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Deeper exploitation of coal resources faces higher possibility of rockburst and mining earthquake. Hydraulic
fracturing (HF) proved to be an effective solution in coal mines but its monitoring and evaluation remains un-
explored. This study presents a true triaxial hydraulic fracturing experiment with acoustic emission (AE)
recording, conducted on a 150 mm cubic coal sample from a deep underground mine. Fracture evolution was
analysed based on 539 localized events using a modified simplex method. According to the injection history, AE
counts and energy evolution, the coal undergoes initiation, intersection, and breakdown stages. The AE energy
peak lags behind the water pressure peak due to the dilatancy effect. Rapid fluctuations in water pressure trigger
peak AE event rates, often followed by silent periods with minimal AE activity, which can serve as precursors for
crack prediction. The distribution of AE events indicates that fractures originate from the naked borehole and
propagate upward, predominantly accumulating in the middle and upper regions of the coal sample. At low
water pressure, fractures extend primarily along the maximum principal stress direction, while at high water
pressure, they diffuse spherically. The uneven transition and storage of crack energy during injection lead to
alternating shrinkage and expansion of AE event distribution as water pressure increases. In addition, coal
heterogeneity plays a significant role in fracture formation, resulting in tortuous hydraulic fracture planes that
deviate from alignment with the maximum principal stress.

Fracture evolution
Coal heterogeneity

1. Introduction

As mining operation extends to greater depths, it encounters higher
tectonic stress. This environment elevates the risk of dynamic disasters,
such as rock bursts, and coal and gas outbursts. Hydraulic fracturing
(HF) has been largely used to be the precondition the rock strata in coal
mines as a strategy for preventing from the dynamic disasters [1,2].
Some new theories and methods of hydraulic fracturing have been
developed such as pulse HF [3], cyclic HF and repeatable HF [4]. They
have been employed in coal mines successfully to measure crustal stress
of surrounding rock matrix, to increase falling possibility of roof coal,
and to prevent ground controlling related accidents [5]. Additionally,
HF has proven beneficial in improving the permeability of rock and coal
seams, reducing gas pressure, and preventing coal-methane outbursts
[6-8].
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Although hydraulic fracturing in coal mines has advanced signifi-
cantly in terms of equipment and operation, its monitoring and evalu-
ation remain a major challenge. Studies have shown that the
microseismic (MS) and acoustic emission (AE) signals generated by coal
and rock fracturing contain valuable information about fracture initia-
tion and propagation, enabling the reconstruction of the cracking pro-
cess [9-11]. This reconstruction relies on the accurate localisation of
MS/AE events. Common localisation methods include the simplex
method [12], grid search [13], Bayesian differential evolutionary
inversion [14], double-difference method [15], and particle swarm
optimization differential evolution algorithm [16]. While these tech-
niques have been successfully applied in hydraulic fracturing for oil and
gas industries, their practical use in coal mine hydraulic fracturing
(CMHEF) for analysing the spatial dynamics of fractures remains limited.
Compared to oil and gas reservoirs, coal mines present a more complex
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geological environment and a highly heterogeneous signal propagation
medium. Additionally, MS events induced by CMHF typically have
lower energy levels, and signal quality degrades significantly over long
distances, making it difficult to accurately capture and interpret fracture
initiation and propagation [17]. Given the small scale and weaker am-
plitudes associated with CMHF, more precise signal acquisition and
localisation techniques are required. A systematic and specialized
investigation into hydraulic fracturing in coal mines is essential to
improve monitoring accuracy and fracture characterization.

