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Abstract
Geological masses can be regarded as rock blocks of different scale of structural planes with the ability to store various forms of
energy. Propagation of stress waves generated by weak external disturbances in rock blocks may trigger the release of internal
potential energies and slip movements along these structural planes, resulting in seismic events, such as residual deformations, fault-
slip rock bursts, ground motions, etc. First, based on a simplified rock block system, a novel experimental system, and a numerical
model, we investigated weak disturbance-triggered seismic events. We then conducted a theoretical analysis in which we quanti-
tatively characterized the critical energy conditions of seismic events. The experimental and numerical results showed that the tensile
stages of the stress waves generated by the disturbance loading reduced the normal stress on the interface of adjacent blocks, leading
to an ultra-low friction phenomenon. This phenomenon resulted in the slip movements of the work block. The residual displace-
ments and the critical energy conditions significantly depended on the initial stress states. As the initial shearing force ratio β
increased, greater residual displacements were observed and lower disturbance energywas required to trigger a seismic event.When
βwas close to 1, even an extremely weak disturbance was able to trigger large residual displacements or sustainable slip failures. A
dimensionless parameter kwas introduced to characterize the critical energy conditions of the seismic events. The critical condition
for initiating a slip was that k should exceed a critical value, while the critical conditions for a slip failure were that k should reach a
larger critical value and the work block should be in a subcritical stress state. It can be concluded that disturbances, initial shear
forces, and friction-weakening mechanisms are the most important factors, with the initial shear forces providing the potential
energies, which are locked by the static friction force (the shear strength). The disturbances reduce the shear strength and weaken the
restrictions. The friction-weakening mechanisms determine energy conversion coefficient efficiency.
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Introduction

The triggering mechanisms of seismic events are a significant
research topics in geological engineering and seismology.
Typical seismic events include a wide range of irreversible
displacements along fault zones, ground motions, and rock
bursts in deep rockmasses.Many seismic events have resulted

in extensive loss of life and catastrophic damage to infrastruc-
ture and property.

Prior studies have shown that most seismic events are usu-
ally triggered by external disturbances, such as construction
blasting, tunnel excavating, and underground nuclear testing.
Glasstone and Dolan (1977) monitored and recorded thou-
sands of weak aftershocks on the surface in the six weeks
following the BENHAM underground nuclear explosion test.
Kocharyan and Spivak (2001) reported that a 230-T BB blast
at a depth of 252 m triggered an earthquake with a magnitude
of approximately 5. The seismic energy of the earthquake was
1012 J, while the explosive energy was only 108 ~ 109 J. Hill
et al. (1993) reported the California Randes earthquake with a
magnitude of 7.3 triggered multiple earthquakes over dozens
of hours at distances of up to 1250 km from its epicenter.
Other large earthquakes, such as the 1999 magnitude 7.1
Hector Mine (Gomberg et al. 2001) and the 2002 magnitude
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7.9 Denali (Gomberg et al. 2004) earthquakes, have also been
observed to induce dynamic triggering at remote distances. In
addition to triggered earthquakes, rock bursts, which can be
regarded as engineering earthquakes, have also been observed
to be triggered by external disturbances. Tan (1988) found that
blasting triggered 89 (78%) of 114 coal bursts at depths of 700
~ 900 m in the Mentougou mine and more than 50% of the
coal bursts at a depth of 700 m in the Longfeng mine.

These investigations indicate that seismic events may occur
at a distance far from the dynamic disturbance and that the
disturbance energy is always much lower than the energy
released by the triggered seismic events. Wang et al. (2005,
2016) provide a preliminary explanation for these phenomena
using theory analysis. They report that rock masses have the
abilities to store energy and that rock masses are in a
subcritical equilibrium state under high ground stress. Under
these conditions, a small disturbance can break the balance
and release the stored energy, resulting in seismic events.
This explanation is based on theoretical analysis only, and
the physical mechanisms of seismic events remain unclear to
date. Kocharyan et al. (2008) found that crustal earthquakes
are more likely to be a slipping motion over the existing frac-
ture surface than the propagation of a new fracture in a brittle
material. Their findings are based on seismic events simulated
in laboratory experiments; however, while the experimental
results provide a first insight into seismic events, the critical
conditions were not well discussed. Ma et al. (2009) analyti-
cally investigated the ultra-low friction phenomenon in blocky
rock systems but did not consider the seismic events induced
by the ultra-low friction phenomenon.

