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Abstract The horizontal stress in the fractured
blocks of a fractured zone is in a stress relief status
under repeated mining disturbances. To investigate
the effect of the horizontal stress in fractured blocks
on the stability of the overlying strata, uniaxially
graded cyclic loading and unloading experiments on
red sandstone with different initial stress level were
carried out. First, the evolution of the loading and
unloading elastic modulus, irreversible strain and
load-unload response ratio were analyzed. Then, the
strain energy evolution and damage variable char-
acteristics were examined. Finally, the stability of a
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voussoir beam structure under repeated mining dis-
turbances was discussed. The results showed that
with increasing cycle number, the elastic modulus
showed a nonlinear decreasing trend, the load-unload
response ratio always fluctuated at approximately 1,
and the irreversible strain showed a rapid and steady
increasing trend. The proportion of elastic energy
tended to increase linearly with increasing cycle
number, while the proportion of dissipated strain
energy tended to decrease. Moreover, the damage
variable, based on the dissipation strain energy defini-
tion, showed a parabolic growth trend with increas-
ing cycle number. The irreversible strain and damage
variables showed an “increasing—decreasing-increas-
ing” trend as the initial stress level increased. Finally,
a stability criterion of the voussoir beam structure
based on the effect of repeated mining disturbances
on horizontal thrust was proposed. This research has
important implications for overlying strata stability.

Article highlights

(1) The mechanical characteristics of red sandstone
under graded cyclic unloading were elucidated.

(2) The stability characteristics of overlying strata
under repeated mining disturbances were ana-
lyzed.

(3) A stability criterion of the voussoir beam struc-
ture in overlying strata under repeated mining
was proposed.
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1 Introduction

Rock materials are one of the most widely used mate-
rials in engineering (Kong et al. 2016; Yang 2016;
Liu et al. 2020; Zou et al. 2022a); they are commonly
used in many fields (Li et al. 2017; Zhang et al.
2022a; Zou et al. 2021), such as mining engineering,
and underground engineering. Among them, the load-
ing on the overlying strata under a mining disturbance
is essentially cyclic loading, and the mechanical prop-
erties under cyclic loading are an important influ-
ence on the stability of the rock mass. (Cerfontaine
and Collin 2018; Hao et al. 2020; Xiao et al. 2020).
In addition, in the coal mining process, mining dis-
turbances usually result in a complex stress state of
the rock mass (Zhang et al. 2020). For example, under
a mining disturbance, the intact rock of the overly-
ing strata can fracture into intact blocks of different
sizes, forming a fractured zone (Zhang et al. 2019a).
In coal seam mining (Fig. 1), after the fracture of the
key strata in the overlying strata, the fractured block
below the delamination fracture in the fractured zone
may form voussoir beam structure (VBS) or cantile-
ver beam structure (Zhao et al. 2022). At this time,
the vertical force and horizontal friction force on the
fractured block are almost negligible compared with
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the horizontal force. Similar to this situation is the
soft roof collapse phenomenon in longwall mining of
shallow buried coal seams (Suchowerska et al. 2014;
Zhao et al. 2018). In longwall mining of shallow bur-
ied coal seams, the roof plate is prone to collapse
when a weak roof plate and a high horizontal stress
exist at the same time (Zhang et al. 2019b, 2022b).
At this time, the coal seam is shallow, and the ver-
tical stress is negligible compared to the high hori-
zontal stress. Therefore, the specific fractured block
of overlying strata is in an approximately uniaxially
compressed state (Zhu et al. 2019; Xia et al. 2021).
With mining disturbances, the vertical stress on the
overlying strata gradually increases, and the hori-
zontal stress gradually decreases; during the mining
process of repeated seams, specific fractured blocks
experience different disturbances and continuous
stress release (Wu et al. 2021). The horizontal stress
on the fractured block gradually decreases in this
region, which shows a decreasing graded amplitude
cyclic loading and unloading. Therefore, investigating
the mechanical properties of fractured blocks under
cyclic loading is important, which can provide a refer-
ence for the stability of the overlying strata structure.

At present, a large number of loading experi-
ments have been conducted, including cyclic load-
ing experiments under different stress path, different
prefabricated crack and other conditions (Zhu et al.
2020; Zhao et al. 2021a; Liang et al. 2022; Zou et al.
2022b). For example, true triaxial loading experi-
ments on marble have been conducted to elucidate

(b) Horizontal
thrust

Horizontal
thrust

| | Cantilever beam structure :
L

Fig. 1 Distribution of blocks in the fractured zone. (a) Schematic diagram of overlying strata under a mining disturbance; (b) vous-

soir beam structure; and (c) cantilever beam structure
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the properties of the mechanical parameters of speci-
mens, such as residual deformation and strain energy,
during the cyclic process (Gao and Feng 2019).
Cyclic loading and unloading experiments on sand-
stone, marble, and granite have been conducted to
elucidate the variation in rock mechanical properties
with accumulated damage (Feng et al. 2020). Tian
et al. (2021) elucidated the properties of thermally
treated granite, which is more susceptible to failure
under cyclic loading, through triaxial compression
experiments. Meng et al. (2021a) found a hysteresis
effect in the specimen stress—strain evolution curve
and a relationship between the evolution of the defor-
mation parameters and the number of cycles in the
limestone cyclic loading experiments. In addition,
cyclic loading waveforms show different patterns (Le
et al. 2014). The most common waveforms are sine,
linear, and square waves; among them, square waves
are the most destructive, and linear variations are the
least destructive (Whittles et al. 2007).

