
in the transient unloading process that will also propagate
along the unloading direction (Tao et al., 2012; Tao et al.,
2013; Carter and Booker, 1990). This can be reflected
through a numerical simulation. Therefore, the following
will be the study of the stress propagation property in an
elastic material and an elastic-plastic material.

3.1 Stress evolution features in an end block unit

To study the stress propagation property, it is first necessary
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to understand the stress evolution property of an end unit.
We took the 6 different unloading times shown in Table 1
and the end pressure stress P) = -50 MPa. Using these, we
obtained the stress o(?) evolution characteristic according
to Equations (4) and (7) (Figure 6.)
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Fig. 6. The end unit stress evolution rule

Figure 6 shows: (1) the stress o(?) gradually decreases
as the unloading time increases, and the shorter the
unloading time, the greater the decrement in stress; (2) the
tensile stress is produced in the final stages under some
unloading times condition; and, (3) the maximum tensile
stress value was 10.04 MPa, which is much higher than
any tensile strength of rock.

3.2 Stress wave propagation
3.2.1 Numerical model

The study for the theoretical calculation of stress was
conducted for the end unit, which can only represent the
end unit stress behavior characteristics (SBC). It cannot
describe the SBC in the remaining part of the model. This
paper used the dynamic module of the 3DEC (Cundall,
1988; Hart et al., 1988) to find the SBC in the transient
unloading process. To simplify the modeling procedure, a
square (Tao et al., 2013) 3DEC rock sample model with no
confining stress (Tao et al., 2012) is shown in Fig. 7. The
physical and mechanical parameters are listed in Table
1. Calculation was performed by using the “static stress

J I H G F E D C
( 100mm _; 100mm_; 100mm _,; 100mm _; 100mm_,; 100mm _, 100mm_, 100mm_, 100mm _, 100 mm_,
1

initialization-dynamic unloading” calculation mode. This
means that the dynamic module is first turned off and the
initial balance in the static state is calculated. A fter that, the
dynamic module is turned on, and P is linearly unloaded
at the free end. The damping effect was not considered in
the calculation process. At the same time, eleven stress
monitoring points (A-K) were arranged in the center of
model cross section in order to obtain the stress o_.

In general, the velocity of the wave of the rock sample
in Table 1 is found as follows:

c=\/E= 3040 m/s , (14)
P

where E is the elastic modulus of the rock and p is the
density. The actual propagation time T of the wave from
right to left is calculated as follows:

T:£z3.3><104 s (15)
C

3.2.2 Stress wave propagation in elastic material

The material was set with elastic constitutive relationships.
The initial boundary axial pressure is P, =-50 MP, and
the unloading time 7, is 5x10° s. To fully show the stress
wave propagation characteristic for subsequent analysis,
a simulation time of 8x7 was taken. Furthermore, we
acquired the stress nephogram of o at the moment of
unloading completion and 7/2. The acquired interval 7/2
time slot after calculating 7/2, within the time of 4xT, was
also calculated (Figure 8).

The following can be observed from Figure 8:

1. The compressive stress value of the rock sample
decreases from the stress Sp1~ Tensile stress occurs at
the moment that unloading is finished, i.e., z = 3.3 %
10+ s, and begins to spread to the fixed end from the
free end, which presents a gradually increasing trend.
The tensile stress at the fixed end becomes S, and that
at the free end is maintained at S, .

2. High tensile stress S, is instantly produced when
the stress wave is reflected at the fixed end, and the

Cross section

| 50 mm

50 mm

| 1000 mm

Fixed end

|
Unloading end

Fig. 7. Figure of numerical sample



stress value reaches 50 to 60 MPa. This value range is
several times higher than the incident stress wave S
and far more than the tensile strength of rock.

Reflected stress wave S, propagates to the free end at
t=6.6 x 10* s. After being reflected at the free end,
the tensile stress forms a low strength compressive
stress S, and propagates to the fixed end, continuously
increasing in the propagation process.

The compressive stress S ) spreads to the fixed end at
t=9.9 x 10*s, and high compressive stress S, appears
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225107 = i
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3
200010° | | 322
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after Sp2 is reflected at the fixed end. It is far greater
than S, and propagates to the free end. At £ = 13.2 x
104, S, spreads to the free end and begins to spread
to the fixed end after reflection. The next cycle begins,
and we can observe that the cycle period is 4 x T.

Based on the above analysis, it is obvious that the
tensile and compressive stress are produced after reflection
and are sometimes higher, presenting a cycle period. (See
the cyclic graph in Figure 9.)

