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Abstract: High seepage pressure has a great significance on creep behaviors of brittle rocks under deep underground engineering.
However, the macro-mecro relationship between mecrocrack growth and macroscopic deformation under high seepage pressure during
the decelerated, steady-state, accelerated creep has been rarely studied. In this study, based on the stress intensity model of crack tips
with the influence of initial cracks and new wing cracks, the mechanical relationship between seepage pressure and initial cracks and
new wing cracks is introduced, and the stress intensity model model of crack tips considering seepage pressure is established. Then
combined with the subcritical crack law and crack-strain damage model, a macro-mecro mechanical model is proposed to explain the
relationship between creep crack growth and macroscopic deformation of brittle rock considering the influence of seepage pressure.
The rock behaves elasticity when the applied axial stress is smaller than the crack initiation stress, while behaves plasticity when the
axial stress exceeds the crack initiation stress but is less than the rock peak strength. The theoretical creep curves subjected to step axial
loading are studied under different seepage pressures, and the rationality of the proposed model is verified by experimental results.
Furthermore, the creep evolution of crack length, crack growth velocity, axial strain, and axial strain rate under constant or step loading
seepage pressure are discussed. The new model provides a significant theoretical basis for the evaluation of the stability of surrounding

rocks in deep underground engineering under high seepage pressure.

Keywords: brittle rocks; creep; high seepage pressure; crack propagation; macro-mecro model

1 Introduction

Creep mechanics behavior of brittle rocks in deep
underground engineering is of great significance for eva-
luating the stability of surrounding rocks in deep engineering
construction and long-term operation. In addition, the sur-
rounding rocks are often accompanied by the interference
of groundwater, and thus the high seepage water pressure
has an important influence on the creep mechanics cha-
racteristics of brittle rocks in deep underground. Many
scholars have studied the influence of constant seepage
pressure on the creep mechanical behavior through creep
tests. It was found that with the increase of seepage
pressure, the failure time of rock creep is accelerated! 2.
However, under natural conditions, the seepage pressure
around rocks is continuously changing. Some scholars
have also tested and analyzed the creep strain evolution
characteristics of rocks under constant loads and step
loading seepage pressure* . Based on the above testing
results, some scholars also put forward many creep theo-

retical models by combining the elastic, viscous and plastic
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creep module models, by which the influence of seepage
pressure on creep strain evolution was summarized™ "/,
The above findings all involve the creep mechanical pro-
perties of macroscopic seepage pressure, but the impact
of seepage pressure on creep crack propagation mechanism
inside the rock has rarely been reported.

Liu et al.l’] analyzed the variation of microcracks in
the creep rock under seepage pressure through electron
microscope scanning. Grgic et al.”] used acoustic emission
monitoring technique to analyze the acoustic emission
signals induced by crack propagation in creep rocks under
seepage pressure, which indirectly reflected the crack
evolution inside rocks. Xu et al.l'” proposed a stress—strain
constitutive model of rock considering hydraulic-mechanic
coupling effect, and numerically analyzed the intact creep
strain evolution curve of rock under different seepage
pressures and the creep crack extension. Zhao et al.l'!
studied the influence of seepage pressure on rock's dece-
lerated and steady-state creep crack growth behaviors
by introducing pore pressure into the stress intensity factor

model, and verified the reasonability of the rock creep
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crack model with Burgers creep model considering seepage
pressure. Based on self-consistent theory and linear
viscoelastic fracture mechanics theory, Wei et al.'! studied
the creep compliance formula of jointed rock mass under
the influence of open crack, closed crack, and water pressure
and discussed the influences of seepage pressure, crack
density parameters and friction coefficient on the creep
compliance of fractured rock mass. On the basis of the
wing crack extension model, the subcritical crack growth
law and the crack deformation damage model, Li et al.l'*!
studied the macro-microscopic mechanical model of rock
creep without considering the influence of seepage pressure.
However, the mechanism of microscopic crack and mac-
roscopic deformation under the interaction of seepage
pressure in the process of complete decelerated, steady-
state and accelerated creep of brittle rocks cannot be
explained by the current research.

In this paper, a mechanism model of crack propagation
induced by effective seepage pressure is proposed. Com-
bined with the wing crack growth model, the subcritical
crack extension model and the crack strain damage model,
the macro-microscopic creep models of brittle rock con-
sidering the influence of seepage pressure are established.
This study provides theoretical supports for the evaluation
of surrounding rock stability during the short term con-
struction and long term operation of deep underground

engineering under the influence of seepage pressure.