There is still a lack of information on the physical mecha-
nisms and critical conditions of seismic events. In the present
study, we investigated weak disturbance-triggered seismic
events using both an experimental and a numerical approach.
First, we simplified geological masses to a rock block system
in order to easily describe seismic events such as irreversible
deformations and slip-type rock bursts. Then, based on this
simplified mechanical model, we designed a novel experi-
mental system and a numerical model in which we carried
out a series of slip experiments using granite blocks and nu-
merical simulations to investigate the physical mechanism of
disturbance-triggered seismic events. The relationships
among the disturbance energies, the initial stress states, and
the released energies were studied. Based on energy analysis
we then quantitatively characterized the critical energy condi-
tions of the seismic events.

Simplified mechanical model

In the long-term natural environment, geological masses com-
prise various structural planes. Generally, these structural
planes are tectonic cracks of different scales or crushing zones

with filling layers. The stabilities of the geological masses are
mainly determined by friction forces and the properties of the
structural planes, as structural planes usually have consider-
ably lower effective strength and deformation characteristics.
Therefore, when carrying out stability analysis of geological
masses, it is necessary to take into account the slip movement
of the structural planes.

Figure 1 shows the slip movements of two different scales
of structural planes. After the earthquake occurs, an abrupt slip
along the rupture surface may occur with the effect of seismic
waves (see Fig. 1b). The slip of faults in rock masses may lead
to residual deformations or slip-type rock bursts (see Fig. 1c),
which can be understood as smaller seismic events. All of
these seismic events may result in dangerous geologic
hazards.

Previous studies have shown that the structural hierarchy of
rock masses involves a very wide range of scales, from a
microscopic to a macroscopic scale (Sadovskiy 1979;
Kurlenya et al. 1993; Qi et al. 2005). Rock masses can there-
fore be regarded as rock blocks with different scales of struc-
tural planes. To describe seismic events along the structural
planes, it is possible to simplify the rock masses to a rock
block system, as shown in Fig. 2. The vertical shock loading
represents the external disturbances. The propagation of the
stress waves in the vertical direction may cause horizontal
sliding movements, which is considered to be the true seismic
event. The horizontal static force T in Fig. 2 represents the
initial ground stress. Based on this simplified mechanical
model, we designed a novel experimental system and a nu-
merical model, which will be discussed in the following
sections.

Experimental tests

Experimental system

Based on the simplified mechanical model shown in Fig. 2,
we designed a novel experimental system, as shown in Fig. 3.
The vertical disturbance loading is provided by the vertical
electric vibration exciter (see Fig. 3a). The electric vibration
exciter impacts the rock block system via a flexible stinger and
a force sensor. The stinger transmits the excitation signals to
the rock block system in the vertical direction, reducing sec-
ondary forms of excitation due to possible misalignments
(Varoto and de Oliveira 2002). The disturbance forces applied
to the rock block system are measured by the force sensor
attached to the exciter and recorded by a computer. The max-
imum excitation force can reach 1000 N, and the disturbance
time can be precisely controlled over a wide range of time,
namely 0 ~ 200ms. Compared to previous studies (Kocharyan
et al. 2005) that used drop-weight apparatuses, the electrody-
namic vibration exciter can control the disturbance process
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with greater precision, which is convenient for quantitative
analysis. The horizontal static loading is provided by a wire–
wheel–weight plate system (see Fig. 3a, c). The magnitude of
the horizontal pulling force is regulated by changing the num-
ber of weights. The height of the weight plate is set to a safe
range to avoid large displacements of the work block, which
may lead to a collapse of the rock block system.

