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A creep constitutive model for transversely isotropic rocks
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1. School of Civil Engineering and Communication, North China University of Water Resources and Electric Power, Zhengzhou, Henan 450045, China
2. State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan University, Chengdu, Sichuan 610065, China

Abstract: Due to the presence of bedded or jointed planes, layered rock mass shows transversely isotropic characteristics in mechanics.
Therefore, the existing isotropic creep model is difficult to fully reflect the creep constitutive model of transversely isotropic rock mass.
In order to obtain the three-dimensional transversely isotropic creep constitutive model, the Burgers model is adopted to describe the
characteristics of instantaneous strain, decaying creep and steady creep of transversely isotropic rock mass. Based on the assumption
of constant Poisson’s ratio and three-dimensional isotropic creep constitutive equation, a three-dimensional creep constitutive equation
of transversely isotropic rock mass is derived through differential operator method by substitution of transversely isotropic compliance
matrix into isotropic compliance matrix. The new model also takes the differences of creep behaviours between specimens with horizontally
and vertically oriented bedding into account. According to the characteristics of creep constitutive equation, a method for identifying
the creep parameters in the three-dimensional creep constitutive model is proposed based on the creep test results. The model is applied
to the identification of triaxial creep test parameters, and a comprehensive set of three-dimensional creep parameters are obtained. The
rationality of the proposed creep equation is verified by comparing theoretical values with experiment results. The limitations of the
traditional creep tests design scheme are further pointed out and some suggestions for creep tests design of transversely isotropic materials
are given. The research results provide a new insight for the study of three-dimensional creep mechanism of rock mass and provide
scientific support for the design of rock mass creep tests.

Keywords: transversely isotropic; three dimensional model; creep equation; parameter identification

1 Introduction a reasonable creep constitutive model' 2, which can guide

the practical engineering problems accurately and effect-

The rock mass in nature is generally characterized . . Ce
i 'g i Y ] tively. Therefore, it is of great scientific significance and

by strong heterogeneity, especially in the environment . . —
o engineering application value to study the creep cons-

of well developed joints and karst, underground water o
q i here the rock b titutive model of layered rock mass.

seepage and tectonic events, where the rock mass exhibits The research of creep constitutive model of rock mass

time-dependent anisotropic mechanical behavior. Even has always been a hot topic of international and domestic

for isotropic rocks, they are mostly affected by engineering scholars. The creep models of transversely isotropic mate-

factors such as excavation, and thus their creep mechanical rials published abroad can be divided into two categories,

behavior is also anisotropic. Generally, the creep mech- namely the empirical model which is summarized by

anical analysis of rock mass starts from the observation experimental phenomena and the theoretical model which

of creep phenomenon, followed by the exploration of s ghtained by plastic theory. Park et al.*! took the weak-

creep mechanism from microscopic or macroscopic VieW,  ening effect of elastic shear modulus over time into

and then use abstract mathematical model to construct account and constructed the creep constitutive model

the corresponding creep constitutive model. Layered rocks of transversely isotropic rock. However, their empirical

extensively deposit in the earth’s crust and have the char- model regards the nonlinear behavior of elasticity as

acteristics of transverse isotropy in mechanics. With the
development of underground engineering, the mechanical
properties of layered rock, especially creep properties,
cast an important influence on the deformation and stress
distribution of surrounding rock in tunnels, underground
hydropower and other projects. The key to describe the
creep characteristics of layered rock mass is to construct

viscosity, which is not a viscosity model in real sense.
Berman et al.'*! assumed that the failure behavior of
materials was ideal plasticity, and derived the anisotropic
creep constitutive equation that could reflect the stable
creep stage under triaxial loading. Furthermore, Lliboutry'™,
Aravas et al.[%l, Robinson!”! deduced more complex trans-
versely isotropic models and anisotropically rheological
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models based on the dissipative potential function. However,
the creep constitutive model of anisotropy theory is mainly
based on the plastic theory, which is more applicable to
deal with the materials with plastic failure, such as metals.
It is well known that failure of rock mass exhibits quasi-
brittleness rather than complete plasticity. Therefore, the
research on the anisotropically viscoelastic plastic element
model that is suitable for describing the quasi-brittle
fracture failure of rock mass can reflect the failure nature
of rock mass more accurately. At present, it is urgent to
carry out corresponding research on this issue.

