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Abstract The mechanical properties of the deep

rock are impacted not only by the complicated stress

environment but also by the mineral composition. To

reveal the relationship between mineral development

characteristics and acoustic emission signals in the

mechanical evolution of deep rocks, metagabbros with

different feldspar mineral development were sub-

jected to acoustic emission tests under hydraulic

coupling. The characteristic parameter of acoustic

emission signals and their correlation characteristics

were investigated. The results showed that the

mechanical property of the metagabbro with feldspar

mineral development was better than that without

feldspar mineral. The metagabbro with feldspar min-

eral development had much larger AE ringing counts

and absolute energies, as well as stronger rock

brittleness features than that without feldspar mineral

development. With increasing feldspar mineral con-

tent in metagabbro, the AE signals showed a longer

duration and a higher amplitude. During the unsta-

ble crack propagation stage, metagabbro without

feldspar mineral development exhibited four peak

frequency ranges, while that with feldspar mineral

development displayed five frequency ranges. The

metagabbro with nonuniform feldspar mineral devel-

opment had more pores and microcracks than that with

uniformmineral development. The permeability of the

rocks was highly correlated with the uniformity of

mineral development. This study provides a theoret-

ical foundation for monitoring and early warning of

water inrush risk in deep rock engineering.

Keywords Acoustic emission �Hydraulic coupling �
Rock mechanics � Peak frequency

1 Introduction

The depth of underground mining is increasing with

increasing depletion of shallow resources (Xie 2019;

Cai et al. 2019; Li et al. 2017). Deep rocks are

subjected to high in-situ stress as well as high osmotic

pressures, leading hydraulic coupling (Liu and Zhang

2008). The osmotic pressure has the obvious effect of

accelerating the crack propagation, which in turn

deteriorates the mechanical property of rock, causing

some engineering risk such as water inrush (Zhao et al.

2014; Zhang et al. 2019a). Therefore, the study of the

deep rock mechanics under hydraulic coupling is

critical for underground engineering.

Existing research focused on the permeability of

rock under hydraulic coupling (Wang et al. 2001; Hu
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et al. 2014; Wang et al; 2012a). Zhang et al.

(2020a, b, c) conducted triaxial compression perme-

ability experiments on sandstone using a rock top

multi-field coupled tester to reveal the permeability

law of rocks during the stress–strain process. Zhang

et al. (2019b) discovered that after the loss of bearing

capacity, the permeability of granite increased expo-

nentially with decreasing surrounding pressure. Wang

et al. (2018) analyzed the energy evolution law and

permeability characteristics of deep coal rock by

triaxial cyclic loading and unloading tests. Liu et al.

(2018) investigated the relationship between the

internal fracture and permeability on sandstone. The

type, size, arrangement, and bonding degree of

minerals in the rock had a remarkable effect on its

physical and mechanical properties (Zhao et al. 2014;

Cowie and Walton 2018; Ömer Ündül 2016). How-

ever, the studies considering the development charac-

teristics of rock minerals under hydraulic coupling are

rarely reported.

The process of microcrack initiation, expansion,

and penetration in rock materials is accompanied by

the release of energy, resulting in acoustic emission

(AE) phenomenon (Zhang et al. 2015; Li et al. 2017).

It had been demonstrated that the AE signals exhibit

certain evolutionary characteristics in the rock fracture

process (Ji et al. 2015; Li et al. 2018; Zeng et al. 2017;

Song et al. 2018, 2019; Pei et al. 2019). AE technology

could monitor the development of microcracks in rock

in real time and can effectively discriminate and

predict the physical properties, stability state, and

rupture degree, thus providing a discriminative basis

for disaster prevention and control (Ji and Lu 2015;

Song et al. 2020). Therefore, AE signals can be used to

accurately predict the damage and rupture of rocks

with different mineral development.

In this study, the hydraulic coupling test of

metagabbros with different feldspar mineral develop-

ments was carried out, and the resulting AE signals

during the rock fracture process were monitored. The

evolution of stress and AE characteristic signals of

metagabbro were analyzed. The distribution charac-

teristics between the AE ringing count and its absolute

energy, amplitude, and duration for different metagab-

bros were explored. The characteristics of AE peak

frequencies and permeability in different metagabbros

were investigated. This study would have important

guiding significance and reference value for the

construction design in deep rock engineering.

2 Experimental

Metagabbro samples were obtained from subsurface

layers at 800–1200 m in Laizhou District, Shandong

Province, China and composed of hornblende, feld-

spar, quartz, biotite chlorite, and other minerals. The

rock matrix comprised dark minerals such as horn-

blende and biotite, as shown in Fig. 1. According to

the standards, A50 mm 9 100 mm cylindrical rock

samples were processed in the laboratory. Metagabbro

with different felsic developments were chosen for the

test, as shown in Fig. 2. Metagabbro sample A was

distinguished by feldspar nondevelopments. Metagab-

bro samples B and C were characterized by different

feldspar developments. The mineral development

characteristics of metagabbro samples A and B were

more uniform than those of metagabbro sample C.

