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The electrical charge characteristic of rock materials under compression is an important index for predicting the development of
rock fractures and the failure of engineering structures. However, the charge behaviours of a preexisting rock sample have not
been studied in depth. In this study, sandstone samples with a single fabricated precrack at different angles of inclination are
prepared. The uniaxial compression tests are performed to study the charge behaviours associated with the initiation and
propagation of secondary cracks, the mechanical properties, and the progressive failure of stressed rock samples. An improved
analytical model based on the maximum tensile stress failure theory for brittle materials is also proposed for determining the crack
growth paths of the single precrack rock samples under uniaxial compression. The friction factors of crack surfaces are computed.
The results show that the step functions on the curves of charge accumulation over time correspond to the fluctuation of stress,
indicating the initiation of microcracks. The sample with a crack inclination angle of 71/4 shows the largest amount of both the first
charge and the total accumulation. The analytical model shows a positive relationship between the crack face friction factors and
the charge accumulation. The analytical solution of the crack development angles shows good agreement with the experimental
results. This work may provide reference for the similar studies regarding the correlation of charging behaviours to the

compressed rock materials.

1. Introduction

The microcracks in rock mass have a major impact on the
overall mechanical properties and the stability of under-
ground rock structures [1]. Researchers have performed
extensive studies in the field of cracked rock samples using
experimental, theoretical, and numerical approaches. Zhao
developed a microcrack sliding model of a rock sample
subjected to uniaxial compression for analysing the prop-
agation of microcracks and the development of anisotropy
[2, 3]. Yang and Cheng performed triaxial compression tests
on rock samples with fabricated precracks to study the
failure characteristics at different confining pressures [4, 5].
They concluded that the deformation characteristics of the
secondary microcracks transfer from the elastic state to the
perfectly plastic state with the increase of confining pres-
sures. Yue et al. compared the failure mechanisms of rocks

containing running cracks and precracks [6]. On the other
hand, the initiation of microcracks throughout the failure
process of rocks is typically associated with the occurrence of
electric charge, which becomes an important indicator for
the rock failure evolution. Volarovich performed a series of
experimental tests to study the charging behaviours of rock
samples including the granite, gneiss, and gangue [7, 8].
Ogawa observed both positive and negative charges gen-
erated from the secondary crack surfaces [9]. Guo et al.
believes that the stress concentration around the crack tips
leads to the contraction of atom and increase in electron
energy [10]. The electron then flees and therefore causes the
charge separation. Kilkeev observed a positive relationship
between the compression stress and the generated charges
from the uniaxial compression tests on cylinder samples
[11]. Sun et al. obtained the charge quantity on the fracture
surfaces from the magnetic field intensity during the growth
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of rock fractures [12]. Wu et al. revealed the charge char-
acteristics on the granite surfaces by measuring the
microcurrent [13]. Zhu et al. observed the electric energy
around the area of crack tips during microcrack initiation
[14]. Kuksenko et al. performed the loading tests on marbles
and observed a significant increase of generated charge at the
beginning of compression; it then gradually diminishes [15].
Wang et al. conducted compression tests on coal samples
and observed negative charges at the tensile areas around
crack tip and positive charges at compression areas [16, 17].
The potential difference between the surfaces of coal and
crack was generated. Yang studied the development of
electric potential at the friction interface between coal and
rock [18]. Ding et al. obtained the progressive development
of electric charges at different stress stages [19]. Pan utilized
the charge sensors to investigate the charging characteristics
of the coal, granite, and sandstone [20, 21]. Zhao et al.
studied the instantaneous impulse signals of coal samples
under uniaxial and triaxial loading conditions [22-25]. The
influence of loading rate, confining pressures, and pore
methane pressures on the charge signals was included in
their work.

This paper attempts to perform the uniaxial compression
tests on sandstone rock samples with a single fabricated
precrack at different inclination angles. The goal is to study
the charge accumulation of the single precrack samples
throughout the loading test and its correlation with the
compression strength, the precrack inclination angle, crack
growth angle (path), and the crack face friction factor. An
analytical model based on the maximum tensile stress failure
theory is also proposed for determining the crack growth
and is compared with the experimental results. This work
may provide reference for the stability analysis of the un-
derground openings including entries [26-28] and longwall
panels [29, 30].