Studying in-situ coal mine hydraulic fracturing (CMHF) directly is
extremely challenging, if not impossible, due to various complexities
such as coal-rock seam groupings, pre-existing joints and fissures, and
intricate underground constructions. Given these constraints,
laboratory-scale coal sample experiments provide a more practical and
reliable starting point [10,18,19]. Additionally, coal sample hydraulic
fracturing has significant implications for improving CMHF at an engi-
neering scale, as direct coal seam fracturing is commonly applied in
mining faces to facilitate roof coal detachment [20,21]. Recent labora-
tory studies on hydraulic fracturing typically use small cubic or cylin-
drical samples subjected to confining and axial compressive loading.
These samples are often composed of rock, cement, or simulated coal,
whereas true triaxial hydraulic fracturing experiments on large coal
samples remain relatively rare [22,23]. Larger coal samples better
represent in-situ conditions but are inherently weaker than rocks and
exhibit higher heterogeneity, leading to more complex fracture propa-
gation behaviours. Understanding the dynamic evolution of coal frac-
turing under triaxial stress is essential for prevention and management
of rockburst and associated damage. This study conducted true triaxial
hydraulic fracturing on coal samples obtained from deep underground
mines with high risk of rockburst, concluded the propagation of hy-
draulic fractures at different injection stages by localising acoustic
emission (AE) events and computing AE energy, and analysed the het-
erogeneity of coal and its influence on fracture evolution and final
fracture morphology.

2. Experimental equipment and test design

The coal samples used in this study were extracted from a depth of
850 m in the Xiezhuang Coal Mine in China, which is prone to high risk
of rockburst. The strength of the coal was evaluated following the In-
ternational Society for Rock Mechanics (ISRM) standard test procedures
to provide a reference for principal stress configuration and serve as a
basis for rock failure analysis. To determine the uniaxial compressive
strength, coal cylinders equipped with strain gauges were subjected to
loading at a rate of 0.5 MPa/s [24]. The fundamental elastic properties
of the coal are summarised in Table 1. The true triaxial hydraulic frac-
turing experiments were conducted using a self-designed loading and
monitoring system. As illustrated in Fig. 1a, the apparatus comprises
three main components: the stress loading system, the water injection
system, and the AE monitoring system. These systems operate inde-
pendently and are controlled by separate computers.

The 150 mm cubic coal sample is drilled with an injection borehole
of 20 mm diameter and 60 mm length at the centroid of top surface. A
hole packer with 60 mm length is glued with the injection borehole by
epoxy anchoring adhesive. To guide a reasonable initiation of hydraulic

Table 1

Properties of tested coal sample.
Rock property Value
Uniaxial compression strength (UCS) (MPa) 5.99
Tensile strength (MPa) 0.64
Young's modulus (GPa) 7.89
Density (kg/m>) 2.6 x 10°
Poisson's ratio 0.42
P wave velocity (m/s) 3000
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fractures, the void section of 30 mm long and 20 mm diameter is
extended from the bottom of injection borehole. The configured sample
is positioned at the centre of the loading frame and injected with water
through an L-shaped inner pipe embedded in the upper loading disc, as
shown in Fig. 1b. Twelve AE sensors are horizontally embedded within
the surrounding loading discs to capture fracture-induced signals. The
precise locations of all AE sensors are detailed in Table 2. What is worth
noting that the natural coal formation is full of beddings and preexisting
fractures [10], which makes it difficult to prepare larger intact cubic
than 150 mm side length in the laboratory. Therefore, this size is suitable
for investigation into the initiation and propagation of hydraulic frac-
tures around the injection boreholes, which can dominate the far field
extension of hydraulic fractures in the field operation at coal mines.

As illustrated in Fig. 1b, six loading discs from three orthogonal di-
rections advance simultaneously to establish firm contact with the
sample's walls, while the hole packer on the top surface is sealed and
pressurized. AE sensors are embedded within the horizontal load plates,
ensuring tight adhesion to the sample for accurate signal acquisition. To
calibrate all AE sensors, a lead break test is performed on the four hor-
izontal surfaces before the experiment. During the lead break test, all the
waveforms generated on each surface are required to be similar in
amplitude to ensure the satisfying coupling between the AE sensors and
the coal sample. Once the desired stress levels are reached, a pre-
injection phase at 0.5 MPa is conducted to verify the airtightness of
the injection system. The water pressure is then released before initi-
ating the main injection. To ensure accurate data acquisition, all sys-
tems, including fluid injection pressure, loading stress, and AE signal
recording, are synchronized within the same time domain by a master
computer as a timing equipment. The measurement setup is detailed in
Table 3. Following extensive preliminary trials, an injection rate of
100 mL/min was selected to induce fracturing within a reasonable
duration. This rate ensures the generation of sufficient acoustic emission
signals and clear fracture phenomena for analysis.