Schematic diagrams of a vertical vibration experiment and
horizontal slip experiment are shown in Fig. 3b and c, respec-
tively. The displacements of the rock blocks are recorded by
fiber-optic displacement sensors with a measurement sensitiv-
ity of 1.1 μm/mV, a range of 20mm, and a frequency response
of 20 kHz. The use of non-contact measurement methods can
reduce the effects of measuring instruments on the experimen-
tal model and generally does not require numerous stringent
requirements for the experimental conditions. In Fig. 3b, the
rock blocks are slightly staggered relative to each other to
allow the placement of the displacement sensors to investigate

the vertical vibrations. These displacement sensors in Fig. 3b
are fixed on a metal frame. As shown in Fig. 3c, for the hor-
izontal slip experiment we remove the stringer and force sen-
sor in the horizontal vibration exciter and fix a displacement
sensor on it instead. In our investigation of the horizontal slip
movements of the work block, the placement of several baffles
restricts the horizontal movements of other blocks.

With the experimental system shown in Fig. 3, the distur-
bance loading can be accurately controlled to allow a quanti-
tative study. The disturbance loading is applied in the orthog-
onal direction to the slip movements, which is to illustrate that
the disturbance loading may not be the energy source of the
seismic events. In addition, it is easy to consider the effect of
the initial stress states by regulating the number of weights.

Experimental specimens

The experimental specimens are granite blocks (dimensions
160 × 125 × 125 mm) that have been cut from an intact rock.
To reflect the roughness, the surfaces of the granite blocks are
not especially polished. The mass of a single block is 6.8 kg,
and the density is calculated to be 2720 kg/m3. As shown in
Fig. 4, the rock block system comprises five granite blocks
that are vertically stacked. In the horizontal slip movement
study, block 3 is considered to be the work block, and the
horizontal movements of the other blocks are restricted using
baffles.

Experimental procedures

First, the maximum static friction force, namely the shear
strength, was measured. The experimental model and instru-
ments were arranged as shown in Fig. 3c. Under the condition
of no vertical disturbance loading, we gradually increased the

Fig. 1 Seismic events at different
scales triggered by an earthquake

Fig. 2 Simplified mechanical model for seismic events. T Horizontal
static force, F friction force between blocks, N normal force on the
structural plane

Weak disturbance-triggered seismic events: an experimental and numerical investigation 2945



weights until block 3 started to slip. To eradicate any discrep-
ancies, the process was repeated three times. The shear
strength obtained was Fp = 170 N. The static friction coeffi-
cient μs can then be calculated as follows:

μs ¼
Fp

N
¼ Fp

5mg
¼ 0:5 ð1Þ

where N is the normal force, m is the rock mass, and g is the
gravity acceleration.

To represent the initial stress state of the work block, an
initial shear force ratio β is defined as follows:

β ¼ T
Fp

ð2Þ

where T is the horizontal static force. In the initial state, the
horizontal static force of the work block should satisfy T <
Fp(i.e., β < 1) to ensure an initial equilibrium state with no
vertical disturbance loading. When β is close to 1, the rock
system is near a critical state, referred to as the subcritical
state.

Then, to investigate the vertical vibrations of the rock
blocks, we conducted impact experiments with no horizontal

pulling force. The experimental model and instruments were
arranged as shown in Fig. 3b. The force sensor in the vertical
electric exciter recorded the time-history curve of the vertical
disturbance force, as shown in Fig. 5. The maximum distur-
bance force in Fig. 5 was approximately 75 N and the duration
was approximately 7 ms. Based on an integral calculation the

impulse can be obtained as Im ¼ ∫∞0 p tð Þdt ¼ 0:16 N⋅s.
Assuming that the initial velocity of block 1 is zero and the
impact time is quite short, the relationship between the distur-
bance energy W and the impulse Im can be expressed as fol-
lows:

W ¼ 1

2m
∫∞0 p tð Þdt
��� ���2 ¼ Im2

2m
ð3Þ

where p(t) is the disturbance force, as shown in Fig. 5.
Finally, a series of slip experiments of various horizontal

pulling forces and vertical dynamic disturbances were per-
formed to investigate the seismic events of the work block.
The experimental model and instruments were arranged as
shown in Fig. 3c. The same horizontal pulling force was
maintained while the maximum disturbance force was in-
creased gradually until a slip failure of the work block was

Fig. 3 Photograph and structural
diagram of rock blocks, a
Photograph of the experimental
system, b schematic diagram of
vertical vibration experiment, c
schematic diagram of horizontal
slip experiment
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observed. A fiber-optic displacement sensor recorded the
horizontal displacements of the work block during the entire
slip process.

