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Abstract After the excavation of underground
engineering, the failure and instability of surround-
ing rock under hydro-mechanical coupling condi-
tions is a common type of engineering disaster.
However, the hydro-mechanical coupling mechanical
characteristics of rock have not been fully revealed,
and suitable models for the stability analysis of sur-
rounding rock under hydro-mechanical coupling
conditions are very scarce. Therefore, a series of tri-
axial compression and cyclic loading and unloading
hydro-mechanical coupling tests were carried out to
study the mechanical characteristics, deformation
and mechanical parameters of rock under different
confining pressures and pore pressures. Then, based
on Biot’s effective stress principle, a hydro-mechan-
ical coupling damage constitutive model within the
framework of irreversible thermodynamics was pro-
posed to describe the initial compaction effect, pre-
peak hardening and post-peak softening behaviors.
The functional relationships between the proposed
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model key parameters (7 and {) and the effective
stress were established to characterize the pre- and
post-peak nonlinear behaviors of rock. A compac-
tion function C for the evolution of the undamaged
Young’s modulus in initial compaction stage was
introduced to characterize the pre-peak compaction
effect. A user-defined material subroutine (UMAT)
was compiled in ABAQUS to numerically imple-
mented the proposed model. The numerical simula-
tion results are highly consistent with the test results,
the proposed model can also predict the hydro-
mechanical coupling characteristics of rock under
untested stress levels. In addition, the yield function
of the proposed model considers the influence of
intermediate principal stress, which is also suitable
for the simulation of hydro-mechanical coupling
characteristics under true triaxial stress states.
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e A series of triaxial compression and cyclic load-
ing and unloading hydro-mechanical coupling
tests were carried out to investigate the mechani-
cal properties of granite gneiss under different
confining pressures and pore pressures.

A hydro-mechanical coupling damage constitu-
tive model within the framework of irreversible
thermodynamics was proposed to describe the
initial compaction effect, pre-peak hardening
and post-peak softening behaviors.

The functional relationships between the pro-
posed model key parameters (7 and {) and the
effective stress were established to better simu-
late the pre- and post-peak nonlinear behaviors
of rock.
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e A compaction function C, for the evolution of
the undamaged Young’s modulus in initial com-
paction stage was introduced to characterize the
pre-peak compaction effect.
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1 Introduction

The hydro-mechanical coupling effect is a front and
difficult issue of rock mechanics and engineering
(Braun et al. 2019; Khadijeh et al. 2022). The exca-
vation of offshore and marine geotechnical engineer-
ing, water conservancy and hydropower engineering,
underground energy engineering and underground
transportation engineering all have potential hydro-
mechanical coupling damage and disaster risk (Ber-
nabe 1986; Rutqvist and Stephansson 2003; Guay-
acan-Carrillo et al. 2017; Fang and Wu 2022). There
are abundant initial micropores and microcracks in
engineering rock, which provide seepage channels
for groundwater. Under the hydro-mechanical cou-
pling conditions, the permeability, strength, pre-peak
hardening and post-peak softening characteristics of
rock are very complex (Biot 1956; Katz and Thomp-
son 1986; Caine et al. 1996; Rutqvist et al. 2002;
Zhou et al. 2019; Li et al. 2021). Especially similar
to underground water-sealed oil storage caverns, the
stress field and pore pressure field of surrounding
rock are coupled during the construction period, and
with the oil outlet and inlet process during the opera-
tion period, the surrounding rock of the storage cav-
ern undergoes stress cyclic loading and unloading in
hydro-mechanical coupling environment (Mitchell
and Faulkner 2008; Xiao et al. 2021; Lyakhovsky
et al. 2022). The mechanical properties of rock under
complex hydro-mechanical coupling states have not
been fully revealed, and the suitable hydro-mechani-
cal coupling models are very scarce to provide theo-
retical guidance for engineering support, excavation
design and safe operation. Therefore, it is urgent to
carry out in-depth research.

Triaxial compression and cyclic loading and
unloading hydro-mechanical coupling tests for rock
have achieved some research results (Wang and
Park 2002; Tenthorey et al. 2003; Zhang et al. 2013;
Zhang et al. 2020). Previous studies have shown that

@ Springer

confining pressure, pore pressure and stress path
have significant effects on rock mechanical behaviors
(including strength, pre-peak hardening, post-peak
softening) and permeability (Barton 2002; Mitchell
and Faulkner 2008; Zheng et al. 2019, 2022a, 2023a).
Some studies have focused on the influence of pore
pressure on rock strength and Young’s modulus (Yu
et al. 2020; Zhang et al. 2021; Zheng et al. 2022b,
2022c¢). According to the effective stress principle, the
coupling effect of mechanical pressure and pore pres-
sure can be expressed by the effective stress (Zheng
et al. 2015; Liu et al. 2018, 2022), and the strength
of rock under hydro-mechanical coupling conditions
is closely related to effective stress, which increases
with increasing effective stress. Some studies have
focused on the mechanism of permeability evolution
under hydro-mechanical coupling conditions (Zhang
2013; Tian et al. 2019; Zheng et al. 2022d); other
studies have focused on the influence of the scale
effect on rock permeability (Yang et al. 2017; Putilov
et al. 2022); and some scholars have also studied the
effects of stress paths such as loading, unloading and
loading unloading on the hydro-mechanical coupling
characteristics of rock (Shi et al. 2017; Ning et al.
2022). A small number of studies have focused on
the progressive failure process, pre-peak hardening
and post-peak softening characteristics of rock under
hydro-mechanical coupling conditions (Wang et al.
2020; Kou et al. 2021; Zheng et al. 2022¢). However,
previous studies have mainly focused on high per-
meability rocks and less on low permeability brittle
rocks (such as granite), and the influence of different
confining pressures, pore pressures and stress paths
needs further study.

The strength of rock is generally considered to be
closely related to confining pressure, and many schol-
ars have proposed some strength criteria by analyzing
the relationship between strength and confining pres-
sure, such as the Mohr—Coulomb, Drucker—Prager
and Hoek—Brown strength criteria (Alejano and
Bobet 2012; Si et al. 2019; Hoek and Brown 2019;
Xia et al. 2022; Zheng et al. 2023b). Based on these
strength criteria, some scholars have proposed hydro-
mechanical coupling constitutive models to describe
the strength characteristics of rock under hydro-
mechanical coupling conditions and have achieved
good results (Yang et al. 2018; Wang et al. 2020; Wen
et al. 2022). In addition, the deformation and failure
processes are the important research issues in the
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study of rock under hydro-mechanical coupling con-
ditions. To characterize the hydro-mechanical cou-
pling deformation and failure processes of rock, some
rock hydro-mechanical coupling models have been
proposed, which are mainly divided into five types
(Nakshatrala et al. 2018; Wang et al. 2018; Liu et al.
2021b; Rueda et al. 2021; Wu et al. 2022): equivalent
continuous model, discrete fracture network model,
dual-porosity media model, fracture mechanical
model and damage mechanical model. The equiva-
lent continuous model reconstructs the constitutive
relation and related parameters of a fractured rock
mass through the theory of continuum mechanics,
which avoids the difficulty of solving discontinuous
problems (Laghaei et al. 2018). The discrete fracture
network (DFN) model assumes that the permeabil-
ity of intact rock mass is much smaller than that of
fractures, and the seepage in rock mass only exists in
fractures. This model can accurately characterize the
small-scale hydro-mechanical coupling characteris-
tics of fractured rock masses (Giuffrida et al. 2019).
The dual-porosity media model assumes that the rock
mass is composed of pores with water storage prop-
erties and fractures with water transmission proper-
ties, and the pores and fractures are independent and
interconnected. To some extent, the dual-porosity
media model can better simulate the seepage prob-
lem in complex media (Zhao and Chen 2006; Zhao
et al. 2021). The first three models mainly involve the
classical elastic—plastic theory and do not involve the
damage and deterioration of the rock mass. The lat-
ter two models focus on the more complex coupling
effects caused by rock damage and deterioration.
Some scholars have proposed hydro-mechanical cou-
pling models from the perspective of micromechan-
ics and macromechanics based on the concepts of
fracture mechanics and damage mechanics (Hamiel
et al. 2004; Liu et al. 2021a; Xi et al. 2022; Zheng
et al. 2023c). Micromechanics explains the inelastic
behavior of materials from the perspective of crack
propagation and friction sliding, and yet the com-
plexity of the description method of inelastic behav-
ior leads to a complex form of the micromechanics
model, which is difficult to numerically implemented
and difficult to apply in engineering (Shao and Rud-
nicki 2000; Zhu and Tang 2004; Jia et al. 2021); mac-
romechanics defines internal variables to describe the
plasticity and deterioration behaviors of materials,
and the established phenomenological models have a