3. Results and discussion based on AE event localisation
3.1. Evolution of AE events in cubic coal sample

The waveforms recorded during injection are processed using the
simplex method to map the evolution of AE events. The simplex method,
a global optimization algorithm first proposed by Dantzig [12], has been
further refined by Ge [25,26]. In its modified form, this method iden-
tifies the first activated sensor as the centroid of an iteratively updated
tetrahedroid, with a diameter ranging from one-third to one-half of the
sensor array's length. In this experiment, since the AE sensors are posi-
tioned along the surrounding walls of the sample, the AE events are
expected to originate within the sample itself. To enhance computa-
tional efficiency, the centroid of the iterated tetrahedroid, defined as
having a diameter equal to half of the sample's length, is initially set at
the centre of the cubic sample. The relationship between time and dis-
tance is expressed as follows:

V(i —x0) + (i — Yo) + (@ — 20) =vi(t; — 1) (@)

where (x;,y;, z;) is coordinates of sensors; (Xo, Yo, %o ) is coordinates of AE
events; v; and t; are traveling velocities and times from the source to
sensors; and tp is the occurrence time of AE event. Every iteration can
generate a new set of (xo’, yo’,zo’), tyey and ty’ which will be subtracted
by the original recorded time to estimate time errors are used to be
compared with the error threshold. As shown in the subset of Fig. 2, our
vertices of first tetrahedroid are denoted as (A, B, C, D), each of which is
used as a hypocenter to get a time error.

e=1t; — tya — I (2

Fig. 2 provides a workflow chart for realization of simplex optimi-
zation method. Assuming that the vertex A has the biggest error e,, and
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Fig. 1. Loading and monitoring equipment for coal sample hydraulic fracturing.

Table 2
Coordinates of AE sensors (sensor name: R15a).
Sensor S01 502 S03 S04 S05 506 S07 S08 S09 S10 S11 S12
X (mm) 150 150 150 120 100 50 0 0 0 30 120 100
Y (mm) 100 120 50 30 100 50 120 120 50 30 120 50
Z (mm) 100 30 50 0 0 0 120 120 100 150 150 150
extending end of A, and then substitute A with G to construct a
;able 3 ¢ set ¢ hvdraulic fracturi | ) new tetrahedroid. This step is called Extend.
casurement set-up of hydraulic Iracturing on coal sampre. (2) If e; >ef, then ef <e,, substitute A with F to build a new tetra-
Name Value  Name Value hedroid. This step is called Reflect.
AE monitoring Injection (3) If ef >ep and e >e,, then compare the time error of centroid (E) of
AE recording threshold (dB) 38 01, 62, 63 (MPa) 24, tetrahedroid (A, B, C, D) with e,. If e, <e,, substitute A with E to
sampling rate (KSPS) 500 Injection rate (mL/min) i%o get a new tetrahedroid. This step is called Pick.
ampling rate njection rate (mL/min .
Sensor operating frequency 50-200  Viscosity of injection 1073 @ 1t &f >?b’ € >e€q and e, >eq , use B as tl}e centroid and sh.orten
range (kHz) water (Pa-s) other sides to half of what they are to build new tetrahedroid (B,
Amplification (dB) 40 Data acquisition rate (Hz) 100 H, I, J). This step is called Compact.

Compact

Extend Reflect Select
[ | [
No L<l Yo End )

Fig. 2. Flow chart of simplex optimization method.

vertex B has the smallest error ey, five steps can be conducted as follows
to find a satisfying AE event:

(1) e is the time error of F that is symmetry point of A. If e; <e;, and
then if e, < e, where e, is the time error of G that is the equally

(5) Different tetrahedroids are iteratively updated from steps 1 to 4.
In addition to accounting for time errors in this experiment, the
perimeter of each tetrahedroid is calculated and compared
against a predefined threshold to enhance spatial constraints on
AE event points and accelerate convergence. If the new perimeter
satisfies the set limit, the vertex with the smallest error is selected
as the hypocenter. Otherwise, steps 1 to 4 are repeated until the
limit is met.

