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Abstract

Deep rock mass tends to be broken into blocks when mining for materials deep below the surface. The rock layer of the
roof of the mine can be regarded as a system of blocks of fractured rock mass. When subjected to high ground stress and
mining-induced disturbance, the effect of the ultra-low friction of the block system easily becomes apparent, and can induce
rock burst and other accidents. By taking the block of rock mass as research object, this study developed a test system for
ultra-low friction to experimentally examine its effects on the broken blocks under stress wave-induced disturbance. We used
the horizontal displacement of the working block as the characteristic parameter reflecting the effect of ultra-low friction,
and examine its characteristic laws of horizontal displacement, acceleration, and energy when subjected to the effects of
ultra-low friction by changing the frequency and amplitude of the stress wave-induced disturbance. The results show that
the frequency of stress wave-induced disturbance is related to the generation of ultra-low friction in the broken block. The
frequency of disturbance of the stress wave is within 1-3 Hz, and significantly increases the maximum acceleration and
horizontal displacement of the broken blocks. The greater the intensity of the stress wave-induced disturbance is, the higher
is the degree of block fragmentation, and the more likely are effects of ultra-low friction to occur between the blocks. The
greater the intensity of the horizontal impact load is, the higher is the degree of fragmentation of the rock mass, and the
easier it is for the effects of ultra-low friction to occur. Stress wave-induced disturbance and horizontal impact are the main
causes of sliding instability of the broken blocks. When the dominant frequency of the kinetic energy of the broken block is
within 20 Hz, the effects of ultra-low friction are more likely.

Keywords Rock burst - Block rock mass - Ultra-low friction effect - Stress wave-induced disturbance - Horizontal
displacement

1 Introduction

The demand for mineral resources and developments in
mining technology has long driven economic development
(Bamford et al. 2021). The mining roadway is deformed and
broken into small blocks under the action of deep and high
stress, which threatens safe mining (Li et al. 2019b, a). For
example, the rock surrounding a mine (Baryakh et al. 2021)
can be broken during mining and delay work on it. Under
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the action of long-term and high ground stress, the deep rock
mass is usually an intermittent structure with joints and fis-
sures. Under repeated vertical disturbances and horizontal
impacts caused by roof fracture and mechanical vibrations,
the rock mass around the stope and roadway constantly
vibrates, deforms, and breaks to form a broken structure.
In particular, the layers of rock gradually transform from
intermittent to loose and broken. When stress wave-induced
disturbance and the effect of load reach critical values, the
vibrations subject the block of broken rock mass to positive
pressure as a tensile force. The blocky rock mass is prone
to sudden interlayer slippage under the surrounding load,
which instantly causes the roof, rock strata, and bottom plate
to slip. The slip velocity along the surface of the contact
structure increases nonlinearly and frictional resistance is
weakened such that the effect of ultra-low friction of the
block fractured rock mass becomes prominent.
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The effect of the ultra-low friction of rock mass was
identified by the Russian scholars Kurlenya and Oparin
in 1996. They claimed that when a dynamic impulse acts
on the rock mass, the compaction between rock masses
changes with time due to vibrations. At certain times when
the rock masses are loose, frictional resistance between
them is significantly reduced (by several times, on occa-
sion), leading to its "disappearance" (Kurlenya et al. 1996,
1999; Oparin et al. 2001). Aleksandrova and Sher (2004)
confirmed and explained the effect of ultra-low friction
between rock masses by establishing a one-dimensional
(1D) model of a block system. Many researchers agree
that ultra-low friction is universally present in the block
structure of rock masses and the effect of ultra-low fric-
tion in rock masses is an important issue in deep mining
(Qian 2004). The large drop in stress means that small
disturbances in lateral stress may lead to the appearance of
ultra-low friction (Cui et al. 2005). The shear effect of low
friction leads to the release of a large amount of energy in
earthquakes and rock fractures in deep underground mines
(Tarasov and Randolph 2007).

The above findings show that the effect of ultra-low fric-
tion has a significant impact on underground engineering. To
overcome problems caused by ultra-low friction, examining
its mechanism is crucial. Wang et al. (2006) established a
dynamic model of a block of rock mass by experimentally
describing ultra-low friction in it, and preliminarily revealed
its internal mechanism through a comparison between the
results of numerical analysis and experimental data (Wang
et al. 2007). Xu et al. (2009) used a multi-functional test
system to examine the dynamic characteristics of blocks of
rock under vertical impact-induced load and horizontal ten-
sion, and established relations between the impact energy,
and the characteristic friction force and coefficient of reduc-
tion in friction. Li et al. (2018) developed a test system to
examine the dynamic mechanical properties of a block of
rock mass through physical simulations of slip in rock blocks
induced by impact. They determined the key mechanical
mechanisms of irreversible displacement and the instability
of dynamic slip. Once the mechanism of ultra-low friction
has been clarified, a number of researchers seek to solve this
problem by establishing physical models and obtaining ana-
lytical solutions through numerical calculations. Wu et al.
(2008) established a 1D dynamic model of a deep block
system of rock mass, and obtained an analytical expression
for the horizontal displacement of the working block (Wu
and Fang 2009, 2010; Wu et al. 2009a, b). Li et al. (2019b,
a) proposed the concept of ultra-low friction-induced rock
burst, established a block model for it, and derived the rela-
tion of normal dynamic load at the interface of lump coal
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and the rock mass over time. Studies have shown that the
nature of the rock mass is important, and external factors
that lead to the effect of ultra-low friction are key.

