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Abstract

In order to study the effect of water-rock interaction on the mechanical and acoustic emission
characteristics of coal gangue, we first prepared the hydro-chemical solution with reference to the
composition of groundwater, then we selected coal gangue samples with similar sound velocity and
density and immersed the samples into the chemical solution with different pH values for several days,
dried the samples for sound velocity testing, and conducted the acoustic emission (AE) tests on the
samples during the whole process of uniaxial compression. By tests, we obtained the time-varying
laws of gangue mass density, sound velocity, and concentrations of the calcium and magnesium ion
in the solution during gangue soaking and the time course curves of stress and acoustic emission
characteristics of the soaked sample during uniaxial compression. The grey relational theory was
applied to analyze the main factors influencing the uniaxial compressive strength and acoustic emission
energy of the gangue from two aspects of water and rock. Based on the least square method, the three
most significant factors were selected to establish the multiple regression models of the maximum
acoustic emission energy and the uniaxial compressive strength of coal gangue samples, respectively.
The study shows that for the coal rock samples soaked in chemical solution: (1) the initial pH value has
a significant impact on the concentration of calcium and magnesium ions in the solution, which has
reached the highest level in acid solution (Ca*" concentration is 53 mmol/L" and Mg?>* concentration is
8 mmol/L™"); (2) the gangue soaked in neutral solution has the highest mass change ratio; (3) the sound
velocity of coal gangue in the middle stage of soaking is significantly higher than that in the early
stage of soaking, reaching 1.45 times; (4) the acoustic emission energy count of coal gangue samples
in the uniaxial compression process is obviously stage managed; (5) Based on the least square method,
the multiple regression models of the compressive strength and the maximum acoustic emission
energy in the uniaxial compression test of coal gangue samples were established, and the correlation
coefficients reached 0.89 and 0.98, respectively. The research can provide some theoretical reference for
the mechanical analysis of coal samples and other subsequent studies also have important engineering
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significance for ensuring the safety of coal gangue engineering after water-rock interaction in real

environments.

Keywords: coal gangue, water-rock interaction, uniaxial compressive strength, acoustic emission energy,

grey relational analysis, multiple regression models, the least square method.

Introduction

In engineering practices, such as tunneling and coal
and oil mining, the deformation and damage of rock
materials are usually related to water. The interaction
between water and rock will degrade the physical and
mechanical properties of rock, which is considered to
be one of the important factors affecting the stability
and safety of geotechnical engineering structures [1-3].
Among the many factors affecting the safety of rock
engineering, water is the most active one. Wang [4]
studied the coal pillar dams in a complex environment
where the dynamic-static superimposed stress fields and
water immersion are combined, showing that the coal
pillar dams subjected to stress and seepage are more
vulnerable to damage and even collapse.

The interaction between groundwater and rock-
soil aggregate changes the physical, chemical, and
mechanical properties of rock-soil aggregate on the
one hand, and also changes the physical, mechanical
properties and chemical composition of groundwater
itself on the other hand [5]. Water-rock interaction
in sediments is a natural trend for the solid-water
aggregates to achieve equilibrium [6]. In the process of
mud diagenesis, pore water not only changes its own
properties, but also actively participates in the diagenesis
reaction, and is involved in the production of some
mineral resources (oil and gas, biogas, methane hydrates,
etc.) directly or indirectly [7]. Through his study of
gypsum ore, Ma [8] found that its uniaxial compressive
strength and tensile strength decreased gradually with
increasing immersion time, and that defects in the rock
developed gradually; However, macroscopic failure has
a transitional process from "shearing to splitting" to the
final "mixing of shearing and splitting".

Some scholars have studied the effect of hydro-
chemical solutions on rock strength. Sun [9] has studied
the influence of the interaction between hydro-chemical
solutions and rocks on the failure process of sandstones
through experiments. The pore water pressure generated
by the hydro-chemical solution will reduce the effective
stress that the rock skeleton can bear, thus reducing
the effective strength of the rock. After immersion in
different types of chemical solutions, the mechanical
properties of coal deteriorate, and the chemical solution
erosion reduces the strength of coal samples. According
to Chen [10], the deterioration of sandstone's mechanical
characteristics is mostly an external manifestation of
the pressure, chemical, and physical consequences that
result from the interaction of water rock. Through an
experimental study of the deformation and strength
characteristics of hard brittle limestone under chemical