It is generally considered that creep deformation of
rock mass is a combination of elastic, viscous and plastic
properties, each of which is represented by a specific
component. The creep characteristics at different stages
can be described by the combination of different com-
ponents. Due to its clear physical meaning of each com-
ponent, this method has been widely used. Currently,
scholars in China mainly use shear creep test, uniaxial
compression creep test, triaxial compression creep test,
numerical simulation and theoretical analysis to carry out
the corresponding research on layered rock mass. The
weak bedding plane is an inherent factor of anisotropy
for transversely isotropic rock. Therefore, Zhang et al.!®!
and Li et al.”’ conducted shear creep tests on sandstone
samples with weak bedding planes. A one-dimensional
4-component creep model and a one-dimensional Burgers
model with water content were established, respectively.
Based on the shear creep results of greenschist containing
weak planes, Zhang et al.' connected a nonlinear shear
creep component with the Nishihara model in series,
and developed one-dimensional nonlinear creep com-
ponent models. Through the shear creep tests on layered
rocks, it was found that his models can effectively reflect
the creep characteristics of weak planes, although most
of the creep models are one-dimensional. In order to
establish 3-D creep model of layered rock mass, numerical
simulations, uniaxial and triaxial compression creep tests
were conducted by many scholars on slate!'!), quartz-
mica schist!!?!, shale!'3!, composite rock!'* and layered
red sandstone!"]. On this basis, the one-dimensional com-
ponent creep model is extended to the three-dimensional
one by referring to the derivation of constant bulk modulus
of isotropic rocks. Liu et al.'!l, Xiao et al.'?!, Tang et al.l'*!
and Xu et al."adopted the 3D creep equation of constant
bulk modulus. When fitting the creep parameters according
to the creep test results, only axial strain rather than cyclic
strain was considered, and the correlations of creep
parameters with different bedding dip angles were not
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presented. According to the creep curve of layered red
sandstone, Shan et al.l'* used constant bulk modulus
three-dimensional creep equation to fit the creep parameters,
taking into account the axial strain and circumferential
strain at the same time. However, in their paper, the axial
and circumferential creeps of the same specimen were
simply fitted as independent creep parameters, and the
correlation of creep parameters of rock mass with different
bedding dip angles was not considered. It is clear that
based on constant bulk modulus, the existing 3D creep
models of layered rock identify the creep parameters
in different directions as different independent values,
but not real 3D creep constitutive model for transversely
isotropic rock mass, which failed to achieve the goal of
using a set of creep parameters to describe the creep
characteristics of rock mass with different bedding incli-
nations. The reason is that the idea of constant bulk
modulus assumption is to decompose the stress state of
any point in the object into a spherical stress tensor and
a deviatoric stress tensor. The spherical stress only induces
spherical strain and the deviatoric stress only induces
the deviatoric strain. However, this assumption is not
valid in layered rock mass. Spherical stress and deviatoric
stress tensors can induce spherical strain and deviatoric
strain simultaneously because of its anisotropy''®. Com-
bining the component creep model with the transversely
isotropic mechanical characteristics of layered rock so
as to obtain a 3D creep constitutive model is still an
important scientific problem that needs to be solved
urgently. However, there are few references in the existing
literature.

In this paper, the well known Burgers model is adopted.
Based on the assumption of constant Poisson’s ratio and
3D isotropic creep constitutive equation, a 3D creep
constitutive equation of transversely isotropic rock mass
is derived by substitution of transversely isotropic com-
pliance matrix into isotropic compliance matrix. Based
on the proposed model and identification method, the
creep parameters of phyllite are obtained and the creep
mechanism of transversely isotropic rock mass is revealed.
Finally, according to the characteristics of creep equation,
the proposal of creep test design scheme for transver-
sely isotropic materials is given.

