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Abstract. This paper reports an improved constitutive model for the shear creep
behavior of offwhite marbles which are selected from slope and underground cav-
ern and contain green schist’s weak structural planes. The shear creep behavior of
the samples is characterized using the rheological tests. Based on the experimental
measurements on mechanical properties under different normal stress conditions,
an improved model is proposed to analyze the experimental results. It is demon-
strated from a further discussion that such model can reflect the non-linear creep
characteristics of structural planes, and especially, it is suitable for description of
the viscoelastic and viscoplastic deformation behavior of structural planes.
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1 Introduction

The structural plane has a large influence on the rock heterogeneity, anisotropy and
mechanical properties, other characteristics such as strength, deformation, failure and
creep will later influence rock’s actual state, construction, transportation, stability and
reinforcement work. Rheological characteristic of rock mass discontinuity is one of the
most important mechanical characteristics of rock mass. It controls the creep transfig-
uration and long-term strength. However, the structural plane’s shear creep is com-
plicated and has many influencing factors, on which few researches focus on. Only
Amadei and Ding [1-5] carried out studies on structural plane model and created ex-
perimental and component models. The current research on structural planes under
shear creep conditions [6-15] still lacks deep and systematic study; there is a need of
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deeper and more comprehensive studies. Here it should be indicated that under nor-
mal circumstances, marble does not show significant rheological behavior. However,
in the present case, the marble with green schist’s weak structural planes can exhibit
an obvious time effect due to the deep and high stress environment and hence should
result in a large rheological deformation. It is therefore reasonable and important to
conduct the creep tests for understanding the mechanical behavior.

This paper mainly focused on the improved model which can reflect the non-linear
creep characteristics of structural planes, and describe the viscoelastic and viscoplastic
deformations of structural planes. The marble samples with weak structural plane will
be tested through multi-stage loading shear rheology tests by rock rheology biaxial
testing machine CSS-1950. The test results will be used to evaluate the creep behavior
of weak structural plane and the improved model will be used to modify and analyze
the results.

2 Experimental measurements

The test specimen is a 10 x 10 x 10cm® cubic sample and the samples are selected from
slope and underground cavern which contains green schist’s weak structural plane. In
order to maintain the quality, infrared ray is used during the process to make prospec-
tive cutting. The sample flatness is therefore fully guaranteed. The shear creep tests
of green schist’s weak structural plane are under 5 types of normal stresses: 5Mpa,
7.5Mpa, 10Mpa, 12.5Mpa and 15Mpa. The creep curve for the whole test process is in
Fig. 1.

From the curve of the whole creep test process, it’s been discovered that at higher
level shear stress stages, the creep deformation clearly increases. Under very high
stresses, accelerated creep stage occurs (Fig. 2), the relationship between creep rate and
time is like a basin-shaped curve, see Fig. 3, the creep rate is initially large, gradually
decreases, and eventually stabilizes, then later goes through rapid increasing process,
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Figure 1: Creep curves of the structural plane under 4 types of normal stresses of 5Mpa, 10Mpa, 12.5Mpa
and 15Mpa respectively.
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Figure 2: The structural plane accelerated creep stage curves under 15MPa stress.
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Figure 3: The structural plane creep rate curves under 15MPa normal stress.

the attenuation creep stage and the constant creep stage has the least volatile strain
rate, and show a certain degree of regularity.

During the accelerated creep stage of greenschist weak structure, structural plane
creep rate increases as time goes by. The power function of the creep equation (2.1)
can be used to illustrate it

u= L'lo—l—A(t—tc)n. (2.1)

In the formula, f, is the time when the steady creep ends, 1 is the creep rate of the
steady creep stage. According to the regression fitting of the experimental data, as
Fig. 4 illustrates, there is a higher degree of curve fitting, describe the creep rate by
using accelerated power function can be more satisfactory.

3 Theoretical considerations

From the past research results, it can be seen that Burgers model and broad sense
Kelvin model can better describe the instantaneous deformation, initial creep, steady
creep, as well as accelerating creep that happen in shear creep of rock structural plane.
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Figure 4: The accelerated creep stage and creep rate curves of the Greenschist weak structural plane.