erosion, Yao [11] pointed out that the expansion of clay
minerals led to the closure of some pores and cracks, and
the secondary minerals precipitated to fill the pores and
the contact between particles of cement improved the
rock strength. In addition, the hydro chemical-solution
has some adverse chemical effects on the mineral
composition of rocks and the cementation properties
between mineral particles, which plays an important
role in changing the original structure of rocks and can
even produce new minerals [12, 13]. Ion changes are one
of the major elements that regulate the concentration,
isotopic composition, and radiogenic ratios in water-
rock systems, according to Huang [14]. The internal
structure damage of altered rock is exacerbated by the
action of water intrusion-water loss circulation, which
leads to a significant reduction in rock strength [15,
16]. Zhou [17] showed that the water-rock interaction
causes the rocks in the fissures and collapse zones to
suffer extra damage, which causes the nearby coal and
rock masses to bear heavier loads. Through nuclear
magnetic resonance (NMR) and uniaxial compression
acoustic emission experiments, Yao [18] studied the
temporal and spatial variation of the water content of
coal samples before and after water immersion, as well
as the characteristics of crack extension and failure,
and found that the increase of water content contributed
to a change in the macroscopic failure pattern of coal
samples from tensile failure to combined tensile-
shear failure. Feng [19] studied the variation of failure
behavior of shales in the ScCO2 immersion environment
with different adsorption periods and delamination
directions and obtained that the failure of ScCO2 to
shales led to the formation of fragmented structures,
and also made the failure a mixed mode of tensile-
shear failure. Zhao [20] studied the effect of water on
the stress intensity of cracks and found that when the
internal friction angle is higher than the crack dip angle,
the increase of water pressure will cause a sharp decline
in rock strength. Deng [21] found that the creep fracture
strength and long-term strength of the red bed soft rock
decreased significantly during the water-rock interaction
by treating the red rock and simulating the Three Gorges
Reservoir shoreline environment. Lu [22] carried out
a series of water absorption and uniaxial compression
experiments on mudstone and sandstone samples with
a self-designed thermostatic water tank and obtained the
water absorption characteristics at different temperatures
and the effects of water and temperature on mechanical
strength, deformation, and failure pattern. Wang [23]
took the gray sandstone as the research object, carried
out a series of immersion tests and triaxial compression
experiments based on the erosion effects of chemical
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solution with different pH wvalues, concentrations,
and components, and found that with the acidity and
alkalinity of the chemical solution getting stronger, the
concentration becoming greater, its corrosion effects
on the grey sandstone sample also get stronger. The
chemical corrosion makes the grey sandstone sample
have a tendency to transform from brittle to ductile,
while causing deterioration of its mechanical parameters.
A sandstone-water coupling constitutive model was put
forth by Jiang [24] and is based on statistical strength
theory and damage mechanics. A computational model
was developed by Qu [25] that takes the influence of
water-rock interaction on the mechanical characteristics
of geology into account. Jia [26] constructed a water-
mechanical damage coupling model of coal seam
tunnel surrounding rock and proposed the water-rock
interaction of permeable tunnel surrounding rock.

Coal rock is a typical inhomogeneous brittle
material, rich in internal defects and accompanied by a
large amount of acoustic emission during compression.
Acoustic emission (AE), also called stress wave
emission, refers to the phenomenon of a material being
deformed or fractured under external or internal forces,

releasing stress-strain energy in the form of elastic
waves. Some scholars have studied the acoustic emission
phenomenon of coal rock under different loading rates
[27]. Yang [28] completed the triaxial compression AE
test by placing the geophone in the triaxial chamber
and obtained the AE characteristics of coal rock under
triaxial compression failure; Guo [29] analyzed the AE
characteristic parameters obtained from the test and
found that the AE phenomenon of rock is closely related
to rock failure; Li et al. [30] carried out AE experiments
on samples with different water content, and analyzed
their AE parameters and stress distribution rule at
each stage. Some have also studied the correlation of
compressive strength under the water-rock action with
the concentration of the solution and the multivariate
influencing factors of coal rock solids and developed a
multivariate prediction model of compressive strength
[31].

In this paper, we soak the gangue in the chemical
solution for 15 days, and then conduct the sound
velocity test and the AE test during the whole uniaxial
compression process, then the time-varying pattern of
the sample mass, the sound velocity in the sample, the pH
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(a)Coal gangue

(b) Acoustic emission detector

Fig. 2. Samples and test equipment.

value of the chemical solution, and the concentration of
calcium and magnesium ions can be obtained. We obtain
the time course curve of stress and AE characteristics
of the gangue compression process. Through correlation
theory, we analyze the main factors affecting the
strength and AE characteristic parameters of the soaked
gangue and establish a multiple regression model of
the compression strength and the AE characteristic
parameters. The detailed research approach is shown in
Fig. 1.