Experimental results

Vertical vibrations

The vertical displacement of rock blocks under the vertical
disturbance loading of W = 165.94 mJ is shown in Fig. 6.
The positive values in Fig. 6 represent the compression direc-
tion, while the negative values represent the tensile direction.
As shown in Fig. 6, when the vertical disturbance loading was
applied, the rock blocks first generated compression displace-
ments, which then became tensile displacements. When the
vertical disturbance force ceased, the displacement oscillation
continued, and displacements of the adjacent blocks may be
generated in opposite directions. As shown in Fig. 7, the max-
imum relative displacements increased with increases in dis-
turbance energy. The normal forces on the interfaces are af-
fected by the maximum relative displacements. The relative
tensile displacements of the adjacent blocks will reduce the
normal forces, resulting in a significant decrease in the max-
imum static friction force, which is known as an ultra-low
friction phenomenon (Kurlenya et al. 1999, 1997; Ma et al.
2009). The main reason for this phenomenon is the relative
displacements of the adjacent blocks. In addition, with the
increase of disturbance energies, the phenomenon can bemore
significant, which facilitates the slipping of the work block
along the interfaces.

Horizontal slip movements

When conditions with a horizontal pulling force applied on
the work block are considered, slip movements may be ob-
served due to the ultra-low friction phenomenon. Figure 8
shows the horizontal displacements of the work block with
various initial shear force ratios β and vertical disturbance
energiesW. IfW was large enough, the work block began to
move. A largerW was required to create a slip movement of
a block with a small β (see Fig. 8a, b). When the vertical
vibrations finally ceased, the slip movement may stop due to
the friction force. In this case, residual displacements could
be observed. Figure 9 shows the relation between the resid-
ual displacements and W. The residual displacements
seemed to increase with increasing W, and the increase
was especially noticeable when β was large. When β was
close to 1, the residual displacements were very sensitive to
W, and even a slight disturbance could cause significant
residual displacements.

When βwas close to 1 andWwas sufficiently large, the slip
movements of the work block could not stop and the horizon-
tal displacements continuously increased until the weight plate
dropped to the ground (see Figs. 8f, 9g, h). The sustained slip
failure of the work block represented seismic events with a
large energy release, such as a slip-type rock burst in the rock
mass around an underground tunnels (see Fig. 1c). The critical
energy decreased as β became closer to 1. When β = 0.94 (see
Fig. 8h), a considerable slight disturbance with energy could
trigger a slip failure of the work block.

From Fig. 8, it can be concluded that there were three final
states of the work block: (1) if both β andW were sufficiently
low, the work block remained stationary, and no obvious hor-
izontal displacement was observed; (2) as β andW increased,
the work block began to slip and finally stopped; in this case,
residual displacement was observed; (3) if β was close to 1
and W was sufficiently large, the slip movement of the work
block did not stop, and a slip failure was observed. Figure 10
shows the critical energy conditions for these three cases,
which corresponded to the elastic deformation zone, residual
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displacement zone, and slip failure zone, respectively.
Kurlenya et al. (1996a, b) used a dimensionless parameter k
to estimate the critical energy conditions for the quasi-
resonance operating mode of a block system. k was expressed
as follows:

k ¼ W
mcp2

ð4Þ

Referring to Kurlenya et al. (1996a, b)‘s studies, we intro-
duced the same dimensionless parameter k to characterize the
critical energy conditions. As shown in Fig. 10, the critical
energy conditions strongly depended on β, namely, the initial
stress state. When β was low, the disturbance could only trig-
ger residual displacement, and slip failure never occurred. The
dimensionless parameter k significantly decreased with in-
creasing β. In the subcritical state (β→ 1), slip failure can
easily occur. The relation between k and β will be discussed
in more detail in the following sections.

Based on the results of the experimental tests, we suggest
that the disturbance loading may lead to the ultra-low friction
phenomenon, which enables the block to slip easier along the
interfaces. We investigated the slip movements of the work
block with various initial shear force ratios β and vertical
disturbance energies W. However, the physical mechanism
of the slip movements remained unclear. This led us to con-
duct a numerical modeling study to determine how the resid-
ual displacements are generated and how the slip failures
occur.