The final tetrahedroid used for localisation has a calculated perim-
eter of 0.0329 m, remaining within the threshold of 0.04 m. The average
side length of the tetrahedroid is approximately 5.5 mm which is much
smaller than the diameter of injection borehole, accounting for less than
5 % of the 150 mm sample size, which will satisfy the accuracy identified
by previous research [2]. The lowest recorded travel time error is
8.0514 x 107°.

A total of 539 AE events were recorded over a duration of 1200 s, as
shown in Fig. 3. At 867 s, the coal sample fractured, leading to water
leakage and an increase in the injection rate to 150 mL/min to ensure
full fracture development. Under the higher injection rate, more pres-
sure peaks were recorded, indicating intensified fracture propagation.
Throughout the entire process, water pressure exhibited significant
fluctuations. It remained at a low level until approximately 400 s, after
which it increased rapidly. Notably, two distinct periods of peak water
pressure were observed: between 700-800 s and 961-1100 s. However,
AE energy did not follow a fluctuating trend. Instead, it exhibited a
catastrophic spike near the peak of injection pressure. This AE energy
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Fig. 3. Plot of water injections and AE parameters in coal sample hydraulic fracturing.

peak signifies the occurrence of the most intense fracturing event within
the sample, which coincided with the onset of water leakage (peak in-
jection pressure). The event rate, defined as the number of AE events
occurring per second, showed two distinct peaks before and after the
water pressure peak, particularly at 676 s and 734 s. A large number of
small fractures were generated when the water pressure changed sud-
denly rather than at the moment of peak injection pressure.

Furthermore, very few AE events occurred immediately before the
event rate peak at 676 s, which is even lower than earlier periods before
500 s. This 150 s interval (676-526 s) is characterized by a fracture-silent
phase despite a rapid increase in injection pressure. This period of low
event rate, referred to as a “silence gap,” can serve as a precursor for
predicting the approaching water pressure peak and the imminent
fracturing of the sample. During the increase in water pressure, if the
event rate declines and remains low for an extended period (exceeding
100 s in this experiment) before suddenly peaking, it can be inferred that
both water pressure and AE energy will soon reach their maximum
values, leading to sample failure within tens of seconds. After the initial
peak, water pressure continues to rise, reaching additional peaks after
900 s due to the influence of principal stress. However, these subsequent
pressure peaks are significantly lower than the first one. Correspond-
ingly, AE activity and event rate responses are also much weaker due to
the severe degradation of the sample's integrity and strength following
the primary fracturing event.

At the first event rate peak, the water pressure reaches 1.39 MPa,
exceeding the tensile strength of the coal sample (0.64 MPa) when
considering the difference with the applied principal stress. Despite this,
the injection volume continues to increase steadily, causing a rapid rise in
water pressure. This moment, marked by the event rate peak, is defined as
the initiation phase of fracturing. According to Biot's poroelasticity theory
[27], the pressure required for fracture initiation around the borehole
increases with greater porosity and permeability. This correlation sug-
gests that the coal sample exhibits relatively high permeability, as indi-
cated by the elevated pressure needed to induce fracturing.

As shown in Fig. 3, an oscillation in water pressure is observed at
718 s, with a sudden drop of 0.3 MPa. Despite the steady continuation
of injection, the low number of AE events and minimal AE energy
release suggest that fluid infiltration causes pre-existing fractures to
intersect at a higher water pressure of 3.8 MPa, which is close to the
secondary principal stress of 4 MPa. At the maximum injection pres-
sure, the full breakdown of the sample is triggered, as evidenced by the
largest AE energy release. The time delay between the pressure peak
and the AE energy peak results from the dilatancy effect, a phenome-
non previously observed in hydraulic fracturing tests on rocks [28].
This effect occurs because the formation of microfractures before
complete failure increases compressive stress within the sample due to
the increase of the permeability around the injection borehole,

