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The study on the mechanical response of deep rock under hydromechanical cou-
plings condition can guide the safe excavation and stability evaluation of deep 
tunnel engineering. The effects of monotonic loading and cyclic loading on the 
mechanical properties of granite under 5 MPa pore water pressure and 10 MPa 
confining pressure were studied by laboratory tests. Before the peak stress, the 
permeability under monotonic loading was significantly higher than that under 
cyclic loading, and the permeability under cyclic loading increased sharply after 
the peak stress. There were two active periods of the acoustic emission energy 
before peak stress under monotonic loading, but it was always in relative quiet 
period under cyclic loading before peak stress. Based on the energy theory, the 
energy evolution of granite was discussed. The dissipation energy can better re-
flect the effect of loading mode on the energy evolution. 
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Introduction 

With the development of deep geotechnical engineering and underground space uti-

lization, the rock mass of underground engineering is always faced with the environment of 

high pore water pressure, which gradually becomes an important factor of safe excavation and 

operation of deep engineering. For example, the maximum external water pressure on the 

structure of the Jinping-II Hydropower Station is 10.22 MPa, and the maximum single point 

water output is 7.3 m
3
/s [1]. According to the drilling data, there exist high pore water pressure 

at several boreholes in deep tunnel in Zheduo mountain, and the construction of the tunnel will 

face the risk of water bursting [2, 3]. At the same time, a large number of research have shown 

that the mechanical properties of rock itself will change significantly under the action of hy-

draulic coupling [4-7]. Therefore, the study of rock mechanical characteristics under hydraulic 
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coupling is of great significance for deep geotechnical engineering and underground space 

utilization. 

In the excavation of deep geotechnical engineering, the surrounding rock mechanics 

environment is often affected by the excavation. Due to the influence of different excavation 

methods, the rock mass is repeatedly in the process of stress adjustment with the increase of 

circumferential stress and the unloading of radial stress. Therefore, it is of great practical sig-

nificance to study the effect of cyclic loading on the mechanical properties of rock. Through a 

series of monotonic and cyclic loading experiments on granite, Xiong et al. [8] found that with 

the continuous accumulation of damage, both the peak stress and the crack initiation threshold 

decreased. Zhang et al. [9] conducted cyclic loading test on granite under hydromechanical 

coupling condition, and pointed out that cyclic loading has important influence on permeability 

and energy dissipation of granite. Zhang et al. [10] discussed the permeability of granite under 

cyclic loading, and discovered that the permeability during unloading is less than that during 

loading. Ning et al. [11] investigated the mechanical properties and permeability of granite 

under cyclic loading combined with hydraulic coupling tests, and discovered that crack prop-

agation, damage evolution and permeability evolution are closely related. Many scholars have 

paid much attention to the mechanical properties and seepage characteristics of rock under 

cyclic loading [12-14], but the effect of different stress paths on the mechanical response of 

rock under hydraulic coupling condition and its mechanism are not clear, more research is 

necessary. 

In the process of rock deformation and failure, there is an evolution process of de-

velopment and expansion of the internal micro-cracks, which is accompanied by acoustic 

emission (AE) [15-17]. The AE, as a non-destructive monitoring method of rock internal 

damage, can well reflect the evolution of rock internal cracks and reveal the mechanism behind 

the mechanical response. Therefore, the monotonic loading and cyclic loading tests with pore 

water pressure of 5 MPa and confining pressure of 10 MPa are designed for deep granite, the 

effects of different loading modes on the mechanical parameters, permeability, AE character-

istics and energy evolution of granite were investigated. 

Hydraulic coupling test of deep granite 

Description of rock samples and testing facilities 

The granite samples used in this test are taken from the No. 2 borehole of Zheduo 

Mountain 1# Tunnel, China, and the depth is 771~798 m. According to ISRM's suggestion, f 

50 mm × L 100 mm cylindrical standard granite samples were made by core sampling, cutting 

and grinding. The specimen has a smooth surface and a compact structure, fig. 1(a). The hy-

draulic coupling test is conducted by MTS815 rock mechanics test system, fig. 1(b), which is 

used for the hydraulic coupling triaxial test with a maximum axial load of 4600 kN, a maximum 

confining pressure of 140 MPa and a maximum pore pressure of 140 MPa. The AE test is 

conducted by using PCI-Ⅱ AE system, and the real-time acquisition and storage of AE signal 

time-space distribution and wave velocity are realized by using eight AE sensors. In order to 

reduce the influence of noise and attenuation of acoustic wave on the test results, the threshold 

of AE signal acquisition is set to 40dB. 

In the process of test preparation, the confining pressure is first applied to the target 

confining pressure of 10 MPa at a rate of 4 MPa per minute, and the pore water pressure is 

applied to the target value of 5 MPa at a rate of 4 MPa per minute after the confining pressure is 

stabilized. In order to compare and analyze the effect of engineering disturbance on the me-
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chanical properties of granite, a group of hydraulic coupling cyclic loading tests were designed. 