2 Establishment of 3D creep constitutive
model

2.1 3D creep constitutive model of isotropic rock
Given the characteristics of the whole-process creep
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test curve of layered rock mass!! !, the 3D creep con-
stitutive model should have the following characteristics:
elastic component should be included to reflect the cha-
racteristics of instantaneous elasticity; a parallel com-
bination of elastic and viscous components should be
contained within the model to describe the decaying
creep; the model should also contain viscous component
to reflect the stable creep (or subaccelerated creep) of
rock mass.

Based on the above analysis, the Burgers model
composed of Maxwell body and Kelvin body in series
(as shown in Fig. 1) was selected to describe the real
creep characteristics of layered rock mass.

Ex

W

—MW—D—

Eym ™M

T 1
1 T
! K

Maxwell body

Kelvin body

Fig.1 Burgers model

The one-dimensional creep equation of Burgers model
can be expressed as

1 1 1
e=|—+ + o (D
E, nuD E +m.D

where E,, and E, are elasticity modulus of Maxwell

body and Kelvin body, respectively; 7, and 7, are
coefficients of viscosity of Maxwell body and Kelvin
body, respectively; o is axial deviatoric stress; &£ is
axial creep deformation; and D is the integral operator.

The creep compliance tensor J () can be written as

J(t)=L+ I (2)
E, nuD E+nD

Then Eq. (1) can be simplified into
e=J{t)o (3)

Based on the creep constitutive equation derived under
one-dimensional condition, the constitutive equation can
be extended to 3D stress state by combining the relevant
assumptions. Constant Poisson's ratio assumption is
adopted in this study''”), indicating that the Poisson's
ratio does not change with time and stress, and is equal
to the Poisson’s ratio during elastic stage, u(c,t)=u"7.
For isotropic rocks, 3-D creep equation can be obtained

Published by Rock and Soil Mechanics, 2020

by using creep compliance tensor substitution method

as follows!'¥ 191,

{e}=7(1)[40} 4)
where [ A] is the Poisson's ratio matrix of isotropic mater-
ials; {e} ={€.6,.6. %, Ve Vo) 310} =[000.0.7,.7..7, )
£,7,0 and 7 are the normal strain, shear strain, normal
stress and shear stress, respectively; Subscripts x, y, z
and xz, yz, xy indicate the directions and planes in which
the strain or stress are located. The specific meaning of
each symbol can be found elsewhere!!* 3],
2.2 Establishment of 3D creep constitutive model for
transversely isotropic rock

Layered rock is characterized by transversely isotropic
mechanical properties. A 3D cartesian coordinate system
is presented in Fig.2. Assume that plane xoy is the trans-
versely isotropic plane and axis z is perpendicular to
plane xoy.

/

Bedding plane

X

Fig.2 Diagram of coordinate system

According to the coordinate system in Fig.2, the
stress—strain constitutive relation of transversely isotropic

rock in 3D stress state can be obtained as follows!!:
{e} =[SK o} (5
where
I L P 0 0 0 ]
Eh Eh EV
_Hin L _Hw 0 0
Eh Eh EV
A L 0 0 0
[s]=| & B &
0 0 0 L, 0 0
G
0 0 0 0 i, 0
G
2(1+
0 0 0 0 0 (1 )
L E, J
(6)
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where E, and E, are the elastic modulus parallel and
perpendicular to bedding direction, respectively; s, and
4, are the Poisson's ratios parallel and perpendicular
to bedding direction, respectively; G’ is shear modulus
perpendicular to bedding direction.

Transversely isotropic rock has five independent elastic
parameters. Gonzaga et al.?!! reduced the independent
elastic parameters to four and gave an approximate expr-
ession of the elastic parameters as

11 (+2u,) .
G E E

v

=nkE, , where n is the ratio of E, to E,.

h»>

Assume E,
Combined with Eq. (7), the compliance matrix in Eq. (5)
can be written as

1
S1=—TJU (8)
[S] Eh[m]
1o, M 0 0
n
w1 H 0 0
n
J/ /|
e ) 0 0
Unl=l n n n 2
0 0 0l+—Fw o ¢
n
0 0 0 o0 1%
n
0o 0 0 0 0 2(1+4,)

