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Abstract: Owing to the continuous increase in mining depth, Yichang phosphorite mines in China
have entered the field of deep mining. The frequency of rockburst disasters is increasing. In situ
experience indicates that the practice of spraying water onto a working face after blasting is an
effective method of rockburst prevention. In order to investigate the underlying mechanisms of
rockburst prevention by watering in phosphorite mines, a series of uniaxial compression laboratory
experiments was carried on phosphorite samples under dry and water-saturated conditions with
an acoustic emission (AE) monitoring system. A high-speed camera was used to record the failure
process and pattern of a given rock sample prior to rockburst. The effects of water on the mechanical
properties and fracturing characteristics of phosphorite failure were determined. Experimental results
indicate that water reduces the uniaxial compressive strength and Young’s modulus. Saturated
phosphorite causes more small fragments after it fractures. A Gaussian mixture model (GMM)
clustering algorithm was utilized to analyze the crack propagation patterns of rock samples during
the entire process. It was determined that during the unstable crack propagation phase, the presence
of water makes the shear characteristics become more obvious. Water reduces releasable strain energy
which is consumed by internal damage and plastic deformation of the rock sample. Moreover, the
mechanism of watering for rockburst prevention is discussed from both macro and micro perspectives.
The primary reasons for this are the transfer of stress concentration zones and stress-releasing effects
via microcrack propagation on the working face.

Keywords: rockburst prevention; rock mass watering; Yichang phosphorite mining; stress concentration
zone; microcrack propagation

1. Introduction

Rockburst is among the most dangerous dynamic hazards in deep mines and tun-
nels [1]. It is a violent rupture of rock mass accompanied with a sharp release of stored
elastic energy and a rapid ejection of rock fragments [2]. The failure mode of the sur-
rounding rock can be changed from superficial spalling to violent rockburst as the depth
increases [3]. Many mines and tunnels have suffered from rockburst due to its abrupt,
stochastic, unpredictable and destructive nature [4]. In order to reveal the mechanism of
rockburst, many scholars have conducted a series of studies on the mechanism of rock-
burst [5–10]. Li illustrated that internal pre-static stress is the dominant factor for rock
failure and that external dynamic disturbance stress is an important inducement [11]. Deng
and Su pointed out that induced rockbursts are essentially nonlinear phenomena and set
up the quantitative relationship between blasting parameters and rockbursts [12].

Meanwhile, studies on the prevention and control of rockburst are also of great
significance [13–16]. Field and laboratory experiments show that spraying water onto
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or injecting it into the heading face can effectively reduce the frequency and severity
of rockburst. Rocks exhibit significant differences in mechanical behavior under satu-
rated water and dry conditions [17]. Many studies focus on water–rock interactions in
order to analyze the influence of water content on mechanical properties and failure
mode [18–28]. For instance, Erguler and Ulusay highlighted the negative exponential rela-
tionship between uniaxial compressive strength of rock and water content [29]. Waza et al.
focused on the influence of water on rock crack propagation. Crack propagation velocity
increases dramatically with increasing water content in clay-bearing rocks [30]. Nara et al.
illustrated that the crack propagation velocity increases dramatically with increasing water
content in granite [31]. Xie et al. focused on the damage evolution and control mechanisms
of rock mechanical behavior in the Three Gorges Reservoir area. It has been reported
previously that the dissolution and microcracks of carbonate cement in sandstone may be
the main reasons for damage [20]. However, Wong et al. pointed out, through a summary of
the literature, that water content is not the only factor affecting rock strength and modulus.
In fact, porosity, density and strain rate are also significant factors [32].