But these two models can not describe the failure behaviors of structural plane. In
order to describe the whole creep process of structural plane (instantaneous deforma-
tion, initial creep, steady creep, accelerating creep), non-linear creep model should be
used.

Under grading loading conditions, the shear creep deformation of weak structural
plane can be classified into elastic deformation 7., viscoelastic deformation ;. and
viscoplastic deformation 7y):

Y = Yo+ Toe + Yop €Y

According to the creep deformation structure of this test, Nishihara model with five
elements can be used to describe attenuation creep and steady creep stages. Nishihara
model is constituted by broad sense Kelvin body and a viscous body series, see Fig. 5,
Nishihara model can fully describe attenuation creep, steady creep, as well as non-
steady creep.

In Fig. 8, there is no viscoplastic model when 7 < 75, thus this model degraded
into Kelvin model (Formula (3.2b)), at this moment, the creep constitutive equation of
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Figure 5: Component picture of Nishihara model.
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Nishihara model is given below when T > 7 :

’Y:’Ye+%e=(;—I-(;Z(l—exp(—(;zzt)), (3.2a)
7=7e+%e+%p:;+C§2(1—exP(—;};t))+<T;fs>t. (3.2b)

Formula (3.3) and Burgers model are similar in form, but different in essence. Burg-
ers model has only viscous deformation, no viscoplastic deformation, but Nishihara
model is in the opposite side. When Nishihara model enters the stage of viscoplastic
deformation, it almost has the same result as Burgers model when describing non-zero
rate creep deformation. Burgers model can describe attenuation creep and viscous
steady creep, but without yield limit, it cannot describe creep regularities above the
long-term strength, in this model, permanent deformation is resulted by pure viscous
flow. Nishihara model can describe not only attenuation creep of structural plane be-
low long-term strength, but also steady creep above long-term strength. This model
is constituted by linear rheological elements series, thus it can only reflects linear vis-
coelastic properties, and no accelerating properties.

From the shear creep test result of structural plane, we can know the reason why
non-linear shear rheology appears at green schist weak structural plane: under con-
stant shear stress conditions, the microcracks in rocks will experience a revolutionary
process of extended fracture, thus it can be concluded that non-linear shear creep de-
formation is a function of time.

This part of thesis will analyze the curves of the whole creep process, as well as
the strain rate of accelerating creep. In order to describe steady creep and accelerating
creep under high stress, a new non-linear rheology element will be connected in series
in Nishihara model. Considering the following factors: the non-linear increasement of
creep rate at accelerating stage; viscosity coefficient decreases as time goes on; and at
accelerating stage, creep rate of structural plane increases rapidly in the form of power
function as time goes on, thus the relationship between time and creep deformation of
non-linear rheology element is shown below:

7=;mu—mw (3.3)

where 1 and n are creep parameters, n is defined as rheology index, which is used to
reflect the speed degree of accelerating creep at structural plane, ¢, is the initial time of
transition from steady creep to accelerating creep, H is a switching function given by

0, t <t

[H(t —t;)] = { (3.4)

t—t., t>t.

We can see from Formula (3.3) and Fig. 6, after t > t., shear creep and creep rate of
structural plane show non-linear increasement with time, thus this non-linear element
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Figure 6: Diagram of (a) non-linear shear rheology element and (b) creep curves.
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Figure 7: The non-linear viscoelastic plasticity shear rheology model of structural plane.

can fully reflect accelerating rheology properties of structural plane, and can be used
to describe non-linear accelerating rheology deformation.

This shear creep test of green schist structural plane is a complicated process which
consists of elastic, viscous, plastic, viscoelastic and viscoplastic deformation, therefore
the combination of various elements should be applied to simulate the creep pro-
cess. According to the above analysis, it can be seen that Nishihara model can bet-
ter describe attenuation creep and steady creep in this creep test, on the other hand,
non-linear shear rheology can better simulate the accelerating creep stage. Combin-
ing them together, that is to say, connecting Nishihara model and non-linear rheol-
ogy in series, a new non-linear viscoelastic plasticity shear rheology model, which can
comprehensively describe shear creep properties of green schist weak structural plane

(Fig. 7), can be established.