Experimental
Sample and Equipment

In the tests we use cylindrical gangue rock samples
with nominal diameter d for 50 mm, height 4 for 100
mm, and soak it after using the Acoustic Emission
Method or AST (Auto Sensor Test) Method to measure
the sound velocity in the gangue, using acoustic
emission detector to collect AE signal. A burette,
cage, volumetric flask, conical flask, beaker, and other
instruments were used to prepare the chemical solution.
The SAM-2000 rock triaxial testing machine produced
by Changchun Kexin was used to conduct the uniaxial
compression test of coal rock. The sample and the main
instruments and equipment are shown in Fig. 2.

Test Procedures

The test procedures are as follows:

(1) Sample preparation. Measure the height #4,
diameter d (measured in different orientations 3 times
to take the average value), and the initial mass m of
each gangue sample before immersion and calculate the
initial mass density p, of each sample. Use an acoustic

(d) Solution preparation

(e) Single-axis compressed acoustic
emission detector

emission detector to measure the sound velocity v, of
each gangue sample.

Due to the high dispersion of mechanical properties
of coal gangue, 13 samples with similar density or sound
velocity are selected, of which 10 samples are used for
the immersion test and the other 3 samples are used for
the comparison test (no immersion). Table 1 shows the
average value and coefficient of variation of the density,
mass, and sound velocity of the 10 samples. We can see
that the coefficient of variation of mass, density, and
sound velocity of the coal gangue are 1.81%, 1.69%, and
9.88% respectively, and the coefficient of variation of
density is small. The selected samples are put into the
five kinds of solutions with different pH values, and to
prevent test errors and data loss, we prepare two samples
to be soaked for each kind of solution. The coal gangue
sample number is ‘M’.

(2) Prepare the chemical solution. In order to
simulate the composition of groundwater, a solution
containing four ions (Na*, K, SO,* and CI) is chosen
for this experiment. The solution concentrations and pH
values are set with reference to the solutions prepared
in documents [32, 33]. The concentration of NaCl, KClI,
and Na, SO, in each of the 5 solutions is 0.1 mol/L.
The set pH value is achieved by adding HCL or NaOH
solutions, and the initial pH values of the 5 solutions are
3.0, 4.0, 7.0, 10.0, and 13.0.

(3) Soak the coal gangue samples and measure the
ionic concentration and pH value of the solution. Soak
coal gangue samples in solutions of different pH values
according to the scheme in Table 1, as shown in Fig.
3. Use EDTA complex metric daily to determine the
concentration of calcium and magnesium ions in the
solution, measure the pH value of the solution with
the accurate test paper, and then take out the sample to
measure its mass and record it. In this test, each coal
gangue sample is soaked for 15 days.
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Table 1. Physical parameters of coal rocks before immersion.

Sample Number my/g d/mm h/mm p,/(kg-m?) v(m-s™) Initial pH

M3 512.86 50.17 100.33 2586.03 4924.50 3.0

M9 511.48 50.13 100.23 2585.08 4687.00 3.0

M8 512.74 50.13 100.00 2597.49 4284.00 4.0

MI10 512.08 50.30 99.97 2577.84 4174.50 4.0

M35 497.03 50.13 100.13 2514.72 4914.00 7.0

MI16 482.55 50.20 99.59 2448.18 4284.00 7.0

M7 511.64 50.20 99.95 2586.42 3750.00 10.0

MI13 504.90 50.00 100.23 2565.45 4023.00 10.0

M4 501.71 50.07 99.95 2549.58 3614.50 13.0

MI15 503.85 50.10 99.30 2573.87 4495.00 13.0
Average value 505.08 50.14 99.97 2558.47 4315.05 /
Standard deviation 9.15 0.08 0.30 43.12 426.37 /
Coefficient of variation 1.81% 0.1% 0.30% 1.69% 9.88% /

Fig. 3. Gangue samples immersed in chemical solution.

(4) The sound velocity, mass, diameter, and height of
the coal gangue samples are measured daily to calculate
the density. The acoustic emission detector is used to
measure the sound velocity in the coal gangue samples
through the AST Method every day, and the quality and
density of the coal gangue samples are measured and
recorded at the same time.