delaying the ultimate failure until peak injection pressure is reached.
Based on the observed AE event rate and the progression of injection
pressure, the 1200 s water injection process can be broadly divided into
three stages, as highlighted by black dots on injection volume curve in
Fig. 3. At Stage 1 (0-400 s), this initial phase is characterised by a
gradual increase in injection pressure, with only a sparse distribution of
AE events, indicating minimal fracture activity. At Stage 2 (400-867 s),
the injection pressure rises rapidly, accompanied by a significant in-
crease in the AE event rate, and this stage marks the active fracturing
period, where microcracks form and propagate extensively. At Stage 3
(867-1200 s), following the peak at 867 s, the injection pressure begins
to decline. The fracture network is already well-developed, and AE ac-
tivity decreases, signifying the stabilization of the fractured coal sample.
Fig. 4 illustrates the real-time variations in water injection at each
time interval. The energy of AE events is calculated by integrating the
squared waveform amplitude over the event duration [2]. Based on this,
the event count, the total AE energy, and the average AE energy are
computed for every 100 s, as shown in Fig. 4. Before the sample frac-
tures, these three parameters exhibit fluctuations rather than a steady
increase, indicating that the energy required for crack propagation is
transferred non-uniformly throughout the sample. After the sample
breaks, despite an increase in injection rate and a peak in the event
count, both the total and average AE energy decline sharply, confirming
that the sample has undergone physical rupture. Following the previ-
ously defined stages, the event locations for each stage are plotted in
Figs. 5 and 6. Events occurring within the same stage are color-coded,
and those with higher AE energy are highlighted with larger markers.
The centre of the sample lies the borehole, where the upper 60 mm
(indicated by a thinner dashed line) represents the length of the hole
packer, and the lower 30 mm (indicated by a thicker dashed line) is the
naked borehole section used for hydraulic fracturing. During Stage 1,
both the total AE energy and the event count remain low, with events
sparsely distributed throughout the middle of the sample, lacking a clear
dominant trend. In the Z-Y plane, AE events start propagating from the
exposed borehole outward, forming a V-shaped distribution, with a
greater concentration of events on the left side. In contrast, Stage 2 sees a
significant increase in AE events, with the most intense events occurring
in the upper part of the sample. Initially, during the first two periods
(black and blue points), there is minimal expansion. Fig. 5 shows AE
event distribution in different stages. Between 400 and 500 s, black
points originate from the exposed borehole and extend outward in the
positive Z-axis and Y-axis directions (Fig. 5f). The period from 528 to
669 s (blue points) represents a silent gap, where only a few events
propagate along the previously established direction (black points).
Between 669 and 760 s in the X-Z and Z-Y planes (Fig. 5d and f), a
large number of AE events extend radially outward from the borehole,
clustering within the 50-140 mm range along the Y-axis. This period
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outlines the overall fracture-affected region for the entire hydraulic
fracturing process. Subsequently, green points indicate an upward
propagation toward the positive Z- and X-axis directions in the X-Z plane
and toward the positive X- and Y-axis directions in the X-Y plane
(Fig. 5e), expanding towards the opposite side of the hole packer.
Notably, Fig. 5e and 4f reveal a distinct absence of events at the top and
bottom of the borehole, which refers to as fracture voids.

The upper fracture void (V1) likely results from the strong adhesion
of the hole packer to the sample and its distance from the exposed
borehole section, reducing the likelihood of fracturing in this region.
The lower fracture void (V) may stem from borehole drilling, which
weakens the upper part of the sample more than the lower part.
Consequently, the upper section fractures more easily under the com-
bined influence of water pressure and principal stress. In Stage 3, most
AE events remain within the previously defined fracture-affected area of
Stage 2. The distribution in the X-Y plane (Fig. 5h) closely resembles that
of Stage 2, while in the X-Z plane (Fig. 5g), most events are concentrated
in the front half of the sample. Between 969 and 1062 s, additional AE
events emerge, spreading farther outward. Since the sample was already
fractured in Stage 2, water injection can no longer effectively transmit
energy across the entire sample due to the formation of a major fracture
plane. As a result, new fractures likely initiate and propagate laterally
within the sample.

