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Abstract. This paper presents a physical investigation and mathematical analysis on
mechanical behavior of the regular jugged discontinuity. In particular, we focus on the
creep property of structural plane with various slope angles under different normal
stress through shear creep tests of structural plane under shear stresses. According
to the test results, the shear creep property of structural plane was described and the
creep velocity and long-term strength of the structural plane during shear creep were
also investigated. An empirical formula is finally established to evaluate shear strength
of discontinuity and a modified Burger model was proposed to represent the shear
deformation property during creep.
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1 Introduction

Structural plane is the basic constituent of rock. It is the discontinuous plane which has
extremely low or no tensile strength, and it includes all kinds of geological separations,
such as, joints, faults, soft interlayers. To some extent, the mechanical property of struc-
tural plane controls the mechanical property of engineering rock, determining the scope
and types of rock unstable failure. The failure mechanism of a rock mass largely depends
on the failure of the structural planes, which is not a rapid or unexpected brittle fail-
ure, but one that experiences stress relaxation due to geological time span creep under
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long-term loads until final failure. The creep failure of the structural plane is one main
reason of engineering rock unstable failure, sometimes even dominating. However, some
scholars (Ding et al. [5] and Xu and Yang [14]) argue that the creep property of a struc-
tural plane is different from that of the whole rock (practical engineering), without any
accelerated creep stage.

The purpose of this research on creep property of the rock mass structural plane is
to understand its deformation mechanism, its development and failure, and its time sen-
sitive nature under long-term loads. Researchers all over the world did some work on
it. Xu and Xia [13] carried out laboratory creep experiments and proposed a generalized
model to explain creep associated with rock mass structural planes in the Three Gorges
Project. Ding et al. [5] performed a shear creep test on rigid structural plane of navi-
gation lock area of the Three Gorges Project. This research analyzed the creep behavior
of a structural plane under constant loads, and proposed the shear creep equation for
structural plane creep. Recent studies have identified the nonlinear rheological prop-
erty of rock materials. Cao et al. [3] updated the linear coefficients of viscosity in the
viscous volume model to nonlinear by analyzing the total stress-strain curve and the
rock mass creep curve. Also, he proposed a combined model, which represented the
non-decreasing creep property of rock mass. Based on the modified Xiyuan model pro-
posed by Wang and Wang [16], Wang et al. [15] considered that the nonlinear change was
accompanied by deformation and hence obtained the stability condition for the modi-
fied Xiyuan model through local linearization of the nonlinear creep problem. Xu and
Yang [14] proposed a nonlinear viscous element to the triaxial rheological test curve of
greenschist and obtained a nonlinear plastic body, which fully represented the acceler-
ated rheologic property of rock mass. There is much scope for the development of more
robust models suitable for analysis and design within ground engineering.

In this paper, based on the shear tests and shear creep tests on regular tooth struc-
tural planes under different normal stresses, we investigate mechanical properties and
mainly, strength characteristics and creep properties of such planes under shearing con-
ditions. Through lots of shear creep laboratory tests of structural plane, it studied the
shear creep property of structural plane, and analyzed the deformation property and
creep rate property during the creep process. Meanwhile, shear creep constitutive model
of the structural plane was proposed, and its applicability was discussed.

2 Physical investigation

The experimental test was carried out with rock biaxial rheological testing machine pro-
duced by Changchun Testing Machine Research Institute in China. The machine can ap-
ply vertical axial compression (tension) and horizontal axis compression (tension) both
simultaneously and separately, and can measure the deformation of both axes and both
sides simultaneously. The maximum vertical axial compression load is 500KN; the max-
imum horizontal axial compression load is 300KN. In this experiment, the maximum
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axial load is around 50KN. The testing machine is servo controlled, and the compres-
sional stress was applied via a screw rod pressing mechanism. The measuring accuracy
of deformation is 0.0001mm, which represented less than 0.01% FS deflection in the tests
undertaken. The structural plane is formed between cement mortar tests specimens that
have regular jagged surfaces, i.e., the rough surfaces are simplified to one with regular
tooth profile of the same slope angle for the purpose of reducing the complexity of the
structural planes. In order to avoid the test result difference due to the differences in ma-
terial strength and deformation of the specimens, each batch of specimens were made of
the same materials, the same mix proportion, and the same curing time and were shaped
in molds of the same specification.