Currently, most cyclic loading experiments use
constant amplitude or incremental loading paths, with
a focus on rock fatigue or failure-related hazards (Fu
et al. 2020; Li et al. 2020). However, the effects of
horizontal thrust between fractured blocks have rarely
been investigated to locate the stress release pattern in
fractured zones. The stable structure formed by frac-
tured blocks in the overlying strata involves the stress
relief, deformation and damage behavior of the frac-
tured block (Wei et al. 2020; Zhang and Wang 2021).
The magnitude of the initial horizontal thrust influ-
ences the mechanical properties of the fractured block
and the stability of the VBS. Therefore, the mechani-
cal behavior of fractured blocks under cyclic loading
at different initial stress level (ISL) has an important
impact on the VBS. However, the effects of different
ISL on the mechanical response of fractured blocks
are still unclear.

In summary, an investigation and analysis of the
mechanical characteristics of fractured blocks on the
stability of the VBS is essential to investigate the sta-
bility of the overlying strata. Therefore, the mechani-
cal characteristics of fractured blocks with cyclic
loading at different ISL were analyzed, and the effects
of repeated mining disturbances on the stability of the
VBS were explored. First, the evolutionary character-
istics of the elastic modulus, irreversible strain and
load-unload response ratio were analyzed by using
stress—strain curves. Then, the elastic and dissipative

strain energies were calculated, and the strain energy
evolution was analyzed. Subsequently, the damage
characteristics of the fractured block were obtained
based on the dissipative strain energy. Finally, a sta-
bility criterion for a VBS considering the effects of
repeated mining disturbances on horizontal thrust is
proposed.

2 Experimental methods
2.1 Red sandstone specimens

The specimens of red sandstone were taken from the
same complete rock, and the specimens were made
into 50 mm X 100 mm cylindrical specimens. Prior
to the experiments, the red sandstone specimens were
screened for quality and P-wave velocity to ensure
that the selected specimens had relatively similar
mechanical properties. The red sandstone specimens
used for the experiments were stored at a room tem-
perature of approximately 25 degrees. The quality
and P-wave velocity of red sandstone specimens are
as follows (Table 1).

Before formal experiments were started, the uniax-
ial compressive strength (UCS) of red sandstone was
tested by conducting two sets of uniaxial compression
experiments. The results of the two measurements are
shown in Table 2. The average value of 52.86 MPa of
the results was taken as the UCS of the red sandstone
specimens.

2.2 Experimental instrument and method
The experiments were conducted using the “micro-

computer-controlled electronic universal experiment
machine” of the College of Aerospace Engineering,

Table 1 The quality and P-wave velocity of the experimental
specimens

No Quality (g) P wave
velocity
(km/s)

#1 452.12 3.14

#2 453.02 3.16

#3 450.67 3.16

#4 451.45 3.11

#5 451.70 3.17
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Table 2 UCS measurement results of red sandstone specimens

No Quality (g)

P wave veloc- Uniaxial compres-

ity (km/s) sive strength
(MPa)
UCS-#1 450.13 3.09 51.44
UCS-#2  451.29 3.18 54.28

Microcomputer
controlled electronic

i

Red sandstone
specimens

Data acquisition
and control system

Fig. 2 Experimental system of rock mechanics

Chonggqing University, as shown in Fig. 2. The equip-
ment can be used to obtain the compressive strength,
axial deformation and other mechanical parameters.
The equipment is driven by a servo motor, which
drives the moving beam up and down through the
transmission mechanism to realize the experimental
loading process.
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As shown in Fig. 3a, a decreasing graded ampli-
tude cyclic loading experiment was performed with
ISL set at 64, 72, 80, 88, and 96% of the UCS (33.8,
38.0, 42.2, 46.4, and 50.6 MPa, respectively), fol-
lowed by two cycles of 20 graded amplitude reduc-
tion unloading stages with an unloading amplitude
of 1% UCS. Finally, the loading was continued until
the specimen failed. As shown in Fig. 3b, taking the
ISL of 80% UCS as an example, the axial stress is
cyclically unloaded from 80% UCS to 60% UCS in
the 1st unloading stage, as follows: 80% — 60% — 79
%—60%—...... —60%. In the 2™ unloading stage,
the axial stress is cyclically unloaded from 60% UCS
cyclic unloading to 40% UCS, and the specific cyclic
steps are 60% —40%—59%—40% — ...... —40%.
Throughout the experiment, the applied loading rate
was 400 N/s. The specimens were numbered accord-
ing to the experimental protocol. The specimens with
ISL of 64, 72, 80, 88 and 96% UCS are specimens #1,
#2, #3, #4, and #5, referred to as ISL-64%, ISL-72%,
ISL-80%, ISL-88%, and ISL-96%, respectively.