C))
For transversely isotropic rock, it is assumed that
Poisson’s ratio remains a constant with the change of
stress and time, and is equal to the constant of the elastic
stage. In this paper, the differential operator substitution
method!'®'% is adopted to keep the Poisson's ratio matrix
unchanged. Then the Poisson's ratio matrix [A] of isotropic
materials in Eq. (4) is substituted by the Poisson's ratio
matrix [Ug] of transversely isotropic materials as shown
in Eq. (8). Consequently, the 3-D creep constitutive equation
for layered rock can be obtained as follows:

{e}=7()[Un]{o}

Creep compliance in Eq. (10) is calculated by inte-

(10

gration. Given the fact that the creep properties vary
significantly parallel or perpendicular to bedding directions,
m1, n2, n2 and n4 are introduced to replace the » in Poisson's
ratio matrix of transversely isotropic materials, [Usa].
The purpose of this manipulation is to reflect the dif-
ference between instantaneous creep elastic component,
steady creep viscous component, elastic component and

viscous component in delaying creep. Expanding Eq. (10),

https://rocksoilmech.researchcommons.org/journal/vol41/iss9/4
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the following equation is yielded.

hv

1 U
gA_E_h O-x_ltlhho-y_ n O-z +

1

Tha n, K ”3
EI]E (O-A _ﬂhho-y - ’l;lh" O-z)
1—exp| — /14 t (11
77]2 (O-A _lllhho-y — O-z)
n,
e =L —U, 0, +0 —&o; +
RO,
1 Mo 1 Ky
| O, 0, — l+—r| MO, +0,———0_ |
M ) EK 1y
E ( ,Uth' +o_ /ahv Z)
l—exp| — ;4 t a2
77K( ltlhho- +O— e z)
ns
Eh
£ = hl + hl t+ hl l—ex p( K—’%t] .
Egym  nyn,  Egny 77Kn4
(~#4, 0, — 14,0, +0.) (13)
1+2 1+2
yﬂz{ih[HM}L(HMJH
Ey n T n,
1 - o {1 1+2ﬂhvj
—1 el 1—exp| — Mg
Ey Ue

yz
n;(u”z”}w)
n,

(14>

ny
(15)
o= (42 o (2 2 )14
’ Ey 77M
1 E£(2+2/Uhh) :I
— (2424, )yl —exp| ————=t |7, (16)
E:;( hh){ |: 77]}2(24_2#}1}1) y

where E; ,m%,Er,nt and the corresponding ni, na, n3,
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n4 are eight independent tensile and compression creep
parameters perpendicular to bedding direction. It can be
seen that, unlike 3D creep constitutive model of isotropic
rock, the proposed 3D creep constitutive model of trans-
versely isotropic rock takes the distinctions of creep
mechanical behavior parallel and perpendicular to bedding
directions into account. If the creep behaviors in those
two directions are the same, namely n1= ny=n3=n4= 1,
then Egs. (11)—(16) are reduced to 3D creep constitutive
model of isotropic rock.

3 Identification of creep parameters of
transversely isotropic rock

In order to verify the rationality and applicability of
the proposed model, triaxial compression creep tests of
transversely isotropic rock were conducted. The phyllite
used in the laboratory test was taken from the entrance
of Taoping tunnel in Wenchuan County. The phyllite is
a typical transversely isotropic rock mass with distinct
layered structure. According to the different inclinations
of the bedding planes, the original rock samples were
processed into two types with horizontal bedding and
vertical bedding, respectively. As shown in Fig. 3, the
samples were all cylinders with a diameter of 5 cm and
a height of 10 cm. Through uniaxial compression tests,
4, and g, were calculated as 0.15 and 0.10 according
to the method of Cho et al.l%,

(a) Sample with horizontal bedding (b) Sample with vertical bedding

Fig.3 Typical rock specimens

MTS815 rock mechanics testing system was used
to perform conventional triaxial compression tests with
a confining pressure of 5 MPa for horizontal and vertical
bedding samples. The loading direction is illustrated in
Fig. 4. Triaxial creep tests were carried out according to
the 80% of the peak strength of the triaxial compression

Published by Rock and Soil Mechanics, 2020

test. Creep tests under confining pressure of 5 MPa were
performed in 5—6 stages. Constant confining stress and
graded increased axial stress were used in the creep tests.
For horizontal bedding sample, the axial stress was inc-
reased step by step as 9.4, 15.1, 20.8, 26.0 and 32.2 MPa.
For vertical bedding sample, the graded increased axial
stress were 26.0, 35.6, 45.6, 55.5, 65.4 and 75.1 MPa,
respectively.