Numerical modeling

Equilibrium equations

The numerical modeling methods referred to by Ma et al.
(2009) in their analytical study were not well discussed in

terms of the effect of initial stress states and the critical condi-
tions. In our numerical modeling study, we simplified the rock
block system into a multiple-degree-of-freedom mass–spring–
dashpot system, as shown in Fig. 11. Taking the static equilib-
rium position as the initial position, the equilibrium equation of
the mass–spring–dashpot system can be expressed as follows:

M €y tð Þ−gð Þ þ Cy
:
tð Þ þ Ky tð Þ ¼ Pv tð Þ ð5Þ

where M is the mass matrix, C is the damping matrix, K is the
stiffness matrix, y(t) is the vertical displacement vector, andPv(t)
is the vertical loading vector expressed as Pv(t) = [p(t), 0, 0, 0,
0,]T.

The equilibrium equation of the work block can be
expressed as follows:

m€x tð Þ ¼ T−μ N 2 tð Þ þ N3 tð Þ½ � ð6Þ
where x(t) is the horizontal displacement vector, Ni(t) = kiyi(t)
is the normal force, and μ is the friction coefficient, which
depends on the relative velocity or displacement (Olsson
et al. 1998).

Dynamic friction-weakening mechanisms

If the work block keeps sliding, the friction coefficient μ will
gradually decrease from the static friction coefficient μs to the
dynamic friction coefficient μd. The dynamic friction-
weakeningmechanisms are quite complicated, and in the pres-
ent study, a simplification was made to facilitate the numerical
calculation.

The experimental results of Rabinowicz (1951) suggest
that the friction force should be described as a function of
displacement and not of velocity. The proposed relationship
between friction force and displacement is shown in Fig. 12.
The peak friction force Fp typically occurs at a considerable
small displacement xp from the starting point. In the post-peak
state, the friction force decreases gradually, and the decrease
gradually slows down. Thus, we simplified the curve into
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three segments (see the red lines in Fig. 12). The dynamic
friction-weakening mechanism shown in Fig. 12 can be de-
scribed as follows:

μ ¼
μs x≤xp

us þ ud−us
xd−xp

x−xp
� �

xp < x≤xd
μd x > xd

8><
>: ð7Þ

Calculation procedure

From the aforementioned equations, the procedure for making
a calculation was as follows:

1. Set up the disturbance force p(t). p(t) can be obtained from
the time-history curve recorded by the vertical force sen-
sor, as shown in Fig. 5. Or, p(t) can be simply represented
as a half-sine curve (Ma et al. 2009).

2. Calculate the vertical displacements y(t) of all the rock
blocks from Eq. (5). We used the MATLAB®
(MathWorks Inc., Natick, MA, USA) ‘ode45’ function
to solve Eq. (5).

3. Calculate the horizontal displacement x(t) of the work
block from Eq. (6) using an iterative calculation. In every
calculation step, we used Eq. (7) to update the friction
coefficient μ. The horizontal velocity ẋ tð Þ and accelera-
tion €x tð Þ were also obtained.

Numerical calculation results

Calculation parameters and fitting results

From the experimental results, the static friction coefficient μs
and the mass of each rock block in Fig. 11 mi = 6.8 kg/m3 to
represent that mass of every block is set to be 6.8 kg/m3.
Similarly, we use ki and ci can be obtained as μs = 0.5, and
mi = 6.8 kg/m3. To fit the experimental results, we used trial

and error methods to obtain the other parameters, such as μd =
0.43, ki = 3 × 107 N ⋅m‐1, ci = 1.45 × 104 N ⋅ s ⋅m‐1, xp =
10 μm, and xd = 800 μm. The disturbance force p(t) can be
obtained from the time-history curve recorded by the vertical
force sensor. The fitting results with fixed horizontal force T =
150 N(β = 0.88) are shown in Fig. 13, which shows that the
numerical model can describe well the slip movements trig-
gered by disturbance loading. Both the experimental results
(see Fig. 8) and the numerical results (see Fig. 13) show three
seismic events of different levels. The physical mechanisms of
these seismic events will be discussed in the following section.