The stress path of cyclic loading test is shown in fig. 1(c). After loading to 50 MPa at a rate of 3 

MPa per minute, it enters the stress maintenance stage. In each subsequent loading process, the 

target stress increases by 50 MPa each time until the last residual stress stage. It should be noted 

that in the monotonic loading test, stress shall be maintained for every 50 MPa increase, and 

permeability shall be measured once. 

 

 

 

 

 

 

 

 

 

 

 

 

Mechanical properties and AE characteristics of 

deep granite under hydro-mechanical coupling 

Stress–strain curves  

The stress-strain curves of granite under monotonic loading (ML) and cyclic loading 

(CL) are shown in fig. 2. In order to better analyze the mechanical properties of granite under 

loading, the stress-strain curves are marked by several characteristic stresses. In monotonic 

loading, fig. 2(a), the initiation stress, sci, is determined by the transverse stress difference 

method (ΔLSR) proposed by Zhao et al. [18] and Nicksiar [19], and the damage stress, scd, is 

the stress corresponding to the maximum volume strain. In cyclic loading, the inflexion of the 

first rise curve of axial strain-crack volumetric strain under cyclic loading and unloading is 

taken as crack initiation stress, sci, and the maximum value of volumetric strain is damage 

stress, scd [20]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Granite sample of THM coupling test; (a) granite specimen, 

(b) MTS815 rock mechanics test system, and (c) stress path of cyclic loading test 

Figure 2. Stress-strain curves of granite under hydromechanical coupling; 
(a) s3 = 10 MPa, Pw = 5 MPa, ML and (b) s3 = 10MPa, Pw = 5 MPa, CL 



Hao, Q.-J., et al.: Study on Mechanical Properties and Acoustic Emission … 634 THERMAL SCIENCE: Year 2023, Vol. 27, No. 1B, pp. 631-638 

In fig. 2(a), when the stress value is less than the initial fracture stress, sci, the axial 

stress-strain curve has obvious non-linear characteristics due to the closure of the primary 

fracture and the compaction of the colloidal particles. During cyclic loading, the stress-strain 

curve before crack initiation undergoes a stress cycle, and the compaction effect on granite 

results in that its non-linear characteristics is less obvious than that of monotonic loading. When 

the stress value is between sci and scd, the granite enters the crack initiation stage, the axial 

stress-axial strain curve increases linearly under monotonic loading, and the increase of volume 

strain slows down until it reaches the maximum. Meanwhile, the granite undergoes four stress 

cycles during cyclic loading, the area of stress hysteresis loop increases gradually, which 

indicates that the cumulative damage of granite increases gradually. 

Permeability of granite  

The well-known permeability is given: 
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where u is the viscosity of the pore fluid (we take 0.01), b – the compressibility of the pore fluid 

(we take 4.53·10
-10), V – the volume of the pressure-stabilizing vessel (we take 319), Ls – the 

height of the pattern, DPi – the initial pressure difference, DPf – the final pressure difference, Dt 
– the duration, and As – the cross-sectional area of the rock. 

The permeability is shown in fig. 3. The 

permeability of the first two stress cycles during 

cyclic loading does not meet the measurement 

criteria and is therefore not shown in fig. 3. 

Under monotonic loading, the permeability 

shows a trend of decreasing at first and then 

increasing gradually, and it reaches minimum 

when the stress level is 50%. At the stress level 

of 33~50%, the decrease of permeability is due 

to the closure of primary fractures of granite, 

which results in the closure of some microscopic 

seepage channels. During cyclic loading, the 

permeability increases gradually. When the 

stress level is 87%, the permeability is 

1.187·10
-15

 m
2
. At the end of the test, the per-

meability reaches 2.566·10
-14

 m
2
, which increases 21.62 times. This is due to the formation of 

macro-cracks in granite during the post-peak stress stage, and the increase of friction damage of 

macroscopic crack surface and the widening of seepage passage under loading and unloading. 

In addition, the permeability under cyclic loading is significantly lower than that under mon-

otonic loading before the peak stress, which reflects the effect of cyclic loading on granite 

fracture. 

The AE energy evolution 

The AE energy represents the area under the envelope of AE signal, and many re-

searches have proved that the AE energy reflects the development and propagation of rock 

Figure 3. Permeability-stress level curves of 
granite under hydro-mechanical coupling 
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micro-cracks. Figure 4 shows the AE energy-time curve and stress-time curve of granite under 

monotonic and cyclic loading. In monotonic loading, fig. 4(a), when the loading time is less 

than 2456 seconds, the granite is in the elastic stage and the fracture initiation stage, and AE 

energy is in the quiescent stage. The first peak-value of AE energy is 2.22·10
-19

 J when the 

stress increases to near the damage stress. When the stress is greater than scd the AE energy 

enter an active period, and the second peak value of 5.80·10
-19

 J appears at the peak stress sf. In 

the post-peak phase, AE energy are also active due to stress adjustment and friction between the 

main crack surfaces. In cyclic loading, fig. 4(b), when the stress is less than scid, the AE energy 

is in the initial quiescent period, and there is no obvious AE energy due to stress loading and 

unloading. When the stress is greater than scd, the AE energy gradually enters the active period, 

and the first peak value of 1.40·10
-19

 J appears near the peak stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Energy and damage evolution  