3 Results
3.1 Stress—strain curve evolution
The rock stress—strain curve represents the entire

process of deformation and failure of the rock (Meng
et al. 2020, 2021b). To make the stress—strain curve

1
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9 | w\ 1 O Failure
3] c )
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Fig. 3 Stress path: (a) five experimental stress path diagrams and (b) a case of ISL-80%
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more accurate, the displacement where the press head
is not in contact with the specimen is not considered,
but the actual force on the specimen is used as a start-
ing point for plotting the stress—strain curve.

Figure 4 illustrates the stress—strain curves of red
sandstone under cyclic loading with different ISL.
In the prepeak stage, the stress—strain curve presents
four phase characteristics, divided according to the
slope of the curve (Zhang et al. 2022c). The four
stages include the crack closure stage, the crack ini-
tiation stage, the crack damage stage and the unsta-
ble crack propagation stage. In the crack closure stage
(stage I), the internal microfractures of red sandstone
are gradually compacted under pressure. At this
point, the stress—strain curve is upwardly concave.
In the crack initiation stage (stage II), the internal
microfractures of red sandstone specimens are closed,
at which time the curve is linear and the deforma-
tion is recoverable. In the crack damage stage (stage
III), the internal fractures of red sandstone develop,
and new fractures appear, at which time the stress—
strain is nonlinearly increasing and the specimens
have irreversible deformation. In the unstable crack
propagation stage (stage I'V), with increasing loading,
when the red sandstone specimen reaches the ultimate

compressive strength, the internal fractures penetrate
each other, the red sandstone specimen fails, and the
macroscopic rupture surface appears. At this point,
the slope of the curve tends to decrease. As shown in
Fig. 4, in all graded cyclic loading experiments, the
red sandstone specimens failed at almost the same
peak strength, and its peak strain was approximately
1.4%. In addition, it can also be found that the strain
in the cyclic stage of the specimens was approxi-
mately 0.23%.

3.2 Elastic modulus, irreversible strain and
load-unload response ratio characteristics

Figure 5 shows the relationship among the deforma-
tion parameters and cycle number for the 1% cyclic
unloading stage of red sandstone at different ISL in
the cyclic loading experiment.

The elastic modulus of specimens indicates the
ability to resist deformation under loading and can
characterize the fracture development and failure
properties of specimens to some extent. Under dif-
ferent loading paths, the elastic modulus of rocks can
show significant differences due to adverse effects
such as hysteresis effects and unloading damage
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Fig. 5 Deformation parameters versus cycle number for the 1st unloading stage at different ISL. (a) ISL-64%; (b) ISL-72%; (¢) ISL-

80%; (d) ISL-88%; and (e) ISL-96%

(Peng et al. 2019a). In Fig. 5, with increasing cycle
number, the patterns of the loading and unloading
elastic modulus were consistent, showing a decreas-
ing trend, which is comparable to the results of pre-
vious authors (Arora et al. 2019). In addition, the
loading elastic modulus was slightly smaller than the
unloading elastic modulus during the cyclic unload-
ing stage, which indicates the hardening effect caused
by cyclic loading.

Natural rocks material have internal defects such
as pores and fractures, which facilitate deformation.
Under loading, rocks have elastic deformation and
irreversible deformation (Peng et al. 2020). Among
them, the calculation principle of the rock irreversible

@ Springer

strain is shown in Fig. 6. Equation (1) (Peng et al.
2019Db) is used to calculate the irreversible strain.

N

(€ —¢l)
n=1

irr A elr‘lrr = (1)
1

n=
where ¢;,, is the irreversible axial strain in total and
single cycles and » is the number of cycles. In addi-
tion, 34 and g denote the final strain at the end of
the cycle and the initial strain at the beginning of the
cycle, respectively.

Figure 5 shows that the irreversible accumulated
strain tended to increase with the increasing cycle
number. Since this was the result of the 1% unloading
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Fig. 6 Principle of the irreversible strain calculation

stage, the irreversible strain was expressed in three
stages (Peng et al. 2020): the initial rapid stage of
strain increase (stage I), the stable stage of strain
increase (stage II) and the accelerated stage of strain
increase (stage III). Among them, the acceleration
effect of stage III was not obvious, which may be
due to the gradual decrease in the stress level and the
small amplitude of unloading under cyclic loading. In
addition, in the Ist unloading stage, the irreversible
strain was 4.04, 5.56, 5.40, 3.80 and 8.04%o, corre-
sponding to ISL-64%, ISL-72%, ISL-80%, ISL-88%
and ISL-94%, respectively. The irreversible strain
tends to "increase—decrease—increase" with increasing
ISL.

The load-unload response ratio is a parameter
that characterizes the damage of specimens based on
stress—strain data. The calculation of the load-unload
response ratio (Duan et al. 2020; Gong et al. 2019a) is
as follows. The strain is used as the response quantity
in the load-unload response ratio, and the load-unload
response quantity is obtained based on the linear elas-
tic instanton model relationship.