Physical mechanisms of seismic events

As previously discussed, the vertical disturbance loading can
reduce the friction force, which makes it easier for the work
block to slip. Figure 14 shows the time-history curve of a
horizontal force with a disturbance energy of 60 mJ. It can
be seen that under vertical disturbance loading, the friction
force converts into oscillation changes and can reach the quite
low value of Fpd, min = 46.35 N. Obviously, Fpd, min can be
lower as disturbance energy W increases. As seen in Fig. 14,
T1, T2, and T3 are the horizontal pulling forces for three dif-
ferent conditions:

1. T < Fpd, min(see T1 in Fig. 14). T cannot exceed the shear
strength at all times. In this case, no horizontal movement
can be observed, and the rock block system is always
stable, which corresponds to Zone I in Fig. 10.

2. Fpd, min ≤ T < Fd(see T2 in Fig. 14). Time-curves of the
displacement, the velocity, and the acceleration of the
work block are shown in Fig. 15. The tensile stages of
the vertical relative displacements can reduce the normal
stress on the interface of the adjacent blocks, which leads
to a reduction in the maximum static friction force (the
shear strength). Once the friction force Fpd decreases to a
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value of less than T, the work block starts to slip horizon-
tally. The horizontal velocity has an initial increase under
the shear force deviator T − Fpd during the tensile stages.
However, if the vertical disturbance loading stops, the
work block will slow down under the shear force deviator
Fd − T and finally stop. In this case, residual displace-
ments can be observed, which correspond to Zone II in
Fig. 10.

3. Fd ≤ T ≤ Fp(see T3 in Fig. 14). This case is more compli-
cated. Figure 16 shows the time-curves of the vertical
relative displacement, the horizontal displacement, and
the velocity and acceleration of the work block consider-
ing two different situations. The friction force gradually
decreases as the displacement increases during the post-
peak stage (see Fig. 12). If the vertical disturbance loading
stops, the final friction force is still higher than T. In this

case, the work block will stop and cannot start to slip
again. Residual displacements can be observed (see solid
lines in Fig. 16), which correspond to the zone below
Zone III in Fig. 10. Another situation is that the final
friction force is lower than Twhen the vertical disturbance
loading ends. In this case, the work block continues to
accelerate and finally causes slip failure (see dashed lines
in Fig. 16), which corresponds to Zone III in Fig. 10.

Based on these results we concluded that if the vertical
disturbance energy is sufficiently large to reduce the shear
strength to less than the initial shear force, the work block
starts to slip along the contact surface. To observe a slip fail-
ure, the initial shear force should be larger than the dynamic
friction force and, at the same time, the vertical disturbance
energy should be large enough to generate a displacement that
makes the final friction force less than the initial shear force. In
the following section, we report on the theoretical formula-
tions we developed to quantitatively characterize these
conditions.
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Theoretical analysis

Critical energy conditions for starting to slip

The friction force F can be considered as two parts: the friction
due to the block gravities, denoted as FN, and the friction due to
the disturbance loading, denoted as FND. When T >F, the work
block starts to slip. The critical conditions can be expressed as
follows:

T ¼ F ¼ FN þ FND ¼ Fp−μskiAy ð8Þ

where Ay is the maximum vertical relative displacement. In the
critical condition, we have FN =Fp. In the simplified rock block
system shown in Fig. 11, the disturbance energy W is directly
proportional to the square of the maximum relative displace-
ment Ay, with the relationship of

W ¼ kyAy
2 ð9Þ

where ky is an equivalent spring coefficient.
From Eqs. (4), (8), and (9), the dimensionless parameter k

for the initiation of slip can be expressed as follows:

k ¼ W
mcp2

¼ Wχ2

VG
¼ kyk1γp

2χ2

μskið Þ2 1−βð Þ2 ð10Þ

where χ is the wave velocity ratio, χ = cs/cp, cs is S-wave ve-
locity, cp is P-wave velocity, V is the block volume, G is the
shear modulus, k1 is the elastic coefficients during the pre-peak
phase of Fig. 12, and γp is the yield shear strain γp = xp/H.