The specification of a specimen was such that it fitted into a one litre volume 10×
10×10cm, with a regular jagged structural plane comprising 10 teeth. The tooth profiles
have four types of slope angles: 10◦, 20◦, 30◦ and 45◦. The specimens are made of No. 325
cement, standard sand, and water. The mix proportion of water: cement: sand was 1:2:4.
In order to obtain a consistent quality and enhance the compactness, the material was
charged and damped layer by layer during casting.

We conducted a compressive strength experiment of one single test specimen to ver-
ify the magnitude of the normal stress needed. We can use former relevant experimental
data to depict a forecasting curve, and check the curve with a group of test specimens to
get the exact normal force. In shearing experiments, the angles of specimens of regular
tooth structural planes included 5 types, which were 0◦, 10◦, 20◦, 30◦, 45◦ and each type
of specimens were tested under normal stresses of uniaxial compressive strength of re-
spectively 50%, 40%, 30% and 20% (0.5σc , 0.4σc, 0.3σc and 0.2σc). First, increased normal
force to the predetermined values and held them; then increased tangential force with a
certain rate until the specimens were damaged.

In order to determine the creep parameters and deformation mechanism of structural
plane, shear creep tests of regular jagged structural planes were performed. An incre-
mental step loading technique was adopted to increase the load step by step until the
sample was failure. For different slope angles and horizontal stresses, the same vertical
stress was applied and kept constant in favor of the experimental data analysis. The ver-
tical stress was chosen as 5% and 15% of the average value of the unconfined uniaxial
compression strength of samples with the same structural plane. The horizontal grades
of stress were 70%, 80%, 90% and 95% of the limit shear strength under the corresponding
axial compression samples with the same structural plane.

3 Theoretical treatments

The relationship between the peak shear strength and slope ratio of discontinuity is
shown in Fig. 1 and it can be seen from the figure that there is a very good linear re-
lationship between them. Under a certain normal stress, the shear strength increases as
the slope ratio increases. When the slope ratio changes from 10◦ to 45◦, the average in-
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Figure 1: The relationship between peak shear strength and discontinuity angle.

crease of shear strength is around 60%. However, the changing trend and increase of the
peak shear strength are different under different normal stresses and slope ratios. As the
slope ratio increases, the shear strength of discontinuity increases evidently. The reason
is that the dilatancy effect decreases and the shearing through asperities increases, as the
slope ratio increases. The slop ratio has a lot of effects on the strength of discontinuity.

Generally, the peak shear strength formula for the discontinuity of rigid rock mass is
expressed as:

τp=σn ·tan(φr+i), (3.1)

where ϕr is the basic internal friction angle, i is the synthetically slope ratio of disconti-
nuity.

During the shear test, the process of failure includes both the sliding along and shear-
ing through asperities, which vary with the slope ratio. Assuming that the basic internal
friction angle is taken unchanged during the shearing process, Eq. (3.1) is modified as
follows:

τp=σn ·tan(φr+i)+Ci, (3.2)

where ϕr is the basic internal friction angle, corresponding to the internal friction angle
of the 0◦ discontinuity. i, which is related to the discontinuity angle β, is the slope ratio
which is taken as the sliding on asperities during the shearing process. Ci is cohesion,
which is taken as the shearing through asperities. According to Coulomb-Mohr law,
the summation of ϕr and i is represented by ϕj, which is the internal friction angle of
discontinuity.

It can be seen from the fitting result that the synthetical shear strength parameters of
discontinuity Ci and ϕi increase as the slope ratio of the jugged discontinuity increases.
Generally, the synthetical shear strength parameters of discontinuity Ci and ϕi remain
unchanged for homogeneous materials. However, in this test, almost all the teeth of the



262 B. Yang, S. H. Mo, P. Wu, C. Q. He / Adv. Appl. Math. Mech., 5 (2013), pp. 258-268

sample are sheared after they undergo sliding on asperities to a certain level rather than
purely sliding on asperities or shearing through them. The area of cut of the tooth tip
changes because of the sliding on asperities, and so do the synthetical shear strength
parameters of discontinuity Ci and ϕi. Under the same stress, the sliding on asperities
decreases, the shear resistance of the tooth increases, and the area of cut of the tooth
tip increases as the slope ratio increases. Therefore, Ci becomes greater. Because of the
sliding on asperities, ϕi increases as the slope ratio increases, which matches with the
failure mode of the sample observed during the test.