However, the feldspar minerals of metagabbro sam-

ples B and C developed more than those of metagab-

bro sample A. Matrixes of different metagabbros have

the same microstructures by comparing the micro-

scopic slices. To ensure that the original fractures and

micropores of the rock sample were filled with water,

the samples were kept in a pressure chamber for 48 h.

The triaxial test was conducted using a TAW-2000

computer control electro-hydraulic servo, with the

maximum lateral limit, maximum penetration pres-

sure, and maximum axial load of 100 MPa, 60 MPa,

and 2000 kN, respectively. A PCI-2 AE instrument

was used as the AE device. Figure 3 shows the test

system. The resonant frequencies of the probes in the

experiment were 60 and 150 kHz. The main amplifier

of the AE test system was set to 40 dB with the

threshold value of 45 dB.

Fig. 1 Polarized microphotographs of rock sample
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During the test, the AE sensors were taped to the

side of the pressure cylinder. Vaseline petroleum jelly

was smeared on the contact surface of the AE sensor

and the pressure cylinder to improve hydraulic cou-

pling and reduce attenuation of the AE signal.

The confining pressure and water pressure were

designated as 20 MPa, 4 MPa, respectively. The

prestress of 1 kN was applied to the rock sample to

ensure it was in full contact with the loader indenter,

and this could further eliminate the noise generated

during the contact process of the indenter and the

sample. The pressure test machine and AE acquisition

equipment were simultaneously turned on. The triaxial

tests were conducted under axial deformation, with a

loading speed of 0.01 mm/min.

3 Results of Stress–Strain Curves

According to the stress–strain curve, the loading

process before the peak is divided into the four stages:

the compaction stage I, the linear elastic stage II, the

Fig. 2 Metagabbro test rock sample

Fig. 3 Testing systems

123

Geotech Geol Eng (2022) 40:2921–2933 2923



stable crack propagation stage III, and the unsta-

ble crack propagation stage IV. The characteristic

strength can be identified based on the corresponding

characteristic points of the four stages. Stage I is the

compression closure stage with microcracks in the

rock, and the upper limit stress is the rock closure

strength rcc. Stage II is the linear elastic deformation

stage, with the rock initiation strength rci as the upper

limit stress. Stage III is the stable fracture propagation

stage, and the rock damage strength rcd is the upper

limit stress. Stage IV is the unstable crack propagation

stage, with the peak rock strength rc as the upper limit

stress. The characteristic strength could be determined

by the crack volume strain method proposed byMartin

et al. (1994) (ev and ecv are the volume strain and crack

volume strain, respectively). This method had the

advantages of clear physical meaning and easy

applicability and had been widely used in the analysis

of conventional triaxial compression test results of

brittle rocks (Zhu et al. 2007; Wang et al.

2012b, 2014). Table 1 displays the characteristic

strengths of different metagabbros.

Figure 4 shows that the stress–strain curve of

metagabbro sample A has four distinct stages, whereas

those of metagabbro samples B and C lack stage I.

Owing to the heavy proportion of feldspar and quartz

minerals, metagabbro samples B and C had a high

elasticity. Under a confining pressure of 20 MPa, the

microcracks of metagabbro samples B and C closed,

causing challenges to measure its closed strength.

Table 1 shows the characteristic strength of different

metagabbros. The peak strength, crack initiation

strength, damage strength, and elastic modulus of

metagabbro samples B and C were significantly

greater than those of metagabbro sample A, and its

Poisson ratio was smaller than that of metagabbro

sample A. Moreover, the mechanical properties of

metagabbro sample C were better than that of

metagabbro sample B, indicating that the peak

strength, cracking strength, damage strength, elastic

modulus, and the Poisson ratio of metagabbro were not

only related to mineral content, but also related to

mineral distribution uniformity.

4 AE Characteristic Signal of Different

Metagabbros

4.1 AE Ringing Count

On the time domain graph of AE waves, AE ringing

refers to one pulse output per oscillation of the

transducer, and thus also refers to the number of

oscillations that cross the threshold in the AE wave-

form signal. It can reflect the propagation degree of

micro-cracks in rock. Figure 5 shows the relationship

between stress, AE ringing count, and AE accumula-

tive ringing count.

There was almost no AE signal in the elastic stage

and stable crack propagation stage for metagabbro,

and more AE ringing counts produced in the unsta-

ble crack propagation stage. The peak of the AE

ringing count lagged behind the stress peak in

metagabbro samples A and B. While comparing the

AE ringing counts generated during the shear damage,

the ringing counts of metagabbro samples B and C

were higher than that of metagabbro sample A,

indicating that the rocks were more brittle. In addition

to one peak of the AE ringing count under the shear

failure, the other peak of the AE ringing count

appeared in the unstable crack propagation stage of

metagabbro sample B, indicating more complex

rupture.

