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Rock masses can be regarded as a blocky rock system. After a disturbance load is applied, the anomalously low friction phe-
nomenon may take place and cause geological disasters. A series of impact experiments on granite blocks were conducted to
investigate the anomalously low friction phenomena. Vertical vibration, Fourier frequency spectrum, and horizontal motions
were investigated. It can be found that the tensile phases of vertical vibration can reduce the maximum static friction force,
namely, the shear strength. ,e quasi-resonance operating mode of the rock blocks was observed. During the stress wave
propagation, the vibration in the loading direction tends to transfer from high frequency to low frequency and the modes of stress
wave propagation do not depend on disturbance energies. ,e observed translational and rotational motions were due to the
initial shear force, which is less than the friction force with no disturbance load. Stability of the blocky rock system is very sensitive
to the initial stress state. In the subcritical state, friction force reduction can easily break the equilibrium of forces along the contact
surface and even a slight disturbance may make the horizontal motions happen, which may lead to geological disasters with great
energy release.

1. Introduction

When an external disturbance load is applied on rock
masses, friction between adjacent rock blocks in the or-
thogonal direction to the disturbance load may be signifi-
cantly reduced or even completely disappeared, which is
known as an anomalously low friction phenomenon [1, 2].
,e phenomenon may lead to serious geological disasters,
such as the large-scope tunnel deformations [3–5] and slip-
type rock bursts [6–8] in the surrounding rock masses
around tunnels. ,ese disturbance-induced geological di-
sasters can pose considerable threats to construction safety
and the stability of underground engineering.

Natural rock masses can be considered as assemblies of
rock blocks of different sizes [9–11]. ,e generalized faults
between adjacent rock blocks can involve quite a wide range
of scale levels from microscopic scale levels to macroscopic

scale levels. Effective strengths of these faults are much lower
than the rock blocks, which makes the faults turn into slip
surfaces. And the effective strengths will be further reduced
due to the anomalously low friction phenomena after ex-
ternal disturbances, which can be caused by a nearby
blasting [4, 12], a construction disturbance [13, 14], an
earthquake [15, 16], and so on.

A simple rock block model as shown in Figure 1 is taken
to analyse the geological disasters induced by the anoma-
lously low friction phenomena [2, 17, 18]. Kurlenya et al.
[19, 20] studied the anomalously low friction phenomena in
block media from various geomaterials and found that
significant displacements of the working blocks occur at
absolute values of plus actions, which are much smaller than
the corresponding friction forces. Kocharyan et al. [21]
utilized drop-weight apparatuses to apply disturbance forces
and investigate the dynamic response of a blocky system. It
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was not conducive for precise control of the loading process.
Moreover, the displacements in the loading direction were
difficult to obtain using superimposed blocky model in prior
experimental studies [18, 21, 22]. In the present paper, we
used an electrodynamic vibration exciter to provide the
shock loading and a digital image correlation (DIC) method
based on high-speed photography to perform quantitative
in-plane deformation measurement. Under vertical impact
disturbance loads, the anomalously low friction phenomena
were investigated. Vertical vibration, Fourier frequency
spectrum, and horizontal motion were obtained. ,e
mechanism of the disturbance-induced residual displace-
ments and rock bursts due to the anomalously low friction
phenomena was discussed.

2. Experimental Methods

2.1. Experimental Model. Experimental system is depicted
in Figure 2. All the five granite blocks were cut from an
intact rock. ,e dimensions of these rock blocks are
160mm × 125mm × 125mm. Mass of a single granite
block is 6.8 kg. P-wave velocity Cp is 4300m/s. Density of
the granite is ρ � 2720 kg/m3. ,e rock blocks stacked
vertically (see Figure 2(b)) and marked 1 to 5 from top to
bottom.

2.2. Loading System. As plotted in Figure 2(a), an electro-
dynamic vibration exciter, including a flexible stinger and a
force transducer, is fixed upon the top block to provide
vertical disturbance forces. ,e electrodynamic vibration
exciter can convert electrical energy into impact energy to
provide precise and controllable excitation force of ampli-
tude up to 1000N. With the load delay control system to
accurately control the impact load start time, the exciter can
achieve accurate adjustment of 0–200ms at any time in-
terval. ,e stinger transmits force in the stiff axial direction
and flexes laterally to reduce input side loads to the top rock

block. ,is uniaxial force delivered by the flexible stinger
increases the accuracy of the measurement. ,e force
transducer along with the exciter can measure the input
forces applied to the block system. Figure 3 shows the time-
history curves of vertical disturbance force p(t). Upon
calucation, the integral of p(t) and the impulse I can be
obtained as

I � 
∞

0
p(t)dt. (1)

Initial velocity of the top rock block is assumed to be 0,
and the duration is considered to be extremely short (see
Figure 3). ,us, the disturbance energy W can be expressed
as follows:

W �
1
2m


∞

0
p(t)dt





2
�

I
2

2m
, (2)

where p(t) is the time-history function of the disturbing
force and m is the mass of a single block.