In deep hard-rock tunnels, there is generally no rockburst when the surrounding rock
is rich in water; however, relatively dry rock mass is prone to rockburst [33]. Water content
exhibits a significant effect on the mechanical behavior of surrounding rock. Therefore,
some researchers have studied the impact of water on rockburst and coal bump [34–39].
Varied water content changes the fracturing pattern of tunnel-surrounding rock, making it
more prone to shear fracturing under saturated conditions and forming a wider and deeper
“V” shaped fracture zone. Conversely, under dry conditions, the fracture pattern exhibits
a typical layered fracture mode. High water content will cause the surrounding rock to
exhibit a lower dynamic failure rate and faster static failure [40]. Luo performed a study on
uniaxial and true triaxial compression tests of natural and saturated red sandstone. It has
been reported that red sandstone in a saturated state has a more obvious shear effect. Water
affects the meso mechanism of rock spalling. One study highlighted that the prevention
mechanism behind the application of water onto rockburst involves a reduction in the
residual elastic strain energy and avoiding the excessive concentration of strain energy [41].
Luo conducted a series of true triaxial tests on natural and saturated red sandstone samples
containing D-shaped holes in order to study the effect of water on rockburst in D-shaped
tunnels. Water was found to reduce the capacity of surrounding rock to store elastic strain
energy, and increase the dissipated energy required for deformation and failure [42]. Cai
carried out a series of uniaxial compression tests on sandstone to study the mechanism of
watering in order to prevent rockburst. He pointed out that the decrease in rock energy
storage capacity and the decrease in stress near the working face are the main reasons for
rockburst being avoided [43].

Numerous investigations have shown that rockburst usually occurs in brittle, hard
rocks under high levels of geological stress [11,44,45], and that its hazards increase sig-
nificantly with the increase in mining depth. Yichang, China, is rich in phosphorite re-
sources, with most of the area’s multi-billion-ton phosphorite resources buried at a depth of
500–800 m and, with additional resources found at depths greater than 1000 m. Rockburst
disasters are gradually becoming more serious. Figure 1 shows the phosphorite mines in
Yichang, an area where rockburst is serious. Figure 2 shows the rockburst and its support
near the working face. Therefore, in order to more effectively prevent rockbursts, it is im-
portant to study the mechanisms involved in rock mass watering for rockburst prevention
in phosphorite mines.

This study aims to deduce the mechanism behind watering for the purposes of pre-
venting rockburst in phosphorite mines and of enhancing our understanding of damage
evolution in phosphorite. For this purpose, we have carried out uniaxial compression tests
on phosphorite under dry and saturated conditions and used high-speed cameras to record
the failure process in order to analyze the effect of water on mechanical properties. At the
same time, an acoustic emission system was used to reveal the damage evolution in dry
and saturated phosphorite via a process of acoustic characterization.
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2. Experiments
2.1. Rock Material and Sample Preparation

All phosphorite samples were taken near the working face buried at a depth of
800 m in the Yichang Dongda Mine, China. Samples of typical phosphorite extracted from
rockburst-prone sites were selected for core drilling at depths of 600 m to 1000 m, as shown
in Figure 3. Physical parameters were measured, as shown in Table 1. All samples were
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taken perpendicularly to the bedding surface, with a diameter of 50 mm and a length of
100 mm [46]. The samples include two groups: dry and saturated. Each group includes
3 rock samples. Dry samples were dried at temperature of 105 ◦C for 12 h. Saturated sam-
ples were soaked in distilled water and weighed every 2 h until the weight
stopped changing.
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Table 1. Main physical parameters of the phosphorite.

Simple No. Density (g/cm3)
Connected Porosity

(%)
P-Wave Velocity

(m/s)

S01 2.829 0.524 4526
S02 2.912 0.581 4125
S03 2.575 0.538 4423
S04 2.682 0.556 4418
S05 2.591 0.541 4483
S06 2.722 0.573 4674

2.2. Experimental Methodology

The apparatuses used in uniaxial compression experiments are displayed in Figure 4.
During the test, axial load was applied at an axial displacement rate of 0.004 mm/s, and
both axial load and displacement were recorded at a sampling interval of 0.2 s. A 16-channel
AE signal monitoring system was used to record the AE signal of the sample during loading.
Two AE sensors were directly fixed to the rock surface with transparent tape, and a thin
layer of Vaseline was applied between the sample and the sensor to provide good acoustic
coupling. During the monitoring process, a gain effect of 40 dB was selected for the AE
signals, and the trigger threshold was set to 40 dB in order to filter the background noise.