The accumulative ringing counts showed the same

trend both for metagabbro samples A and C. The AE

accumulative ringing count rose slowly in the elastic

and stable crack propagation stages, then rapidly in the

unstable crack propagation stage. The accumulative

ringing count of metagabbro sample B revealed a

growth inflection point in the stage of unstable crack

Table 1 Characteristic strengths of different metagabbros

Sample Poisson rate Elastic modulus/MPa rcc/Mpa rci/Mpa rcd/Mpa rc/Mpa

A 0.3 98,195 23.511 72.015 93.048 201.054

B 0.23 111,783 – 96.3 161.0 240.70

C 0.12 125,882 – 168.661 191.471 283.998
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propagation, indicating that the interior of the rock had

been severely ruptured, but it still had a certain bearing

capacity after internal structure adjustment.

4.2 Characteristics of AE Absolute Energy

in Different Metagabbros

The absolute AE energy is the real reflection of the

energy of AE impact signal, which can reflect the scale

of rock internal fracture. The absolute energy unit ofAE

is attoJoules (aJ), and 1 aJ is equivalent to 10–18 J.

Figure 6 shows the curves of stress, AE absolute

energy, andAE accumulative absolute energywith time

under the hydraulic coupling of different metagabbros.

The AE absolute energy of metagabbro showed a

sudden release of energy during instability failure. The

peak of AE absolute energy for metagabbro samples

A, B, and C was 4.27e6aj, 1.74e9aj, 1.44e7aj,

respectively, exhibiting that metagabbro with feldspar

mineral development showed sever damage. The

Fig. 4 Stress–strain curves of different metagabbros

Fig. 4 continued
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Fig. 5 Stress–time–AE

ringing count relationship of

different metagabbros
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Fig. 6 Stress–time–AE

absolute energy relationship

of different metagabbros
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internal structures of metagabbro samples A and B

were still constantly adjusted after reaching the peak

stress, and their energy suddenly released until the

formation of penetrating shear cracks. The AE accu-

mulative energy of metagabbro sample C increased

rapidly at the peak stress, and the internal energy

accumulation effect was more obvious, and the brittle

failure characteristics of the rock were stronger.

5 Distribution Characteristics of AE Parameters

in Different Metagabbros

The AE signal parameter distribution analysis method

is the statistical distribution analysis of the AE signal

characteristic parameter. Distribution analysis can

identify the characteristics of AE sources and evaluate

the strength of AE sources to identify and predict the

fractured state of different rocks (Du et al. 2020; Liu

et al. 2019).

5.1 Distribution Characteristics of AE Absolute

Energy and Ringing Count

Figure 7 shows the plot of the AE absolute energy and

ringing count distribution of different metagabbros,

exhibiting K-type distribution trend. However, AE

ringing counts of different metagabbro samples varied

in the same AE absolute energy range. The AE

absolute energy of metagabbro sample B was mainly

concentrated on 0–5e3aJ. The AE absolute energies of

metagabbro samples A and C were mostly between

Fig. 7 AE absolute energy and ringing count distribution of different metagabbros

Fig. 8 AE amplitude and AE ringing count distribution of

different metagabbros
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5e2–5e4aJ. It was observed that the AE ringing count

of metagabbro sample B was primarily centered in the

low energy range, whereas a large number of AE

ringing counts still occurred in the high energy range

of metagabbro sample C, demonstrating that the

uniformity of mineral distribution is related to the

AE absolute energy distribution.

5.2 Distribution Characteristics of AE Amplitude

and AE Ringing Count

The AE amplitude is directly associated with the event

size and is not affected by the threshold. As shown in

Fig. 8, the AE amplitudes of different metagabbros

were mainly in the range 50–80 dB. Compared to

metagabbro sample A, metagabbro samples B and C

had a large number of AE ringing counts occurring in

the AE amplitude range 90–100 dB, demonstrating

that with increasing felspar mineral content in

metagabbro, the rock sample released stronger AE

signals, corresponding to the absolute energy released

by AE. Hence, the wave source type was determined

by the AE ringing count corresponding to high

amplitude.

5.3 AE Duration and AE Ringing Count

Distribution of Different Metagabbros

As shown in Fig. 9, the duration of metagabbro sample

A was mainly less than 500 ls, and the ringing count

of the rock was highest in the AE duration range

0–50 ls. The AE duration of metagabbro samples B

and C was largely concentrated in 1e3–1e4 ls, and the
ringing count of those rocks was highest in the AE

duration range 2e3–5e3 ls (Fig. 9). Furthermore, the

ringing count of metagabbro sample B was visibly

higher than that of metagabbro sample C in the same

duration, revealing that with increasing feldspar

mineral content in metagabbro, the AE signals showed

longer duration characteristics.