The FLAC3D numerical software has been used to simulate
ultra-low friction owing to the combined action of vertical
impact and horizontal static force, and vertical and horizontal
impacts on a granite block. The residual displacement and law
of evolution of the normal force of the working block in the
model were thus obtained. The distributions of the vertical and
horizontal stresses of the block model have also been obtained
(Lv 2015). Wang et al. (2016) used the theory of self-balanced
in-situ stress in a hierarchical block system to study the law
of energy transformation between the rock block and the sur-
rounding weak medium during the propagation of a pendulum
wave, and analyzed the law of energy transfer in the block of
rock mass. Liu et al. (2018) carried out static and dynamic
action tests on the load joint, simulated the process of rock
burst damage induced by the roadway, analyzed the state and
shape of fragmentation, and developed a method to determine
rock burst induced by dynamic load. Jiang et al. (2019) simpli-
fied the block system of rock mass into an equivalent viscoe-
lastic mass model, introduced a model for the weakening of the
frictional slip rate of rock, and obtained a model to calculate
the slip instability of the rock mass. Zhao et al. (2018) ana-
lyzed the influence of the characteristics of the block system
of rock mass and those of external load on friction between
the rock blocks to establish a 1D model of jointed rock mass,
and used it to discuss the influence of these characteristics on
the law of propagation of the stress wave. They found that the
stress wave-induced disturbance has a significant impact on
the generation of ultra-low friction.

The investigations above show that theoretical models of
blocks of rock mass have been used to only examine dynamic
response under vertical impact loads and horizontal static
forces. There is a lack of analysis of the influence of such
parameters as the degree of block fragmentation, and the fre-
quency of disturbance and amplitude of the stress wave on
the effects of ultra-low friction of blocks of rock mass. In this
study, on the basis of the direction of research scholars, the
effect of ultra-low friction was designed and developed to
load test device, in under the action of stress wave-induced
disturbance crushing block of effect of ultra-low friction test,
to work for the parameter block horizontal displacement and
horizontal acceleration, the study of the frequency of stress
wave-induced disturbance and intensity of disturbance of the
broken block of ultra-low friction effect. The results are com-
pared with those of past work, and provide a scientific basis
for predicting and preventing accidents caused by the effects
of ultra-low friction.
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2 Theoretical model of the effect
of ultra-low friction in block of rock mass

When establishing a theoretical model of the effect of ultra-
low friction, springs or spring dampings are often used to
simulate the mechanical characteristics of the weak inter-
layer, and the overall model is established by connecting the
mass points. Many mechanical models have been proposed
to study the dynamics of blocks of rock mass in recent years
(Wu and Fang 2009, 2010; Wu et al. 2009a, b; Zhang et al.
2021), and provide a theoretical basis for examining ultra-
low friction in systems of broken rock mass.

2.1 Model establishment

The deep rock mass is divided by such geological structures as
fissures and joints. The mechanism of the effect of ultra-low
friction is closely related to the dynamic deformation of the
interface of the block and the stability of the block system. To
study the characteristics of deformation of deep block media,
we must first identify the normal and tangential dynamic char-
acteristics of the block interface. Based on previous research,
we regarded the block as a rigid body. The theoretical model
of the effect of ultra-low friction is then as shown in Fig. 1,
where the size of the block is the same, its mass is m;, vertical
impactis P, (f) = P, sin w, and axial pressure y H acts on the
surface of block 1. Springs and dampers are set between the
blocks to describe the energy transfer and retardation of the
weak connecting medium between them. The stiffness coef-
ficient is k; and the damping coefficient is c;. The movement

mz; + k; (Zl -2 — l) +C1(Zl —Zz) =mg+ P, sin(wf) + F,
mZz +k2(Zz -4 —l) +C2(22 _23)—](1(21 — 2 — l)—Cl (Zl _22) =mg

mz; + k(2 = 21 = 1) + €2 = iy ) =k (2
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Fig. 1 Theoretical model of effect of ultra-low friction

of the block consists of two stages. The first stage is forced
vibration under the action of a vertical impact and the second
one is the free vibration of the block starting from moment #,,
with the state at this time set as the initial condition.

The block system is composed of n blocks stacked verti-
cally. Suppose the positive direction is vertically upward,
and position I at the center of the bottom surface of the nth
block is the origin of the coordinate system. The equations
of motion in the vertical direction are then given by:

N

_Zi) =mg
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where m; is the mass of the block, z; is the ordinate of
block i, [ is the free length of the spring, g is the accelera-
tion due to gravity, and F, is the resultant force of ground
stress in the vertical direction of the model.

We simplify the above formula into a matrix form to get:

L.Lietal
. 2P, 2 3 7
= —— s sin (8z+2°/3) e zdz (7)
mo, (y1)
_ P 3_C2 il=cyt —_ _at <
where y = (1 + ) {= G’ H= el a=—, and

c, =1 \/7 l is the parameter of the free length of the spring,

Mz +Ci+Kz=F@)+b )
where
m 0 00« 0 0 Kk Kk 0 0 0 0
0m 00 0 0 —k ki +k, —k, O 0 0
0 O O 0 .. m(n_l) O O 0 0 O b k(n_2) + k(n—l) _k(n—l)
0 0 O 0 . O mn O 0 0 O _k(n—l) k(n—l) + kl’l
Cl _Cl 0 0 0 0
_Cl Cl + C2 _C2 0 0 0 Vertical
C= 0 —C; CtCy =y 0 0 disturbance
0 0 0 0 A C(H—Q) + C(n_l) _C(I’L—l) 1
0 O O 0 _C(n_l) C(n_l) + Cn n
Contact surface 1
sin wt 2 mg+k/l+F, Acceleration 5
F@=P 0 = Z.2 b= me T kz - kl)l sensor Contact surface 2
0 Zn mg + (kn - k(ﬂ—l))l

Suppose the third block is the working block that is
acted on by the horizontal force P, (¢). The equation of
motion in the horizontal direction is:

mit = Py (1) — ugN (1) 3)

where u is the horizontal displacement of the block, p, is the
dynamic coefficient of friction between blocks, and N(¢) is
the normal force on the block.