A high-speed camera (see Figure 4) was applied to the loading system in order to
record the fracturing process of rock samples. A transparent acrylic plate was used to
prevent any damage caused by the ejection of phosphorite fragments.

Due to the limitations of camera memory, we focused on capturing the fracturing
evolution observable near the peak stress. The frame rate of camera was set to 40,000 fps.
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3. Analysis of Experimental Results
3.1. Stress–Strain Curves

Figure 5 shows the stress–strain curves of phosphorite in dry and saturated states.
When the stress reached its peak level, the rock sample was found to be completely fractured
and possess no residual strength. Compared with saturated phosphorite, dry phosphorite
has a higher peak stress and steeper slope in the elastic region.
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Figure 5. Stress–strain curves under dry and saturated conditions.

Table 2 shows the mechanical parameters and reduction due to the application ofwater
to phosphorite, including uniaxial compressive strength (UCS) and Young’s modulus (E).
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Table 2. Values of phosphorite mechanical properties.

Simple No. Moisture
State

UCS (MPa) E (GPa)
Percentage

Reduction Due to Water

UCS E

S01 Dry 81.64 4.61
S02 76.86 4.26
S03 86.29 4.37
S04 Saturated 50.16 3.92 38.56% 14.97%
S05 45.83 4.04 40.37% 5.16%
S06 51.47 3.86 40.35% 11.67%

Table 2 indicates that water significantly weakens the uniaxial compressive strength
UCS of phosphorite. The percentage reduction that occurred due to water can be
calculated as:

Percentage Reduction of UCS = (UCSdry − UCSsaturated)/UCSdry
Percentage Reduction of E = (Edry − Esaturated)/Edry

(1)

The average reductions of UCS and E are 39.76% and 10.66%, respectively.

3.2. Fracturing Process and Failure Pattern of Dry and Saturated Phosphorite

Figures 6 and 7 show the process from the first observation of macroscopic cracks
until the complete fracturing of samples. The first frame is the initial state of the sample
without loading. The second frame is the time (0 s) from the start of loading for the first
macroscopic cracks of the sample. The time on the subsequent frames is the time interval
from the initiation of cracking.
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Figure 6 shows the fracturing process of dry phosphorite under a uniaxial compression
load. In Figure 6b, the first large axial tensile crack appears in the middle of the sample
with a crackling sound. After a 10 s quiet period, the crack begins to grow (Figure 6c).
During 12.02150 s–12.02475 s (Figure 6d,e), some small particles and fragments fall and are
ejected from the surface of the sample, which can be understood as a light rockburst in-site.
At 12.02555 s, the crack begins to expand to a large area (Figure 6f). At 12.02875 s, the whole
sample completely fractures along the crack and splits into many large fragments, fine
particles and powder, a moment accompanied by a loud bang (Figure 6h).

Figure 7 shows the fracturing process of dry phosphorite under uniaxial compression
load. Figure 7b shows the ejection of fine particles and dust from the left surface of the
sample with a slight sound. After a quiet period of 18 s, small fragments spall from the
surface (Figure 7c). At 20.01675 s, some fragments are ejected (Figure 7d), followed by the
emergence of large cracks (In Figure 7e). At 20.04200 s, a main crack (Figure 7h) appears
on the surface of the sample, followed by severe fragmentation and a burst of powder
accompanied by a violent bang (Figure 7i).

The failure patterns of dry and water-saturated phosphorites are shown in
Figures 8 and 9. We can observe the following from the high-speed camera images captured
and post-mortem samples:
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1. Both the dry and the saturated sample are violently fractured into multiple fragments,
and tiny fragments and powder are rapidly ejected from the sample surface before
rock bursting. The difference is that a significantly greater quantity of small fragments
and powder are produced by the fracturing of the saturated sample than by the dry
sample. There is speculation that water affects the crack propagation rate, resulting in
greater numbers of small fragments appearing after the saturated sample fractures [30].
The results are opposite to those of red sandstone [43]. It is mainly due to differences
in mineralogical composition, resulting in different effects of water.