(5) Dry the coal gangue samples, and measure and
record the final parameters of the sample and chemical
solution. Remove the gangue samples after the 15th day
of immersion and put them into the drying box. After
drying at 120°C for 8 hours, take out the samples and
measure the final mass m , sound velocity v, pH value
of the solution, concentration of calcium ion c¢,, and
concentration of magnesium ion c,.

(6) Set the acoustic emission sensors. 8 acoustic
emission sensors are pasted on the side of the gangue,
as shown in Fig. 4. The contact between the sensor and
the sample surface is coupled with a coupling agent and
fixed with 502 type glue to ensure a good reception
effect of the signal.

Fig. 4. Paste 8 acoustic emission sensors.

(7) Complete the AE test during the whole uniaxial
compression process. The sample equipped with the
acoustic emission sensor was placed on the compression
loading platform of SAM-2000 compression testing
machine, and the uniaxial compression of the coal
gangue samples was carried out with a loading rate of
0.12mm/min. In order to facilitate later data processing
and analysis, it is necessary to ensure that the AE test
system and the axial compression loading system
synchronize the acquisition of the AE characteristic
signal and compressive load-deformation signal.

(8) Collect mechanical data and AE data. The
testing system can automatically collect the mechanical
parameters, such as load, displacement, stress, strain,
compression rate, and AE characteristics parameters,
such as amplitude, ringing count, impact number,
energy, AE signal, and so on, during the whole process
of sample compression.

(9) End of the test. Remove the acoustic emission
sensors, sample, and debris at the end of the compression
test (as shown in Fig. 5). Save the test data, observe and
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Fig. 5. Sample after uniaxial compression test.

Table 2. The mass of coal gangue samples after soaking m/g.

t/d M3 M9 M8 M10 M5 M16 M7 M13 M4 M15

1 513.71 512.55 513.62 513.13 508.32 485.32 512.57 506.15 502.94 505.04
2 513.71 512.49 513.60 512.92 508.46 485.34 512.64 506.00 502.96 505.10
3 513.72 512.55 513.62 512.96 508.52 485.40 512.61 505.98 502.97 505.98
4 513.77 512.44 513.76 511.81 508.78 485.52 512.75 506.04 502.95 505.13
5 513.86 512.46 513.77 513.07 508.85 485.54 512.67 506.05 503.02 505.11
6 513.85 512.48 513.76 513.09 508.94 485.60 512.80 506.10 503.15 505.30
7 513.84 512.45 513.72 513.09 508.91 485.57 512.66 506.08 503.02 505.17
8 513.74 512.37 513.73 513.05 508.82 485.54 512.70 506.06 503.12 505.16
9 513.75 512.36 513.74 513.09 508.43 485.52 512.71 506.05 503.10 505.10
10 513.78 512.49 513.72 513.01 508.42 485.57 512.71 506.05 503.08 505.12
11 513.82 512.41 513.74 513.06 508.64 485.60 512.70 506.20 503.10 505.20
12 513.60 512.39 513.78 513.15 508.46 485.41 512.64 505.96 503.08 505.25
13 513.64 512.44 513.69 513.04 508.40 485.48 512.67 505.94 503.06 505.21
14 513.61 512.42 513.74 513.02 508.42 485.45 512.67 506.03 503.05 505.15
15 513.61 512.38 513.70 513.06 508.50 485.62 512.65 505.99 503.06 505.13

take photos of the failure surface; seal the sample, leave
it for subsequent analysis, and turn off the power of the
test machine.

Results and Discussion

Physical Performance Parameters of Coal
Gangue Samples after Immersion

The mass and volume of coal gangue samples were
measured for 15 consecutive days after immersion in
solution, the mass m and mass density p are shown in
Table 2. According to Table 2 and Table 3, the time-
variation pattern of m and p is shown in Fig. 6.