The results of the triaxial compression creep tests of
the horizontal and vertical bedding samples were treated
by Chen’s Loading Method and Boltzmann linear super-
position principle to further obtain the graded creep curves
of the horizontal and vertical bedding samples, as shown

10'1 l o

in Fig. 5.

5 -
Py ot
S——— - P
_ AN
O3 T 03 0 IIII: o
N /_ﬂlliii_
— _ P
P
— _ phob o
— NI

IO'] I (9]
(a) Sample with horizontal bedding (b) Sample with vertical bedding

Fig.4 Test rock specimens and loading directions
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(b) Sample with vertical bedding

Fig.5 Axial creep curves under different loading
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Using the proposed 3D creep constitutive model for
transversely isotropic rock, the principal stresses in ox,
oy and oz directions in Fig.2 are noted as o,, o,
and o, respectively.

It can be found that for the case of vertical bedding,
plane xoy is an isotropic plane, o.=o0,=0;, 0,=0,.
£x., represents the axial strain of sample with vertical
bedding, and then Eq. (11) can be rewritten as

1 U 1

00 _ |

Axia ~ g (0} — U, 03) — Ehw o5 +—;
M M T

fhy 1
(0, —uhhag)t—nh—hagt{ﬁ(q -

M2 K K3
1 My, Oy
l—expy—1| (0, — 4, 03) ——— |-
p{ {|:77]2( 1 :uhh 3) 77]}(1”4:|
1
01— Hw0;5 _ O3 |t an
Eg Egn,

Similarly, when the bedding plane is horizontal,
plane xoy is an isotropic plane, 0,=0,=0;, 0,=0;.
£, .. represents the axial strain of horizontal bedding
sample, and thus Eq. (13) can be written as

1 1 1 E"
Eova =\ =—+——1+— l—exp{— hKn3 t]
Eyn nyn, Eyn, TNy

(18)

(O-l - 2/l’lhvo-3 )

The flow chart of the identification of creep parameters
developed in this study is displayed in Fig. 6. Note that
o, 1s the stress level of horizontal bedding rock sample,
and o, is the stress level of vertical bedding rock sample.
Based on the analytical formula (Eq.(18)) and the creep
test curves of horizontal bedding rock sample, the opt-
imized parameter combinations, Eyn, ,nn, ,Efn, and
nen, can be obtained through Levenberg-Marquardt
nonlinear least square fitting. Substitute these parameters
into Eq. (17), and combined with the creep test curves
results of vertical bedding rock, Ey,,ny,,Er and n; are
yielded through curve fitting. Consequently, n1, na, n3,
and ny4 are calculated through the ratio of E}\n,, nin,,
Efn, and nin, to Ey,my, Ef and 7 . It can be seen that
the creep parameters identification method developed in
this study is capable of displaying the creep characteristics
of transversely isotropic rock mass in different bedding
directions simultaneously via a unified set of creep
parameters.

https://rocksoilmech.researchcommons.org/journal/vol41/iss9/4
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Laboratory test

N

Stress of horizontal Stress of vertical
bedding sample oy bedding sample o,

Creep curve of vertical
bedding sample

Creep curve of hori-
zontal bedding sample

Regression Regression

h h h h h h h b
Egn  nyny , Egny , 1ign, Ey, v, Ex, T
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No

corresponding to oy,
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h h h h
EM5 M » EK’ T > 1, N, N3, Ny

when oy, = o

Fig.6 Flow chart of creep parameter identification

According to the identification method of creep par-
ameters and the creep test results of horizontal bedding
rock sample, Eq.(18) is used for fitting analysis. The
parameter combinations of horizontal bedding sample
can be determined. Table 1 lists E\n,, n4n,, Epn, and
nen, under different stress levels (9.4, 15.1, 20.8, 26.0
and 32.2 MPa).