Critical energy conditions for slip failure

As previously discussed, slip failure can only occur in the
subcritical state of Fd ≤ T ≤ Fp, namely, βd ≤ β ≤ 1, where the

dynamic shear force ratio βd can be expressed as βd = μs/μd.
Based on the simplified curve of FN as shown in Fig. 12, the
horizontal force–displacement curves of the work block with
βd ≤ β ≤ 1 are shown in Fig. 17. The critical condition for slip
failure is that when the vertical disturbance ends, the final
friction force should be equal to the shear force, namely, T =
FN (see pointC in Fig. 17). Therefore, in the critical condition,
the work done by FND can be expressed as follows:

Wd ¼ ∫xcx0 FN−Tð Þdx ð11Þ

Notice that Eq. (11) represents the area of the triangle ABC.
Thus, we have

Wd ¼ 1

2

1

k1
þ 1

k2

� �
Fp−T

� �2 ð12Þ

where k1 and k2 are the elastic coefficients of the elastic de-
formation phase and post-peak phase, respectively.

In Fig. 17, point B represents the critical condition for ini-
tiation of slip. Similarly, the work done by FND to trigger the
initial slip can be obtained as follows:

Wd
0 ¼ 1

2

1

k1
Fp−T

� �2 ð13Þ

Considering the critical condition for initiation of slip (point
B in Fig. 17), from Eqs. (8), (9), and (13), it can be determined
that both W and Wd

' are directly proportional to the square of
the amplitude of the relative vertical displacement Ay. Thus, the
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relationship betweenW andWd
' is linear and can be expressed

as follows:

W ¼ ηWd
0 ð14Þ

where η is a dimensionless coefficient expressed as follows:

η ¼ 2kyk1
μsk ið Þ2 ð15Þ

From Eqs. (4), (12), (13), (14) and (15), the dimensionless
parameter k for initiation of slip can be obtained as follows:

k ¼ W
mcp2

¼ 1þ k1
k2

� �
kyk1γp

2χ2

μsk ið Þ2 1−βð Þ2 ð16Þ

Note that Eqs. (10) and (16) have similar forms. The di-
mensionless parameter k seems to be proportional to (1 − β)2.
In the present study, Eqs. (10) and (16) are obtained from the
simplified force–displacement curves shown in Fig. 12. The
real force–displacement curves should be nonlinear, and the
friction force can be affected by the relative velocity and other
parameters. Considering the complexity of real seismic
events, we can use a more general expression to describe the
relationship between the disturbance energies and the initial
shear force ratios, which can be written as follows:

k ¼ λ 1−βð Þα ð17Þ
where λ and α are fitting parameters.

For the experimental results, we have

krd ¼ 1:85 1−βð Þ7:6 � 10‐9

ksf ¼ 790:70 1−βð Þ3:04 � 10‐9
ð18Þ

where krd represents the critical energy condition for initiation
of slip, namely, for residual displacements, and ksf represents
the critical energy condition for slip failures.

A comparison of the fitting curves is shown in Fig. 10, and
it can be seen that Eq. (18) can characterize well the critical
energy conditions of seismic events. In Fig. 10, it should be

noted that β ≥ βd is a supplementary boundary for Zone III.
This means that to trigger a slip failure, both the conditions of
β ≥ βd and k ≥ ksf should be satisfied at the same time.

Discussion

In the experimental system (see Fig. 3) and the numerical model
(see Fig. 11) described here, the disturbance loading is applied
in the orthogonal direction to the shear force. This design is to
illustrate that the disturbance energies are not the energy sources
of the slip movements; rather, the real energy sources are the
stored potential energies due to the existence of shear force T.
These potential energies are locked by the friction forces F
before the disturbance loading is applied. The effect of the
disturbance is to reduce F and weaken the restrictions, which
is known as an ultra-low friction phenomenon (Kurlenya et al.
1999, 1997; Ma et al. 2009). Once the condition of T > F is
fulfilled, the stored potential energies will be converted into the
kinetic energies of the work block. Because the disturbance
energies may not be the energy sources of the seismic events,
the seismic events can occur at a distance far from the dynamic
disturbances. In addition, if the critical energy conditions for
slip failures are fulfilled, the slip movements of the work block
will be sustainable due to the shear force deviator T −Fd. As a
result, the released kinetic energies can be larger than the dis-
turbance energies if the slip movements continue.