According to Fig. 6(a), at the first stage of soaking,
the mass of each coal gangue sample increased because

of the absorption of water, and at a later stage, the mass
change slowed down with a downward trend. The mass
increment of coal gangue samples soaked in an acidic
solution is larger than that of the samples soaked in an
alkaline solution. In Fig. 6(b), the mass density of gangue
soaked in neutral solution increased at the first stage,
while the density of other groups of samples decreased.
Fig. 6(c) shows that the mass change ratio of coal gangue
soaked in neutral solution is the largest; when soaked in
pH=4/13 solution, the ratio fluctuates considerably at the
first 5 days, and the change of 5 groups of the sample
tends to be consistent in the following days.
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Table 3. Mass density of rock samples after immersion p/kg-m=.

t/d M3 M9 M8 MI10 M5 M16 M7 M13 M4 M15
1 2591.6 2548.4 2584.3 2580.1 2549.2 2468.1 2572.2 2548.4 2539.0 2565.0
2 2575.4 2576.1 2582.5 2580.8 2555.0 2474.8 2579.4 2562.1 2536.6 2562.8
3 2580.5 2551.7 2585.2 2586.3 2553.4 2427.8 2588.7 2558.8 2557.5 2559.5
4 2573.1 2579.3 2581.6 2557.4 2554.1 2448.7 2579.9 2548.7 25433 2539.9
5 2566.7 2578.5 2584.2 2573.0 25443 2461.9 2569.3 2552.1 2543.6 2538.1
6 2600.1 2594.0 2599.7 2583.4 2554.8 2471.1 2592.2 2567.7 2552.7 2562.0
7 2587.1 2581.9 2588.3 2589.4 2547.1 2461.1 2585.5 2558.2 2550.4 2540.1
8 2591.8 2581.4 2584.0 2590.0 2560.2 2451.2 2573.7 2557.3 2540.8 2566.4
9 2595.3 2596.0 2602.1 2593.7 2570.1 2473.2 2475.4 2557.2 2552.5 2585.0
10 2604.9 2597.5 2601.2 2603.6 2567.5 2473.5 2587.5 2567.5 25473 2559.3
11 2593.9 2593.7 2595.2 2565.3 2585.8 2481.9 2582.3 25554 2560.2 2561.6
12 2595.4 2615.3 2578.3 2619.1 2559.2 2451.4 2596.6 2555.2 2552.4 2624.1
13 2598.2 2586.1 2599.3 2593.3 2555.5 2468.1 2596.7 2589.3 2551.4 2577.0
14 2596.3 2593.7 2589.2 2589.9 2548.0 2471.2 2584.7 2555.4 2555.6 2575.8
15 2597.2 2578.1 2593.3 2596.7 2585.9 2477.8 2592.3 2562.9 2554.8 2554.4
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Table 4. Sound velocity of coal gangue samples after immersion v(m-s™).

t/d M3 M9 M8 M10 M5 Mle6 M7 M13 M4 M15
1 5376.7 5489.3 5146.0 3914.3 2691.7 4090.7 6528.7 5399.7 4483.3 4819.0
2 6959.0 4666.0 4444.7 5399.3 4351.7 5306.0 3986.0 4988.3 2908.7 4533.3
3 4568.3 4252.7 4559.0 4987.0 4713.3 3849.3 4218.3 3960.3 3706.7 4443.7
4 6247.0 5018.7 5326.3 4369.7 3570.3 3962.0 5913.3 5524.3 3895.0 5481.3
5 6485.7 6189.3 6482.7 5965.0 5275.0 5195.3 5583.7 5591.0 6391.3 6179.0
6 6673.0 6606.3 6828.3 6111.3 4002.7 4751.7 6656.3 5285.3 5029.0 4881.7
7 6904.3 6264.0 5575.3 6103.3 5229.7 4948.3 6071.3 5941.7 5887.7 6311.7
8 6906.0 6535.0 6428.0 6728.0 4945.7 5367.7 6826.7 5477.7 6301.0 6328.7
9 6879.0 6631.0 6983.0 6880.7 5042.3 5479.0 6776.3 6203.0 4434.0 6200.3
10 7039.0 6678.3 6957.3 6704.0 5563.3 5465.0 6680.0 6120.7 6122.0 5193.0
11 6697.7 6330.7 6906.0 6704.0 5602.0 5464.0 6677.0 6040.7 6247.0 5820.0
12 5965.7 6535.0 6852.0 5543.3 4877.0 6884.3 6401.7 42773 6204.3 7115.3
13 5399.0 6059.3 3638.3 6142.0 can not 4300.0 6122.0 3061.0 5720.3 5943.0
14 | 28600 | 33700 | 5662.7 | 5078.0 | MEMUCOWIEIO | yg03 | 4sa57 | 46240 | 4539.0 | 3358.0
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Fig. 7. Time-variation pattern of sound velocity in coal gangue
samples.