2. The majority of fractures that occur in both dry and saturated samples are tensile. In
the case saturated samples, however, there is a greater abundance of shear cracks. This



Sustainability 2023, 15, 9010 9 of 17

is probably due to the fact that when the rock pores are closed, the hole walls on both
sides are in direct contact, and the existence of the bound water film on the surface of
the mineral particles (weakly bound water has some of the properties of liquid water)
reduces the friction and shear strength between the two, which is similar to the effect
achieved by the addition of a lubricating layer between two elastic plates [47].

3.3. Evolution of Damage and AE Parameters during Loading Process

The evolution characteristics of AE hit rate and accumulated AE energy associated
with the stress–strain curve under dry and saturated conditions were analyzed, and the
results are shown in Figure 10. C1 and C2 divide the deformation and damage process into
three phases:

1. Crack closure phase. In this phase, a small amount of AE signals is generated for dry
samples, and the accumulated AE energy starts to grow slowly, while there is almost
no AE signal generated for saturated samples in this phase, and the AE energy growth
trend is not obvious. This phenomenon can be explained because in this phase, the
stress level is relatively low, and the deformation of the sample occurs primarily due
to the compaction and closure of the original microcracks within it. During the closure
process, the rough surface is occluded and damaged, and some coarse particles are
rubbed, resulting in the generation of a small amount of AE signals.

2. Linear-elastic deformation phase. In this phase, the AE rate of dry and saturated
samples begins to increase gradually, and the accumulated AE energy also begins
to increase rapidly. The AE rate and cumulative AE energy curve show a similar
trend to that exhibited by the stress–strain curves. This phase is dominated by elastic
deformation, with the occurrence of only limited plastic deformation.

3. Damage evolution phase. The damage accumulation in this phase contains the
precursor information of the fracture. During this phase, the AE rate and accumulated
AE energy of dry and saturated rock samples increase significantly, indicating that
the initiation and propagation of cracks in this phase promote the generation of AE
signals. As the load level approaches its peak, the microcracks in the sample begin
to increase and gradually expand. The AE rate and accumulated AE energy increase
sharply. The occurrence of fractures can be seen in both dry and saturated samples.
The AE rate and accumulated AE energy of dry samples are lower than the same
parameters of saturated samples, which are opposite to red sandstone [43].

In general, during the whole loading process, due to the presence of water, the AE
rate and accumulated AE energy of dry samples are lower than those that of the saturated
samples. Additionally, in the crack closure phase, the saturated rock sample has almost
no AE signal, which may be due to the lubrication of water in the original microfracture,
resulting in less fine particle friction in the process of fracture closure than that seen in the
dry samples.

3.4. RA–AF Analysis of AE Parameters of Dry and Saturated Phosphorite

The RA–AF parametric analysis method proposed by the Japanese Construction
Materials Standard (JCMS-III B5706) (2003) was used to study the RA–AF values dur-
ing loading of phosphorite. The RA (rise time/maximum amplitude) value can be used
to characterize the generation mechanism of AE sources; additionally, often when com-
bined with the AF (average frequency) value, AF is used to analyze the failure pattern of
rocks [48–51]. High RA values and low AF values indicate that the fracture at a certain
point is of a shear type, while the low RA values and high AF values indicate that the
fracture at a certain time is tensile in nature.
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The Gaussian mixed model (GMM) clustering algorithm is used to analyze RA–AF
values, the basic idea being that multiple Gaussian probability density distributions are used
to maximize the maximum likelihood probability of RA–AF data under the distribution
outlined in [52–54]. Due to the relative independence and randomness of AE signal data,
compared with the analysis method proposed by JCMS-III B5706, the probability of a GMM
clustering algorithm simulating and fitting AE signal data is substantially higher. The
Python program is applied to GMM cluster analysis in order to identify the crack type.
Figure 11 shows the results of crack classification for dry and saturated phosphorite. The
entire loading process is divided into 5 stages, including load levels of 0–20%, 20–40%,
40–60%, 60–80% and 80–100%. The results of the proportions of tensile and shear cracks in
dry and saturated samples at each stage are shown in Table 3.
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Table 3. Proportion of tensile and shear cracks at each stage in dry and saturated samples.