2. Electric Charging Behaviours of Stressed
Sandstone Samples

2.1. Sample Preparation and Experimental Procedure.
Standard cylinder rock samples with a height of 100 mm and
a diameter of 50 mm were taken from the sandstone roof
above the coal bed in Wulong mine, Fuxin. A rock cutting
machine was used to create the single opening-mode pre-
crack on each of the rock samples. The precrack has an
aperture of 2mm and a depth of 20 mm at different incli-
nation angles of 0, 77/6, m/4, n/3, and 7/2. Note that the
inclination angle is measured from the crack surface to the
loading direction. For instance, an inclination angle of 0
represents a vertical crack parallel to the axis of the cylinder
sample, while 71/2 represents a horizontal crack perpen-
dicular to the axis (see Figure 1). The fabricated cracks were
then filled with a mixture of gypsum and water with a
proportion of 1:1 by weight (Figure 1(b)). The fill materials
were fully mixed before placing to the crack void on the
samples. The precracked samples with fill materials were
cured at room temperature for 24 h before being subjected to
the compression test for studying the charging character-
istics associated with the failure process. In this research, a

Shock and Vibration

total of 15 precracked sandstone samples were prepared and
classified into 5 groups, corresponding to the 5 crack in-
clination angles, respectively. Each group includes 3 sam-
ples. Figure 1 plots a final view of the samples with fabricated
precracks before the compression test. The sample with the
inclination angle of 0 was labelled as Sample 1, and /6, n/4,
n/3, and 7/2 were labelled as Samples 2-5, respectively.

The precracked sandstone samples were subjected to the
uniaxial compression test with a consideration of the pro-
gressive development of electric charge. Figure 2 shows the
experimental test system used in this research, which in-
cluded an MTS loading machine run in displacement control
mode (Figure 2(a)), a charging signal shielding device
(Figure 2(b)), and a signal collection system (Figure 2(c)). A
constant displacement rate of 0.001 mm/s was applied to the
loading plate. All the tests were performed at the same
displacement rate. Figure 3 provides a schematic of the
placement of rock samples and measurement system in the
experimental test. The charging signal acquisition system
consists of the charge sensors, A/D converters, and a data
acquisition unit. The charge sensor has a measurement range
of #1.526x107°~5x107"'C. Its sensitivity is given as
Acq=1x10""V/C. The sensor probes were placed on the
shielding device at 5-10 mm away from the front, left, and
right surfaces of the rock sample for detecting the charging
development throughout the loading process. The stress-
strain curves, failure characteristics of the sample, and the
progressive crack propagation were also captured by a
camera and were compared with the detected charging
behaviours.

2.2. Instantaneous Electric Charge. Figure 4 plots the com-
pression stress and instantaneous charge quantity as a
function of time. The stress-strain curve is given as the black
solid curve, and the instantaneous charge is shown as pink.
The first major charge of the sample under compression is
marked by a blue circle. The occurrence of major charges
indicates the initiation and propagation of new cracks. For
Sample 1, the first charge quantity is about 8 pC at a stress
level of 7.5M-Pa when the loading test continues approxi-
mately for a period of 250s. Two other major charges less
than 10 pC are also observed as the vertical stress increases.
These major charges correspond to a sudden change in stress
on the black curve. The instantaneous charge quantity in-
creases significantly to about 50 pC shortly after the peak
strength is reached at 34.01 M-Pa. Similar tendency is ob-
served for Samples 2-5; i.e., the first major charges are
approximately around 10 pC and the maximum charges are
50 pC. It is also found that the maximum charges do not
necessarily occur after the peak strength (see Sample 3).
However, it may still be inferred that the tremendous in-
crease in the charge quality only occurs in the vicinity of the
region of sample failures. The failure characteristics of the
stressed samples after the compression test are also provided
in Figure 4. The secondary crack first initiates from the edge
of the preexisting crack and then develops to the top and
bottom of the cylinder samples. The coalescence of the
secondary cracks leads to the final failure of the samples. Of
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FIGURE 1: A final view of the precracked sandstone samples with different inclination angles of precracks: (a) before and (b) after the gypsum

fill.

FIGURE 2: The uniaxial loading system: (a) the loading machine and measuring system; (b) signal shielding device; (c) data collection system.
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FIGURE 3: A schematic of the experimental test system.

those, Samples 1 and 5 with a vertical/horizontal crack show
tensile failure, while Samples 2, 3, and 4 with inclined cracks
show both tensile and shear sliding failures.

The mechanical properties and charge parameters for
Samples 1-5 can be found in Table 1. The peak strength of
the samples increases gradually with the precrack inclination
angle. The quantity of the first charge is around 10 pC for all
the samples, which typically occurs after 250-280s of the
loading test for most of the samples. Sample 1 shows the
earliest first charge, while Sample 5 shows the latest. The
stress level at first charge also increases with the precrack
inclination angle. It is worth noting that the peak strength is
about 4-7 times the stress at the first charge. Other major

electric charges occur when the stress approaches the peak
strength, and the quantities increase dramatically as com-
pared with the first charge. The maximum charges are mostly
observed after the stress drops from the peak strength. The
maximum charges for the five samples reach the level of
approximately 50 pC, indicating that the inclination angle of
precrack has little to none influence on the level of maxi-
mum charge. In this study, the secondary crack growth angle
is defined as an acute angle measured from the preexisting
crack surface to the secondary crack surface in the counter-
clockwise direction. The main angle of the secondary crack
growth is also given in Table 1. The crack growth angles are
approximately 50-90°.
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TaBLE 1: Mechanical and electric charging parameters for precracked sandstone samples.