We set z = 20 + y, the vertical balance then is:
KL =b 4

We solve the initial coordinates of each block along the

z-axis as:

n .
0_ . jmg+F,
D=m-i+ i+ (T

By substituting z = z° + y, Kz° = b into the matrix equa-
tion, we get:

1,2,....,n)

®)

Jj=i J

My +Cy+ Ky =F()

6)

We set k;=k,=...=k,, ¢c;=c,=... and
my=m,=...=m,. Then, the approximate solution of the
acceleration of the block in the model is:

= Cn,
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Contact surface 3

Contact surface 4

Rubber mat

Fig.2 Schematic diagram of verification test device

in m, k; is its stiffness coefficient, and m; is block mass, in
kg.

Equation (7) has been deduced and verified in detail by
Lietal. (2019a, b).

2.2 Comparative analysis of test theory

To study the influence of stress wave-induced disturbance
on the effect of ultra-low friction in sandstone blocks,
we designed a test in which axial compression and stress
wave-induced disturbance were simultaneously applied
to the blocks. The size of each sandstone block was
100 mm X 100 mm X 100 mm and its mass was 2.56 kg. The
test model consisted of five vertically stacked blocks without
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Fig.3 Curves of maximum acceleration with disturbance frequency

weak interlayers. An axial pressure of 4 MPa was applied
to block No. 1 to simulate the pressure of the overburden.
The amplitude of the stress wave-induced disturbance was
40 kN, and the disturbance frequencies were 1, 3, 5, 10 and
20 Hz. We installed an acceleration sensor at the center of
each sandstone block and connected them to a computer. The
type of acceleration sensor used was a PCB, with voltage
type 352C04, sensitivity of 10 mV/g, range of frequency
of 0.3-15,000 Hz, weight of 5.8 g, and a sampling rate of
2 kHz.

The calculation in the theoretical formula was con-
sistent with the test parameters:P, = 40kN, w, = 31.42
(f=5Hz), c=60 N s/m, k=4.0 x 10° N/m, [=0.005 m, and

Hydraulic

control system system

2

data collection
systems

Fig.4 Ultra-low friction test system
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Hydraulic loading

Test machine prototype

S e e

m;=2.56 kg. The working block was the third block(No. 3
black block in Fig. 2). Its acceleration was used as a param-
eter, the test data were calculated, and the results were com-
pared with the accelerations derived from the theoretical
model as shown in Fig. 3.

Figure 3 shows that the maximum accelerations of the
test block and the theoretical block both decreased with
increasing frequency. The amplitude of acceleration of
the working block can be divided into three stages: a
stage of steep decline, one of slow decline, the steady
stage. When the perturbation frequency was in the range
of 1-5 Hz, the amplitude of changes in acceleration was
large, indicating that low-frequency perturbations had a
significant impact on the movement of the block. When
the disturbance frequency was 1 Hz, the maximum accel-
erations were, respectively, 14.13 m/s? and 49.52 m/s>.
With the increase in the disturbance frequency, changes
in the amplitude of acceleration of the block decreased
and stabilized. Due to the difference between the theo-
retical model and the experimental conditions, their max-
imum accelerations were different, but their trends of
change were consistent with the frequency of the stress
wave-induced disturbance. Therefore, the reasonableness
of the setup was verified.

disturbance
loading

Axial pressure
loading

confining pressure
loading
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3 Ultra-low friction test of broken block
3.1 Ultra-low friction test system

The equipment used in the test could be used to represent
the loading of 3D stress on the broken rock mass, and could
adequately simulate empirical stress when the ultra-low fric-
tion-induced rock burst occurred. The loading equipment was

composed of four main parts: the mechanisms for loading
axial pressure, confining pressure, impact, and disturbance.
This design used a hydraulic transmission and control sys-
tem. The size of the model of the test block could be adjusted
according to the test requirements. The range of length and
width was 0-200 mm, and that of height was 0—600 mm. Con-
fining pressure could be applied to the front and back of the
test body in the range of 0-30 MPa; horizontal impact was

Fig.5 Standard rock sample and the broken sample after test

|

Two sandstone

Intact sandstone

Four sandstone

Axial pressure and vertical
disturbance

Confining

/ pressure

Working block

Horizontal
impact

=) |

Bottom constraint

block rock blocks rock blocks
Rubber mat
Fig.6 Block placement and loading model
Table 1 .Physical and Rock sample number Elastic Modulus £ Poisson's ratio y Uniaxial com-
mechanical parameters (GPa) pressive strength
o, (MPa)
1 4.92 0.221 38.35
2 6.29 0.263 44.19
4 5.35 0.282 44.60
5 4.99 0.191 38.44
Average value 5.39 0.239 41.39
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applied to the left side over the range of 0-30 MPa. Axial
pressure and vertical disturbance could be applied in the verti-
cal direction at the same time. The range of axial pressure was
0-30 MPa and that of vertical disturbance was 0-3 MPa, and
frequency could be adjusted to within 0-50 Hz, as shown in
Fig. 4. The horizontal displacement of the block was meas-
ured by a Panasonic mini-laser sensor.