Since the points in stage 2 are densely clustered, they are further
subdivided to better illustrate the sample's cracking development near the
peak injection pressure during the 669-760 s interval. The data is divided
into 20 s intervals, with the results shown in Fig. 6. Throughout the
669-760 s period, there are alternating patterns of contraction and
expansion in the event distribution, although this feature is not present
throughout the entire Stage 2. In the first 20 s interval (669-690 s, black
points), the event rate peaks, causing many points to spread widely. In the
next 20 s interval (691-710 s, blue points), the distribution shrinks
considerably. In the X-Z plane (Fig. 6a), the blue points are distributed
from the bottom left to the top right, while in the Z-Y plane (Fig. 6¢), they
extend from the bottom to the top. In the third interval (710-729 s, red
points), the distribution extends further compared to the previous period,
with points moving from the top left to the bottom right in the Z-Y plane
and from the bottom left to the top right in the X-Y plane (Fig. 6b). During
the fourth interval (730-749 s), the sample breaks as AE energy is rapidly
released, causing the points to cluster near the borehole. Finally, in the
last 12 s interval, the yellow points do not follow a continuous trend but
instead form a zonal distribution around the exposed borehole, as the
sample's fracture restricts energy transmission.

3.2. Quantitative interpretation of crack propagation

To interpret the alternative shrinks and expansions, the dynamic

distribution in different periods is quantified in this section. First, the
average distance from the injection borehole centre to all points in each
period is calculated in each plan (ZX, XY, and ZY). Lines are drawn to
connect the two points with the largest distance in each direction. For
example, in the Z direction of the X-Z plane, a black line connects the two
black points with the largest distance in a 20 s section. A similar line is
drawn for the X direction in this plane. The lengths of these lines are then
summed to be the ZX double length (shown in Fig. 7a). Based on the point
distribution and period division in Figs. 5 and 6, the double lengths for the
669-760 s period are calculated and normalized, making it easier to
present the results as curves in Fig. 7b. For comparison, the values in
Stage 1 are calculated with 100 s intervals, due to the sparser distribution
of AE events. The double length provides a representation of the overall
area of event distribution in different periods, and the length ratio is also
determined to compare point expansions in different directions.

For instance, the Z/X ratio is the double length line of Z direction
divided by that of X direction in Z-X plan. All ratios are represented by
curves in Fig. 7. Obviously, all these parameters have fluctuations with
time. In Stage 1, the average distance and double length have alternative
ups and downs. Events in Z-X plan are more concentrated in 100-200 s
than 0-100 s and then go far away from the naked bore hole in the next
100 s and finally shrink again but still larger than the first period. For Z-
Y plan, it has opposite changes than Z-X plan. The distance becomes
larger in 100-200 s than 0-100 s and then waves up to 43 mm. Notably,
the average distance has changes in three directions but never goes up or
goes down at the same time. It indicates that when one direction extends
away the other one or two would approach the bore hole. The mean
value (the green curve called XYZ in Fig. 7) of average distances in three
directions is taken as an indicator of events spatial distribution and it
shows that the events have a volumetric expansion with water pressure
increase.

Two curves represent the ZX and ZY double lengths, both normalized
based on the value from the 0-100 s period. The red curve with circle
symbols in Stage 1 stays below 1, indicating that the double length in the
Z-Y plane decreases, resulting in a smaller area compared to the 0-100 s
period. In contrast, the Z-X plane curve remains above 1, showing that
the area continues to expand over time. The length ratio reflects the
proportion of the largest distance in two directions within a plane. The
Z/Y ratio remains near 1, except for an initial value of 1.39. This sug-
gests that the Z and Y directions expand at a similar rate, while the Z/X
ratio is consistently larger than 1, indicating that events in the Z direc-
tion propagate much faster than those in the X direction. The two curves
also exhibit opposite trends, which highlights that, in addition to the
average distance, the fracture area undergoes asynchronous expansions
and contractions in different directions. In stage 1, the alternating
shrinkages and expansions are evident, with the fracture space
increasing over time and with rising water pressure. Notably, the
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Fig. 7. Comparison of AE events' extension.

expansion in the Z direction is more dominant.