X=tim AR _2e 1 @)
AP-0 AP Ac E
Then, the load-unload response ratio Y is
X, 1/E, E_
X 1/E. E,

where X is the load-unload response; AR is the
response change; AP is the load change; X, and X_
are the response of the loading and unloading sec-
tions, respectively; £, and E_ are the elastic modu-
lus of the loading and unloading sections, GPa,

respectively; Ag is the strain change; and Ao is the
stress change, MPa.

In Fig. 5, the overall decreasing trend of the load-
unload response ratio was observed in the 1st unload-
ing stage of the red sandstone. With increasing cycle
number, the load-unload response ratio gradually
fluctuated approximately 1 and stabilized above 1.
This is probably because the initial high stress dis-
turbance in the 1st unloading stage led to the high
response ratio; with cyclic unloading, the stress level
decreased, the small disturbance did not cause the
failure of the red sandstone, and the internal stabil-
ity of the specimen was high. Thus, the response ratio
was small and finally stabilized above 1.

Figure 7 shows the relationship among the defor-
mation parameters and cycle number for the 2nd
cyclic unloading stage of red sandstone at different
ISL. In the 2nd cyclic unloading stage, the loading
and unloading elastic modulus was less variable but
still showed a decreasing trend. As the cycle number
increased, the red sandstone at lower stress levels also
showed an increasing trend but only in two stages:
the initial rapid stage of strain increase (stage I) and
the stable stage of strain increase (stage II). Com-
pared with the first cyclic unloading stage, acceler-
ated stage III was less obvious, which may be due to
the graded cyclic unloading path, where the internal
fracture development and expansion of the specimen
was much less than the cyclic loading path. In addi-
tion, in the 2nd unloading stage, the irreversible strain
was 1.26, 1.70, 1.22, 1.29 and 3.28%o, corresponding
to ISL-64%, ISL-72%, 1SL-80%, ISL-88% and ISL-
94%, respectively. The irreversible strain also tends
to “increase—decrease—increase” with increasing
ISL. Due to the lower stress levels, the specimens are
less deformed compared to the Ist unloading stage.
The load-unload response ratio showed a pattern of
increasing first and then stabilizing below 1, which
again indicated that the loading elastic modulus was
slightly more pronounced than the unloading elastic
modulus, and the variability was smaller.

3.3 Strain energy evolution
The entire experimental system is considered to be
a system with no exchange of matter and energy with

the outside world, which means that no heat, light, or
other forms of energy release during the experiment.
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Fig. 7 Deformation parameters versus cycle number for the 2nd unloading stage at different ISL. (a) ISL-64%; (b) ISL-72%; (c)
ISL-80%; (d) ISL-88%; and (e) ISL-96%

Therefore, the total input strain energy U consists elas- o
tic strain energy U® and dissipative strain energy U¢
(Liu et al. 2021). The U, U and U9 can be calculated
for each cycle of the cyclic loading phase at different
ISL (Chen et al. 2021). Figure 8 shows the calculation
principle of strain energy. The strain energy calculation
equation (Dou et al. 2020) is as follows.

U= /0 fi(exde @

5/
Fig. 8 Principle of the strain energy calculation
US = / fole)de 5) 8 p &y
8”
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. € € in general. Most of the U was stored inside the red
U'=U-U*= / fi(e)de - / fr(e)de (6) sandstone in the form of U®, and the proportion of
O E”

where U is the total strain energy, kJ/m?; U° is the
releasable elastic strain energy stored per unit vol-
ume, kJ/m®; and U9 is the dissipated strain energy that
forms the internal damage and plastic deformation of
red sandstone, kJ/m?>.

According to the Egs. (4), (5) and (6), the strain
energy of red sandstone during cyclic loading can be
calculated, and then the percentage of U¢ and UY of
each cycle can be obtained.

Figure 9 shows the strain energy evolution curve
of red sandstone in the 1% cyclic unloading stage.
The total strain energy tended to decrease with the
increasing cycle number. This was due to the sig-
nificant compression-density effect, large deforma-
tion at the beginning of the cycle, and increased
strain energy input. With graded cycle unloading,
the stress level gradually decreased, and the defor-
mation was relatively small; thus, the experimental
machine did less work on the red sandstone, and the
total strain energy input decreased. With increas-
ing cycle number, the U°® showed a smooth trend

U® to U showed a linear increasing trend. Notably,
the U¢ accounted for more than 95% under graded
cyclic unloading. This indicated that most of the
strain energy input in the experiment was used for
the accumulation of U®. The evolution pattern of U¢
and its percentage was similar to that of U, show-
ing a decreasing trend. This was because the initial
rock fracture compacting effect gradually decreased
with graded cyclic unloading, and the U® used for
fracture extension penetration gradually decreased.