2.3. Measuring System. Digital image correlation (DIC)
method is a noncontact and full-field measurement
technique [23], which is very suitable to obtain full-field
displacement and strains. Due to extremely relaxed en-
vironmental requirements, DIC method is widely applied
during mechanical experiments [24]. A high-speed
camera is often used to capture high-resolution digital
images at ultrahigh speeds, which can provide a better
observation and understanding previously invisible pro-
cesses and phenomena. In our experiments, a PHOTRON
FASTCAM SA-Z High-Speed Camera, with a maximum
frame rate of 20,000 fps and a maximum resolution of
1024 × 1024 pixels, was used to record the motions of the
block system. As shown in Figure 2(c), two LED lights
were used for easy pixel capture. Images with 1024 × 512
pixels taken at 1000 fps were obtained. After recording the
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Figure 1: Schematic diagram of disturbance-induced geological disasters.
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Figure 2: Experiment apparatus: (a) schematic diagram; (b) photograph of rock blocks; (c) photograph of DIC measurement system.
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Figure 3: Time-history curves of vertical disturbance force with different disturbance energies.
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Figure 4: Vertical displacements of rock blocks with different disturbance energies: (a) 50mJ; (b) 150mJ; (c) 250mJ; (d) 300mJ. Positive
values indicate the compression displacements, while negative ones do the opposite.
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digital images of the blocks during vertical disturbances, a
digital image correlation and evaluation software com-
putes the motion of each image point by comparing the
digital images before and after deformation [25].

3. Experimental Results

3.1. Vertical Vibration. As shown in Figure 4, the vertical
displacements of five rock blocks were obtained by using
DIC method. After the disturbance load was applied, the

vertical vibration of the blocky system consisted of two
phases [1]: the forced vibration phase and the free vibration
phase. Compression displacements were observed in the
forced vibration phase. When the disturbance load ended,
there should be a remarkable tensile displacement in the free
vibration phase. Vertical vibration gradually stopped with
the dissipation of energies.

With the increase of disturbance energies, the ampli-
tudes of the vertical displacements significantly increased.
,e blocky system entered a quasi-resonance operating
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Figure 5: Relations between the maximum tensile displacements and disturbance energies.
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Figure 6: Attenuation of the maximum tensile displacement with distance to disturbance source.
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Figure 7: Spectral density of vertical displacement with different disturbance energies: (a) 50mJ; (b) 150mJ; (c) 250mJ; (d) 300mJ.
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mode as a whole if the disturbance energies were large
enough (see Figures 4(c) and 4(d)); in this state, the friction
between adjacent blocks can be dramatically reduced or even
completely disappeared [18]. Vertical vibration of the blocky
system in quasi-resonance operating mode can last longer
and will not immediately stop.

As plotted in Figure 5, the relations between the max-
imum tensile displacements and disturbance energies can be
expressed as

Ai � ki

��
W

√
,

ki � −0.788i + 4.628,
(3)

where Ai(i � 1, 2, 3, 4, 5) is the maximum tensile displace-
ments, ki(i � 1, 2, 3, 4, 5) is the fitting coefficient, and W is
the disturbance energy.

From equation (3), the attenuation of Ai with distance to
disturbance source (the center point on the top surface of
block 1#) can be deduced as follows:

Ai��
W

√ � −0.788
Li

h
+ 4.234, (4)

where h � 0.125m is the height of a single rock block and
Li � (i − 0.5)h is the distance to disturbance source. Fig-
ures 5 and 6 show that the fitting results of equations (3) and
(4) match the experimental results well.

3.2. Fourier Frequency Spectrum of Vertical Displacement.
,e Fourier frequency spectra of vertical displacement are
plotted in Figure 7. Frequency spectral density of block 1#
had a wide distribution, and more high-frequency waves
were included in the wave packets of block 1#. ,ese high-
frequency waves attenuated significantly with increase in the
distance to disturbance source. In blocks 4# and 5#, the
majority was the low-frequency waves. It meant that, in the
process of stress wave propagation in the blocky rock system,
the vibration in the loading direction tended to transfer from
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Figure 8: Horizontal displacements of rock blocks with different disturbance energies: (a) 150mJ; (b) 250mJ; (c) 350mJ.

Advances in Civil Engineering 7



high frequency to low frequency. Figure 7 also shows that,
with the increase of disturbance energies, the local maxi-
mum frequencies of vertical displacements will not change
and only the amplitude frequency increases. ,us, distur-
bance energies cannot change the modes of stress wave
propagation. ,e propagation modes only depend on the
structural characteristics of the blocky rock system.

3.3. Horizontal Motions. As plotted in Figure 8, horizontal
displacements were observed, which were mainly due to
the translational and rotational motions of rock blocks.
When W � 150mJ, the horizontal displacements were
negligible (see Figure 8(a)). When W � 350mJ, the hor-
izontal displacements could reach a maximum value of
23.71 μm (see Figure 8(c)). As W increased, the transla-
tional and rotational motions became more significant.
,e amplitudes of horizontal displacements attenuated
from block 1# to 5# with the increase in distance to
disturbance source.