The situation in 669-760 s is more complicated relatively. The
average distance shows clear oscillations across all planes, with the
mean value of the average distance (XYZ green curve) being larger than
in Stage 1. Events in this time range run further away from the bottom of
bore hole. The double length waves down and the events distribution
finally shrinks to a small area. In the third period (709-729 s), the
average distances in all three directions are significantly larger
compared to other periods, yet their double lengths become relatively
smaller. Additionally, both the Z/X and Z/Y ratios are greater than 1,
with the XY average distance being the largest among all planes. These
observations suggest that while the event distribution area is small, the
locations of the events are farther from the exposed borehole section,
further supporting the ongoing propagation of fractures in the XY plane.
In the 729-749 s period, the average distances in all three directions
indicate that the area is closer to the exposed borehole than in the earlier
period, yet the expansion continues, as seen in the ZX and ZY double
lengths. Furthermore, the Z/X and Z/Y ratios are around 1 (1.16 and
1.09), indicating that events are spreading equally in all directions at
this moment, corresponding to the peak water pressure. Based on these
three parameters, the intersection and breakdown phases are clearly
distinguishable from each other.

After breakage, the smaller double length indicates that the event
distribution shrinks sharply but extends farther than before. Combined
with the length ratio, the final distribution forms a long and narrow area
along the Z direction, as seen in Fig. 6. The overall volumetric distance
(XYZ) in the 669-760 s period is higher than in Stage 1, although the
maximum value is similar (32 mm vs. 35 mm). This may suggest that
35 mm is the maximum distance for event distribution in this 150 mm
cubic coal sample. Fig. 7 also reveals an important observation about the
average distances (XY > ZY > ZX): the Y direction is the dominant path for
fractures. This contrasts with the Z/Y and Z/X length ratios, calculated
from the double lengths. The double length represents an area, which can
be strongly influenced by extreme event locations, whereas the average
distance is a more statistical parameter that considers all events. This
discrepancy implies that during the high-water-pressure period, most
events tend to extend further along the Y direction, while extreme-
distance events are more likely to occur along the Z direction. In
contrast, during Stage 1, there is no such conflict, as the Z direction is
nearly dominant in both the average distance and double length. The
reasonable interpretation is that the principal stresses have more con-
strains to the geometry of hydraulic fractures when the injection energy
stored is small. However, when the pore pressure has a high level of en-
ergy at peak value, the manipulation of principal stress will be weakened
heavily.

3.3. Fracture geometry and the crack volume analysis

Based on the spatial distribution of events, the overall volume of the
fractured space is calculated using the Convex Hull method [29]. Spatial
envelope points are selected from all event points and connected by
lines. The inner cubic space formed by all the connected envelope points
is referred to as the fractured volume, as shown in the left image of
Fig. 8. The fractured space produced during the 669-760 s period is
marked in dark blue, while the space produced throughout the entire
injection process is marked in light blue. The outline of the fractured
space forms a sphere, consistent with the planes shown in Fig. 6.
Compared to the entire fractured space, the AE events during breakage
primarily occur in the upper part. The fractured volumes for all stages, as
well as for the 669-760 s period, are calculated and divided by the
volume of the coal sample to determine the fractured volume ratios, as
shown in Table 4. The global fractured volume ratio for all stages is 0.24,
while the fractured volume ratio for the 669-760 s period is 0.23. This
indicates that most of the fractured space is formed during this duration.