Figure 10 illustrates the strain energy evolution
curve of the red sandstone in the 2nd cyclic unload-
ing stage. Similar to the 1st cyclic unloading stage,
the U showed a decreasing trend with increasing
cycle number, and the U® showed a smooth trend in
general. Notably, the proportion of U® to U showed
an increasing trend with a nearly linear relation-
ship. The evolution pattern of U¢ and its percentage
was similar to that of the U, showing a decreasing
trend. Slightly different from the 1st cyclic unload-
ing stage, the strain energy evolution was strongly
linearly related in this lower stress phase.
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Fig. 9 Strain energy evolution curves of red sandstone in the 1st cyclic unloading stage. (a) ISL-64%; (b) ISL-72%; (c) ISL-80%;

(d) ISL-88%; and (e) ISL-96%

@ Springer



11 Page 10 of 18

Geomech.

Geophys. Geo-energ. Geo-resour. (2023) 9:11

0.15

100

(b) ISL - 72%

°

(a) ISL - 64%
2" unloading stage
2k
F—v ——uvw

o “u
U

0.09 - B 0.18

o
s
&
°
]

2" unloading stage

(c) ISL - 80%
2"! unloading stage

vyu

2

=
&

40

Strain energy / (kJ - m™)
Strain energy / (kJ - m™)

o
3
°
>
ES

0.00 0.00

Strain energy
Strain energy percentage / %

Strain energy pe

u
8
8

10 1
Cycle number

0.48

(d) ISL - 88%

na X
040 2" unloading stage

o— U —— UU
vhiu

°
I

0.24

°
Y

Strain energy / (kJ - m™)

0.08

0.00

10 12
Cycle number

Cycle number

100

= > <
& 8 g

rain energy percentage / %
St gy e tage / %

.J
8

10

Strain energy / (kJ - m™)

10
Cycle number
100

12 12

0.5

(¢) ISL - 96%
2" unloading stage

°
e

80

%

viu

o
S

L
2 4 6 8 10 12 14 16 18 20
Cycle number

e
o
s
&

Strain energy percentage

o
~
8

0.0

Fig. 10 Strain energy evolution curves of red sandstone in the 2nd cyclic unloading stage. (a) ISL-64%; (b) ISL-72%; (c) ISL-80%;

(d) ISL-88%; and (e) ISL-96%

3.4 Damage variable characteristics

For the characterization of damage variables, at
present, based on stress—strain curves, damage
variable expressions can be established from the
perspectives of elastic modulus, plastic strain, and
energy density. However, since natural rock have
original defects and non-linear characteristics, the
damage variables defined by the elastic modulus
and plastic strain are prone to anomalies of reduc-
tion. Therefore, dissipated strain energy was used to
define in this research. The ratio of the dissipated
strain energy accumulated in the i cycle to the
total input strain energy in the final stage is defined
as the damage variable. The expression of the dam-
age variable is as follows (Liu et al. 2018).

N
T v
D. = i=1

' U

)

where D, is the damage variable of the ith cycle; Ulf1 is
the dissipated strain energy of the rock under the ith
cyclic loading, kJ/m?; and U is the total input strain
energy of the rock under the cyclic load, kJ/m®.

@ Springer

Figure 11a and b show the damage variable evo-
Iution curves of red sandstone in two cyclic stages
under graded cyclic unloading. As the cycle num-
ber increased, the damage variable evolution curve
showed a parabolic trend. The damage variable
increases faster in the early stages and then increases
slowly. This was due to the stress level was high dur-
ing the early stage of cycling loading, and the internal
fracture development of the specimen was obvious.
With graded cyclic unloading, the internal fracture
development of the specimen was slow, the damage
level was small, and the internal damage accumula-
tion increased slowly.

Due to the compression-density effect of the red
sandstone at the beginning of loading, the internal
fracture development of the specimens in the first few
cycles was more obvious, the energy dissipation was
larger, and the damage was larger. As the cyclic stress
decreased, the energy dissipation decreased, the varia-
tion of damage variables in per cycle was smaller, and
the damage accumulated slowly. From Fig. 11a and b,
the two stages of the damage variable with increas-
ing ISL showed an “increase—decrease-increase”
trend. This is in accordance with the previous trend of



Geomech. Geophys. Geo-energ. Geo-resour. (2023) 9:11

Page 11 of 18 11

0.20
(a) 1* unloading stage
—o— ISL - 64% —@— ISL - 88% [
o6 L[ 1SL-72% —o—ISL - 96% 31
) —o— ISL - 80% 1ol
1
0.12
Q
0.08 - 1° unloading stage
0.168
¢ / 0.162
0.04 - / 0.156
/ 0.15 64% 72% 80% 88% 92%
d ISL
OOO 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cycle number

0.30
| (b) 2" unloading stage ==
—0— ISL - 64% —o— ISL - 88% ol
0.25 - | —o—1SL - 72% ISL - 96% [
| |—9—ISL-80% H i
1 |
0.20 | 1ol
]
1
p ! 1
Q0.15 /.‘
0.
2" unloading stage
010 - 0.27
0.24
021
0.05 018
§ 015 64% T2% 80% 88% 92%
v ISL
000 1 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Cycle number

Fig. 11 Damage variable evolution curves. (a) 1st cyclic unloading stage and (b) 2nd cyclic unloading stage

irreversible strain. This indicated that the ISL and the
damage variable had a certain relationship and dem-
onstrated a “wave-like” increasing trend, with peaks
and valleys. After reaching a peak, the damage vari-
able decreased with the ISL; then, after reaching a
valley, the damage variable increased.