Once the work block starts to move, the potential energies
will be converted into kinetic energies. The energy conversion
coefficient efficiency depends on the dynamic friction-
weakening mechanism. The expressions of the dimensionless
parameters [see Eq. (16)] show this dependency relationship.
If the friction coefficient decreases slowly during the post-
peak stage—namely, k2 is relative low—there should be larger
disturbance energies to trigger the slip failure.

Note that the pore pressure-triggered seismic events can
also be explained partly from the results of the present study.
Natural faults in deep rock masses are subjected to fluid-filled
conditions, and recent investigations (Hill et al. 1993; Bao and
Eaton 2016) show that the change in pore pressures can trigger
seismic events. Both pore pressure-triggered and disturbance-
triggered seismic events have similar physical mechanisms.
The increase in pore pressure may significantly reduce the
effective normal stresses and lead to a reduction in the friction
force, which in turn allows the rock blocks to slip easier on
structural planes in the subcritical state.

The results presented here can provide a better understand-
ing of weak disturbance-triggered seismic events and provide
helpful data for carrying out stability analyses of underground
engineering. As the critical conditions strongly depend on the
initial shear force, especially in the subcritical state, an effi-
cient approach to prevent the seismic event is to reduce the
initial shear force and release the stored potential energies.
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Equations (10) and (16) show that the critical energies also
depend on the strength and deformation characteristics of the
structural planes (e.g., the yield shear strain γp, the ratio of the
elastic coefficients of the pre-peak and post-peak phases k1/k2,
and the friction coefficient μs). Thus, reinforcements of the
structural planes can also effectively prevent the seismic
events triggered by weak disturbances. In addition, the depen-
dency relationships indicated by Eqs. (10) and (16) can help to
determine the optimally oriented structural planes, along
which the seismic events are most likely to occur after weak
disturbances.

Conclusion

Geological masses can be regarded as rock blocks with differ-
ent scales of structural planes. Seismic events associated with
deformations over these structural planes, such as large-scale
irreversible displacements, fault-slip rock bursts, and ground
motions, can easily occur following external weak distur-
bances. In the present study, weak disturbance-triggered seis-
mic events are studied in both an experimental and a numer-
ical investigation. A series of slip experiments using granite
blocks and numerical simulations were carried out to investi-
gate the physical mechanism of disturbance-triggered seismic
events. Then, based on the energy analysis, we quantitatively
characterized the critical energy conditions of the seismic
events. The main conclusions of our studies are:

1. The physical cause of the slip movements triggered by the
dynamic disturbance loading is the reduction in the com-
pressive stress on the contact surface caused by the tensile
stages of the stress waves, which leads to a decrease in the
maximum static friction force, namely, the shear strength.
If the shear strength is reduced to less than the horizontal
pulling force, namely, shear force T, the work block starts
to slip along the contact surface, leading to irreversible
slip movements (or residual displacements). When the
disturbance loading finally ends, if the final friction force
Fd is less than the shear force T, the slip movements will
continue, leading to a slip failure of the block system. Slip
failure can only occur in the subcritical state (β ≥ βd).

2. Residual displacements and the critical energy conditions
significantly depend on the initial stress states. As the
initial shearing force ratio β increases, larger residual dis-
placements can be observed with the same disturbances
and fewer disturbance energies are required to trigger a
seismic event. When β is close to 1, even an extremely
weak disturbance can trigger large residual displacements
or sustainable slip failures.

3. A dimensionless parameter k is introduced to characterize
the critical energy conditions of the seismic events. The
condition for triggering residual displacements is that the

disturbance energies should be sufficiently large to make
the dimensionless energy parameter k exceed a critical
value given by Eq. (10). The slip failures should satisfy
two conditions: (1) during the initial stage, the rock blocks
should be in the subcritical state of β ≥ βd; (2) the dimen-
sionless energy parameter k should exceed a critical value
given by Eq. (16).

4. Weak disturbance-triggered seismic events can be
regarded as processes which convert the stored potential
energies of the work block to kinetic energies. Based on
experimental and numerical investigations, it can be con-
cluded that disturbances, initial shear forces, and friction-
weakening mechanisms are the most important factors.
The initial shear forces provide the potential energies
locked by the static friction force (the shear strength).
These disturbances reduce the shear strength and weaken
the restrictions. The friction-weakening mechanisms de-
termine energy conversion coefficient efficiency.
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