PR [ ] R G S W

-8.0x10" -6.0x10” -4.0x107 -2.0x10’

7

0.0 2.0x107 4.0x107 6.0x10° 8.0x10

o_(Pa)
Fig. 8. Elastic materials stress propagation properties
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Fig. 9. Cyclic graph of ox in elastic materials
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2.3 Stress propagation in elastic-plastic material

To study the failure and stress propagation characteristics
of the rock sample caused by transient unloading, the
Mohr-Coulomb failure criterion was used on the basis of
the above rock sample and its size (Figure 7). The boundary
conditions, unloading method and unloading time are the
same as those in Section 3.2.2. The rock sample plastic
zone was monitored in the calculation process. The results
are shown in Figure 10.The following can be determined
from the results:

1. Tensile stress is produced between the moment
of unloading and t = 3.3 x 10* s. It continuously
increases during the spread process, being S, when
reaching the fixed end. However, due to the smaller
tensile stress, the first three rock samples did not
appear in the plastic zone.

2. The tensile stress is reflected at the fixed end and
results in high tensile stress. The high tensile stress
value is greater than the rock sample tensile strength,
causing the damage. Meanwhile, the failure zone
prevents tensile stress from continually increasing.
Instead it remains at the S, level.

3. The high tensile stress continue to spread along the
unloading end direction and results in a larger area of

damage. However, as time progresses, much of the
elastic energy is consumed, and the plastic zone is
essentially unchanged.

4. The attenuated tensile stress propagates to the free end
and continuously decreases, being St4 when reaching
the free end. S, is reflected at the free end and is
reduced. However, it gradually increases during the
process of spreading to the fixed end. The next cycle
begins with a cycle period of 2 x T. The stress cycle
graph can be simplified as shown in Figure 11.

Further analysis reveals that ox is always tensile stress. In
other words, it never appears as compressive stress. The
tensile stress near the fixed end continuously attenuates
during the cycle process due to the energy consumption in
plastic zone, showing an attenuation angle a. (See Fig. 10.)

4. Discussion
4.1 RSR

For an actual underground rock mass engineering, the
rock block near the free face has the maximum RSR in
the transient unloading process. Therefore, the research
on the dynamic parameter that is focused on a rock
sample end block unit has rationality. However, it must
be taken into account that the underground rock mass is in
the 3-dimensional stress state, the constitutive equation of
which in the x direction is:

3.00x10°
2.75x10° F
2.50x10°
2.25x10” | shear-n shear-p
3 shear-n shear-p tension-p
2.00x10° | [ shearp
" shear-p tension-p
2 tensi hear-
_1sx10” m$2 i R
7] B on-p
~  1.50x10° |
g | 13.2x10%s
3 *
® 1.25x10 11.55-107 s
1.00X10° (em——

7.50x10™

6.6%10% s

4.95%10% s

5.00x10™

2.50x10™

0.00

-2.50x10™

-4x10’

-5x107

-3x107

2x107  -1x107 0
o (Pa)

Fig. 10. Elastic-plastic materials damage and stress propagation properties



£, :%[Ux—y(ay+0'z)} (16)

Here, the sign of o_is positive, while o, and ©, are
negative for transient unloading. The strain € will
become larger in the 3-dimensional stress state, as well as
the RSR. Therefore, the RSR calculated using Equation
(9) is conservative, meaning that the real RSR should be
multiplied by a coefficient A, where A > 1.

Furthermore, from Equation (9), we can observe that
the RSR can be expressed as follows:

£@)= f(R.E, p.l,Ax,1,) (17)

Equation (17) clearly indicates that the RSR is relevant to
many factors. Among the factors, the parameters P, E, p

Reflect
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and t, are constant in certain geological environments and
excavation conditions. However, the selection of / and
Ax involves subjectivity, which has a great impact on the
result of RSR. Here, an analysis is necessary.

1. Itisknown thatthe rock massisnota continuous media.
It is distributed in complex joints and fractures that cut
the rock blocks into different sizes, resulting in block
size differences and uncertainty. The size selection of
[ is intended to explain the unloading dynamic effect
and should be easy to calculate. Therefore, / of 1000
mm is reasonable. Moreover, the function of these
interfaces acts as the fixed end of the rock sample in
the actual process, and the stress wave is reflected at
the interface surface in the unloading process.