The fracture plane of the fractured coal sample is constructed from
AE events in Fig. 8. The area of constructed fracture plane is 12814 mm?
which is nearly half of the area of one side face of the sample
(22500 mm?). The curved surface is partly parallel to the maximum
principal stress (Y) but not perpendicular to the minimum principal
stress (Z). The curved plane shows that the fracture plane is redirected
along the X axis to form an irregular plan. The angles, 6; (45°) and 63
(60°) correspond to the Z/Y length ratio (nearly 1) and Z/X length ratio
(>1) respectively. The max fractured distance of Z with value of
120.3 mm which is biggest among three directions, is the Z-axis
maximum distance between all events. The max fractured distances of X
and Y are about 108 mm. The volumetric distance (35 mm) indicates
that most events happen surrounding the HF borehole. The strong AE
energy of events is the key for sample's breakage which is proved by the
water leakage from the sample after AE energy peak. As discussed
earlier, the initiation fluid pressure causes the events blossom and it has
smaller value compared and much time difference with the breakdown.
Most of the fracture area and volume is produced by initiation
(1.39 MPa) and the breakage is caused by the breakdown water pressure
(5.35 MPa) which is smaller than the maximum principal stress and
uniaxial compression strength (5.99 MPa). Comparison among the
fractured volume ratio, the final fracture plane, the max fractured dis-
tance and the volumetric distance indicates that (AE) events is unable to
capture all the failure of the coal sample during hydraulic fracturing.
There exists extensive proportion of aseismic failure behaviours [30].
More recording devices are expected to be employed to have a more
comprehensive description of the coal failure under injection.
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Fig. 8. Quantification of hydraulic fractures in coal.

Table 4
Main parameters of coal sample hydraulic fracturing.

Principle Peak water Initiation water Max fractured distance Volumetric Fractured Fracture plane Fracture

stress (MPa) pressure (MPa) pressure (MPa) (mm) distance (mm) volume ratio (mm?) orientation

o1 ) o3 X Y Z 0, 0y O3
6 4 2 5.35 1.39 108.1  108.2 1203 35 0.24/0.23 12814 45°  60°  50°

The fracture plane is not parallel to the direction of maximum
principal stress (61) or perpendicular to that of minimum principal stress
(03) as the theory deduces [31,32]. It assumes by theory that the sample
being hydraulically fractured is uniform and homogeneous inside and
the water pressure applies uniformly to borehole. Indeed, the coal is
existing underground in a weak and cracked status. The sample with
150 mm has much possibility to contain preexisting fractures, which will
dominate the path of pressurized fluid flow and lead to tortured fracture
planes with unpredictable geometries [28]. As discussed in Section 3.1,
the presence of preexisting fracture enhances the permeability of the
coal, which makes the initiation injection pressure (1.39 MPa) larger
than tensile strength (0.64 MPa) due to poroelastic effect. Moreover, the
mechanical strength of the sample is determined by the mechanical test
for standard cylinder samples. The size effect on tensile strength applies
to the cubic sample, making it more easily to be cracked than cylinder
samples. In practical application, greater fracture complexity will boost
stress release to mitigate the probability of rock/coal burst and enhance
the coal wettability, while demand more injection pressure and may also
reduce the fracture extension distance. A thorough assessment of het-
erogeneity and anisotropy on large sample from target fracturing loca-
tion needs to be developed with potential application of ultra sonic wave
transmission. Injection design in terms of borehole spacing and injection
times needs to be tailored by both assessment of heterogeneity and
anisotropy and hydraulic fracturing experiments.

4. Conclusions

True triaxial hydraulic fracturing experiments were conducted using
a self-developed apparatus with 150 mm cubic coal samples to optimise
the injection strategy for rock/coal burst mitigation. Analysis of acoustic
emission (AE) recordings and injection history revealed several key
findings. The AE energy peak lags behind the water pressure peak due to
the dilatancy effect, while the event rate reaches its maximum when
water pressure experiences a sudden increase or drop. Most events occur
between 50 and 120 mm along the direction of the maximum principal
stress. During the sample's breakdown phase, alternating shrinkage and
expansion (ASE) phenomena are observed. Parameters such as average

event distance, double length, and length ratio effectively quantify the
temporal distribution of fractures. Preexisting fractures introduce het-
erogeneity in the coal sample and play a dominant role in hydraulic
fracture propagation. The fracture plane, reconstructed from AE events,
forms an irregular surface that is partially aligned with the maximum
principal stress, closely resembling the final fracture morphology of the
cracked coal sample. The fracture plane occupies approximately half of
one side of the coal sample, while the total fractured volume accounts
for about one-fourth of the sample's total volume.
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