There is a good linear relationship between the synthetical shear strength parameters
and the slope ratio. According to the data and curves, an empirical formula similar to
Patton formula is proposed as follows:

τ=σn ·tan(φ0+h(β))+ f (β). (3.3)

In Eq. (3.3), β is the discontinuity angle and ϕ0 is the basic internal friction angle. h(β)
and f (β) are functions of the discontinuity angle, which represents the sliding on asper-
ities and shear through them respectively. According to the linear relationship between
the shear strength parameters and the angle of discontinuity, a particular form of Eq. (3.3)
can be expressed as follows:

τ=σn ·tan(φ0+Kiβ)+Kcβ, (3.4)

where Ki is the coefficient of correction for the internal friction angle of discontinuity
when loaded, Kc the coefficient of correction for discontinuity cohesion and β taken as a
parameter for the roughness of discontinuity. According to the test result, the parameters
under shear stress are: ϕ0=36◦, Ki=0.21, Kc=0.037.

The shear creep tests of regular jagged structural planes are under 2 types of verti-
cal stresses: 0.6MPa, 8MPa. Fig. 2 shows the whole shear creep test process of structural
planes with different slope angles. From the curve of the whole creep test, it has been dis-
covered that the creep deformation of different angles depends largely on the magnitude
of the load level. Under a constant horizontal stress, the shear displacement increases
with time. The larger the vertical stress, the larger the horizontal load, which is needed
to induce the shear creep failure of the structural plane. The structural planes with differ-
ent slope angles do not experience the accelerated creep stage during the creep process.
When the horizontal stress reaches the last stage, the structural plane slips quickly until
failure and the duration is very short.

Usually, the rock mass creep deformation includes four stages: instant deformation,
initial creep, steady-state creep. Empirical formula (3.1) can be used to fit the creep curve
grading

u=u0+A·lnt+B·tn, (3.5)

where u0 is instant deformation; Alnt is attenuate deformation; Btn is the third stage
creep; A and B are constants; n is creep index, which represents the nonlinear property
of the third stage creep; t is time.
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Figure 2: The curves of shear creep test process of structural planes with different slope angles.
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Figure 3: The grading curves of shear creep of 10◦ and 30◦ structural planes.

The individual creep curves for structural planes at each angle were obtained accord-
ing to the fitting formulas, as shown in Fig. 3 (take 10◦ and 30◦ grading curves of the
structural planes as examples). By observing the individual creep obtained from every
shear creep test for the structural plane specimen, some features of the structural plane
shear creep deformation can be concluded as follows.

As soon as the horizontal load is applied, it induces an instant shear deformation and
the curve enters the initial creep stage. However, the duration is relatively short. At this
stage, the creep velocity changes from a relatively high value to a limited one. The creep
velocity of the initial creep decreases quickly. After the initial creep, the state transits
towards steady creep with time. This stage is relatively long and the duration mainly
depends on the horizontal stress. As time goes by, it transits to the steady-state creep
stage, during which the creep velocity decreases with time very slowly; usually, it takes
some time from initial creep to stable deformation, and the duration of the process is af-
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Fig. 4. The creep velocity curves of structural planes with different slope angles.
Figure 4: The creep velocity curves of structural planes with different slope angles.

fected by the shear stress. Structural planes with different slope angles do not experience
the accelerate creep stage during the process. When the horizontal stress reaches the last
stage level, the structural plane slips quickly until failure and the duration is very short.

The creep velocity-time curve can be obtained by calculating the gradient of the creep
curve of structural planes with different angles at every moment. Fig. 4 shows the shear
creep velocity of some structural planes changing with time under vertical stress. From
the graph, it can be seen that the creep velocity curve experiences instant creep, initial
creep and steady creep stages. The creep velocity of the initial creep decreases quickly.
After a very short period, the structural plane creep transits to the steady-state creep
stage, in which the creep velocity is approximately zero but not constant, it changes with
time slowly, and the accelerate creep stage is never observed. Under higher shear stress
conditions, it takes more time for structural plane creep to transit from initial creep stage
to steady-state creep stage. In the steady-state creep stage, the amplitude of variation is
small enough for it to be considered as a steady-state creep. As shown in Fig. 4, the creep
velocity curves of structural planes with different slope angles have similar characteris-
tics, after they have stabilized, they have close creep velocities.