Load Level Condition
Tensile

(%)
Shear

(%)
Tensile Average Shear Average

RA (ms/V) AF (102 kHz) RA (ms/V) AF (102 kHz)

0–20%
Dry 52.61 47.39 4.127 0.728 11.278 0.639

Saturated 51.17 48.83 1.283 0.621 5.312 0.462

20–40%
Dry 58.63 41.37 2.475 0.914 7.538 0.635

Saturated 52.31 47.69 0.514 0.752 7.695 0.713

40–60%
Dry 62.74 37.26 1.341 1.145 4.723 0.747

Saturated 56.47 43.53 0.837 0.821 5.892 0.772

60–80%
Dry 58.84 41.16 0.852 1.163 4.184 1.087

Saturated 54.46 45.54 0.721 0.784 0.462 0.473

80–100%
Dry 64.03 35.97 1.526 1.182 5.279 0.821

Saturated 45.77 54.23 0.638 0.584 0.512 0.461

Figure 11 shows the contour map of GMM density, where the red area represents a
higher probability density and the blue area represents a lower probability density. The
tensile and shear crack areas are surrounded by dotted ellipses to a value twice the standard
deviation ellipses of the Gaussian model, representing a confidence interval of 0.9 [55]. It
can be seen that tensile cracks dominate the two states during the entire loading process, but
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that there are differences at each loading level. At the initial stage of loading (0–20%), the
shear cracks of dry phosphorite are significantly higher than those of saturated phosphorite.
As the load level increases, the shear cracks under both conditions gradually decrease.
When the load level reaches 60–80%, the elliptical color of saturated phosphorite becomes
more evident, and shear cracks show an increasing trend. This indicates that during
unstable crack propagation phase, the presence of water affects the final failure pattern of
phosphorite, a fact verified by Figure 9.

3.5. Energy Characteristics and Damage Mechanism under Dry and Saturated Conditions

The relationship between the releasable elastic and dissipated energy under uniaxial
compression loading is shown in Figure 12. The area enclosed by the stress–strain curve
and the unloaded elastic modulus in Figure 13 indicates dissipated energy (Ud), signifying
the energy consumed when damage and plastic deformation occur. The shadow area
indicates releasable elastic energy (Ue), and this part of the energy is the elastic energy that
can be released after unloading. Since only the axial stress participates in the entire test
process, the strain energy of each part can be calculated as:

U =
∫ ε

0
σdε, (2)

Ue =
1
2

σεe, (3)

Ud =
∫ ε

0
σdε − σ2

2E0
, (4)

where ε is the strain during the entire loading process, εe is elastic strain, σ is stress and E0
is initial elastic modulus.
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Figure 13 shows the energy evolution of phosphorite during the loading process. The
values of Ue/U at the peak of dry and saturated samples are 0.803 and 0.798, respectively;
Ud/U values are 0.197 and 0.202, respectively. This indicates that most of the strain energy
absorbed by dry and saturated samples before peak in uniaxial compression is releasable,
and that the proportion of dissipated energy consumed by internal damage and plastic
deformation is small. However, the strain energy consumed by saturated phosphorite is
significantly greater than that of dry phosphorite. Compared to dry samples, the stored
strain energy in saturated phosphorite is significantly reduced. This indicates that water
is conducive to reducing the release rate of strain energy when rock burst occurs. The
Ud/Ue values (correction value of brittleness index defined by M. Aubertin [56]) of dry
and saturated samples are 0.208 and 0.294, respectively. This indicates that the plastic
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deformation before the peak of saturated samples under uniaxial compression is greater
than that of dry samples.
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4. Discussion

The mechanism of watering to prevent rockburst is discussed from both macro and
micro perspectives in this section. The mechanism diagram is shown in Figure 14. From
a macro perspective, the drilling and blasting method is commonly used in the deep
underground mining of phosphorite. The blasting load and transient unloading of rock
mass lead to the adjustment of the excavation boundary stress, which is concentrated near
the working face. However, watering the working face reduces the elastic modulus of the
zone near the working face, thereby relocating the stress concentration zone away from the
working face [43].