simpler form and can be easily implemented in engi-
neering applications based on finite element methods
(Zhou et al. 2001; Zhao et al. 2019; Shen et al. 2022).
However, the above models do not consider the post-
peak softening behavior due to rock degradation. In
addition, there are magnanimous initial micropores
and microcracks inside the rock. These micropo-
res and microcracks will be compacted in the ini-
tial compaction stage of rock (Baud et al. 2000; Cai
et al. 2004; Zhu et al. 2022), and the corresponding
stress—strain curve appears as a concave curve with
increasing Young’s modulus. There are few stud-
ies on the model of initial nonlinear behavior, and
most of the previous models do not consider this pre-
peak compaction effect (Wang et al. 2021; Hu et al.
2022), resulting in a large strain difference between
the numerical simulation results and the test results.
A hydro-mechanical coupling damage model consid-
ering the pre-peak compaction effect and post-peak
softening effects has not been established.

In view of the aforementioned research deficien-
cies, a series of triaxial compression and cyclic
loading and unloading hydro-mechanical coupling
tests were carried out to study the mechanical char-
acteristics, deformation and mechanical parameters
of rock under different confining pressures and pore
pressures. By analyzing the test results, a hydro-
mechanical coupling damage model considering the
compaction effect, pre-peak hardening and post-peak
softening nonlinear behaviors was established within
the framework of irreversible thermodynamics based
on the effective stress principle. A user-defined mate-
rial subroutine (UMAT) was compiled in the Fortran
language, and the numerical program of the pro-
posed model was implemented in the finite element
software ABAQUS. A sensitivity analysis of the key
parameters (7 and {) of the proposed model was car-
ried out, and the proposed model was verified with
the test results. The hydro-mechanical coupling char-
acteristics of the rock were predicted.

2 Hydro-mechanical coupling test of granite
gneiss
2.1 Specimen and apparatus

The test sample is granite gneiss from a 100 m under-
ground area obtained by core drilling in a China
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Fig. 1 a Typical granite gneiss specimen; b hydro-mechanical
coupling test apparatus

groundwater-sealed oil cavern reservoir project.
The porosity of the sample is low, there are no vis-
ible cracks, and the surface is dark black with certain
white spots. According to the method recommended
by the International Society of Rock Mechanics and
Engineering (ISRM) (Fairhurst and Hudson 1999;
Feng et al. 2019), the sample is processed into a
cylinder with a diameter of 50 mm and a height of
100 mm. A typical specimen is shown in Fig. la.

The test system is a fully automatic triaxial
microservo hydro-mechanical coupling test apparatus
for rock, as shown in Fig. 1b. The test system is com-
posed of a triaxial pressure chamber, pressurization
system, computer control system, constant pressure
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stabilizing device, water pressure control system and
automatic information acquisition system. Conven-
tional triaxial tests, triaxial cyclic loading and unload-
ing hydro-mechanical coupling tests of rock can be
conducted. The test system can apply the maximum
axial pressure, the maximum confining pressure and
the maximum pore pressure of 500 MPa, 60 MPa
and 30 MPa, respectively, and realize the automatic
compensation of axial pressure, confining pressure
and pore pressure during the loading process, with
an accuracy of+0.1 MPa. Axial strain and circum-
ferential strain can be measured by the linear variable
differential transformer (LVDT) and circumferential
strain measuring ring. In the process of the hydro-
mechanical coupling test, the automatic acquisition
system can record the test data in real time and realize
digital graph.

2.2 Stress path of the conventional triaxial
hydro-mechanical coupling test

As the oil storage cavern undergoes the process
of oil inlet and outlet, under cyclic loading and
unloading conditions, the deformation and stability
of the surrounding rock may be affected. To study
the strength, deformation and failure characteris-
tics of rock during this loading and unloading pro-
cess, triaxial cyclic loading and unloading tests are
needed. Since the strength of triaxial cyclic loading

o, (Until failure)

Fig. 2 Stress path. a For conventional triaxial hydro-mechanical coupling test; b for triaxial cyclic loading and unloading hydro-

mechanical coupling test. (p, is pore pressure, o), is peak strength)
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and unloading tests under different confining pres-
sures cannot be determined, conventional triaxial
tests can be conducted in advance to determine the
strength of rock under different confining pressures,
which provides a basis for the design of triaxial
cyclic loading and unloading test processes.

Combined with the geological investigation
report and the stress conditions in the sampling
area of the test samples (water sealed oil storage
project buried depth of approximately 100 m), con-
fining pressures of 2 MPa, 4 MPa and 6 MPa were
selected for the conventional triaxial hydro-mechan-
ical coupling test. According to the field water
level monitoring data, the pore pressure is about
1 MPa, considering excavation excess pore pres-
sure effect, the pore pressure is set to 1, 2, 3 MPa.
To meet engineering practice, all samples should be
saturated for at least 4 h at a negative pressure of
0.098 MPa before the test. The test loading process
is controlled by stress, and the stress path is shown
in Fig. 2a:

1. Apply stress to set confining pressure o5 and keep
confining pressure stable;

2. Apply pore pressure p, (<o3) to a set value and
keep pore pressure stable;

3. Saturate the specimen until water flows out of the
outlet;

4. The deviatoric stress is applied at a rate of
0.75 MPa/min until the specimen is destroyed.

2.3 Stress path of triaxial cyclic loading and unload-
ing hydro-mechanical coupling test

According to the peak strength o, obtained from the
conventional triaxial hydro-mechanical coupling test
under different confining pressures, confining pres-
sures of 2 MPa, 4 MPa and 6 MPa and a pore pres-
sure of 1 MPa were selected to carry out the triaxial
cyclic loading and unloading hydro-mechanical cou-
pling test. Similarly, before the test, all the specimens
were saturated for at least 4 h at a negative pressure
of 0.098 MPa. The loading and unloading rate during
the test process is 0.75 MPa/min, and the stress path is
shown in Fig. 2b:

1. Apply stress to set confining pressure o, and
keep confining pressure stable;

2. Apply pore pressure p, (<o3) to set value and
keep pore pressure stable;

3. Saturate the specimen until water flows out of the
outlet;

4. The deviatoric stress is loaded to 0.4(;p and then
unloaded to 0.26p;

5. The deviatoric stress is loaded to 0.6(rp and then
unloaded to 0.20p;

6. The deviatoric stress is loaded to 0.86p and then
unloaded to O.2ap;

7. The deviatoric stress is loaded to 0.90p and then
unloaded to 0.20p;

8. The deviatoric stress is loaded to 0y if the speci-
men is still not destroyed, then similarly continue
to load to failure.