3.2 Preparation of test pieces

Red sandstone has a uniform grain size, and is widely found
underground. We used it as the rock sample in the test. To
make the results comparable, all samples were drawn from
the same kind of sandstone, with good integrity and homo-
geneity. The samples were processed into cylinders, each
with a diameter of 50 mm and a height of 100 mm, and
were polished to ensure that the parallelism of the surfaces
at both ends was within 0.05 mm and surface flatness was
within 0.02 mm. The uniaxial compression test of the rock
samples was carried out in a mechanics’ laboratory. All the
tests used the displacement-controlled loading method, and
the loading rate was constant at 0.15 mm/min. We discuss
the influence of the disturbing action of the stress wave on
the ultra-low friction of the sandstone block. The complex
ground stress was simplified into axial pressure and confin-
ing pressure. The experimental axial pressure was set to 10%
of the uniaxial compressive strength (Fig. 5).

3.3 Testplan

The test involved developing a test device to study the
effects of the frequency of stress wave-induced disturbance
and the intensity of disturbance on the effect of ultra-low
friction of the broken blocks. The intensity of stress wave-
induced disturbance was characterized by the amplitude
of disturbance of the test device (Fig. 6). Using a method
described by Wu et al. (2010), each group in this experi-
ment consisted of four complete blocks with dimensions
of 100 mm X 100 mm X 100 mm, and a working block in
the middle. We set the working block to block number 3.
In the three sets of tests, the working blocks consisted of
one 100 mm X 100 mm X 100 mm sandstone block, two
100 mm X 100 mm X 50 mm sandstone blocks, and four
100 mm X 100 mm X 25 mm sandstone blocks. Axial pres-
sure and disturbance were applied to the uppermost block in
the vertical direction (Table 1). The stress wave-induced dis-
turbance was a sine wave. We did not consider the effect of
delay, and applied horizontal impact to the rock block at #,.

The experimental steps are as follows:

(1) The intact sandstone block was placed in the testing
machine from top to bottom in the vertical direction. Axial
pressure of 4 MPa was applied in the vertical direction and
the confining pressure was set to 15 MPa.

(2) The stress wave-induced disturbance was applied in
the vertical direction. The initial amplitude of disturbance
was 0.3 MPa and the vibrational frequency was 1 Hz.

(3) Horizontal impact was applied to the No. 3 working
block, and its horizontal displacement was measured by an
optical fiber-based noncontact displacement sensor. Accel-
eration was measured by the acceleration sensor.

(4) The frequency of stress wave-induced disturbance,
amplitude of disturbance, and horizontal impact were
changed in turn during the test.

(5) The working block was replaced with two and four
sandstone blocks, steps (1)—(4) were repeated, and the data
were recorded.

4 Influence of stress wave-induced
disturbance

4.1 Influence of stress wave-induced disturbance
frequency

4.1.1 Influence of horizontal displacement of broken block

As the frequency of the stress wave-induced disturbance
increased, the horizontal displacements of blocks of differ-
ent levels of fragmentation all showed the characteristic of
increasing first and then decreasing. When the frequency
of the stress wave-induced disturbance was 1-3 Hz, an area
of large displacement of the working block was formed.
Under the same level of impact and frequency of the stress
wave, the horizontal displacement of the four sandstone rock
blocks was the largest, followed by the two sandstone rock
blocks and the intact sandstone block.

As shown in Fig. 7, as the frequency of stress wave-
induced disturbance increased, blocks with different levels
of fragmentation recorded large displacements. Under the
same disturbance frequency, the residual displacement of the
four sandstone rock blocks was the largest, followed by the
two sandstone rock blocks and the intact sandstone block.
In the area of large displacement, when the frequency was
2.5 Hz, the horizontal displacement of the block was the
largest, indicating that the effect of ultra-low friction of the
block was the strongest at this frequency during the pro-
cess of dynamic disturbance. Taking a horizontal impact of
1.5 MPa as an example, when the disturbance frequency was
increased from 1 Hz to 1.5, 2.5, and 3 Hz, the residual dis-
placements of the four sandstone rock blocks and the intact
sandstone block were, respectively, 0.0302 mm, 0.0702 mm,
0.0618 mm, and 0.0983 mm, and 0.037 mm. Under a low-
frequency disturbance, the degree of fragmentation of the
block affected the strength of ultra-low friction of the block
during impact. The more broken the rock mass of the block
system was, the greater was the horizontal displacement of
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(b) Relationship between the horizontal displacement of the broken block and the disturbance frequency under a
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Fig.7 Relationship between horizontal displacement of broken block and frequency of stress wave-induced disturbance

the blocks, and the easier it was for engineering accidents
to occur. As the depth of mining increased, the rock blocks
tended to be more broken, and thus stronger support should
be used in projects to increase the strength of rocks around
the roadway to avoid accidents.

4.1.2 Influence of acceleration of broken blocks

When the blocks were disturbed by the stress wave, the
working block oscillated back and forth in the vertical

@ Springer

direction at the equilibrium position. At this time, a horizon-
tal impact was applied, and the acceleration of the working
block increased suddenly, and was greater than its accel-
eration without stress wave-induced disturbance. Figure 8
shows that when the frequency of the stress wave-induced
disturbance was in the range of 1-3 Hz, the working block
had a prominent effect of ultra-low friction under horizontal
impact. The greater the energy of horizontal impact of the
working block was, the greater was the extreme acceleration,
and the stronger was the effect of ultra-low friction. Under
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Fig.8 Curves of the maximum acceleration of blocks broken to varying degrees with changes in the disturbance frequency

the same impact and frequency of the stress wave, the hori-
zontal displacement of the four sandstone rock blocks was
the largest, followed by the two sandstone rock blocks and
the intact sandstone block. With a gradual increase in the
disturbance frequency from 3 Hz, the maximum acceleration
of the broken block gradually decreased and returned to the
level when there was no disturbance. The effect of ultra-low
friction of the broken block decreased. During the propaga-
tion of the stress wave, the accumulated energy of the block
increased; and when the block was more broken, the stability
of the entire rock mass decreased during disturbance, and
the phenomenon of "separation" between blocks frequently
occurred. Therefore, when the block was subjected to strong
impact and disturbance, friction between the blocks weak-
ened, the acceleration of the blocks increased, and the effect
of ultra-low friction increased. The more broken the block
tended to be, the greater was the amplitude of its accelera-
tion. Wang et al. (2016) have reported results consistent with
these.