2 Theoretical model

2.1 Relationship between high seepage pressure
crack propagation and stress (i, 03)

Based on the microscopic crack propagation model,
a macro-microscopic creep model of brittle rock under
the action of seepage pressure is proposed. The theoretical
derivation of the new model is as follows. Figure 1 presents
the mechanical characteristics of crack propagation based
on the wing crack model, which takes into account the
influences of axial stress oi, confining stress 03 = oo,
and seepage pressure Pp. Assume the creep model is an
isotropic elastomer. Initial damage of brittle rock D, =
Nva® 1 g is the initial crack size, Nvis the number of
initial cracks in rock per unit volume. The average limited
length of the wing crack extension length / is lim =
a[(3/(4nD,))"”* — ] 1'%, ax= cosg, @ is the angle between

the initial crack and the axial direction, namely the initial

https://rocksoilmech.researchcommons.org/journal/vol41/iss12/6
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crack angle. Considering the seepage pressure, the shear
stress 7 and normal stress opon the initial crack surface

inside the compressed rock are (Fig. 1(c)):
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(a) Model of crack extension in brittle
rock under high seepage pressure

(b) 3D force diagram of
a single crack

(c) 2D force diagram of a single crack (d) Force balance between cracks

Fig.1 Model based on wing cracks

In the theoretical calculation, the seepage pressure
is assumed to be negative, otherwise it is positive. In the
result analysis, for the convenience of observation, the
seepage pressure is considered as positive. It is explained
by Eq. (2) that the high seepage pressure triggers the stress
weakening in the initial crack opening direction and pro-
motes the initial crack surface sliding, leading to the wing
crack propagate along the direction of maximum principal
stress o1. The occurrence of high seepage pressure enhances
the extension of the newly formed wing cracks. In the
following section, this crack extension enhancement mec-
hanism will be explained by introducing the wing crack
surface effective seepage pressure parameter F} into the
microscopic crack extension model.

Based on the stress intensity factor at the wing crack
tipst!4l, the seepage pressure parameter Ppis introduced,
and thus an improved stress intensity factor for opening
crack at the wing crack tips considering seepage pressure

is expressed as follow:
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where u is the friction coefficient of the initial crack;
Bis a constant; | | marks the absolute value; S is the
average area occupied by a single crack surface in a unit
volume rock containing Ny initial cracks (S = w2 r is
the radius of a sphere assigned by a single crack per
unit volume, 477°/3 = 1/Ny). In Fig. 1(d), F\ is the tensile
force on initial crack surface, which is the tensile force
of the wing crack caused by external load and seepage
pressure; F), is the introduced effective seepage pressure
parameter, which is the tensile force of wing crack caused
by seepage pressure; o; is the internal stress acting on
two wing crack tips, and in the model, it is assumed that
the projection of the initial crack surface and the wing
crack surface in o3 direction are approximately within
a circular plane, therefore, m(/ + aa)’ represents the pro-
jection area formed by the initial crack surface and the
wing crack surface in o3 direction, and m(aa)’ indicates
the projected area of the initial crack surface in o3 di-
rection, and (! +aa)’ —n(ca)’ represents the area on the
wing crack surface subjected to seepage pressure. Figure 2
presents the relationships between the seepage pressure,
the normal stress on the initial crack surface, the initial
crack surface tensile force Fy, and the wing crack surface
effective seepage pressure F).

The crack extension occurs when the stress intensity
factor K1 reaches the fracture toughness Kic. According
to Eq. (3), the relationship between the applied stress
and crack length of brittle rock under seepage pressure

is

Ko =0y (4na’ y+ 21/ )+ 4, - 4,
Ama’y

O—l(l): (8)

where
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Fig.2 Relationships between seepage pressure and normal,
tensile stress on initial crack surface and effective seepage
pressure on wing crack surface

4, =[(sin2¢)+,u+,ucosZ(p)sin¢)}/2 9
4, =[(ﬂ—ﬂcos2¢—sin2¢))sin(p]/2 (10)
Ay = a*umy P, sing (1D
A, =2F JI/n[S —n(l + aa)’] (12

y=I[nl+ B +2l/n[S —n(l + ca)’T" (13D

It is easy to know that according to Eq. (8), the stress—
crack length relationship o1(/) corresponds to the stress—
strain relationship, and there is a peak strength gipeax!'L.