3 Test results and analysis

3.1 Stress—strain curve characteristics of granite
gneiss under hydro-mechanical coupling
conditions

3.1.1 Stress—strain curve of granite gneiss
under triaxial hydro-mechanical coupling test

The stress—strain curves of granite gneiss under dif-
ferent confining pressures and pore pressures are
shown in Fig. 3. (1) In Fig. 3a—c, the constant pore
pressure is p,=1 MPa, and the confining pressures
are o3=2, 4, 6 MPa; (2) in Fig. 3b, d, e, the con-
stant confining pressure is 6;=4 MPa, and the pore
pressures are p,=1, 2, 3 MPa. When pore pressure
is 1 MPa and confining pressure are 2, 4, 6 MPa, the
strength of rock increases with increasing confining
pressure, and the strain corresponding to the peak
strength of rock also increases with increasing confin-
ing pressure. When confining pressure is 4 MPa and
pore pressure are 1, 2, 3 MPa, the strength of rock
decreases with increasing pore pressure.

According to the shape of the stress—strain curve,
it can be divided into three typical stages before the
peak strength: compaction stage, linear elastic stage
and hardening stage. During the initial loading pro-
cess of rock, the initial micropores and microcracks
are compacted, resulting in an increase in rock stiff-
ness, which shows a concave curve in the compac-
tion stage of the stress—strain curve. After the com-
paction stage, rock enters the linear elastic stage. At
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«Fig.3 The stress—strain curves of granite gneiss under
conventional triaxial hydro-mechanical coupling test.
a py=1 MPa, 6;=2 MPa; b p,=1 MPa, o3;=4 MPa,
¢ po=1 MPa, 6;,=6 MPa; d p,=2 MPa, o;=4 MPa; e
DPo=3 MPa, 6;=4 MPa

this stage, the micropores and microcracks of rock is
almost completely closed, and the stiffness of rock
is no longer increased, showing a linear increase of
stress—strain curve. Under the action of continuous
loading, rock enters the hardening stage. At this stage,
new cracks are increasing, and the stress—strain curve
begins to show nonlinear characteristics. In addition,

200

-02 -0.1 0.0 0.1 02 03 04 05

360

the variation trend of the volumetric strain curve of
granitic gneiss in the compaction stage and linear
elastic stage is consistent with that of the &, strain.
With the continuous loading of stress, the volume
deformation of rock changes from compression to
expansion, and the volume strain curve begins to turn.

3.1.2 Stress—strain curve of granite gneiss
under triaxial cyclic loading and unloading

hydro-mechanical coupling test

The stress—strain curves of granite gneiss under tri-
axial cyclic loading and unloading hydro-mechanical
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Fig. 4 Stress—strain curves of granite gneiss under triaxial cyclic loading and unloading hydro-mechanical coupling test. a
po=1MPa, 63=2 MPa; b p,=1 MPa, 6;=4 MPa; ¢ p,=1 MPa, ;=6 MPa
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coupling tests with confining pressures of 2, 4 and
6 MPa and pore pressures of 1 MPa are shown in Fig. 4.
With increasing confining pressure, the peak strength
and corresponding deformation of rock increase obvi-
ously. In the process of stress loading and unloading,
the compacted microcracks inside rock are continu-
ously relaxed during stress unloading, and the defor-
mation and Young’s modulus of the rock decreases
accordingly. When the stress is reloaded, these relaxed
microcracks are recompacted, the deformation and
Young’s modulus of the rock increase accordingly.

3.2 Mechanical parameters and strength character-
istics of granite gneiss under hydro-mechanical
coupling conditions

Figure 5 defines the basic mechanical param-
eters in combination with the typical stress—strain
curve of granite gneiss under conventional triaxial

4
Ny D (o, ¢,)
SV g[
C (o, &)
B (o)
AAO‘I
1] Ag;
0= Ag;/A¢, A (o, &)
Ey,= Ac,/Ag,

< o —

Fig. 5 Definition of mechanical parameters based on typical
stress—strain curves of granite gneiss. (£, is Young’s modulus;
v is Poisson’s ratio; o, and ¢, are crack closure stress and cor-
responding to strain; o; is crack initiation stress; o, and &, are
initial yield strength and corresponding to strain; o, and &, are

P P
the peak strength and the corresponding to strain)

hydro-mechanical coupling conditions. Point A rep-
resents the crack closure stress o, which is the end
point of rock compaction stage, and & is its corre-
sponding strain. Point B represents the crack initiation
stress 0. The stress—strain curve between two points
A-B is in the linear elastic stage, and the undamaged
Young’s modulus £, can be derived from the ratio of
the axial stress increment Ao, to the strain increment
Ae, (Ey=Aoc,/Ag,). Poisson’s ratio v can be derived
from the ratio of the lateral strain increment Agjy to
the axial strain increment Ae; (v=Ae;/Ag,). Point C
represents the initial yield strength o, of rock, which
is the starting point of nonlinear behavior after the
linear elastic stage of stress—strain curve, and €y is its
corresponding to strain. Point D represents the peak
strength o, of rock, and ¢, is its corresponding strain.

3.2.1 Conventional triaxial hydro-mechanical cou-
pling test

The basic mechanical parameters (E;, v, 0., €.

Oy €y Oy ep) of granite gneiss in conventional tri-
axial hydro-mechanical coupling test under different
confining pressures and pore pressures are listed in
Table 1. The mechanical behaviors of rock are closely
related to confining pressure and pore pressure. With
increasing confining pressure (6;=2, 4, 6 MPa) and
at same pore pressure (p,=1 MPa), the peak strength
and initial yield strength of rock increased (Fig. 6a).
With increasing pore pressure (p,=1, 2, 3 MPa) and
at same confining pressure (c;=4 MPa), the peak
strength and initial yield strength of rock decreased
(Fig. 6b). With the change in confining pressure and
pore pressure, the undamaged Young’s modulus E
and Poisson’s ratio v of granite gneiss do not change
obviously, and it can be inferred that these two
parameters are not dependent on confining pressure
and pore pressure.

Table 1 Strength and
deformation parameters

o5 (MPa) p,(MPa) E,(GPa) v

0. (MPa) £, (%) o,(MPa) &, (%) o,(MPa) ¢, (%)

of granite gneiss under

¢ oS Ul 2 1 44.13
convent}onal tr1ax'1al hydro- 4 1 4436
mechanical coupling test

4 2 44.13
4 3 43.12
6 1 43.36

0.29 51.23 0.19 19285 053 21399 0.67
0.28 43.81 0.20 23130  0.64 256.87 0.75
0.32 47.63 0.18 21673 055 24528  0.64
0.29 15.71 0.03 211.88  0.62 22949  0.73
0.25 59.97 0.21 26299  0.69 28212  0.79
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300 300
Conventional triaxial test
/@ (6, =05 =4 MPa)
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—A— Initial yield strength o,
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200 1 (py = 1 MPa) S~o
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—4A— Initial yield strength o,
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<
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e
©200 |
Triaxial cyclic loading and unloading test
(po=1MPa)
150 = © -Peak strength g,
—4A— Initial yield strength o,
1 00 1 1 1 1
2 4 6 8 10
o, (MPa)

Fig. 6 Variation of the peak strength o, and initial yield

strength o, of granitic gneiss under different o5 and p.