Table 1 Creep parameters of rock sample with horizontal
bedding

Axial stress Eyn, T, Epn, nen,
/MPa /GPa /(GPa * min) /GPa /(GPa * min)
9.4 7.1 244 155.8 05 1066.2
15.1 72 230 887.1 50.0 2020.5
20.8 7.5 2142125 53.0 2259.5
26.0 7.8 163 580.2 52.1 18589
322 8.1 157 073.5 50.8 1390.2

The creep parameters of rock mass are related to its
stress level. In this test, the triaxial stress of vertical
bedding rock are 26.0, 35.6, 45.6, 55.5, 65.4 and 75.1 MPa,
which are different from the stress of horizontal bedding
rock(9.4, 15.1, 20.8, 26.0 and 32.2 MPa). Therefore, it
is necessary to obtain the corresponding Ey,n, , 77,1, , Egn,
and ngn, of vertical bedding rock under the same stress
levels through approximate calculation and regression
analysis according to the results of horizontal bedding
rock sample. In regression analysis, in order to avoid the
presence of abnormal or even negative values as well
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as results distortion, linear and polynomial equations are
generally not used in regression curve. The regression
of creep parameters of horizontal bedding sample is
shown in Fig. 7.

According to regression equation, Ey,n, , nyyn,, Epn,
and ngn, for vertical bedding sample under correspond-
ing stress level are calculated. The results are listed in
Table 2.

8.0

y=0.047 3x + 6.55, R = 0.959
78 |

h

Eyn,/GPa

74 |

72 F

5 10 15 20 25 30 35
Axial stress /MPa

7.0

(a) Regression analysis for E;‘,[ n

54 -

52 F

48 +

h

Exnsy/GPa

46 |-

3= exp{0.76 +2.03In(x + 1) — 0.32[In(x + 1)J?},
R?=0.995

42 1 1 1 1 1 ]
5 10 15 20 25 30 35

Axial stress /MPa

(c) Regression analysis for Ej 1,

Substitute the results in Table 2 into Eq. (17), the
creep parameters are available by fitting the creep curves
of vertical bedding sample using Eq. (17), as shown in
Table 3.

ni, n2, n3 and n4 can thus be calculated according to
the prediction results in Table 2 and Table 3. Finally, eight
independent creep parameters of transversely isotropic
rock can be obtained, as shown in Table 4.

26
24 b n y=-exp(12.63 — 0.02x), R> = 0.898
=
E 22}
[+
=9
O 20
2
< 18
=3
S 16t
14 1 1 1 1 1 ]
5 10 15 20 25 30 35
Axial stress /MPa
(b) Regression analysis for 7,1,
24
22 £
E 20 |
=)
+ 18 F
<
=%
O 16 |
>
T 14 r
= 12t
1.0 | y=exp{—8.457 +10.806In(x + 1) — 1.805[In(x + 1)]*},
R?>=0.985
0.8 L L L J