The axial stress of rock crack initiation (/ = 0) is
0, = |:(ﬁ3/2KIC )/\/a /7 —034 + P, sin(p]/A2 (14)

Equations (13) and (14) give the criteria of peak stress
and crack initiation stress under different confining stresses.
These two critical stress values provide important references
for the selection of applied constant stress values during
rock creep.

2.2 Creep equation induced by high seepage
pressure subcritical crack extension

By substituting Eq. (3) into the single opening rock
subcritical crack extension rate and crack strength factor
equation dI/d¢= v(Ki/Kic)"!'7], the relationship between
stress, crack length, crack extension rate and time can be

derived:

o, 4,1a’ y+o, (Alna21+ 21/ n) — A+ 4, "
K

IC

l':ﬁ:v
de

(15)
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where v and n are the characteristic crack extension rate
and stress erosion parameter, respectively, which can be
obtained by subcritical crack propagation tests{!”]. For
crack length differential equation (Eq. (15)), the initial
crack length /, can be obtained through Eq. (8) under a
given stress state (o1c < 01 < Olpeak)-

With reference to the definition of axial strain, rock

damage can be expressed as!!®]

D=1-exp|-¢,' (& -27E" o) | (16)

where D is rock damage parameter; m and & are the
material constants; & is axial stain; yand E are Poisson’s
ratio and elasticity modulus, respectively.

The rock damage can be defined by using microscopic

crack characteristics!!? as

D=N,(+a) a7n

In combination with the rock damage defined by crack
and strain, the relationship between macroscopic strain
and microscopic crack length can be given as

1

&=2E "oy, (~in[ 1-D, (ffa+1)" ]| (18)

By substituting the crack limit length /im into Eq. (18),
the ultimate failure strain of rock can be estimated app-
roximately. Substituting the time-dependent crack extension
I(?) calculated by Eq. (15) into Eq. (18), when the applied
stress is higher than the crack initiation stress o1c and
less than the rock strength o1peak, the axial creep strain

induced by crack extension is

1

& (1)=2E "o e, (<[ 1-D, (1(0)/a+1) )" -

( O-lc <O—l < O-lpeak) (19)

When the axial stress is less than the crack initiation
stress o1c, the creep of the rock is approximately linear
elastic deformation. In addition, it can be seen from the
rock compression test results® 19] that the seepage pressure
has a more significant influence on the mechanical pro-
perties of rock in the plastic deformation stage, but less
influence in the elastic stage. Therefore, when the axial
stress is less than the crack initiation stress and the influence

of seepage pressure on the elasticity modulus and Poisson's

https://rocksoilmech.researchcommons.org/journal/vol41/iss12/6
DOI: 10.16285/j.rsm.2020.5453

ratio can be neglected, the elastic deformation of the rock

can be calculated by

g =|lo,-2p|/E, (0<0,<0,) (20)

Therefore, combining the approximated linear elastic
equation (Eq. (19)) before crack extension and the nonlinear
creep equation (Eq. (20)) after crack extension, the complete

creep evolution equation of rock can be written as

o, —2y0,|/E, (0<0,<0,)

'
&(1)={2E Y|+, (<[ 1-D, (1(0)fa+1) )"
(O-lc < 0-1 < O-lpeak)

QD
It is worth noting that this study focuses on the effect
of seepage pressure on the creep behavior of brittle rock

after crack initiation (1< 1< Olpeak).

3 Results and discussion

3.1 Theoretical model validation

In this paper, parameters of deep buried sandstone
were selected by references!® 2022, The elasticity modulus
0f 25.03 GPa and Poisson's ratio of 0.13 were determined
by conventional triaxial compression tests. The rock fracture
toughness was measured by three point bending test, Kic=
0.69 MPa « m'2, The rock initial damage Do= 0.059 was
estimated by SEM test. The stress erosion index n = 20;
characteristic crack extension rate v = 8x10718 seepage
saturation n = 16, v =1.7x10713 were determined by rock
subcritical crack propagation tests. However, it is difficult
to accurately determine the initial crack friction coefficient,
initial crack size and angle through physical tests. In this
study, by comparing the strain—time creep evolution curve
of rock obtained by theoretical analysis and indoor tests,
the relevant parameters are determined through trial cal-
culation, including the initial crack friction coefficient
1 =0.344, initial crack size a = 1.77 mm, initial crack
angle ¢ = 36", rock material constants m =2, & = 1/58
and = 0.29. These parameters can be determined through
previous experience and the specific model parameter
selection has been reported elsewherel!6],