,e interfaces of the rock blocks are not absolutely flat.
,e slight fluctuations of the interfaces may cause initial
shear force, which is less than the friction force when no
disturbance load is applied. Under the disturbance load, if
disturbance energies are large enough, the vertical tensile
displacements may significantly reduce the maximum static
friction force. If the maximum static friction force is lower
than the initial shear force, the translational and rotational
motions of rock blocks take place and will last for quite a
long time, relative to the loading time (see Figure 3).
Maximum horizontal displacements of rock blocks are
shown in Figure 9, which can reflect the degree of friction
reduction. As the disturbance energies increase, it is obvious
that the low friction effect becomes more significant.

3.4. Reduced Friction Force. To estimate the reduced friction
force, the blocky rock system is simplified into a multiple-
degree-of-freedom mass-spring-dashpot system [1]. Based
on such a consideration, the nonlinear mechanical behavior
of adjacent rock blocks can be simulated with a Kelvin–Voigt
model. Assume that the relationship between the reduced
friction force and the maximum tensile displacement is

ΔNi � k0Ai, (5)

where k0 is an equivalent spring coefficient and depends on
inherent properties of the contact surfaces. From equations
(3)–(5), the reduced friction force can be expressed as

ΔFi � μΔNi � μk0Ai � μk0
��
W

√
4.234 − 0.788

Li

h
 . (6)

,ehorizontal motions depend on the equilibrium of the
shear force Ti and friction force Fi. Before the disturbance
load, Ti ≤Fi, and the blocky rock system is stable. After the
impact load is applied, the tensile displacements of adjacent
rock blocks lead to friction reduction. Once the condition of
Ti >Fi − ΔFi is met, the block starts to slip horizontally. ,e
shear motions of blocks can reduce friction coefficient μ,
which causes a further reduction of friction forces and finally
leads to geological disasters of different scales.

4. Discussion

As analyzed above, the critical condition for rock blocks to
start a horizontal motion can be expressed as Ti � Fi − ΔFi.
,e critical disturbance energy can be easily derived from
equations (3) and (6) as follows:

W �
k′xc

μk0ki

 

2

(1 − β)
2
, (7)
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Figure 9: Maximum horizontal displacements of rock blocks.
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where k′ and xc are the elastic coefficient and critical dis-
placement of friction constitutive curves, respectively. Fi �

k′xc is the shear strength. β is the ratio of shear force to shear
strength, β � Ti/Fi. Obviously, 0≤ β≤ 1.

Equation (7) shows the dependence of the disturbance
energy on the initial stress state. It is noteworthy that when
β⟶ 1, W⟶ 0. ,is means even a slight disturbance may
make the horizontal motions happen, which may lead to
geological disasters with great energy release. Triggering
mechanism of geological disasters is clear. External dis-
turbances cause tensile displacements of adjacent rock
blocks, which reduces the normal stress and friction force of
the contact surfaces. In the subcritical state (β⟶ 1),
friction force reduction can easily break the equilibrium of
forces along the contact surface. ,e mechanism can explain
the remotely triggered earthquake [26], which can be
considered as a larger-scale slip motion than a rock burst in a
tunnel.

Besides the impact loads, the anomalously low friction
phenomena can also be induced by ocean tides [27] or
hydraulic fracturing [28]. Elevated pore pressures reduce the
effective stress of contact surfaces, which causes the friction
reduction. In addition, there may be a cumulative weakening
effect on the friction coefficient as the external disturbances
occur frequently.

5. Conclusions

Based on the structural hierarchy theory, rock masses can be
regarded as a blocky rock system.When a disturbance load is
applied, anomalously low friction phenomenon may take
place and cause geological disasters. To investigate the
anomalously low friction phenomena, a series of impact
experiments on granite blocks were conducted by using an
electrodynamic vibration exciter and a digital image cor-
relation (DIC) method based on high-speed photography.

With the increase of disturbance energies, the ampli-
tudes of the vertical displacements significantly increased,
and the tensile phases of vertical vibration may reduce the
maximum static friction force, namely, the shear strength.
,e blocky system entered a quasi-resonance operating
mode as a whole if the disturbance energies were large
enough. In the process of stress wave propagation in the
blocky rock system, the vibration in the loading direction
tends to transfer from high frequency to low frequency, and
the modes of stress wave propagation do not correlate very
much with disturbance energies. ,e observed translational
and rotational motions were due to the initial shear force,
which is locked by the friction force when no disturbance
load is applied. External disturbances reduce the friction
force and weaken the constraint. ,is causes the horizontal
motions of the work block. ,e low friction effect becomes
more significant with larger disturbance energies.

Stability of the blocky rock system is very sensitive to the
initial stress state. External disturbances cause tensile dis-
placements of adjacent rock blocks, which reduces the
normal stress and friction force of the contact surfaces. In
the subcritical state, friction force reduction can easily break
the equilibrium of forces along the contact surface and even

a slight disturbance may make the horizontal motions
happen, which may lead to geological disasters with great
energy release.
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