Time-Variation Pattern of Sound
Velocity in the Coal Gangue

Using acoustic emission lead breaking method
daily to measure the sound velocity v of the soaked
coal gangue, and the results are shown in Table 4. Fig.
7 shows the time-variation pattern of sound velocity of
5 groups of rock samples after soaking in different pH
value solutions.

It can be seen from Fig. 7 that the sound velocity of
the coal gangue samples increased significantly after
soaking for 1 to 3 days; there was another upward
period from the 5% to 12 day of soaking, during which
the change of velocity is more obvious than the first

15 consecutive days of some samples. It can be seen
from Fig. 8 that the initial pH value has a significant
effect on the concentration of calcium and magnesium
ions in the solution. 5 solutions were prepared with the
same initial concentration of calcium and magnesium
ions. After soaking the coal gangue, the acidic solution
had the highest volumetric concentration of calcium
and magnesium ions. The higher the initial pH value,
the lower the volumetric concentration of calcium and
magnesium ions in the solution.

After 15 days of immersion, we took out the coal
gangue samples and dried them, measured their
final mass m and sound velocity v, while measuring
the solution pH, Ca’ concentration C, and Mg*
concentration C,, as shown in Table 5.

The Time-Varying Curve of Stress-AE Energy
of the Sample during Uniaxial Compression

During uniaxial compression, the system can collect
signal characteristics of mechanics (such as stress,
strain, etc.) and AE characteristic parameters (such
as ringing count, average AE energy, maximum AE
energy, number of AE events, etc.) simultaneously. As
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Fig. 8. Time-variation curve of ion concentration in solution after immersion of coal gangue sample.

Table 5. Physicochemical parameters of the dried samples and the soaked solution.

;irnﬂl;':r mlg Final pH C,(mmol/L") C,(mmol/L") Spefc(lrzfsﬁf’)““d
M3 513.61 3.0 53 8 5640
M9 512.38 3.0 54 8 4420
M8 513.70 55 45 9 5376
M10 513.06 55 48 8 4266
M5 508.50 7.0 50 9 4464
M16 485.62 7.0 69 10 3491
M7 512.65 7.0 32 6 4672
M13 505.99 7.0 39 6 4801
M4 503.06 1.5 10 10 4711
MI15 505.13 1.5 2 2 5344

an example, Fig. 9 shows the time course curves of
stress-AE energy of selected samples during uniaxial
compression.

When subjected to uniaxial compression of basalt,
granite, and sandstone, the trend of accumulated energy
change is basically the same. In the stage of unstable
crack propagation and post-peak macroscopic failure,
when the load exceeds the damage stress, the internal
cracks of the rock begin to propagate unstably and
gradually converge and connect. The frictional effect
becomes more and more obvious, and the released
energy continues to increase until the load reaches
the peak stress, and the rock suddenly undergoes
macroscopic failure, At this point, the accumulated
energy increases sharply in a straight line and reaches
its maximum value [34]. According to Fig. 9, we
can see that the AE energy of the samples during the
uniaxial compression process is obviously phased:
there is a significant AE phenomenon when the stress
level increases. The release form of AE energy of
rock samples is solitary vibration type mainly, and the

energy release of samples soaked in alkaline solution is
vibration group mainly. Near the compression limit, the
AE energy of the sample increases sharply, indicating
that a large number of micro-cracks in the sample gather
to form larger cracks and gradually connect to form a
main crack under the load, leading to the failure of the
sample along the main crack.

3D Localization Map of AE Events
and Time Course Curve of Stress

Under the action of external force, a large number
of micro-cracks in the sample grow up and even merge,
which leads to local failure and AE phenomenon. By
processing and analyzing the received AE signals, the
process of crack generation and expansion of rock can
be obtained, and the precursor information of failure of
the sample can be captured. Fig. 10 shows the AE event
localization map of the sample during compression.

According to Fig. 10, the number of AE points prior
to fracture is lower for acid-soaked samples, and the
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Table 6. AE parameters and compressive resistance of coal gangue samples after immersion.