Based on Eq. (14), when the confining stress g3 =
40 MPa, the crack initiation stress without seepage pressure

can be calculated. Therefore, when the step loading axial
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stress is 30 MPa or 70 MPa, the creep of rock is char-
acterized by elastic strain, which corresponds to the defor-
mation of the first stage in the creep evolution equation
(Eq. (21)) (0<o<o1c); When the axial stress gradually
increases to 110 MPa, the creep of the rock presents
nonlinear characteristics, which corresponds to the defor-
mation in the second stage of Eq. (21) (a1c<o1<01peak).
The comparison between the theoretical predictions and
experimental results of sandstone creep under step loading
axial stress is illustrated in Fig. 3 when the seepage pressure

is 0, 1 and 10 MPa, respectively.

12 -

o3 =40 MPa
P,=0MPa
T 270 MPa
= o
= 230 MPa |
2 190 MPa/___{254.78 MPa
g 6r 150 MP g 24.20 MPa
g — 15287 MPa
< 3r "9712.10 MPa ~ —— Theoretical results
3 MPa 71.34 MPa - Experimental results
0 0] = 30.57 MPa_, I I I I ]

0 50 100 150 200 250 300 350 400

Time /s

(a) Without seepage pressure

O3 = 40 MPa
P,=0MPa
L oot 01 =230 MPa
E o; =190 MPa
S 61 150 MPa == 224.20 MPa
7] 193.63 MPa
= 110 MPaf
% —1152.87 MPa
< 3r . 112.10 MPa —— Theoretical results
30 MPaf71.34 MPa Experimental results
o [O=3p57TMPa

0 50 100 150 200 250 300 350

Time /s

(b) Seepage pressure 1 MPa

21 & =40Mpa

P,=0MPa
oL 01 =190 MPa

150 MPa (753763 MPa
110 MPa} 152.87 MPa
L 112.10 MPa
3 70 MPa —— Theoretical results

o= SOMPa 71.34 MPa - Experimental results
0 01 = 30.57 MPg L ! I )

0 50 100 150 200 250 300

Axial stress & /1073
N
T

Time /s

(c) Seepage pressure 10 MPa

Fig.3 Comparison of theoretical and experimental creep
curves under step axial loading
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The theoretical results are comparable to the experi-
mental results® with similar variation trends, which verifies
the rationality of the macro-micro mechanical model of
rock creep under seepage pressure. The differences between
theoretical and experimental results may be due to: (D
The model in this paper cannot simulate the random dis-
tribution of microscopic cracks, but assumes the initial
crack size and angle in the rock are constants by an ave-
raging method. @The model does not consider the influ-
ence of water—rock chemical interaction on mechanical
parameters of brittle rock. (3t is impossible to guarantee
that the value of step loading axial stresses in the theo-
retical results are exactly the same as that in the exper-
imental results. @Errors can also be introduced into the
model because of inappropriate parameter selection.
3.2 Creep characteristics of brittle rock under

constant seepage pressure
Figure 4 shows the evolution curves of crack length,

crack extension rate, axial strain and axial strain rate during
complete creep process under constant axial stress, con-
fining stress and seepage pressure. Both crack length and
axial strain experience three stages of deceleration, steady
state and acceleration, which can be explained by the
change of crack extension rate and axial strain rate. It
can be seen that the evolution trends of crack length and
strain over time are similar, which also stems from the
proportional relationship between crack length and strain
in Eq. (18). Figure 5 illustrates the evolution of effective
seepage pressure on the newly formed wing crack surface
during rock creep under different seepage pressures. It
is easy to find that the effective seepage pressure increases
with time and rises sharply in the later stage. This phe-
nomenon also indicates that in the accelerated creep stage,
the damage of internal crack is aggravated, leading to
the accelerated increase of the contact area between water
and internal crack surface, which in turn leads to the
accelerated rock failure. Since the creep failure time of
rock varies greatly under different seepage pressures, the
time axis in Fig. 5 is in the form of logarithmic coordinates
to present the effective seepage pressure evolution curves
in a unified graph.