Conventional triaxial hydro-mechanical coupling test: a

3.2.2 Triaxial cyclic loading and unloading
hydro-mechanical coupling test

The basic mechanical parameters (Ej, v, 0., €., Oy
€y, O ep) of granite gneiss under different confining
pressures and pore pressures in triaxial cyclic load-
ing and unloading hydro-mechanical coupling tests
are listed in Table 2. Similar to the results of conven-
tional triaxial hydro-mechanical coupling test, the

peak strength and initial yield strength of rock vary

(c)

Po=1 MPa, 63=2, 4, 6 MPa; b 63=4 MPa, p,=1, 2, 3 MPa;
triaxial cyclic loading and unloading hydro-mechanical cou-
pling test: ¢ py=1 MPa, 03=2, 4, 6 MPa

with the confining pressure (py=1 MPa, 0;=2, 4,
6 MPa), as shown in Fig. 6c.

The peak strength of granite gneiss is different
under conventional triaxial compression and cyclic
loading and unloading hydro-mechanical coupling
tests due to different test loading methods, and the
strength parameters of these two tests can be fitted
separately, as shown in Fig. 7. According to the effec-
tive stress principle, there is a linear relationship
between the first invariance of effective stress tensor
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Table 2 Strength and deformation parameters of granite gneiss under cyclic triaxial loading and unloading hydro-mechanical cou-
pling test

o5 (MPa) Ppo (MPa) E, (GPa) v 6. (MPa) £oe (%) o, (MPa) e, (%) o, (MPa) e, (%)
2 1 43.38 0.23 38.25 0.15 144.63 0.42 160.70 0.46
4 1 44.15 0.30 50.67 0.19 244.2 0.65 271.33 0.72
6 1 45.13 0.26 51.80 0.18 275.27 0.72 305.86 0.80
180 200
Conventional triaxial test Triaxial cyclic loading and unloading test
m  Peak state = Peak state .
- - - Linear fitting . - L1-nf3ar ﬁttlng s
150 A Initial yield state R 150 L 4 Initial yield state [
E - - - Linear fitting - oA § - -~ Linear fitting . o
E - g: - = - ! 7
= J7, =0480 +19.62 52 - T2 209360+ 2-
S .2 p
> o 7 oo} \ - \
120 - » e
«’ ; , «’ J, =0.5311 +5.26
7, =04821, +17.45 Vo .
90 L | 50 L L L
150 200 250 300 120 180 240 300 360
I, (MPa) I, (MPa)

(a) (b)

Fig. 7 The effective strength test results and Drucker—Prager peak state and initial yield state. a Conventional triaxial hydro-

linear fitting with the first invariant of effective stress tensor 1/1 mechanical coupling test result; b triaxial cyclic loading and

and the second invariant of effective deviatoric stress J'2 in unloading hydro-mechanical coupling test result

1.0 40
I Pe.ak state B Peak state

sl [ nitial yield state [ | Initial yield state

’ Triaxial cyclic loading and 30 b

unloading test . o

05 Conventional triaxial test \ Conventional triaxial test

’ 0.536 0.531 \

0.480 0.482 20k 19.620 17.450
04r Triaxial cyclic loading and
unloading test

02 10 -

' 5.290 5.260

[ K

(@) (b)

Fig. 8 Strength parameters a and x under conventional triaxial hydro-mechanical coupling test and triaxial cyclic loading and
unloading hydro-mechanical coupling test. a Parameter a; b parameter «
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I; and the second invariance of effective deviatoric
stress \/Ji/2 in the peak state and the initial yield state

under different confining pressures and pore pres-
sures. The Drucker—Prager criterion can be intro-
duced for linear fitting (Alejano and Bobet 2012):

\/Z=a11+;< (1)

1, = gl =0 + =0 + 00 Ji, = 0] + 0, 40
2
6 =06- bp,6 3

where a and « are the strength parameters; p, is the
pore pressure; b is the effective stress coefficient,
which can be valued as 1 for the rock porous medium
material; & is a second-order unit tensor; & is the
stress tensor; and 6 is the effective stress tensor.
Figure 7a shows the strength parameter fitting results
of the conventional triaxial hydro-mechanical coupling
test, and Fig. 7b shows the strength parameter fitting
results of the triaxial cyclic loading and unloading
hydro-mechanical coupling test. Finally, the strength
parameters of the peak state and the initial yield state
of the conventional triaxial hydro-mechanical coupling
test are a=0.480, k=19.62 and a=0.482, k=17.45
(see Fig. 8a); the strength parameters of the peak
state and initial yield state of the triaxial cyclic load-
ing and unloading hydro-mechanical coupling test are
a=0.536, x=5.29 and =0.531, k=5.26 (see Fig. 8b).

4 A new thermodynamic hydro-mechanical
coupling damage constitutive model considering
the compaction effect, pre-peak hardening
and post-peak softening behaviors

The coupling of plastic deformation and mechani-
cal damage leads to the nonlinear behaviour and
failure of rock. Based on the ideal elastic—plastic
yield function, a function of the plastic variable and
damage variable can be introduced to describe the
nonlinear behaviors of rock. The plastic variable
can describe the pre-peak plastic hardening behav-
ior of rock, and the damage variable can model the
post-peak damage softening behavior of rock (Shao
et al. 2006). According to a large number of exist-
ing tests, confining pressure and pore pressure are

considered to be closely related to the mechanical
behaviors of rock (Tenthorey et al. 2003; Zhang
et al. 2020). To study the mechanical and deforma-
tion characteristics of granite gneiss under hydro-
mechanical coupling conditions, a hydro-mechan-
ical coupling damage constitutive model within
the framework of irreversible thermodynamics was
established.

4.1 Framework of irreversible thermodynamics

The deformation of rock is considered to be divided
into two parts: elastic reversible deformation and
plastic irreversible deformation. Generally, rock is
assumed to be a material with only small deforma-
tion. According to the traditional elastic—plastic
mechanics theory, the deformation of rock can be
expressed as:

€ = €%+ eP and de = de® + deP )

where g°=elastic strain tensor; P =plastic strain ten-
sor; and £ =total strain tensor.

Rock damage occurs with stress loading, and
rock damage feeds back to the evolution of rock
mechanical properties. Generally, the damage
variable of rock can be expressed by the acous-
tic emission ring count or deterioration of the
Young’s modulus (Lemaitre 1984; Xue et al.
2022). According to the continuum damage
mechanics theory, a scalar damage variable is
defined by the deterioration of the Young’s modu-
lus during loading:

E
wo=1-— 5)

E,

where E,=the undamaged Young’s modulus of rock;
E=E\(l-w) is the damage Young’s modulus of rock
during loading, which can be obtained through tri-
axial cyclic loading and unloading tests; and w is a
scalar damage variable with a value range of 0-1.

In the process of irreversible plastic and damage,
the thermodynamic potential y affected by plastic
and damage variables can be divided into two parts:

W (€, 1y, @) = W (&5, @) + y, (7, ®)
(©6)

1 (4 (4
= 58 : C(w) 1 € +y, (7, @)
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where y,(e°, w)—the elastic part of the thermody-
namic potential; y,(y,, w)—the plastic part of the
thermodynamic potential; y,—the equivalent plastic
shear strain; and C(w)=the rock damage stiffness
matrix, which can be written as:

Clw) =2u(w)I = J) + 3k(w)J @)

where u(w)=the effective shear modulus; k(w)=the
effective bulk modulus; I=the fourth-order unit ten-
sor; and J =the fourth-order tensor, which is:

J=%6®6 8)

where é =the second-order unit tensor; and the sym-
bol ‘®’ indicates the Kronecker product.