According to the series-parallel properties of elements, the non-linear viscoelastic
plasticity rheology model of structural plane consists of 4 parts. Therefore, we can get
the constitutive relations under one-dimensional stress conditions:

T=T+T+T7+1, Y=m+r2+73+74 (3.5a)
_a 2] _ep(_ &2
= Gy Y2 = G {1 exp ( " t)}, (3.5b)
0/ 3 < Ts, 0, O < tC/
Y3 = w3 Ts b >, Y4 = E(t _h) >t (3.5¢)
2 13

In the formulae, G;, G, are shear modulus, 71, 172, 173 are viscosity coefficients which
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reflect the speed of accelerating creep on structural plane, ¢, is the initial time of tran-
sition from steady creep to accelerating creep.

Based on the above formulae, the non-linear viscoelastic plasticity creep constitu-
tive model is as follows:

(I) There exists only instantaneous deformation for the moment when shear tress is applied:

T

i

(2) After the shear tress is applied, when T < T;, the structural plane doesn't enter yield situ-
ation. Under constant shear stress conditions, the creep curve only shows characteristics of
attenuation creep, thus the non-linear viscoelastic plasticity creep constitutive model degrades
into broad sense Kelvin model, which can describe viscoelastic properties of the structural
plane:

7= Tt i—ep (- 20)]. (3.7)

(3) When T > 15, t < t., the green schist weak structural plane enter yield situation, the viscous
components of the third part are involved in deformation, the model can describe attenuation
creep and steady creep stages respectively. It is similar to Burger model, and can also be
used to describe the viscoelastic plasticity properties of the structural plane:

7=5;+5Jﬁ—mp(—$?ﬂ-%T;QL (3.8)

(4) When T > T,, t > t,, the green schist weak structural plane enter accelerating creep stage,
the non-linear shear rheology elements of the fourth part are involved in deformation, and the
model can describe attenuation creep, steady creep, as well as accelerating stage respectively,
and can describe the non-linear viscoelastic plasticity properties of the structural plane:

T T

Gy T— T T

= —+4+ —|l—exp( — —=t)|+—t+ t—t)". 3.9
’)/ G1 G2|: p( 171 )i| 172 173( C) ( )
Combining Formulae (3.6)-(3.9) gives
T T Gy T— T T
= —+4+ —|1l—exp| — —=t)|+ t+ —[H(t—t)]". 3.10
(e Gz[ p( m >] Up) 773[ (= te)] (3.10)

Formula (3.10) is the non-linear shear rheology model of structural plane. It can not only
describe the viscoelastic plasticity properties of structural plane, but can also better reflect
the non-linear accelerating creep deformation of structural plane

0, T< T, 0, t<te,
(T—1) = ’ H(t—t) = ‘ (3.11)
T— T, T>Ts, t—t, t>t..

According to the long-term strength characteristics of green schist weak structural
plane, the anti-shear strength of it is 60% of the quick shear strength, and on the other
hand, combining the creep test curves of structural plane, we can get that the stress
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(c) The greenschist weak structural plane accelerated creep curve fitting

Figure 8: The structural plane shear rheological model of nonlinear curve fitting.

value of structural plane is 7 when it develops into viscoplastic deformation. Ob-
serving the accelerating creep curves of structural plane, and combining the creep rate
changing curves, we can get the initial time which starts from steady shear creep to
accelerating shear creep, the concrete parameters are shown in Table 1.

According to the test parameters in Table 1, and simulate the test results by using
non-linear viscoelastic plasticity shear rheology model, we can get the fitting param-
eters of model in Table 2, and these parameters can be used to get fitting curves of
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Table 1: The long-term strength parameters chart of green schist weak structural plane.

Samples No. | X(MPa) | T(MPa) | © (MPa) | t.(h)
CP1 5.0 128 7.0 18.00
CcPr2 7.5 15.9 8.1 0.09
CP3 10.0 19.1 10.2 0.05
CP4 12.5 22.3 11.0 0.20
CP5 15.0 25.5 12.5 3.20

Table 2: The fitting parameters chart of non-linear creep model.