Igirr?lgleer (mVimS) (mvefrnS) N N, o, (MPa)
M3 17441 129.35 1659 8.43 240.08
M9 296817 1123.45 55429 122.38 94.78
M8 56022 54.82 47246 13.32 125.12
MI10 72658 123.09 7230 7.14 77.01
M5 36323 79.56 3502 6.27 17.63
Ml6 1459755 159.50 156877 11.25 5.13
M7 70907 149.40 5793 9.40 74.59
MI13 561 42.44 106 14.16 54.60
M4 153991 109.64 12124 10.83 27.66
M15 84948 83.72 18160 7.17 52.19

Table 7. Calculated grey relational degree between the maximum AE energy e and each influencing factor.
Number X, lnﬂuence);;arameters Grey relational degree Significance
i
1 o, 0.5085 10
2 o 0.5258 4
3 c 0.5206 9
4 c, 0.5258 6
5 pH 0.7853 3
6 s pH, 0.8013 1
7 m, 0.8013 2
8 m 0.5258 5
9 v, 0.5229 7
10 v 0.5217 8

number of AE points only increases rapidly near the
peak value of stress. The AE points of the M5 sample
are concentrated near the inclined plane at 50 degrees to
the cross section, which is more in line with the physical
image after fracture. The AE points of M10 sample are
concentrated at the 1/3 upper part. The AE points of M7
are concentrated at the 1/4 lower part. M9 AE points
are concentrated in the middle and distributed along the
conjugate 45-degree section.

After the test, the compressive strength o, and AE
characteristics (maximum AE energy e, average AE
energy e , maximum value of ringing count N, average
value of ringing count N ) of each sample in the whole
compression process were counted as shown in Table 6.
According to Table 6, the following section analyzes the
main factors affecting the AE energy from two aspects
of water and rock.

Compared with coal gangue samples soaked in
neutral solution, the uniaxial compressive strength of

the coal gangue samples increases significantly after the
action of acid and alkali solution. The lower the pH value
of the solution, the greater the uniaxial compressive
strength of the samples, and the acid chemical solution
has a greater impact on the characteristics of coal
gangue samples.

Factors Affecting the AE Energy

Under the water-rock interaction, the factors
affecting the maximum AE energy e of coal gangue
samples include the density p, of coal gangue, calcium
ion concentration C,, magnesium ion concentration C,,
pH value of the solution after immersion, compressive
strength o, and sound velocity v after immersion, etc.
Based on the test data and the grey relational theory [25,
27], the grey relational degree between the AE energy e
and each influencing factor was calculated respectively.
The larger the value of the grey relational degree, the
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greater the influence of the parameter, and thus the most
significant influencing parameter was analyzed.

First, we calculate the average value of each
parameter, and then we divide the actual parameter
value measured in each test by the corresponding
average value to obtain the average image of ecach
parameter. We set the average image of the maximum
AE energy e of the coal gangue sample as X, and set
each influencing factor (such as density p, of the coal
gangue sample before immersion, pH of the solution
after immersion, calcium ion concentration C,,
magnesium ion concentration C,, compressive strength
o, and sound velocity v after immersion) as X,. Based
on Matlab software programming, the grey relational
degree between the maximum AE energy e and each
influencing factor can be obtained, as shown in Table 7.

As can be seen from Table 7, all relational degree
coefficients are larger than 0.5. In the influencing
factors of the maximum AE energy of samples, the
largest influencing factor is the pH value of the solution
before immersion, followed by the mass of the sample
before immersion m_, the pH value of the solution after
immersion, the density of coal gangue samples p, the
mass of coal gangue after immersion m. The results
show that the pH of the solution under the water-rock
action has a significant impact on the maximum AE
energy of the sample, and the sample density and ion

concentration of the solution also have a certain impact.

Multiple Regression Model of
Compressive Strength

According to the grey correlation analysis, it is
known that the calcium ion concentration C| after
immersion, the density p, of the sample before
immersion, and the sound velocity v after immersion
will affect the mechanical properties of coal gangue
samples. According to Table 1 and Table 5, we can
establish a fitted model for the compressive strength
of the coal gangue sample with respect to C,, p, and v.
Based on the least square method to establish a multiple
regression model, where the independent variables of
the regression model are C|, p, and v, and the regression
target variable is the uniaxial compressive strength of
the coal gangue sample, assuming:

Gy, = Ceiv' py’ 0

In equation (1): the calcium ion concentration after
immersion C,, the sample density p, before immersion,
and the sound velocity v after immersion are the fitted
values of the uniaxial compressive strength of the coal

sample. C, x, y, and z are parameters to be determined.
By taking logarithms on both sides of equation (1),
we can obtain the following equation (2):

In6, =InC+xln¢, + ylnv+zlnp, )

Record the measured value of the compressive
strength values in each test as &, (i=1,2,..,10), the
logarithmic difference between the fitted compressive
strength value and the measured value is:

In6,-Ino, =InC+xInc , +ylv, +zlnp, -Ino,

©)

According to equation (3), the sum of the squares of
the errors is as follows:

10

Y (nC+xlny,, +ylnv, +zlnp, -lno,)’ @

i=1

10
Let D .(InC+xInv, +ylnv, +zlnp, —Inc,)’,InC=p

i=1

According to the least square method, let

o _,,o0u_, ot _, o _
ox oz ow on

0

We obtained four equations, using o,, C, and v to
solve the equations using MATLAB software, and
obtained the unknown parameters x, y, z, #, then got
the values of the parameters x, y, z, and C in the model.
Finally, the multivariate regression fitting model of
o, with respect to the calcium ion concentration C,
after immersion, the density p, of the sample before
immersion, and the sound velocity v after immersion as
in equation (5):

&b — 3.46-1630?'2739\12'4582 45.4084 5)

0

The correlation coefficient R=0.89 and the
probability of zero correlation P=0.0005, indicating
that the reliability of the regression model is high. The

25

=¥— Measured values
—=—Fitting values

0 s s s : ! s
M3 M9 M8 MI0O M5 Ml6 M7 MI3 M4 MI5

Sample Number

Fig. 11. Comparison curve between fitting value and measured
value of compressive resistance of samples.
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Fig. 12. Comparison curve between the fitting value and the
measured value of the maximum AE energy of the samples.

comparison curve between the fitting value and the
measured value of the compressive strength of the coal
gangue samples is shown in Fig. 11.

Multiple Regression Model for
Maximum Emission Energy

Similarly, the least square method was used to
establish a fitted model of the maximum AE energy with
respect to the pH value of the solution before immersion,
the initial density p of the sample before immersion,
the initial mass m, and the sound velocity v, before
immersion, and the following regression equation was
obtained:

e= 1.8635p083,9811 m0-1,4767pH0-2,4863 v0-7,0125

The correlation coefficient R=0.98 and the
probability of zero correlation P=0.001, indicating
that the reliability of the regression model is high. The
fitted value of the maximum value of AE energy of the
coal gangue sample and the comparison curve of the
measured value are shown in Fig. 11. The comparison
curve between the fitting value and the measured value
of the maximum AE energy of the coal gangue samples
is shown in Fig. 12.

It can be concluded that: with the pH value of the
solution before immersion, the initial density p, of the
coal gangue sample before immersion the initial mass
m, and the sound velocity v, in the coal gangue sample
before immersion, we can predict the maximum value
of AE energy of coal gangue samples from the same
geological source during uniaxial compression.

Conclusion

By experiments of soaking coal gangue in 5 kinds
of solutions and acoustic emission test during the
compression process, we obtained the following results:

(I) The mass of the coal gangue samples changed
after immersion in chemical solution, its changes were
significantly affected by pH and more sensitive to acidic
solution.

(2) After the action of acid and alkali solution, the
uniaxial compressive strength of the coal gangue sample
is significantly higher than that of the sample soaked in
neutral solution. The lower the pH values of the solution,
the greater the compressive strength. Moreover, an
acidic chemical solution has a great influence on the
characteristics of coal gangue samples. The reason
may be that after the coal gangue sample is soaked in
an acid/alkali solution, some minerals around the pores
and cracks expand under the action of the acid/alkali
solution, resulting in the closure of these cracks and
pores.

(3) The AE energy phenomenon of coal gangue
samples exhibits periodic changes during the uniaxial
compression process; when the stress level increases,
there is an obvious AE phenomenon. The cumulative
AE energy of the coal gangue sample during uniaxial
compression increased sharply, indicating that a large
number of micro-cracks at the internal structure of the
coal gangue sample gathered at this time to form a large
crack, and linked up gradually to form a main crack
under the action of load, along which the coal gangue
sample destabilized and broke.

(4) We analyze the factors affecting the compressive
strength and the maximum AE energy by the grey
relation analysis. Based on the least square method,
we establish the multiple regression models of
the compressive strength and the maximum AE
energy, which can provide theoretical references for
the mechanical analysis of coal samples and other
subsequent studies.

In this paper, only a kind of rock sample was used
in the experiment, so in the future, we can conduct
experiments on other coal samples other than coal
gangue. In addition, electron microscopy scanning
tests can be conducted to analyze the changes in
the composition of rock samples before and after
immersion; In addition, acoustic emission tests during
the compression process of rock samples that have not
been soaked can also be conducted for comparison.
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