Sample Precrack inclination Peak strength First charge  Timeat first Stress at first Maximum Secondary crack
P angle (MPa) PO charge (s) charge (MPa) charge (pC) growth angle
Sample 1 0 34.01 8 253 7.5 50 -70°
Sample 2 /6 37.35 12 263 7.8 52 -62°
Sample 3 /4 38.05 11 272 7.6 48 -50°
Sample 4 /3 44.56 6 277 10.3 51 -52°
Sample 5 /2 44.88 11 283 12.32 49 -90°
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FIGURE 4: Variation of stress and instantaneous charge quantity as a function of time and failure characteristics of precracked samples with
different inclination angles. (a) Sample 1. (b) Sample 2. (c) Sample 3. (d) Sample 4. (e) Sample 5.

2.3. Charge Accumulation. The development of the electric
charge accumulation for the precracked samples is given in
Figure 5. The charge accumulation for different samples
increases in a step function, which may indicate the initi-
ation of the secondary cracks. The first major increase in the
electric charge accumulation (or the first charge accumu-
lation) is marked with a blue circle in Figure 5. The first
charge accumulation occurs at approximately 250-280s
after the start of the loading test, corresponding to the first
instantaneous charge for the five rock samples. A sudden
and sharp increase in the charge accumulation is observed at
the end of the curve, corresponding to the failure of the rock
materials. The final charge accumulation is referred to as the
amount of the total received electric charge when the loading
test ceases. The final charge accumulation for Samples 1, 2,
and 3 is found at 3.04 x 10% 3.28x10* and 4.09 x 10*pC,
respectively, which are significantly larger than 0.97 x 10*
and 1.17 x 10* pC for Samples 4 and 5 (see Table 2). Sample 3
with an inclination angle of 77/4 shows the largest first charge
accumulation and the final charge accumulation.

3. Analytic Solution for Predicting
Crack Growth

3.1. Model Development. An analytic model is also devel-
oped in this paper for determining the stress state and the
crack development of a rock sample with a preexisting crack
under the uniaxial compression. Figure 6 shows a rock
sample with a single inclined crack under the uniaxial
pressure of p. The length of the precrack is 2 c. The crack

angle is § measured from the crack surface to loading di-
rection. The secondary crack growth angle 0 is measured
from the preexisting crack surface to the secondary crack
surface, with counter-clockwise notation assumed positive
(see Figure 6(a)). An element of the rock sample containing a
small crack is extracted and given in Figure 6(b). The origin
of coordinates is set at middle of crack, with the x axis is
directed along the crack surface and the y axis is directed
perpendicular to the crack surface.
The stress state of the element is given as

0, = acos’ b,

. 2
o, = osin B, (1)

1
Ty = 5 05in(2p)

where o0 is the maximum principal stress; o, is the tangential
stress along the crack surface; 0, is the normal stress per-
pendicular to the crack surface; 7, is the shear stress; fis the
friction factor between the upper and lower crack surfaces.
The actual shear stress 7, along the crack surface can be
written as

T =Ty~ fo,= %asin(zﬁ) — fosin®B. (2)

3.2. Crack Surface Friction Factor. Considering the friction
between the surfaces of internal flaws or precracks,
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FIGURE 5: Variation of charge accumulation for precracked samples.

TaBLE 2: Charge accumulation for precracked sandstone samples.

Sample Precrack Charge accumulation at first  Time at first Final charge Time at total charge accumulation
P inclination angle step (10* pC) step (s) accumulation (10* pC) (s)
Sample 1 0 0.21 253 3.04 561
Sample 2 /6 0.46 263 3.28 581
Sample 3 /4 0.57 272 4.09 792
Sample 4 /3 0.29 277 0.97 662
Sample 5 /2 0.42 283 1.17 523
P o
7
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FIGURE 6: A schematic of the analytic model for calculating the crack growth and crack stress state. (a) A precrack rock sample under
uniaxial compression; (b) Stress state of the precrack.