4 Discussion

4.1 Mechanical characteristics of red sandstone
under graded cyclic unloading

In underground mining or geotechnical engineering,
the stress perturbations in rocks are usually not con-
stant but vary periodically (Wang et al. 2021). With
activities such as coal mining, the stress in rocks usu-
ally increases (Wang et al. 2020). However, the frac-
tured blocks of the overlying strata under repeated
mining experience a cyclic release of horizontal
stresses (Qu et al. 2015). This is critical for research
on overlying strata movement. Therefore, in this
research, graded cyclic loading and unloading experi-
ments with decreasing amplitudes at different ISL
of red sandstone were conducted. The experimental
results showed that different ISL had an impact on the
mechanical characteristics of the red sandstone and
had a more apparent impact on the irreversible strain
and strain energy evolution characteristics, which
was similar to the results of previous research on the
mechanical response of rock (Gong et al. 2019b).

Due to the extremely complex mechanical state of
rocks in a real environment, it is difficult to develop
a general theory to accurately model and predict the
mechanical properties (Renani and Cai 2021). There-
fore, the investigation is usually carried out by extract-
ing the corresponding stress paths with simplified
stress states. For this research, the following interest-
ing results were obtained. The loading and unloading
elastic modulus showed a nonlinear decreasing trend,
and the load-unload response ratio demonstrated an
opposite trend for the 1st and 2nd stages. This could
be because the damage inside the red sandstone in the
Ist cyclic unloading stage was greater than that in the
2nd cyclic unloading stage. In addition, the irreversi-
ble strain varied in a similar manner to that of the pre-
vious results (Zhao et al. 2021b), but its deformation
was small, and the accelerated stage of strain increase
(stage IIT) did not appear in the 2nd cyclic unloading.
Moreover, the irreversible strain and damage variable
showed an “increase—decrease-increase” trend with
increasing ISL, which is a very interesting discovery.

As shown in Fig. 12, the horizontal stress on the
fractured blocks gradually decreases as the min-
ing of the coal seam progresses, showing a graded
cyclic loading and unloading with decreasing ampli-
tude. The results showed that the irreversible strain
and damage variables change with increasing ISL,
showing an “increasing—decreasing-increasing” trend
and a threshold effect. In addition, fractured blocks
form a stable VBS under mining disturbances. The
experimental results provide some inspirations into
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Fig. 12 Implications of the experimental results for the stabil-
ity of overlying strata

the stability of the overlying strata. There is a certain
threshold for the value of the ISL, which affects the
stability of the VBS. Under repeated mining distur-
bances, the horizontal stress gradually decreases to a
point where it is impossible to maintain the stability
of the VBS.

4.2 Analysis of forces in overlying strata under
mining disturbances

As shown in Fig. 13, under a single mining dis-
turbance, the overlying strata forms “three verti-
cal zones”: caved zone, fractured zone and con-
tinuous deformation zone. Laterally, there are also
“three horizontal zones”: coal wall support zone
A, delamination zone B and recompaction zone C
(Han 2021). Among them, the fractured block of the

Conti
deformation

zone

Fractured A B c
zone Key A p  Fractured
—y [Stata blocks
Caved
zone

(A Coal wall support zone Delamination zone
(© Recompaction zone

Fig. 13 Stress analysis of the overlying strata under mining
disturbances
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key strata in the fractured zone forms a VBS (Liang
et al. 2017), as shown in Fig. 13.

In today’s situation where coal mining extends
deeper with repeated mining of coal seam groups, it
is essential to introduce the impact of repeated min-
ing disturbances based on the VBS and coal mining
conditions. Repeated mining disturbances can cause
changes in the horizontal thrust, these changes can
lead to the instability of the VBS, which in turn
leads to the instability of the overlying strata struc-
ture (Feng et al. 2019), as shown in Fig. 14.

In Fig. 15, Py and P are the loads borne by key
blocks B and C in the overlying strata, KN/m?2; 0,
and 6, are the rotation angles of key blocks B and
C; W,, W, are the amount of block B and block C
underlayment, mm; Qg and Q. are the frictional
shear forces on the contact hinge of key blocks B
and C, kN/m?; Z is the support force of collapsed
gangue on key block C, kN/m?; a is the height of
the contact surface between the rock block, m; [,
and [, are the lengths of key blocks B and C, m, and
it is generally believed that the mining-induced rock
block cycle fracture caused by the cycle to pressure
step is basically equal to / (Han 2021); and 4 is the
thickness of the key rock block, m.