5 10 15 20 25 30 35
Axial stress /MPa

(d) Regression analysis for 7,

Fig.7 Regression analysis of creep parameters

Table 2 List of calculated parameters

Table 3 List of parameters by curve fitting

Axial stress Ef,[ n 77:,, n, E 2 ny 77,'} n, Axial stress Ef,[ n 77,31"2 E,'g ny 77;[2"4
/MPa /GPa  /(GPa * min) /GPa /(GPa * min) /MPa /GPa  /(GPa * min) /GPa  /(GPa * min)
26.0 7.8 163 580.2 52.1 1858.9 26.0 13.4 1421417.6 165.6 3373.0
35.6 8.2 149 941.4 49.8 1154.8 35.6 15.8 957 550.7 158.3 3337.0
45.6 8.7 122 761.7 45.7 612.4 45.6 13.1 970 913.0 141.6 2247.0
55.5 9.2 100 710.0 41.5 317.5 55.5 13.0 662 534.4 127.6 1704.0
65.4 9.6 82619.4 37.6 165.1 65.4 12.9 645 590.9 133.7 207.4
75.1 10.1 68 050.1 34.1 88.4 75.1 12.9 365 808.3 131.1 188.7
Table 4 Creep parameters of layer vertical sample
Axial stress /MPa Ey, /GPa 7y, /(GPa * min) E} /GPa 7 /(GPa * min) n n n3 ny
26.0 13.44 1421418 165.6 3373 0.58 0.12 0.31 0.55
35.6 15.75 957 551 158.3 3337 0.52 0.16 0.31 0.35
45.6 13.13 970913 141.6 2247 0.66 0.13 0.32 0.27
55.5 12.95 662 534 127.6 1704 0.71 0.15 0.33 0.19
65.4 12.92 645 591 133.7 207.4 0.74 0.13 0.28 0.80
75.1 12.91 365 808 131.1 188.7 0.78 0.19 0.26 0.47
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Figure 8 compares the creep test values of phyllite
with fitting values based on the model presented in this
paper. It can be seen from Fig. 8, the values estimated
by the 3-D creep constitutive equation are in good agree-
ment with test values, indicating that the developed
model is suitable for capturing the creep characteristics
of phyllite.
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— Fitting value
oo 32.2 MPa
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(a) Sample with horizontal bedding
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Fig.8 Test creep curves of phyllite and curves fitting by
developed model

4 Conclusions

Due to the existence of weak structure planes, the
mechanical properties of layered rock mass and isotropic
rock mass are significantly different. The creep charac-
teristics of layered rock mass exhibit strong anisotropy.
Therefore, it is difficult to describe the creep mechanical
properties of transversely isotropic rocks using existing
isotropic creep models. Based on the assumption of constant
Poisson's ratio, a 3D creep constitutive model which can
reflect the characteristics of transversely isotropic rock
mass is derived, and an identification method of creep
parameters for transversely isotropic rock mass is also
developed according to the creep equation. The main
conclusions can be drawn as follow:

https://rocksoilmech.researchcommons.org/journal/vol41/iss9/4
DOI: 10.16285/j.rsm.2019.6387

(1) The creep curve of typical layered phyllite can
be described by classic Burgers model, which presents
the characteristics of instantaneous strain, decaying creep
and steady creep. Based on the Burgers model and 3-D
isotropic creep constitutive equation, with the aid of constant
Poisson’s ratio, isotropic compliance matrix is replaced
by transversely isotropic compliance matrix through dif-
ferential operator method. Therefore, the creep constitutive
equations of transversely isotropic materials with eight
independent creep parameters are derived for the first
time, which is capable of describing the characteristics
of instantaneous strain, decaying creep and steady creep
of transversely isotropic rock.

(2) According to the characteristics of the 3D creep
equation of transversely isotropic rock, an identification
method and implementation procedure of creep parameters
are developed by equation transformation. Through creep
tests on horizontal and vertical bedding samples under
the same stress levels, eight creep parameters are cal-
culated and analyzed. This method is powerful to display
the creep characteristics of transversely isotropic rock
in different bedding directions using a unified set of creep
parameters.

(3) Based on the triaxial compression creep tests of
phyllite with regards to horizontal and vertical bedding,
eight creep parameters of the typical layered phyllite
are obtained by using parameter identification method
of 3-D creep equation. The rationality and applicability
of the constitutive equation are verified by comparing
model estimates with experimental results.

It should be noted that the conventional creep test
design was adopted in the phyllite creep test. According
to the load peak of phyllite with different bedding direc-
tions, the samples were loaded gradually with 5 to 6 stages
with different stress levels by referring the 80% of peak
strength. Creep properties and parameters of rock mass
have close relationship with its stress level. Therefore,
according to the developed creep constitutive model of
transversely isotropic materials, it is suggested that creep
test of horizontal and vertical bedding rock samples should
be carried out at the same stress levels, as shown in
Fig. 6, 0, =0y, so that the creep parameters of tran-
sversely isotropic materials can be more accurately
identified.
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