6 Characteristics of AE Peak Frequencies

and Permeability in Different Metagabbros

Different metagabbros were subjected to AE test

utilizing two acoustic emission channels of low

frequency and high frequency, guaranteeing that

signals of higher and lower frequencies could be

gathered. As illustrated in Fig. 10, the low-frequency

and high-frequency signals were combined to generate

Fig. 9 AE duration and ringing count distribution of different metagabbros
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Fig. 10 Stress–time-AE

peak-frequency relationship

of different metagabbros
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the peak frequency, stress, and water injection with

time.

The AE peak frequencies of the three rocks were

primarily centered in the range 40–60 and

145–155 kHz in the elastic stages. As the loading

increased, the AE signals showed higher and lower

frequencies. In the unstable crack propagation stage,

metagabbro sample A exhibited four AE peak fre-

quency ranges 20–25, 55–80, 145–165, and

295–305 kHz, while metagabbro samples B and C

displayed five frequency ranges 20–25, 55–80,

145–165, 235–245, 295–305 kHz. Metagabbro sam-

ple A also showed a frequency band in the range

235–245 kHz in the post-peak stage, as a result of

continuous friction and fracture of minerals on the

shear surface. Metagabbro sample B had higher AE

peak frequency signals. Metagabbro samples A and C

merely had higher high-band AE peak frequencies

near the peak destruction. The characteristic high-

frequency signal released in the unstable extension of

cracks became increasingly visible as the interior

mineral development grew to be more nonuniform.

This was of great significance for distinguishing the

critical fracture signal characteristics of rocks.

The trend of water injection reflects the develop-

ment of fractures in rock, which indirectly reflects the

permeability characteristics. The permeability of

intact metagabbro is extremely low, and the cracks

inside the rock are not developed, making water

infiltration difficult. In the elastic stage, the pore water

inside the rock was continuously squeezed out, and the

permeability was continuously reduced. The amount

of water reflects the degree of development of the

pores and microcracks in the rock. The extrusion

draining contents of metagabbro samples A, B, and C

were 0.04, 0.17, and 0.02 mL, respectively, exhibiting

that the metagabbro with nonuniform feldspar mineral

development had more pores and microcracks.

Metagabbro samples A and C were at the extrusion

draining stage before rupture. With the internal

extrusion adjustment, the saturated pore water in the

rock continually forced out, and there was no pene-

trating crack. However, the stress concentration

occurred in the internal fractures of the metagabbro

sample B during the unstable propagation stage of

cracks, resulting in massive cracks and water infiltra-

tion. The water infiltration indicates higher perme-

ability of the rock, which demonstrated that the

permeability of the rocks is highly correlated with

the uniformity of mineral development.

7 Conclusion

In summary, the AE test of three metagabbros with

different mineral development was conducted under

hydraulic coupling. The characteristic parameter of

acoustic emission signals and their correlation char-

acteristics were explored. The following conclusions

are drawn.

(1) The mechanical properties of metagabbro sam-

ples were closely linked to feldspar minerals.

The metagabbro with feldspar mineral develop-

ment had much higher peak strength, initiation

strength, damage strength, and elastic modulus

than metagabbro without feldspar mineral

development, with lower Poisson ratio.

(2) The AE signals of different metagabbros mainly

occurred in the unstable extension stage of the

fracture. The AE accumulative absolute energy

of metagabbro without feldspar mineral devel-

opment had a clear step jump law before the

failure. The AE accumulative ringing count of

metagabbro with nonuniform feldspar mineral

development had a clear jump law before the

failure. However, the AE signal released by

metagabbro with uniform feldspar mineral

development did not follow this law, and its

brittleness and energy accumulation are greater.

(3) The uniformity of mineral distribution related to

the AE absolute energy distribution. Metagab-

bro with nonuniform feldspar mineral develop-

ment was mainly concentrated in the low energy

range. With increasing feldspar mineral content

in metagabbro, the AE signals showed a longer

duration and a higher amplitude.

(4) In the elastic stage, the acoustic emission peak

frequency of metagabbro primarily distributed

in the ranges 40–60 and 145–155 kHz. In the

plastic stage, metagabbro with feldspar mineral

nondevelopment exhibited four peak frequency

ranges, and that with feldspar mineral develop-

ment displayed five frequency ranges. The

metagabbro with nonuniform feldspar mineral

development had more pores and microcracks

than that with uniform mineral development.
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During the unstable crack propagation stage,

metagabbro with uniform mineral development

did not show water infiltration, whereas that

with nonuniform mineral development exhib-

ited water infiltration before the rupture.
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