From the relation curve of creep velocity and time, it can be observed that the creep
velocity has an initial creep velocity at the test beginning stage, as time goes by, the creep
velocity decreases gradually and tends to stabilize. Through the comparative analysis of
curves, it is found that formula (3.2) can be used to describe the relation curve of creep
velocity and time (Fig. 5)

v=v0+
A

tn
, (3.6)

where v is creep velocity; v0 is initial creep velocity; t is time; A and n are constants.
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Figure 5: The fitting curves of creep velocity of structural planes.

4 Mathematical analysis

Creep theoretical models have many basic forms, as to the rock and soil mass material,
the test curves must be analyzed briefly before the creep theoretical model is determined.
Based on the test results, we proposes a nonlinear viscous element according to the fea-
tures of the structural plane creep curves, and makes some modifications about Burger
model for a better representation of the structural plane creep curve. Fig. 6 shows the
modified Burger model, which can be used to describe the structural plane shear creep
curve. The modified Burger model is used to fit the shear creep curves, and it can describe
the viscoelastic creep properties.

Figure 6: Modified Burger model.

According to the relation in the figure, the model satisfies the following condition,
since it is combination in series:

τ=τ1=τ2=τ3, (4.1a)

γ=γ1+γ2+γ3, (4.1b)

τ1=G1 ·γ1, (4.1c)

τ2=η1 ·γ̇2+G2 ·γ2, (4.1d)

τ3=η2 ·γ̇3/(ntn−1), (4.1e)

where G1, G2 are shear modulus, η1, η2 are coefficients of viscosity, n is rheological index.
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Figure 7: Creep curves of modified Burger model.

The constitutive relation for the rheological mode can be deduced from formula (3.3)-
(4.1a), as follows:

γ̈+
G2

η1
γ̇=

τ̈

G1
+

(

1

η1
+

G2

G1 ·η1
+

n·tn−1

η2

)

·τ̇+

[

G2 ·n·t
n−1

η2 ·η1
+

n·(n−1)·tn−2

η2

]

·τ. (4.2)

If the initial conditions are: t=0, γ= τ0/G1 and τ= τ0, the creep function for the model
can be deduced from the rheological constitutive relation as follows:

γ=τ0

{

1

G1
+

1

G2

[

1−exp
(

−

G2

η2
t
)]

+
tn

η1

}

. (4.3)

Based on the creep function of the new model, and compare it with the creep function
of the Burger model, a rheological index n is included in the mathematical expression in
the modified Burger model creep function that represents the nonlinear relation between
creep deformation and time, as shown in Fig. 7.

It can be seen from this experiment and the curve fitting results (Fig. 8, take the curves
of 20◦ and 30◦ structural planes as examples) that, the modified Burger model matches
well with the structural plane shear creep test results. The modified Burger model rep-
resents the creep process of the structural planes in detail. The model represents that the
structural plane creep velocity decreases with time. The modified Burger model is of a
simpler form, and it is not complicated for determining the parameters, which have clear
meanings. It is convenient to carry out curve fitting analysis on the structural plane creep
property and hence practical.

5 Conclusions

The shear tests and shear creep tests are carried out on the regular jugged discontinu-
ity with different angles and under different stresses in this study. During the shearing
process, both the sliding on asperities and shearing are included in the failure mode of
discontinuity. According to the data and curves obtained, an empirical equation is pro-
posed with a form similar to the Patton Equation. The shear creep failure of a structural
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Figure 8: The test curves fitting graph of the modified Burger model and Burger model.

plane exhibits an obvious instant deformation property, which is very important for engi-
neering rocks with well developed structural planes. The structural plane creep velocity
starts from an initial creep velocity. In the process of test, the creep velocity decreases in
the form of index decreasing and finally tends to stabilize. The modified Burger model
matches with the structural plane shear creep test results very well.

The structural plane specimens are artificial regular jagged structural planes, the more
comprehensive study should changes from regular jagged structural planes to natural
structural planes. And the creep constitutive model of structural planes in this study
do not introduce any parameters which represent structural plane properties, and this
worth to be studied further. Through the creep test of structural plane, hopefully a more
reasonable method can be found to evaluate the long-term strength of structural plane,
thus can instruct the practical engineering application.
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