Fixedend Sy — — — — — — — — — — — — — —

Unloading end
- ———— el

pl

Rock sample

=0
moment

pl

Fig. 11. Cyclic graph of ox in elastic-plastic materials

2. As a matter of fact, P, is equal to the in-situ stress
o along the excavation direction, and the maximum
RSR expression can be changed to the following:

20

)
HE-o),

(A1) (18)

Equation (18) shown that the influence of / and Ax can be
eliminated. The use of this equation to calculate the RSR
in the transient unloading process might be inaccurate. In
reality, it is difficult to draw an accurate solution for a real
engineering situation. Therefore, it is viable to estimate
the RSR and evaluate the dynamic effect for transient
unloading under a certain geological condition by using this
equation, generally considering the coefficient as A = 1. Of
course, a three-dimensional model can be developed for
such research.

4.2 Failure mechanism

Forthe “unloading failure” phenomenon, several researchers
(Poncelet, 1946; Johnson et al., 1973; Atkinson, 1984;
Kimberley ef al., 2010) have documented the initiation and
propagation of cracks using brittle material specimens, such
as glass and single crystal quartz. The cracks originated at
the specimen boundaries and propagated into the bulk of
the specimen during the unloading phase despite the lack of
global tensile stresses applied to the specimen. The cracks
provided a mechanism for failure and damage growth in
brittle solids that had been loaded below their compressive
strengths. Michelle and Erland (1994) found that cracks
did not form when ice was unloaded slowly. Rather, the
unloading cracks were transverse to those formed while
loading and appeared as transgranular spurs to the loading
cracks during rapid unloading. These were attributed to
the development of tensile stresses during the unloading.
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Tonge et al. (2012) conducted finite element simulations of
uniaxial compression experiments on single crystal quartz.
The research indicated that a slip-stick mechanism, which
is highly dependent on interface friction, can be responsible
for the generation of tensile stress states, thus leading to
failure during unloading.

The simulation results in this research study show that
the tensile stress is generated at the fixed end and free end.
The value of the tensile stress may be beyond the tensile
strength of intact rock. It either results in rock failure
or generates new cracks. On the other hand, the sample
end face can be treated as the crack interface. Thus, the
crack interface could produce tensile stress, which may
be sufficient to initiate crack growth. In addition, our
simulations examined the experiments of unloading
failures (Kimberley et al., 2010) in an anisotropic
specimen of single crystal quartz. Significant tensile
stresses developed which made crack growth more likely
to occur (Tonge et al., 2012).

This research posists a brief analysis of the failure
mechanism of rock during the dynamic unload phase.
In fact, the failure mechanism and failure criterion of
unloading are quite complex, the reason being that a united
knowledgebase has not yet been formed. Figure 6 showed
that the tensile stress had a significant relationship with
the unloading time, which can be understood by using
Equations (4) and (7). Therefore, further investments in
studying these phenomena should have a positive effect
on disasters prevention from rock breaking.

4.3 Model parameters

It should also be mentioned that the physical and
mechanical parameters of rock in the unloading process
were kept constant. However, as the parameters changed,
the elastic modulus E increased (Li et al., 2015) in the
process of rock loading dynamics. Another issue is that
for transient unloading, the way in which parameters, such
as elastic modulus £, Poisson’s ratio y, etc., change has
rarely been studied. Ergo, an completely accurate answer
cannot be calculated. Therefore, this aspect requires
further research in order to make a contribution to rock
unloading dynamics.

5. Conclusions

The research investigated the theoretical calculation of
dynamics parameters and stress propagation property
analysis for a rock sample during transient unloading. This
paper had the following primary conclusions. First, the
RSR equation was formulated based on the displacement
analytic solution of a rock sample end unit with high

stress. Second, the theoretical calculation results showed
that the RSR can reach the strain rate category of rock
load dynamics. This indicated that a high-stress rock can
present dynamic effects in transient unloading process. In
addition, the RSR was not independent to acceleration,
which can reach 10° m/s2 magnitude. Third, the end
unit produced a tensile stress with certain unloading
times. Fourth, the sample with elastic material produced
tensile stress and propagated inside the rock sample
after transient unloading. After that, the inner stress was
constantly reflected at the sample two ends where high
tensile and compressive stress periodically formed. At
this point, the cycle period was 4xT when the propagation
time between the two sample ends was 7. On the other
hand, the rock sample with elastic-plastic material
produced a plastic damage zone at the fixed end, causing
high tensile stress to form though reflecting. This plastic
damage zone remained almost in the same range due to
decreased tensile stress. The inner stress was basic tensile
stress and the compressive stress never appear. Finally,
the inner stress had a cycle period of 2xT and presented
an attenuate phenomenon in each cycle.
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