4.2 Influence of intensity of stress wave-induced
disturbance

The frequency of stress wave-induced disturbance applied
in the experiment was fixed at 3 Hz. As the intensity of
stress wave-induced disturbance increased, the maximum
acceleration and horizontal displacement of blocks with dif-
ferent levels of fragmentation increased. Under the same
impact and intensity of stress wave-induced disturbance, the
maximum acceleration and horizontal displacement of the
four sandstone rock blocks were the largest, followed by the
two sandstone rock blocks and the intact sandstone block.

4.2.1 Influence of horizontal displacement of broken block
Figure 9 shows that with an increase in the intensity of dis-
turbance, the horizontal displacements of the working blocks

of different degrees of fragmentation all increased almost
linearly, and the degree of fit was high. This enhanced the
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Fig. 9 Relationship between horizontal displacement and disturbance amplitude under different levels of horizontal impact

effect of ultra-low friction. Under the same impact and inten-
sity of stress wave-induced disturbance, the horizontal dis-
placement of the four sandstone rock blocks was the largest,
followed by the two sandstone rock blocks and the intact
sandstone block. When the horizontal impact was 1.5 MPa,
the horizontal displacement of the four sandstone rock
blocks under a strength of disturbance of 1 MPa increased by
16.6% compared with the horizontal displacement without
disturbance, that of the two sandstone rock blocks increased
by 15.4%, and in the intact sandstone block increased by
15.1%. When the horizontal impact was 2.5 MPa, the hori-
zontal displacement of the four sandstone rock blocks under
a strength of disturbance of 1 MPa increased by 31.6% com-
pared with the horizontal displacement without disturbance,
that in the two sandstone rock blocks is increased by 25.6%,
and in the intact sandstone block increased by 23%. By com-
parison, the increase in the intensity of disturbance slightly
increased the horizontal displacement of the working block,
and the increase in the horizontal impact accentuated this
phenomenon.

@ Springer

4.2.2 Influence of acceleration of broken blocks

Figure 10 shows that with the increase in the intensity of
disturbance, the maximum acceleration of the working block
broken to varying degrees increased at different degrees, and
this increased the effect of ultra-low friction effect. Under
the same impact and intensity of stress wave-induced distur-
bance, the maximum acceleration of the four sandstone rock
blocks was the highest, followed by the two sandstone rock
blocks and the intact sandstone block. When the horizontal
impact was 1.5 MPa, the maximum acceleration of the four
sandstone rock blocks under a strength of disturbance of
1 MPa increased by 19.3% compared with the acceleration
without disturbance, that of the two sandstone rock blocks
increased by 38.1%, and that of the intact sandstone block
increased by 35%. When the horizontal impact was 2.5 MPa,
the maximum acceleration of the four sandstone rock blocks
under a strength of disturbance of 1 MPa increased by 42.3%
compared with the horizontal acceleration without distur-
bance, that of the two sandstone rock blocks increased by
55.8%, and that of the intact sandstone block increased by
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Fig. 10 Relationship between the maximum acceleration and the disturbance amplitude under different levels of horizontal impact

Table 2 Differences in the horizontal displacement of broken blocks
under different horizontal impacts

Working block Difference in horizontal

displacement

(mm)

1.5 MPa 2.5 MPa
Four sandstone rock blocks 0.0510 0.0582
Two sandstone rock blocks 0.0414 0.0437
Intact sandstone block 0.0302 0.0361

48.5%. By comparison, an increase in the disturbance inten-
sity increased the maximum acceleration of the working
block, and the increase in the horizontal impact accentuated
this phenomenon. The more broken the blocks tended to be,
the lower was the stability of the blocks when the intensity
of the stress wave-induced disturbance increased, and the

greater was the separation between them. Thus, the intensity
of ultra-low friction was greater (Table 2).

4.3 Influence of differences in horizontal
displacement of broken block

The difference in horizontal displacement is the differ-
ence between the horizontal displacement of the broken
rock mass with and without stress wave-induced distur-
bance. The above table shows that when the horizontal
impact load of the working block was increased from
1.5 to 2.5 MPa, the difference in horizontal displace-
ment of the block increased, and the effect of ultra-low
friction increased. Under the same impact and stress
wave-induced disturbance, the difference in horizontal
displacement of the four sandstone rock blocks was the
largest, followed by the two sandstone rock blocks and
the intact sandstone block. Under a horizontal impact
of 1.5 MPa, the horizontal displacements of the four
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sandstone rock blocks and the two sandstone rock blocks
were 1.69 times and 1.37 times larger than that of the
intact sandstone block, respectively. Under a horizontal
impact of 2.5 MPa, the horizontal displacements of the
four sandstone rock blocks and the two sandstone rock
blocks were 1.61 times and 1.21 times larger than that
of the intact sandstone block, respectively. The intensity
of the horizontal impact load had little effect on the dif-
ference in horizontal displacement. This shows that the
more broken the rock mass tended to be, the more prone
was a roadway damaged by stress to the effect of ultra-
low friction. This was identical to the results of field
observations. With an increase in the mining depth, the
rock mass tended to be broken and intermittently formed
a block structure. Under the combined action of ground
stress and mining disturbance, the broken block was
more prone to dislocation, resulting in increasing effect
of ultra-low friction. This can lead to accidents, such as
rock bursts.