Since it is difficult to obtain an accurate expression
for the thermodynamic potential plastic part, accord-
ing to the existing research results (Chen et al. 2015;
Jia et al. 2021), the expression for the thermodynamic
potential plastic part can be introduced as:

n+7,

Wp(yP’w) = C(l - ()0) h]}/p - (hl - ho)l’lll’l
®)

where parameters %, h;, { and 5 control the plastic

part characteristics of the thermodynamic potential.
According to the second law of thermodynamics, the

Clausius—Duhem dissipation inequality is:

c:de® —dy >0 (10)

where the sign ‘:” =the second-order dot production.
The thermodynamic forces Y, Yp, Y, can be derived
by differentiating the thermodynamic potential:

oy,
Y. = — 11
¢ 0w an
dq/p
Yp = _W (12)
oy,
Y, =—— 13
d Jdw (13)

To satisfy Eq. (10), the following equation can be
derived:
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oy
c=—=Cw):(e—¢ 14
= =C@) =) (14)

The differential form of Eq. (14) can be written as:
do =C(w) : (de—de’)-C, : (e — €’)dw (15)

where C,=the initial elastic stiffness matrix.

4.2 Elastoplastic hydro-mechanical coupling damage
constitutive relationship

According to the strength results of granite gneiss
in Sect. 3.2, the Drucker—Prager yield function can
better meet the strength characteristics of granite
gneiss. Therefore, according to the effective stress
principle, a function that can describe the nonlinear
behavior of rock can be introduced on the basis of
the Drucker—Prager yield criterion to better model
the deformation characteristics of rock:

! ’ h
=l /7= 5 <0 (16)

where £ is a function controlling the hardening and
softening characteristics of rock. There are four
parameters (¢, h;, hy, n) in the function A, which can
be derived from the thermodynamic force ¥,

vy, I¢
(7, ®) = a_y: =-Y, =¢( - o) |h + (h —ho)n +”yp
amn

dy, = \/gdep - der. de? = de? — %tr(a’e”)ﬁ (18)

where e =the plastic partial strain tensor; parameter
n controls the characteristic rate of plastic hardening
of rock; parameter h controls the characteristics of
the initial yield surface; and parameter 4, controls the
characteristics of the plastic failure surface.

Rock shows different pre-peak nonlinear behav-
ior under different effective stress (Wang et al.
2020). An exponential function between the control
hardening characteristic parameter n and the effec-
tive stress can be proposed:

71(0';) = aleaz"; +a (19)
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where parameters a;, a,, and a, control the character-
istics of #.

The non-associated plastic potential function can
be expressed as:

g=al +1/7, <0 (20)

where a;=a.
According to Hooke’s law, the effective stress

increment can be expressed as:

de' = C(w) : (de — deP) (1)

where the plastic strain increment de,, can be deter-
mined according to the plastic flow law:

Jg
def =di — 22
Pao./ ( )

where di,=the plastlc multiplier, which is non-neg-
ative, and dg/dc’ determines the direction of plastic
flow.

According to the traditional plastic mechanics
theory, the loading and unloading are given by the
Kuhn-Tucker condition:

di, 20, £,(6,7,0) <0;dAf (6,7, @) =0 (23)

In the plastic deformation and damage process of
rock, the stress falls on the yield surface and satisfies
the plastic consistency condition df,=0:

o Wh L g 9,

d () V (5 —d(’ + — d = ()
fp( p \/7 60' al ao' , yp

The new expression of the effective stress incre-

ment tensor is obtained by substituting Eq. (22) into

Eq. 21):

do' = C(w) : (de — diy=) (25)

Then substituting the effective stress increment ten-

sor (Eq. (25)) into the plastic consistency condition

(Eq. (24)), the following can be obtained:

g 9 Yy 9y g

Poc'" dy, 0e? 06’ P
(26)

o,
dz;(o,y,,)—— Cw) : (de —di, -0

Finally, the expression of the plastic multiplier can be
derived:

% : C(w) : de

di =2 27
b H(y,, ») @n
og 9y 97, og
H(y, w)= — : Clw) : — - L 22
(7> @) 3o (@) 36’ ~ a7, 97 9 (28)

In addition, the stress—strain relationship of rock
(Eq. (21)) can be simplified as:

do' = C?(y,, o) : de (29)

where C®P=the elastic—plastic tangent stiffness
matrix of rock, which can be derived by substituting
Eq. (27) into Eq. (21):

Cw: L& o) 0
H(y,, w)

C? (1, ) = C(@) -

4.3 Irreversible damage evolution for rock nonlinear
softening behavior

Irreversible damage of rock leads to nonlinear softening
behavior. Generally, irreversible damage is described
by the damage variable, which can be updated accord-
ing to the damage evolution function and driven by the
damage force (Shao et al. 2006; Jia et al. 2021). The
following exponential damage evolution function was
introduced:

fiYg @) = w1 —exp(—B, Y] —w < 0 3D
oy, n+7,
Yy(r,) = = = ¢y, = (hy = ho)nin
(32)

where { controls softening characteristic; B, controls
the damage rate, @, controls the damage threshold,
and the damage force Y, is derived from the plastic
part of the thermodynamic potential.

Similar to plasticity, the damage variable needs to
meet the consistency condition (df; = 0). The differen-
tial of Eq. (31) can be written as:
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9y Iy 4 4
dfy= —dY;+ —dw =0 C
lfa Y, 47 5w (33) % &
Iy % B |
do=—7dy, (34 @ [~ --- '
ory GH o
g : | .
Rock shows different post-peak nonlinear behaviors < I i
under different effective stress (Shi et al. 2017). An E !
exponential function between the control softening O A D . E=C (1-0)E,
characteristic parameter { and the effective stresses | ! ! ! B
was provided: ! ' |
1€ . :
N bzo'/ O I .
5(0'3) = be”% + by (35) Strain

where parameters b, b,, and b; control the character-
istics of .

4.4 Characterization of the initial compaction effect
of rock

There are inevitably a large number of initial micropo-
res and microcracks inside rock. During the loading
process of the compression test, the rock undergoes the
compaction stage (Baud et al. 2000; Cai et al. 2004;
Zhu et al. 2022), and the micropores and microcracks
gradually close under the pressure. In this stage, the
rock stiffness increases continuously and finally tends
to be stable. This phenomenon is shown as a concave
curve with an increasing undamaged Young’s modulus
on the pre-peak stress—strain curve, as shown in Fig. 9.
If the undamaged Young’s modulus of rock is set to a
fixed value, the characteristics of the pre-peak compac-
tion stage of rock cannot be well expressed. Therefore,
a compaction function C, can be introduced to charac-
terize the change in Young’s modulus in the compac-
tion stage:

E = C(1 - w)E, (36)

(m—1)e
Ck _ lOgm [Tl + 1] & < Eqc

1 31 Z Ecc

(37)

where m is a constant that can be obtained according
to the compaction stage of rock.