Medintock and Walsh proposed an improved Griffith —40,
fracture criterion given in equation (3), by assuming that the o1 = [ (3)
secondary crack grows along the maximum tensile stress (1 = (os/o)\ S+ 1= f(1+(03/01)),

[31]:
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where o, and o, are axial and lateral stresses; o, is the
uniaxial tensile strength. Let o3 = 0, and equation (3) is
reduced to

—40,

s (4)

where o, is the uniaxial compression strength. Equation (4)
shows the relationship between the uniaxial compression
and tensile strength of brittle materials (rock and coal mass)
with preexisting internal flaws. The friction factor of crack
surface can be calculated by substituting the peak strength
and the tensile stress at the first charge obtained from the
above experimental test. The results are given in Table 3. The
friction factors for Samples 1, 2, and 3 are significantly larger
than those for Samples 4 and 5, showing similar tendency
with the total charge accumulation listed in Table 2. Sample 3
has the largest friction factor and the final charge

1+ 8(Ky/Kp)?)

360
6 = —arctan 1-
A 4(Ky/K;)

where 0 is the secondary crack growth angle developing
along the direction of maximum tangential stress compo-
nent. Substituting the friction factors into equation (6), the
crack growth angles for different samples are computed and
given in Table 3. The crack growth angles are approximately
50-90° for Samples 1 to 5. The calculated angles from the
analytical model can be compared with those observed from
the laboratory test results shown in Table 2. Good agreement
between the experimental and theoretical results is found.

In fact, equation (6) defines the relationship between the
secondary crack development angle 6 and the preexisting
crack inclination angle f. The relationship between 6 and 8
can be studied by substituting f, K; and Kj; into equation (6),
where the friction factor is selected as between 0 and 0.5, and
K; and Kj; are calculated from equation (5). A parametric
analysis is performed by manually changing the inclination
angle of the preexisting crack  from 0 to 7/6. The devel-
opment of secondary crack growth angle with relation to the
precrack inclination angle is plotted in Figure 7. The crack
growth angle 6 approaches —70° when the precrack incli-
nation angle f is 0. Generally, the absolute value of the crack
growth angle reduces with the increase of the crack incli-
nation angle. As the friction factor increases, the crack
growth angle becomes positive, indicating that the sec-
ondary crack propagates in the counter-clock direction with
respect to the surface of the precrack.

=—arctan| ——— | 1 - |\|1

accumulation, while Samples 4 and 5 show the least. This
indicates that the friction between the crack surfaces has an
impact on the amount of generated charge.

3.3. Direction of Crack Growth. The stress intensity factor is
used in this study to describe the stress state and stress
singularity around the crack tip. The stress intensity factors
for Modes I and II prefractures can be calculated as

Ky =0 ,Vmc = osin” f+/7c,

5
Ky = 1,\/nc :((0/2)sin2ﬁ—fosin2[5)\/n_c, ®

where K and Kj; are the stress intensity factors for Mode I
and Mode II fractures. The precrack in Figure 6(a) is a mixed
mode fracture. According to the maximum tangential stress
criterion, the secondary crack growth angle is defined as

N 8(cosf — fsin B)°

sin®

, (6)

4. Summary and Discussion

In this work, the charging behaviour and development of
secondary cracks for a single precrack rock samples under
the uniaxial compression are studied using the experimental
and analytical approaches. The sandstone rock samples with
a single fabricated crack at different angles of inclination are
prepared. Uniaxial compression tests on the precracked
samples are performed to obtain the charging characteris-
tics, the mechanical behaviours, and the secondary crack
development. An improved analytical model is also pro-
posed for determining the crack development based on the
maximum tensile stress failure theory. Important findings
are given below.

The instantaneous charge and the charge accumulation
over time for different samples are obtained and compared
with the stress curves. The sudden increase in the instan-
taneous charge corresponds to the fluctuations on the stress
curves, indicating the initiation and propagation of the
secondary cracks. The occurrence of the first charge is about
253-283 s from the start of the compression test for all the
inclined samples. The peak strength of the samples is about
4-5 times the stress at the first charge. Samples with precrack
angle of /4 show the largest first and total charge accu-
mulations. An analytical solution of the crack development
angle is obtained from the analytical model. The crack face
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TaBLE 3: Crack surface friction factors and secondary crack growth angles for different samples.
Sample  Precrack inclination angle Final charge accumulation (10*pC) Crack surface friction factor Secondary crack growth angle
Sample 1 0 3.04 0.13 -70°
Sample 2 /6 3.28 0.18 -59°
Sample 3 /4 4.09 0.23 -49°
Sample 4 /3 0.97 0.088 —-52°
Sample 5 /2 1.17 0.094 -90°
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FIGURE 7: Relation between the crack growth angle and precrack inclination angle for samples with different crack surface friction factors.

friction factors are calculated, and they show a positive
relationship with the charge accumulation. The 7/4 precrack
sample shows the largest friction factor on crack surfaces.
The crack development angles are similar for both the ex-
perimental and analytical results.
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