5 Energy-related characteristics of effect
of ultra-low friction

Rock burst occurs owing to the instantaneous release of
energy (Wang et al. 2018). In case of dynamic disturbance,
Wang et al. (2015) have shown that the effect of the dis-
turbance makes the rock block vibrate, and the equivalent
vibration generated by the kinetic energy W of the disturbed
block is:

W= %mvz ®)

where v is the equivalent vibrational velocity. Equation (8)
can be rewritten as

= =2v ©)

We set 2 as the kinetic energy per unit mass.

The horizontal displacement of the working block
obtained from the experiment was derived to obtain the
velocity of the block, and was used to obtain its kinetic
energy per unit mass in the time domain. This was Fourier-
transformed to obtain its curve of power spectral density.

5.1 Energy characteristics of effect of ultra-low
friction of different broken blocks

The frequency of the stress wave-induced disturbance

applied in the experiment was set to 3 Hz and the intensity
of disturbance was set to 0.3 MPa.
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(1) The curves of change in the kinetic energy per unit mass
in Figs. 11 and 12 shows that under horizontal impacts
of 1.5 MPa and 2.5 MPa, the maximum kinetic energy
of the working block was obtained after 125 ms, that
is, when the working block was subjected to horizontal
impact for a short time, due to the effects of impact and
ultra-low friction. Its kinetic energy quickly increased
to its maximum value. The smaller the friction between
the blocks was, the greater was the kinetic energy of the
working blocks. Due to the constraint on axial pressure
and the energy consumption during horizontal impact,
the energy of the block was greatly attenuated within
4 ms of impact. After this, the working block returned
to a stable vibrational state, and the kinetic energy of
the block increased with the horizontal impact load.
Therefore, when rock masses with different levels of
fracture were disturbed by vertical stress waves and had
an ultra-low friction effect, their kinetic energy under-
went transient accumulation and transient peak effects.
Under the same impact load, the kinetic energy of the
four sandstone rock blocks was the largest and that of the
intact sandstone block was the smallest. At this time, the
effect of ultra-low friction of the block was the strongest.

(2) The test adequately simulated the occurrence and devel-
opment of rock burst. The effect of ultra-low friction of
the broken rock mass was caused by the stress wave-
induced disturbance. In this process, the amplitude of
power spectral density increased instantaneously and
fluctuated significantly. The frequency corresponding
to the maximum power spectral density of the work-
ing block is called the extreme frequency. The more
broken the working block tended to be, the closer was
its extreme frequency to the lowest frequency. When
ultra-low friction-type rock impact occurred, the kinetic
energy of the working block changed from high to low
frequency. The more broken the working block tended
to be, the greater was the maximum power spectral
density. Energy was concentrated in the low-frequency
area and decreased in the transition area. Energy in
the high-frequency area was small, and the effect of
ultra-low friction was small. When the working block
was subjected to a large impact load, energy increased
significantly, and it was easier to produce the effect of
ultra-low friction under the action of the stress wave.

5.2 Comparative analysis of parameters of energy
of ultra-low friction

(1) Table 3 shows that the kinetic energy of blocks bro-
ken to different degrees increased with the horizontal
impact load, and the energy of the four sandstone rock
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Fig. 11 Kinetic energy per unit mass and curves of power spectral density of different degrees of fracture under a horizontal impact of 1.5 MPa

blocks reached their maximum value when the effect of
ultra-low friction was evident, and the intact sandstone
block had the least energy. Under a horizontal impact
of 1.5 MPa, the energies of the four sandstone rock
blocks and the two sandstone rock blocks were, respec-

tively, 2.90 times and 1.68 times larger than that of the
intact sandstone block. Under a horizontal impact of
2.5 MPa, the energies of the four sandstone rock blocks
and the two sandstone rock blocks were, respectively,
2.12 times and 1.62 times larger than that of the intact
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sandstone block. When blocks with different levels of less stable rock blocks were affected by the impact. The
fracture had been subjected to horizontal impacts dur- block energy accumulated to the maximum in a short
ing stress wave-induced disturbance, energy accumula- period, and the effect of ultra-low friction was easy
tion was different. The blocks tended to be broken, the to observe, and in turn induced accidents due to rock
roadways had stress-induced defects, and weaker and impact. Therefore, the degree of rock fragmentation
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Table 3 The parameters of the

. Working block
effect of ultra-low friction of

Kinetic energy per unit

Extreme frequency (Hz) Power spectral den-

ss (J/k sity (db/H
blocks with different degrees of mass (Vkg) sity ( 2)
fragmentation 1.5 MPa 2.5 MPa 1.5 MPa 2.5 MPa 1.5 MPa 2.5 MPa
Four sandstone rock blocks 19.27 24.79 12 24.60 56.81
Two sandstone rock blocks 11.20 18.99 13 14.32 33.72
Intact sandstone block 6.650 11.69 16 9.136 13.40

was the main factor affecting the strength of ultra-low
friction of the block.

(2) The more broken the block tended to be, the lower was
the dominant frequency in case of ultra-low friction.
The higher the horizontal impact load of the block was,
the lower was the dominant frequency in case of ultra-
low friction. When the horizontal impact was 1.5 MPa,
the main frequency of the block was within 20 Hz, and
when the horizontal impact was 2.5 MPa, it was within
10 Hz. This is consistent with the conclusion that the
underground effect of ultra-low friction occurred in the
low-frequency range.