Samples No. | shear stresss(MPa) | G1(GPa) | 771(GPa) | Go(GPa) | 172(GPa) | 73(GPa) | n R
CP1 45 68.51 1823.25 | 168.25 - - - 10912
5.4 64.31 3045.71 | 64043.7 - - - 10921
6.3 66.77 5001.78 | 2092.14 | 164574.5 - - | 0.966
72 68.72 3103.54 | 42904.1 | 286662.7 - - 10978
8.1 70.95 5241.15 | 46717.3 | 700840.3 - - 10936
9.0 71.16 2289.36 | 50107.1 | 93877.1 - - | 0.989
10.2 61.14 3736.46 | 91554.6 | 385819.9 - - | 0.963
11.5 63.83 -41887 | 402147 889.22 | -1516.8 | 1 | 0.908
CP2 7.0 5.04 728.82 | 16449.3 - - - | 0997
8.3 5.75 217379 | 381154 | 122921.1 - - 10973
9.6 6.48 5371.66 | 27.668 | 273.4278 | 2.0E-11 | 16 | 0.947
CP3 7.0 19.71 1325.78 | 1997.98 | 26746.61 - - | 0.989
9.5 19.335 | 102891 | 738.41 | 86298.61 - - | 0.988
11.5 22996 | 1166.38 6.787 12.218 | 8.7E-27 | 25 | 0.998
CP4 10.3 28.48 2197.78 | 109195 - - - | 0.989
11.5 30.92 7159.73 | 24119.1 | 428999 - - | 0.994
12.7 33.11 3563.27 | 6073.22 | 88685.1 - - 10937
13.9 35.02 2916.2 | 36929.7 | 1076421 - - | 0.998
15.0 36.68 4375.65 | 24414.7 | 146045.7 - - | 0981
16.2 36.78 2875.41 | 1593.89 | 211589.6 - - 10977
17.4 3443 315.88 12.12 68.057 | 1.7E-28 | 55 | 0.997
CP5 9.5 60.69 2886.27 | 20298.1 - - - 10933
11.3 64.44 3403.82 | 5623.66 | 27842.44 - - | 0.994
13.2 66.00 2119.20 | 1509.04 | 109859.2 - - 10983
15.1 67.30 2187.18 | 7738.28 | 1065760 - - | 0.995
17.0 68.49 -1.2E+6 | 1012718 | 217646.1 | 1143.13 | 0.2 | 0.989

green schist structural plane, see Fig. 8.

From the above test results, it can be concluded that the fitting curves have good
fitting effects and high correlation coefficients, these all prove the appropriateness of
rheology model which is based on the test mechanisms and divides creep deforma-
tion into initial creep, steady creep, as well as accelerating creep; they also prove the
rationality and applicability of this model in aspects of shear creep properties. It must
be explained that the above analysis proves the rationality of constructed model from
the angle of indoor tests, thus the corresponding test parameters may not be used di-
rectly in field rock engineering, but they can be referential materials, to make sure the
parameter scope of structural plane during back analysis of model parameters.

Finally, it is indicated that the present study focuses on the shear creep behavior
of green schist’s weak structural plane. The rheological tests for the strong structural
planes are needed and can be compared with the present results. Nevertheless, based
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on the present results obtained, it can be conjectured that the strong structural planes
should show obvious different rheological properties, and the most possible feature
for such planes is that no accelerated creep stage could appear.

4 Conclusions

This paper employs the greenschist weak structural rock surface to investigate shear
creep behavior under different normal stress conditions. The experimental results
show that the creep behavior can be dived into 3 stages: attenuation, constant and ac-
celerating. For the attenuation and accelerated stages, the structural plane displays the
nonlinear characteristics, while for the stable creep stage, the deformation characteris-
tics become more complicated. Using an improved model, the above creep character-
istics of the structural planes can be described well. This improved model can reflect
the non-linear creep characteristics of structural planes and describe the viscoelastic
and viscoplastic deformations.
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