Repeated mining disturbances affect the horizon-
tal thrust of the key block, and in general, the hori-
zontal thrust decreases under a mining disturbance.
Therefore, Ty, is defined as the reduced value of the
horizontal thrust of the key block under repeated
mining, Ty > 0. The expression of the horizontal

<+—————— Mining direction

Fig. 14 Schematic diagram of the instability of the VBS under
repeated mining (Li et al. 2018)
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Fig. 15 Force analysis of
the key blocks of the VBS
under mining disturbances

Repeated
mining

thrust of the key block under repeated mining dis-
turbances is shown in Eq. (8).

I=1,-Tp ()

where T is the horizontal thrust of key blocks under
repeated mining disturbances, kN/m?; T, is the initial
horizontal thrust between rock blocks under single
mining, kN/m?; and T is the reduced value of the
horizontal thrust of the key block under repeated min-
ing, kN/m?.

In Fig. 15, the sinking amount (W,) of key block B
is determined mainly by parameters such as the mining
height (M), the total thickness (3 &) of the direct top
coal seam, and the fragmentation expansion coefficient
(Kp) when the rock block in the caved zone has just col-
lapsed and initially stabilized. The calculation Equation
is as follows.

W, =M= h(K,-1) ©)

From the contact geometry of the key rock block
after rotation, it is known that the contact of both ends
of the key rock block should be equal. Therefore, the
contact surface height (a) between the key rock block is
calculated by using Eq. (10).

(h—1;sin6,) = %(h-—lshlgl) (10)

N | —

a =

Given that the contact between the key rock blocks
is a plastic hinge relationship, the location of the initial
horizontal thrust (7})) action point in Fig. 15 is taken as
key block B at the height direction a/2. According to
the equilibrium relationship of the key block mechani-
cal model of the VBS shown in Fig. 15, the bending
moment at point Oy is 0. Then, the following equation
is available.

I[(Pg + Pc —Z¢)
Iy = an
2(h+ W, —2W, —a)

h

lo,
0.5, : 0.5, , 0.5, ZCP 0.51, |
(Pg+Pc—Zc) |
=(W,-Ww +5(Pc =2
Qc = (W JZMh+WQ—ZWr—@ 3 Fem2)

12)
From the geometric relationship, W, =Isiné,,
W, = I(sin, + sin6,) sin 6, can be obtained. Then,
let i = h/l denote the ratio of the height (k) to the
length (/) of the key block, referred to as the key
block fracture degree or block degree. According to
the force analysis and calculation of the key block
of the VBS, it can be approximated that P. = Z,
0, ~ 0, /4. By further simplifying Eqs. (11) and (12),
the following equation is obtained.

T, Ps
0= T —— 13
i—5sinf, (13)
0. = Py sin 6,
€7 2(2i—sing,) (14

According to the key block mechanics model
of the VBS shown in Fig. 15, the equation of force
equilibrium in the vertical direction is derived as
Op = Py — Oc. Therefore, Eq. (15) can be obtained.

(4i —3sin 6, )Py

Cn = 2(2i —sin6,) (1)

4.3 Stability criterion of the VBS under mining
disturbances

Voussoir beam theory states that the stability of the
VBS is mainly controlled by key rock blocks B and
C in Fig. 15. The stability of the VBS in the fractured
zone is mainly analyzed to determine the stability of
the key rock block B and C structures. To maintain
the stability of the structure, it is necessary to prevent
the slip instability (S instability) that may be formed
under a small angle of rotation (8,) when the hard key
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strata is first fractured in Fig. 15 and to prevent the
rotation instability (R instability) that may be formed
when the angle of rotation (;) gradually increases
and leads to the crushing of the occlusion point (Li
et al. 2018). The overlying strata VBS is stable only
when the above two conditions are satisfied, which
is the S-R stability criterion of the VBS (Han 2021).
Therefore, the analysis of the stability of the overly-
ing strata structure under repeated mining is based
on the S-R stability criterion of the key blocks of the
VBS and further analysis of whether repeated mining
disturbances affect the S-R stability of the VBS in the
overlying strata.

The maximum shear force (Qp) of the overlying
strata VBS occurs at point Op. To prevent the VBS
from slipping and destabilizing at point Oy under
repeated mining, the following conditions must be
satisfied.

Ttang > Qp (16)

where tan @ is the friction factor between key rock
blocks, generally taken as 0.3 (Han 2021).

Substituting Egs. (8), (13) and (15) into Eq. (16),
the criterion of slip instability of the VBS under
repeated mining disturbance can be obtained. There-
fore, to ensure that the VBS does not produce slip
instability under repeated mining disturbance,
Eq. (17) must be satisfied.

(4tanp —4i —3sin 6, )Py
2tan ¢ (2i — sin6,)

T, < (17)

From Eq. (17), the nonslip destabilization of the
VBS under repeated mining is related to T, i, 8, Py
and tan ¢.

In addition, with the rotation of key block B
(Fig. 15), the horizontal thrust can also cause rotation
instability of key rock block B in the VBS. At this
time, the condition to keep the VBS from rotational
instability is Eq. (18).

T < anR; (18)

where T/a is the average extrusion stress on the
contact surface and #R is the extrusion strength of
the rock block at the corner end, which is generally
taken as 0.3 (Han 2021).