(3) The more broken the block tended to be, the higher was
the power spectrum density is when ultra-low friction
occurred. The higher the horizontal impact load of the
block was, the higher was the power spectral density in
case of ultra-low friction. The more broken the block
tended to be, the stronger was the horizontal impact to
which it was subjected, the more significant was the
dynamic response, and the more prone to ultra-low fric-
tion it was. This caused rock burst accidents.

6 Discussions

With the gradual reduction and depletion of shallow
resources, countries around the world have engaged in deep
mining (Ranjith et al. 2017; Zhao et al. 2018; Chen et al.
2020). Therefore, this article developed a test of ultra-low
friction to differentiate among the degrees of fragmentation
of rock blocks. We used the confining axial compression to
simulate the state of stress of the deep rock formation. Verti-
cal and horizontal impacts were used to simulate blasting,
rock transportation, and mechanical operation. The conclu-
sions obtained were compared with those of previous stud-
ies. Experimental research by Su et al. (2016) showed that
in the frequency range of 0—3 Hz, the kinetic energy of rock
burst-induced ejection first increased and then decreased as
the frequency of axial disturbance-induced load increased.
Pan and Wang (2014) and other researchers have reported
that the frequency of external disturbances changes the
maximum stretch between rock blocks. When the frequency

of disturbance is close to the quasi-resonant frequency of
the rock mass of the block system, the maximum stretch
increases sharply. Compared with the above experiments,
we found that ultra-low friction was likely to occur when
the perturbation frequency was 1-3 Hz, due to differences
in loading conditions, and the physical and mechanical
properties as well as dimensions of the specimens used. The
conclusions of this article thus need to be verified through
experiments. In future work, we plan to conduct ultra-low
friction tests under field conditions so that the results have
theoretical and practical value for the prediction and preven-
tion of deep rock bursts.

7 Conclusions

(1) The frequency of stress wave-induced disturbance
influences the ultra-low friction of broken rock mass.
Frequency within the range of 1-3 Hz was consid-
ered here. The maximum horizontal displacement and
acceleration of the block subjected to dynamic response
increased significantly, and the effect of ultra-low fric-
tion was the strongest in this case. As the frequency of
disturbance of the stress wave increased, the maximum
horizontal displacement and acceleration of the block
gradually fell back into those of the state without dis-
turbance. The more broken the blocks were, the greater
was the dynamic response.

(2) The influence of intensity of the stress wave-induced
disturbance on the effect of ultra-low friction of the
crushed block changed linearly. The more broken the
block was, the greater was the intensity of the stress
wave-induced disturbance, and the more prominent was
the effect of ultra-low friction of the block.

(3) Under the same impact, the effect of ultra-low fric-
tion of the blocks decreased among the four combined
blocks, two combined blocks, and a complete sandstone
block. The horizontal impact load also influenced the
effect of ultra-low friction of the block.

(4) Under the combined action of axial compression, hori-
zontal impact, and stress wave-induced disturbance,
the kinetic energy of the block had the characteristics
of agglomeration and a short-term peak value. When

@ Springer



22 Page 16 of 17

L. Lietal.

the effect of ultra-low friction was the strongest, it
was manifested in the unit mass kinetic energy of the
block, its power spectral density, and maximum kinetic
energy. The frequency shifted from high to low, and the
waveform tended to consist of low-frequency waves.
The block exhibited prominent effects of ultra-low fric-
tion within a frequency of 20 Hz.

Acknowledgements This research was financially supported by the
National Science Foundation of China (51974148) and the Liaoning
Xingliao Talent Program (XLYC1807130).

Authors' contributions All authors read and approved the final
manuscript.

Ethics statement We certify that this manuscript is original, has not
been published, and will not be submitted elsewhere for publication
while being considered by the International Journal of Coal Science
& Technology. The study is not split into several parts to increase the
number of submissions to one or many journals over time. No data
have been fabricated or manipulated (including images) to support our
conclusions. No data, text, or theories by others have been presented as
if they were our own. The manuscript has been approved explicitly by
all co-authors. Authors whose names appear on the submission have
contributed sufficiently to the scientific work, and therefore share col-
lective responsibility and accountability for the results.

Competing interests The authors declare that they have no competing
interests to report regarding the publication of this study. The experi-
ments reported did not involve human participants or animals.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aleksandrova NI, Sher EN (2004) Modeling of wave propagation in
block media. J Min Sci 40(6):579-587

Bamford T, Esmaeili K, Schoellig AP (2021) A deep learning
approach for rock fragmentation analysis. Int J Rock Mech Min
Sci 145:104839

Baryakh AA, Fedoseev AK, Lobanov YuS (2021) Deformations and
fracture of rock strata during deep level potash mining. Procedia
Struct Integrity 32:109-116

Chen L, Wu S, Guo LJ (2020) Study on the integrated planning of deep
mining considering rock burst prediction. IOP Conf Ser: Earth
Environ Sci 570(4):042-047

@ Springer

Cui YQ, Ma SL, Liu LQ (2005) Effect of lateral stress perturbation
on frictional behavior: an experimental study. Seismol Geol
27(4):645-652

Jiang H-m, LiJ, Wang M-y (2019) Theoretical and experimental study
on low friction effect in sliding instability of block rock mass.
Geotech Mech 40(4):1-8

Kurlenya MV, Oparin VN, Vostrikov VI et al (1999) Effect of anom-
alously low friction in block media. J Appl Mech Tech Phys
40(6):1116-1120