In the initial loading process of rock, the initial
micropores and microcracks in rock begin to be
compacted, and rock enters the compaction stage.
As shown in Fig. 9, in the compaction stage of rock,

@ Springer

Fig. 9 The evolution Young’s modulus E of rock in the whole
failure process. (OA is the compaction stage, AB is the lin-
ear elastic stage, BC is the hardening stage, OA represents
the undamaged Young’s modulus increases under the influ-
ence of compaction effect, AD represents undamaged Young’s
modulus E, tends to be stable, DE represents deterioration of
Young’s modulus due to damage)

the increase in the undamaged Young’s modulus of
rock can be characterized by the proposed compac-
tion function. As micropores and microcracks con-
tinue to compress and tend to close, rock enters the
linear elastic stage. In this stage, the undamaged
Young’s modulus of rock tends to be stable, and the
value of the compaction function tends to 1. As the
stress continues to load, new cracks occur inside
rock, resulting in the continuous deterioration and
damage of rock. At this time, the value of the com-
paction function is constant at 1, and the damage
variable begins to increase, resulting in the continu-
ous deterioration of the Young’s modulus of rock.

4.5 Numerical realization of the proposed model

4.5.1 Secondary development of the proposed model
in finite element program

The proposed model cannot be directly used in
ABAQUS software, so it is necessary to carry out
secondary development of ABAQUS and prepare a
user-defined material subroutine (UMAT). The
UMAT subroutine is compiled in the FORTRAN
language: (1) first, calculate the elastic predicted
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effective stress "2l and calculate :7(0'/3) and ¢ (a;);
(2) according to the predicted stress, calculate
whether the yield function fl;ri"‘l is greater than zero.
If the yield function is less than f, (f,=1x107%),
elastic prediction is effective, the stress, strain and
other variables are updated, and the program is ter-
minated; (3) if the yield function is greater than f,
it means that the stress state has exceeded the yield
surface, and the stress needs to be corrected; (4)
update relevant variables and check whether the
consistency conditions are met. If not, return to
step 2.

4.5.2 Cutting plane return mapping integral method

To verify the correctness of the proposed model, the
finite element program of the proposed model can
be established in combination with the finite element
software ABAQUS. And the return mapping integral
method is an effective method to realize the proposed
model. In this work, the finite element program of the
proposed model can be compiled in the cutting plane
return mapping integral method (Simo and Taylor 1986;
Xu and Prévost 2016). The cutting plane return mapping
integral method mainly includes two parts: elastic pre-
diction and stress correction. The geometric interpreta-
tion of the cutting plane return mapping integral method
is shown in Fig. 10. The Taylor expansion of the yield
function of the k+ 1th step can be written as:

k+1 9 k+1
k+1 k+1 pn—1 ’ p.n—1
= N Ay, ~0 (38)
};,n fp,n—l Jo yp Vp
______ o (kD) _ ks

(0)

\
\

-j;n'al(kﬂ) (6)>0

\
\ okl
~ et fp(l) (6)>0
. O (n+1) \ o
\ ke
, NN SN ‘.I *foon(@)>0
il N vl

\ k+1 !
\\ ] j:)(pl+1)(o— ) >0

-——

J ’,kl ’
) ATe)=0

ff@)=0

Fig. 10 Geometric interpretation of cutting plane return map-
ping integral method (Simo and Taylor 1986; Xu and Prévost
2016)
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Fig. 11 user-defined material subroutine (UMAT) algorithm
flow with the proposed model
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. agk+1
Ag' =AM chl s ol 39)
Pl " g
agk+1
k+1  _ A2 qk+1 n—1
Arppr = A% (40)

pn—1 k+1
0+/3J,

2n—]

where Ac’ and Ay, are small increments of effec-

tive stress tensor and equivalent plastic shear strain

between two steps

Simultaneous Eqs. (38), (39), and (40) can obtain
the increment of plastic multiplier A%4:

k+1
A2 L p.n—1
pn—l T gpkel Qatl afFtl gkt 41
pnl . okl o 981 Tpnm1l 98, (41)
oo’ . n—1 " 96 0}’p _]; k+1
-1
k+1 _ k 29k
AAP = A/lp +A /lp 42)

And the specific UMAT subroutine algorithm flow is
shown in Fig. 11.

5 Determination of model parameters and model
verification

5.1 Numerical calculation model and boundary
condition

A series of numerical simulations were carried out
based on the ABAQUS secondary development user-
defined material subroutine (UMAT), and the correct-
ness of the proposed model was verified by comparing
the numerical simulation results with the test results.
As shown in Fig. 12, according to the actual size
(diameter: 50 mm, height: 100 mm) of the cylindri-
cal specimen, a numerical calculation model is estab-
lished, and the model is divided into 10,395 units.
The Z coordinate axis in the software is regarded as
the o, direction, and the X and Y coordinate axes are

Table 3 Mechanical
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Fig. 12 Element division and boundary conditions of finite
element numerical calculation model (Apply vertical restraint
at the bottom of the model, apply o5 around the model, and
apply displacement loading rate (vy) on the top of the model)

regarded as the o, and o, directions. Apply a displace-
ment boundary condition on the bottom of the model
to constrain the vertical displacement of the model and
apply a stress boundary condition around the model
with a rate of 0.75 MPa/step to simulate the confin-
ing pressure o;. A displacement boundary condition
is applied on the top surface of the model to simulate
the loading process with a rate of v, (0.01 mm/step).
When applying boundary conditions, confining pres-
sure is first applied to the specified value, and then dis-
placement is applied to the top surface of the model.

5.2 Determination of mechanical parameters and
model parameters

Most of the parameters of the proposed model can
be determined by laboratory tests. The values of the
undamaged Young’s modulus E;, Poisson’s ratio v,
and strength parameters @ and x were discussed in

and model parameters

of granitic gneiss under
conventional triaxial hydro-
mechanical coupling test

o3 MPa) p,(MPa) E,(GPa) v a K h hy w, 1 ¢ m
2 1 12
4 1 5
4 2 43.82 0.286 0480 19.62 1.15 0.88 0.5 0.0005 30 6
4 3 14
6 1 6
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Table 4 Mechanical and model parameters of granitic gneiss under triaxial cyclic loading and unloading hydro-mechanical coupling

test

o;(MPa)  py(MPa)  E,(GPa) o a

K h hy W, n ¢ m

2 1
4 1 44.21 0.263 0.536
6 1

5.29 1.20 0.90 0.5

14
0.0002 30 10
10

Sect. 3.2. The change in the undamaged Young’s
modulus E,, and Poisson’s ratio v under different
confining pressures is not obvious, and their average
value can be taken. Parameter /; controls the posi-
tion of the plastic failure surface of rock and can be
calibrated by numerical simulation tests. Param-
eter hy is the ratio of the initial yield strength to the
peak strength. Parameter w, can be determined at
the final failure stage, which controls the maximum
value of the damage variable. Parameters # and {
can be determined through a series of numerical
simulation tests and parameter sensitivity analysis
in Sect. 5.3 below. Parameter m of the compac-
tion coefficient is determined by the change char-
acteristics of the undamaged Young’s modulus in
the compaction stage of the test. Table 3 gives the
mechanical and model parameters of granite gneiss
under conventional triaxial hydro-mechanical cou-
pling tests; Table 4 gives the mechanical and model
parameters of granite gneiss under the triaxial

300
n
200 \
E w1
E_ —— 5 =0.0001
100} ——#7=0.0005
n= gggé oy=4MPa
——n=0. _
e p=0.004 |, po=1MPa
1 1 “' 1 1

0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
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©  Test

50 Prf)posed model .

= = -without compaction effec
— with compaction effect

0,=03;=2MPa
Po=1MPa

-1 0 1
& (%)

Fig. 14 Comparison of numerical simulation results of the
proposed model with and without compaction effect

cyclic loading and unloading hydro-mechanical
coupling tests.