Substituting Eq. (13) and related parameters into
Eq. (18) yields Eq. (19). To ensure that the VBS does
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not produce rotation instability under repeated min-
ing, Eq. (19) must be satisfied.

0.15(i = L sin6, ) (h — I5in6,)Rc = Py

T, (19)

\%

. 1 .
z—zsm@l

From Eq. (19), whether the VBS under repeated
mining experiences rotation instability is related to
Ty, i, 6,, Pgand R

In summary, the overlying strata structure under
repeated mining is still a VBS. The stability of the
overlying strata is related to Tp, i, 6,, Pg, tan @ and
Rc. The S-R stability criterion of a VBS under
repeated mining can be summarized as Eq. (20).

-

(4tangp —4i —3sin6, )Py
2tan(p(2i —sin 01)

0.15<i ~ Lsin 01>(h —Isin6,)Re— Py 2V

Ty

1\

. 1 .
i—=sinf
2 1

Taking a mine as an engineering calculation exam-
ple (Han 2021), its coal seam is approximately 48 m
deep and 3 m thick. The overburden lithology of the
roof of the longwall mining gob area is mainly inter-
bedded sandstone and mudstone, and the comprehen-
sive type of overburden is medium-hard overburden.
The caved zone is approximately 10 m in height, and
the fractured zone is approximately 28 m in height.
The fractured zone runs from the bottom interface to
the top interface and is underlain by a thick hard sand-
stone that acts as a bearer and contains a number of
layers of soft mudstone or sandstone above. Among
them, the lowermost group, close to the caved zone,
with cavities below and most vulnerable to destabi-
lization, consists of thick hard sandstone (i.e., key
block B,). The key block is approximately 3 m thick,
with a compressive strength of 35 MPa and an initial
turnback angle of approximately 3°. The main roof
cycle comes in pressure steps of approximately 30 m.
According to the above derived criteria, assuming
that there are still coal seam mining activities below
the mining area and the horizontal thrust is reduced
under the repeated mining, the value of each engi-
neering calculation case is substituted into the S con-
dition, and the condition that no slip destabilization
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will occur is T, <7256 kN/m?. This means that the
reduced value of the horizontal thrust of the key block
under repeated mining is less than 7256 kN/m? when
the overlying strata remains stable. Conversely, when
it is greater than 7256 kN/m?, the VBS slips and
becomes unstable, and the overlying strata becomes
unstable. This shows that 7}, has a greater influence
on the stability of the overlying strata.

Notably, the S-R instability of the VBS is com-
plex, and in this research, the experiments were car-
ried out mainly from the effects of repeated mining
disturbances on the stress unloading of fractured
blocks. T, was introduced based on the experimental
results to obtain the S-R stability criterion of the VBS
under repeated mining, which had certain limitations.
For graded cyclic loading and unloading, different
decreasing amplitudes and cycle parameters influence
the results. Furthermore, the mechanical model of the
VBS under repeated mining can be improved, and
this study only considered the effect of mining distur-
bances on the horizontal thrust but not on the vertical
stress. Therefore, these are potential areas for future
research.

5 Conclusions

To investigate the mechanical characteristics of frac-
tured blocks in the fractured zone, cyclic loading
experiments of red sandstone at different ISL were
carried out. The deformation parameters, energy evo-
lution and damage characteristics of the red sandstone
were investigated, which in turn provided some inspi-
ration for the stability of the overlying strata. The
main conclusions of this research are as follows.

(1) In both the 1st and 2nd cyclic unloading stages,
the elastic modulus showed a nonlinear decreas-
ing trend as the number of cycles increased. The
load-unload response ratio fluctuates at approxi-
mately 1. In addition, in the 1st unloading cycle,
the irreversible strain was expressed in three
stages: the initial rapid stage, the stable stage, and
the accelerated stage of strain increase. In the 2nd
cyclic unloading stage, the irreversible strain was
only expressed in the two stages.

(2) With increasing cycle number, the total strain
energy showed a decreasing trend, and the elas-
tic strain energy showed a smooth trend in gen-

eral, but part of the elastic strain energy showed
a linear increasing trend. The evolution pattern
of the dissipative strain energy and its proportion
was similar to that of the input energy, showing a
decreasing trend. This indicated that strain energy
is a good indicator to characterize the damage.
Therefore, the damage variable, based on the dis-
sipation strain energy definition, showed a para-
bolic growth trend with increasing cycle number
during the cyclic unloading stages. In addition,
the irreversible strain and damage variables
showed an “increasing—decreasing-increasing”
trend as the ISL increased.

(3) Based on the mechanical experimental results,
the inspiration for the VBS in the overlying strata
was derived. Based on the key block analysis
method of the VBS mechanics model, the key
block force analysis model of VBS stability under
repeated mining was constructed. The calculation
formula of the key block force of the VBS under
repeated mining was derived. Combined with the
S-R stability theory of key blocks of VBSs, the
S-R stability criterion of these structures in the
overlying strata under repeated mining distur-
bances was established.
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