From a micro perspective, according to the fracturing results of lab tests, it can be
concluded that more microcracks occur in the saturated phosphorite. This is due to the
fact that saturation causes a stress-releasing effect on the working face during the process
of stress adjustment after blasting, resulting in the transfer of stress. The generation and
propagation mechanisms of microcracks can be divided into two categories depending on
whether they factor in a crack’s relationship with load. One category is load-dependent
and includes factors such as the change in pore water pressure, the flow of pore water and
the lubricating effect of the bound water film. When the load state of saturated phosphorite
changes, the rock skeleton deforms and the pore space is compressed or stretched. When
the pore space is smaller than the volume of free water in the pore, the compressed water
tends to flow due to its incompressibility. In the pore networks with poor connectivity,
the compression of pore water can lead to an increase in pore water pressure. For pores,
the effect of internal water pressure is equivalent to the effect of outward tensile stress,
which will intensify the concentration of tensile stress at the ends of pores (cracks), thereby
promoting the propagation of cracks. The above microscopic processes have the potential
to lead to the attenuation of the macroscopic mechanical properties of rocks. In pore
networks with good levels of connectivity, the flow of pressurized pore water can lead
to a redistribution of water pressure (from a high-pressure zone to a low-pressure zone),
the weakening the local concentration of pore water pressure and the application of a
hydrodynamic pressure to the rock skeleton, each of which has the potential to reduce the
deformation resistance of a rock skeleton. This process can explain the reduction in rock
elastic modulus at the macro level. The other category is load-independent and includes the
hydration of clay minerals and the dissolution of soluble minerals. Phosphorite contains a
small amount of hydromica, leading to interlayer expansion and intergranular expansion.
Under the constraint of the rock skeleton, an expansion force is generated which acts on the
rock skeleton [47,57]. If the expansion force is large enough, it will lead to the propagation
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of existing cracks and the generation of new cracks. On the other hand, dolomite in
phosphorite belongs to a soluble mineral; its presence can directly lead to the loss of rock
skeleton material and a change in pore shape during the water absorption process.
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5. Conclusions

Water weakens the uniaxial compressive strength and Young’s modulus, while also
reducing the elastic strain energy storage capacity. Analyzing the fracturing process and
results of phosphorite shows that both dry and saturated samples are violently broken
into multiple fragments, although saturated samples are broken into a significantly larger
number of small fragments and powders after fracturing than dry samples. The fracturing
of both dry and saturated samples is dominated by tension cracks; however, the presence
of bound water films leads to the development of a greater number of shear cracks in
saturated phosphorite.

The mechanism of preventing rockburst via watering is discussed from both macro and
micro perspectives. From a macro perspective, we can assert that watering reduces Young’s
modulus of the zone near the working face with the effect of keeping the stress concentration
zone away from it. From a micro perspective, a greater quantity of microcracks occur
in the saturated phosphorite after watering, resulting in a stress-releasing effect on the
working face and leading to stress transfer. The generation and propagation mechanisms
of microcracks can be divided into two categories on the basis of whether they depend
on load. The category of load-dependent cracks is influenced by the change in pore water
pressure, the flow of pore water and the lubricating effect of a bound water film. The load-
independent category of cracks is altered by the hydration of clay minerals (hydromica in
phosphorite) and the dissolution of soluble minerals (dolomite in phosphorite).
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Most rockbursts in phosphorite mines are immediate and usually occur between 2 and
8 h of blasting. Therefore, future research should determine how to quickly saturate the
working face and roof with water and generally optimize the watering method. The results
could offer guidance for setting up indicators to evaluate the effectiveness of watering for
rockburst prevention.
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