Figure 6 demonstrates the influence of different seepage

pressures on the evolution of crack length, crack extension
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Figure 8 plots the relation curves between seepage
pressure and rock creep failure time under different con-
fining stresses and axial stresses. It reveals that the creep

https://rocksoilmech.researchcommons.org/journal/vol41/iss12/6
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Time /s
(d) Axial strain rate

Fig. 6 Effects of seepage pressure on complete creep
evolution
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Fig.7 Effects of seepage pressure P; or effective confining
pressure P on creep behaviors of brittle rocks
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Fig.8 Relationship between seepage pressure and creep
failure time under different confining pressures or axial stresses

failure time decreases with the increase of seepage pre-
ssure. Under the same seepage pressure, the creep failure
time increases with the increase of confining stress or
the decrease of axial stress. In addition, when the confining
stress or axial stress produces the same stress increment
of 5 MPa, the confining stress has a greater influence
on creep failure time than that of axial stress, indicating
that the sensitivity of confining stress to rock creep failure is
more obvious than that of axial stress. As can be seen
from Fig. 8(a), when the confining stress is 45 MPa and
the seepage pressure is 0 MPa, there is no data available

in the creep failure time. The reason is that under current

Published by Rock and Soil Mechanics, 2020

stress state, the creep failure time of rock is infinite,
meaning that rock failure will not occur.

3.3 Creep characteristics of brittle rock with step
loading seepage pressure

In the previous section, the influence of constant
seepage pressure on rock creep behavior was presented.
However, in deep underground environment, with the
interference of external factors such as construction, the
seepage pressure in rock may change continuously. In
this section, the influence of step loading seepage pressure
on the creep evolution will be discussed.

Figure 9 shows the evolution of rock crack length,
crack extension rate, axial strain and axial strain rate under
constant axial stress, confining stress and step loading
seepage pressure. Initial seepage pressure Pp is 2 MPa,
each level of the seepage pressure increment 4P,is 2 MPa
and lasts for 50 h. The crack length and axial strain both
experience multiple stages of decelerated increase until
the last stage of seepage pressure when they go through
accelerated increase. At this moment the rock also breaks
down. The evolution curves of crack extension rate and
axial strain rate clearly explain the variation of crack length
and step loading axial strain change rate. The minimum
crack extension rate or axial strain rate of rock increase
with the increase of the step loading seepage pressure.

This find agrees well previous research results3—,
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Fig.9 Evolution of crack length, crack growth rate, axial
strain, and axial strain rate under constant loading and step
seepage pressure during rock creep

Figure 10 shows the evolution curves of rock crack
length, crack extension rate, axial strain and axial strain
rate under different step loading seepage pressures in-
crement 4P,. With the increase of seepage pressure in-
crement, the number of graded steps of rock creep failure

declines and the rock creep failure time also decreases.
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Meanwhile, the crack length, crack extension rate axial
strain and axial strain rate of rock at the given time all

increase continuously.
4 Conclusions

Based on fracture damage mechanics theory, a macro-
microscopic creep mechanical model of brittle rock is
established considering the effect of seepage pressure.
The effects of seepage pressure on crack length, crack
extension rate, effective seepage pressure, strain and strain
rate of brittle rock are explained in detail. The main con-
clusions can be drawn as follow:

(1) With the increase of seepage pressure, the normal
stress on the initial crack surface decreases linearly, whereas
the tensile force on the initial crack surface and the effec-
tive seepage pressure on the newly generated wing crack
surface increase linearly.

(2) Under constant seepage pressure, the creep failure
time of rock decreases with the increase of seepage pressure.
Moreover, the steady-state creep crack extension rate,
axial strain and axial strain rate all exhibit continuous
increase. Under the same seepage pressure, the creep
failure time increases with the increase of confining stress
or the decrease of axial stress. The influence of confining
stress on the magnitude of rock creep failure time is greater
than that of axial stress, indicating that the sensitivity of
confining stress on rock creep failure is more obvious
compared with axial stress. The effective seepage pressure
increases along with the creep evolution, and the effective
seepage pressure witnesses an accelerated increase during
the creep acceleration stage.

(3) Under step loading seepage pressure, the crack
length and axial strain go through several stages of dece-
lerated increase until the last stage of seepage pressure
when both crack length and axial strain increase drama-
tically and the rock is broken at the same time. With the
increase of the step loading seepage pressure increment,

the minimum crack extension rate or axial strain rate
increase, while the number of rock creep failure steps
and time decrease continuously. Correspondingly, the crack
length, axial strain, crack extension rate and axial strain

rate of rock at the given time increase continuously.
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