300
200
=
[}
2
?!'\
® 100
=20 \ 0, =4 MPa
—— (=50 po=1MPa
(=120
0 1 “ 1
2 -1 0 1 2

Fig. 13 Sensitivity analysis of the proposed model parameters a 7 and b
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«Fig. 15 Comparison of granitic gneiss stress—strain curves
between the proposed model simulation results and conven-
tional triaxial hydro-mechanical test results under different o3
and p,. a py=1 MPa, o3=2 MPa; b py=1 MPa, 6;=4 MPa;
¢ pp=1 MPa, ;=6 MPa; d p,=2 MPa, 0;=4 MPa; e
po=3 MPa, 6;=4 MPa

5.3 Sensitivity analysis of the proposed model
parameters 7 and ¢ for rock nonlinear behavior

Parameters 7 and { are difficult to obtain directly
from the test data. They can achieve the ideal
simulation effect through a series of numerical
simulation tests. # controls the pre-peak harden-
ing nonlinear behavior of rock, and { controls the
post-peak softening nonlinear behavior of rock.
To study the influence of these two parameters
on the simulation results, sensitivity analysis was
carried out under the stress conditions of a con-
fining pressure of 4 MPa and a pore pressure of
1 MPa. Other parameters are unchanged and
change n (=0.0001, 0.0005, 0.001, 0.002, 0.004),
and the sensitivity analysis result is shown in
Fig. 13a. And other parameters are unchanged and
change ¢ (=1, 10, 20, 50, 100, 130), the sensitiv-
ity analysis result is shown in Fig. 13b. The more
obvious the pre-peak hardening nonlinear behav-
ior of rock with the increase in parameter #; the
faster the post-peak softening rate of rock and the
more obvious the stress drop with the increase in
parameter (.

5.4 Comparison of the proposed model simulation
results with and without the initial compaction
effect

Based on the conventional triaxial stress level
(63=2 MPa and p,=1 MPa), the model numerical
simulation result of the stress—strain curve with and
without the compaction effect is shown in Fig. 14.
The stress—strain curve of the numerical simula-
tion without considering the compaction stage is a
straight line in the pre-peak compaction stage. The
strain value of the test is slightly larger than the strain
value of the numerical simulation under the same
stress, and this difference exists in the whole simula-
tion process. The numerical simulation stress—strain

curve considering the compaction stage is consistent
with the test results in the pre-peak compaction stage,
which is a concave curve, and the test and model
numerical simulation results are highly consistent.
Therefore, it is necessary to introduce the compaction
function.

5.5 The proposed model numerical validation with
test results

The parameters in Tables 1, 2, 3 and 4 were used to
simulate the test results of granite gneiss under differ-
ent confining pressures and pore pressures. Figure 15
compares the stress—strain curves of granite gneiss
under different confining pressures and pore pressures
in the conventional triaxial hydro-mechanical cou-
pling test; Fig. 16 compares the stress—strain curves
of granite gneiss under different confining pressures
and pore pressures in the triaxial cyclic loading and
unloading hydro-mechanical coupling test. Accord-
ing to the numerical simulation results, the peak
strength of rock increase with increasing confining
pressure or decreasing pore pressure, and the change
trend is the same as the test results. The results of the
proposed model numerical simulation and test are in
good agreement. The peak strengths of the proposed
model numerical simulation and test under different
stress levels are given in Tables 5 and 6. Figure 17
compares the peak strengths of the proposed model
numerical simulation and test under different stress
levels, and these two have good consistency. The
proposed model numerical simulation results show
that the strength change trend is the same as the test
results. The comparison of the numerical simulation
and test proves the correctness and effectiveness of
the proposed model.

6 The prediction of the untested stress level
with the proposed model

According to the above work, the proposed model
can better simulate the mechanical behaviors of gran-
ite gneiss under different confining pressures and pore
pressures. Therefore, the conventional triaxial hydro-
mechanical coupling test of granite gneiss under
untested stress levels should be preliminarily predicted.
The predicted stress levels can be taken as follows: (1)
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Fig. 16 Comparison of granitic gneiss stress—strain curves
between the proposed model simulation results and triaxial
cyclic loading and unloading hydro-mechanical test results

Table 5 Peak strength comparison of granite gneiss between

the proposed model simulation results and
ial hydro-mechanical coupling test results

conventional triax-

(©)

under different o3 and the same p,. a p;=1 MPa, 6;=2 MPa; b
po=1MPa, 63=4 MPa; ¢ p,=1 MPa, 6;=6 MPa

Table 6 Peak strength comparison of granite gneiss between
the proposed model simulation results and triaxial cyclic load-
ing and unloading hydro-mechanical coupling test results

o3 (MPa) po (MPa) o, (MPa) o, (MPa) (model) o3 (MPa) po (MPa) o, (MPa) o, (MPa) (model)
(experiment) (experiment)

2 1 213.99 214.06 2 1 160.70 160.40

4 1 256.87 256.24 4 1 271.33 272.33

4 2 245.28 245.90 6 1 305.86 307.05

4 3 229.49 229.10

6 1 282.12 283.00
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Fig. 17 Comparison of granite gneiss peak strength between
the proposed model simulation results and hydro-mechanical
coupling test results. Conventional triaxial test results. a at the
same p, and different o5: py=1 MPa, 6;=2, 4, 6 MPa; b at the

po=1 MPa, 0;=1.5, 3,5, 7, 9 MPa; (2) 03=5 MPa,
Po=0, 1, 2, 3, 4, 4.5 MPa. Figure 18a shows the
stress—strain curve prediction results for stress level (1);
Fig. 18b shows the stress—strain curve prediction results

(©)

same o3 and different p,: 63=4 MPa, p,=1, 2, 3 MPa; triaxial
cyclic loading and unloading test results: ¢ at the samep,, and
different o5: py=1 MPa, 0;=2, 4, 6 MPa

for stress level (2). The prediction results show that the
rock strength is linearly positively correlated with the
effective confining stress (Fig. 19).
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Fig. 18 The proposed model prediction of granitic gneiss stress—strain curve under untested stress levels. a at the same p,, and differ-
ent 6;3: py=1MPa, 6;=1.5, 3, 5, 7, 9 MPa; b at the same o5 and different p,: 6;=5 MPa, p,=0, 1, 2, 3, 4, 4.5 MPa
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Fig. 19 Variation of granitic gneiss peak strength with effective confining pressure under untested stress levels. a at the same p,, and
different o5: py=1 MPa, 6;=1.5, 3, 5, 7, 9 MPa; b at the same o5 and different p,: ;=5 MPa, p;=0, 1, 2, 3, 4, 4.5 MPa

7 Discussion
7.1 Verification and prediction of post-peak
damage characteristics of rock under triaxial

hydro-mechanical coupling conditions

The strength of rock after reaching the peak will not
immediately drop to zero, but it shows certain post-peak