Energy theory 

The energy input into the rock under load is partly stored in the rock by elastic strain 

energy and partly dissipated by crack development, propagation and penetration. If the unit 

volume of granite unit is assumed to have no energy exchange with the outside world, no 

energy loss such as AE and radiation energy, etc. There is: 

e dU U U               (2) 

where U is the total energy, Ue – the elastic strain energy, and Ud – the dissipative energy. 
As shown in fig. 5, under a single OA loading-AB unloading cycle, the area sur-

rounded by OAC represents the total energy Ui of a cycle. The area surrounded by OAB rep-

resents the dissipated energy d
iU  of a cycle the area around ABC represents the elastic strain 

energy of a cycle. Here, we have: 
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Figure 4. The AE energy-time curve and stress-time curve of granite under hydro-mechanical coupling; 
(a) s3 = 10 MPa, Pw = 5 MPa, ML,(b) s3 = 10MPa, Pw = 5 MPa, CL 
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and 

d e

i i iU U U           (5) 

where 1,
d

i is the cyclic axial plastic strain and is 1,
e

i  the cyclic axial elastic strain.  
Under monotonic loading, there exists Ud = U – Ue where: 
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There are general cases of the stress and 

strain suggested in [21]. The unloading elastic 

modulus Eu and unloading Poisson's ratio vu can 

be replaced by the elastic modulus and Poisson's 

ratio in the elastic stage respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Energy evolution analysis 

The stress level calculated by the ratio of the real-time stress to the peak stress is taken 

as the abscissa, and the elastic strain energy, Ue, dissipated energy, Ud, and total strain energy, 

U, under monotonic loading and cyclic loading is taken as the ordinate, fig. 6. It’s concerned 

that the stress level below 100% in the right half of the abscissa represents the post-peak phase. 

Under cyclic loading, Ue, Ud, and U increase non-linearly with the increase of stress level 

before the peak stress, and decrease obviously at the post-peak stress stage. Under monotonic 

loading, before the peak stress, U and Ue increase with the increase of stress level, while Ud 

increases first and then decreases. Comparing the energy evolution under the two conditions, it 

can be found that the significant difference is reflected in the dissipative energy Ud. Under 

monotonic loading, Ud reaches a peak value of 0.0327 J/cm
3
 at the stress level of 50% before 

the peak, and then decreases gradually with the test. Under cyclic loading, Ud reaches a peak 

value of 0.144 J/cm
3
 at the peak stress, and is less at the early stage of the test. At the pre-peak 

stress level of 54%, the dissipation energy increases faster than that under monotonic loading. 

Figure 5. Calculation method for elastic energy            Figure 6. Energy evolution of granite 
and dissipated energy in a rock unit  
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These differences result from the different loading modes, in the previous process, due to the 

compression effect of cyclic loading, energy dissipation is smaller. However, near the peak 

stress stage, the damage degree of granite will increase under cyclic loading, more micro-cracks 

will develop and more energy will be consumed during loading. 

Conclusion 

Through the monotonic loading and cyclic loading tests of granite under 5 MPa pore 

water pressure and 10 MPa confining pressure, the effects of different loading modes on the 

mechanical parameters, AE energy evolution of granite under hydromechanical coupling were 

investigated. The peak strength of granite under cyclic loading is smaller than that under 

monotonic loading. The permeability of granite under monotonic loading before peak stress is 

greater than that under cyclic loading, while the permeability of granite under cyclic loading 

after peak stress increases greatly. The AE energy shows that the fracture evolution of granite 

under monotonic loading is more active than that under cyclic loading. Based on the energy 

theory, the energy evolution of granite under two loading modes is discussed, and it is found 

that dissipative energy is the key to the evolution of reaction cracks.  
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Nomenclature 

As – sample cross-sectional area, [cm2] 
Eu – unloading elastic modulus, [GPa] 
Ls – sample height, [mm] 
Pw – pore water pressure, [MPa] 
DPi – initial pressure difference, [MPa] 
DPf – final pressure difference, [MPa] 
Dt – duration, [s] 
U – total strain energy, [Jcm–3] 
Ud – dissipated energy, [Jcm–3] 
Ue – elastic strain energy, [Jcm–3] 
V – pressure-stabilizing vessel volume [cm3] 
vu – unloading Poisson's ratio, [–] 

Greek symbols 

b – pore fluid compressibility, [MPa] 

1,
e

i  – axial elastic strain of a cyclic, [–] 

1,
d
i  – axial plastic strain of a cyclic, [–] 

s1 – axial stress, [MPa] 
s3 – confining pressure, [MPa] 
sf – peak stress, [MPa] 
scd  – damage stress, [MPa] 
sci  – initiation stress, [MPa] 
Ds – stress increment, [MPa] 
u – pore fluid viscosity, [Pa s] 
f – sample diameter, [mm] 
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