Kurlenya MV, Oparin VN, Vostrikov VI et al (1996) Pendulum-type
waves. Part II: Experimental methods and main results of physical
modeling. J Min Sci 32(4):245-273

Li G, Ma F, Guo J et al (2019a) Study on deformation failure mecha-
nism and support technology of deep soft rock roadway. Eng Geol
264:105262

Li J, Wang M-y, Jiang HM, Deng SX, Li XP (2018) Nonlinear rock
mechanics in explosion and impact (II): physical simulation test
of rock block sliding induced by impact disturbance. J Rock Mech
Eng 37(2):291-301

Li LP, Li WJ, Pan YS (2019b) Theoretical analysis of anomalously low
friction effort of block rock media based on vertical displacement
difference. J China Coal Soc 44(7):2116-2124

Liu DQ, Zhang XY, He MC, Wang J, Wang Y (2018) Experimental
detritus study of sandstone rock burst. ] Min Sci 3(3):246-252

Lv JQ (2015) FLAC3D numerical simulation study on ultra-low fric-
tion effect of deep rock mass. Liaoning Technical University,
Liaoning

Oparin VN, Balmashnova EG, Vostrikov VI et al (2001) On dynamic
behavior of “self-stressed/” block media. Part I1I: Comparison of
theoretical and experimental data. J Min Sci 37(5):455-461

Pan YS, Wang KX (2014) Pendulum-type waves theory on the mecha-
nism of anomalously low friction between rock masses. Seismolog
Geol 36(3):833-844

Qian QH. The key problems in deep underground space development.
In: The 230th Xiangshan Academic Conference: Basic Crucial
Problems in Deep Underground Space Development, Beijing;
2004.

Ranjith PG, Zhao J, Ju M, De Silva RVS, Rathnaweera TD, Bandara
AKMS (2017) Opportunities and challenges in deep mining: a
brief review. Eng 3(4):546-551

Su GS, Hu LH, Feng XT et al (2016) True triaxial experimental
study of rock burst process under low frequency cyclic distur-
bance load combined with static load. Chin J Rock Mech Eng
35(7):1309-1322

Tarasov BG, Randolph MF (2007) Frictionless shear at great depth
and other paradoxes of hard rocks. Int J Rock Mech Min Sci
45(3):316-328

Xu QP, Lu YS, Wang DR (2009) Experiment on friction weakening
effect of deep rock mass system. J PLA Univ Sci Technol (nat Sci
Ed) 10(3):285-289

Wang GF, Dou LM, Cai W et al (2018) Study on triggering mecha-
nism of unstable energy of rock burst. J] China Univ Min Technol
47(1):190-196

Wang HL, Zhou ZP, Wang MY (2006) Study on dynamic performance
of object interface. Prot Eng 28(2):30-35

Wang HL, Ge T, Wang DR et al (2007) Comparative analysis of
dynamic characteristics of block rock mass by theory and experi-
ment. J Rock Mech Eng 26(5):951-958

Wang KX, Pan YS, Dou LM (2016) Study on energy transfer law of
block rock mass during pendulum wave propagation. J Geotech
Eng 38(12):2309-2314

Wang MY, Li J, Li KR (2015) Principle and application of energy
action in nonlinear mechanics of deep rock mass. J Rock Mech
Eng 34(4):659-667


http://creativecommons.org/licenses/by/4.0/

Influence of stress wave-induced disturbance on ultra-low friction in broken blocks

Page170f 17 22

Wu H, Fang Q, Zhang YD et al (2009a) Mechanism of anomalous low
friction phenomenon in deep block rock mass. Min Sci Technol
(china) 19(4):409-419

Wu H, Fang Q, Wang HL (2008) Mechanism analysis of ultra-low fric-
tion in deep block rock mass. Acta Geotech Eng 30(5):769-775

Wu H, Fang Q, Lu Y-s et al (2009b) Model tests on anomalous low
friction and pendulum-type wave phenomena. Prog Nat Sci
19(12):1805-1820

Wu H, Fang Q, Zhang Y-d et al (2010) Experimental and theoretical
study on wave characteristics of one-dimensional block geological
blocks. Acta Geotech Eng 32(4):600-611

Zhang S, Lu L, Wang Z, Wang S (2021) A physical model study of sur-
rounding rock failure near a fault under the influence of footwall
coal mining. Int J Coal Sci Technol 8(4):626—640

Zhao AP, Feng C, Guo RK, Li SH, Jia JJ (2018) Influence of joint
characteristics on stress wave propagation and blasting effect. J
Rock Mech Eng 37(9):2027-2036

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Influence of stress wave-induced disturbance on ultra-low friction in broken blocks
	Abstract
	1 Introduction
	2 Theoretical model of the effect of ultra-low friction in block of rock mass
	2.1 Model establishment
	2.2 Comparative analysis of test theory

	3 Ultra-low friction test of broken block
	3.1 Ultra-low friction test system
	3.2 Preparation of test pieces
	3.3 Test plan

	4 Influence of stress wave-induced disturbance
	4.1 Influence of stress wave-induced disturbance frequency
	4.1.1 Influence of horizontal displacement of broken block
	4.1.2 Influence of acceleration of broken blocks

	4.2 Influence of intensity of stress wave-induced disturbance
	4.2.1 Influence of horizontal displacement of broken block
	4.2.2 Influence of acceleration of broken blocks

	4.3 Influence of differences in horizontal displacement of broken block

	5 Energy-related characteristics of effect of ultra-low friction
	5.1 Energy characteristics of effect of ultra-low friction of different broken blocks
	5.2 Comparative analysis of parameters of energy of ultra-low friction

	6 Discussions
	7 Conclusions
	Acknowledgements 
	References