@ Springer

nonlinear deformation characteristics. The nonlinear
characteristics of rock under different effective con-
fining pressures is different. With increasing effective
confining pressure, the pre-peak hardening nonlinear
characteristics of rock is more obvious, the post-peak
softening rate is slower. According to the sensitivity
analysis in Sect. 5.3, the pre-peak hardening and post-
peak softening nonlinear behavior characteristics of
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Fig. 20 Comparison of sandstone stress—strain curves between
the proposed model simulation results and conventional triax-
ial hydro-mechanical coupling test results (Yu et al. 2019). a

rock can be controlled by parameters 7 and {. There-
fore, based on the conventional triaxial hydro-mechan-
ical coupling test results of sandstone, which are cited
from Yu et al. (2019), the parameters (Table 7) are

0,=03=4 MPa, p,=0.5 MPa; b 6,=03=6 MPa, p,=0.5 MPa;
¢ 0,=03=8 MPa, p,=0.5 MPa

determined according to the model parameter determi-
nation method in Sect. 5.2. The nonlinear characteris-
tics of rock under different effective confining pressures
can be better simulated by changing the parameters
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Fig. 21 The functions between the proposed model key parameters a 7, b { and the effective stress

n and ¢, as shown in Fig. 20. There is a correlation
between the key parameters (7 and {) and the effec-
tive confining pressure, as shown in Fig. 21. According
Egs. (19) and (35), the functions of the key parameters
(n and ¢) and the effective confining pressure can be
fitted:

n(oy) = 0.000026¢%424%5 — 0.000013 (43)

150

€
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0,-03 (MPa)

50

oy =10 MPa
o;=15MPa Proposed model prediction
;=20 MPa Po=0.5MPa
;=25 MPa
0 L L
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Fig. 22 The proposed model prediction of pre-peak hardening
and post-peak softening behavior characteristics of rock under
different effective confining pressures
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L(oy) = 112.46¢7047 1 5388 (44)

According to Eqgs. (43) and (44), the difference in the
pre- and post-peak nonlinear behaviors of rock under
different effective confining pressures (a; =95, 145,
19.5, 24.5 MPa) can be further predicted, and the
prediction result is shown in Fig. 22. With increas-
ing effective confining pressure, the pre-peak non-
linear behavior of rock becomes more obvious, the
post-peak softening rate decreases, and the post-peak
stress decline rate slows down.

7.2 Verification and prediction of mechani-
cal characteristics of rock under true triaxial
hydro-mechanical coupling conditions

Deep rock has undergone complex stress redistri-
bution, and there are not only conventional triaxial
stress states (6, =o0,=03) but also true triaxial stress
states (o, > 0, =o03) inside rock. In this work, the pro-
posed model can not only consider the influence of
confining pressure on rock strength evolution but
also consider the influence of intermediate principal
stress on rock strength evolution. At present, there
are few tests and models considering pore pressure
under true triaxial stress. We summarize some true
triaxial test results considering pore pressure (Li
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Fig. 23 Comparison of stress—strain curves between the 03=20 MPa, p,=1 MPa; d 6,=60, 6;=20 MPa, p,=1 MPa.
proposed model simulation results and true triaxial hydro- Mudstone test results of a and b are cited from Shi et al.
mechanical coupling test results. a 6,=50, 0;=35 MPa, (2017); sandstone test results of ¢ and d are cited from Li
Ppo=15 MPa; b 6,=60, 6;=35 MPa, p,=15 MPa; ¢ 6,=20, (2016)

Table 8 Mechanical and model parameters of mudstone (Shi et al. 2017) under true triaxial hydro-mechanical coupling test

o, (MPa) o3 (MPa) po (MPa) E, (GPa) v a K hy hy w, n 14 m
50 35 15 6.0 0.15 0.13 28.03 1.30 0.3 0.5 0.003 30 4
60 35 15 4
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2016; Shi et al. 2017) to validate the proposed model,
where the mudstone test results are cited from Shi
et al. (2017), and the sandstone test results are cited
from Li (2016). As shown in Fig. 23, the numerical
simulation results with the proposed model are given,
where the mechanical parameters and model param-
eters (Tables 8 and 9) are determined according to
the method in Sect. 5.2. According to the compari-
son of the test and simulation results, the proposed
model can well simulate the strength and deformation
behaviors of rock under true triaxial stress.

Because there are very few true triaxial hydro-
mechanical coupling tests at present and there is no
test basis for determining key parameters, the pre-
and post-peak nonlinear behaviors transition prob-
lem of rock caused by the change in effective stress is
not considered temporarily. To study the mechanical

behaviors of rocks under more complex stress condi-
tions, based on the test results of Li (2016), the true
triaxial compression stress—strain curve character-
istics under different confining pressures and pore
pressures (c3=20 MPa, p,=1 MPa, ¢,=30, 40, 50,
70 MPa and 6,=60 MPa, ;=20 MPa, p,=0, 4, 8,
12, 16 MPa) are predicted, as shown in Fig. 24. In
Fig. 24a, the rock strength increases with increas-
ing o,, which is consistent with previous true triax-
ial test results for dry rock (Mogi 1973; Feng et al.
2019; Zheng et al. 2019, 2020); in Fig. 24b, the rock
strength decreases with increasing p,, which should
be reasonable because the pore pressure reduces the
effective stress resulting in a decrease in strength. In
other words, the proposed model can better predict
the strength characteristics of rocks under complex
true triaxial stress levels.

Table 9 Mechanical and model parameters of sandstone (Li 2016) under true triaxial hydro-mechanical coupling test

o3 (MPa) o3 (MPa) Do (MPa) E, (GPa) v K h hy W, n 4 m
20 20 1 18.50 0.2 29.33 1.13 0.8 0.7 0.0005 70 14
60 20 1 14
200 200
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Fig. 24 The proposed model prediction of stress—strain curve
characteristics of the proposed model under untested true triax-
ial stresses. a at the same o3, p, and different 6,: 63=20 MPa,
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po=1 MPa, 6,=30, 40, 50, 70 MPa; b at the same o,, o3 and
different py: 6,=60 MPa, 63=20 MPa, p,=0, 4, 8, 12, 16 MPa
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8 Conclusions

A series of triaxial compression and cyclic load-
ing and unloading hydro-mechanical coupling tests
were carried out for granite gneiss to investigate the
stress—strain curves, strength and deformation char-
acteristics under different confining pressures and
pore pressures. Within the framework of irreversible
thermodynamics, an elastic—plastic hydro-mechani-
cal coupling damage constitutive model considering
the compaction effect, pre-peak hardening and post-
peak softening behaviors is established. The proposed
model can simulate the mechanical characteristics
of rock under different confining pressures and pore
pressures. The main conclusions are as follows:

1. With decreasing confining pressure or increasing
pore pressure, the peak strength and initial yield
strength of granitic gneiss decrease. Under hydro-
mechanical coupling conditions, the rock failure
presents three stages of deformation characteris-
tics: initial compaction, elastic deformation and
nonlinear hardening, and confining pressure and
pore pressure have a certain influence on it.

2. Within the framework of irreversible thermo-
dynamics, an elastic—plastic hydro-mechanical
coupling damage constitutive model, which can
consider the compaction effect and describe the
nonlinear behaviors of hardening and soften-
ing, is established. This model can better capture
the evolution of the strength and deformation of
granite gneiss under different confining pressures
and pore pressures.

3. A compaction function C; is introduced to
reflect the change in the undamaged Young’s
modulus in the compaction stage to character-
ize the pre-peak compaction effect. The pro-
posed model can better simulate the pre-peak
and post-peak nonlinear behaviors of rock by
the functional relationship between the key
parameters (y and {) and the effective stress.
The yield function of the proposed model con-
siders the influence of intermediate principal
stress and can be applied to the true triaxial
stress states.
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