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Creep experiment and rheological model of deep saturated rock
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Abstract: By the methods of uniaxial single-stage loading and graded incremental cyclic loading, the creep experiments were
performed on the deep saturated rock from Dongguashan Mine, and the creep curves of saturated rock under different loading
stresses were obtained. By comparing with the creep rule of dry rock in the same location, the creep rule of deep saturated rock was
analyzed. Based on the united rheological mechanical model, the rheological model of deep saturated rock was recognized, and the
parameters of the model were determined. The results show that the creep curves are very smooth under low stress, but the
phenomena of wave and catastrophe turn up under high stress, and the bearing capacity of rock is weakening over time. The
rheological properties of saturated and dry rocks are very different under the condition of deep high stress, especially when unloading,
degradation and damage of rock quality is more serious, and the effect of water cannot be neglected. The H—H|N—N|S model
(Schofield—Scott—Blair model) was selected to represent the rheology rule of deep saturated rock, and the fitting curves of model

agree well with the experiment data, so the selected model is reasonable.
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1 Introduction

Mining engineering is one of the most important
rock engineering. With the increasingly serious problems
of depletion of mineral resources in shallow mines and
crisis mines, the mineral exploitation gradually extends
to deep level. There are over 80 metal mines with more
than 1000 m depth level of exploitation in China [1]. The
Hongtoushan Mine, Dongguashan Mine, Gaofeng Mine,
Xiangxi Mine, Jinchuan Mine and so on in China have
been in the condition of deep mining. Deep mining is a
rock engineering problem in special environment, which
is manifested as the mutagenicity of the dynamic
response of deep rock mass, the complexity of rock mass
stress field, the brittle-ductile transition, large
deformation and rheology of deep rock deformation
mechanism, and the instantaneity of karst water bursting
[2]. It can be seen that the shallow rock mechanic theory
could not provide guidance and support for deep mining
due to those characteristics. Therefore, the rock
mechanics of deep mining has become a focus for
researchers.

The rheological property of rock and rock mass is

one of the important causes of rock engineering failure,
especially in deep rock mass engineering [3]. The
domestic and foreign scholars carried out a lot of
researches on the rheological properties of rock and its
rheological model, and obtained many meaningful results.
GASC-BARBIER and CHANCHOLE [4] made
rheological tests on clay rock, and established the
corresponding constitutive equations.

FUIII et al [5] studied the axial and lateral rock
creep deformation using the triaxial creep tests with
constant confining pressure and increasing axial pressure.
They considered that the lateral deformation shows
stronger regularity, which could be used as an important
indicator for rock damage. FU et al [6] found that the
lateral creep shows apparent anisotropy when carrying
out lateral creep tests on oil shale. YAN et al [7] analyzed
the shear rheological characteristics of jointed marble,
and proposed the jointed rock shear rheological
constitutive model which can consider the effect of
normal stress. SUN [8,9] studied the nonlinear
characteristics of viscosity coefficient based on the
Bingham rheological model. He considered the
coefficient as the function of load and loading time. XU
et al [10—12] established the nonlinear and viscoelastic-
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plastic rheological model of rock by connecting the
viscoplastic body and five-component
viscoplastic model. And the model was applied to the
rock engineering of Jinping Hydropower Station Project.

However, the research object is mainly shallow rock,
while the research on the rheological properties of
saturated rock in deep and high stress conditions is
relatively scare. The authors carried out tests on the
rheological properties of the saturated rock from
Dongguashan deep copper mine, and compared the
rheological properties of dry rock in the mine field. The
rheology regularity of deep saturated rock was analyzed,
and the corresponding rheological mode was established
based on the uniform rheological model.

nonlinear

2 Experimental

Dongguashan Copper Mine is difficult to mine due
to high stress and poor rock mass stability. The depth
from the current operating field to ground reaches 1100
m. The engineering disasters of deep mining such as
serious underground pressure and rock burst are serious.
The destruction of deep roadways of the copper mine has
time characteristics. Therefore, it is necessary to carry
out creep tests to study the rheological creep law in the
deep roadways.

The amphibolite cores from deep roadways of the
mine were made as standard rock samples with size of
d50 mmx100 mm. The samples were divided into two
groups. One was placed in natural circumstance, and the
other was soaked in groundwater (pH=7.1) collected
from the mine site. The specimens were soaked for 7 d at
room temperature.

2.1 Experimental equipment

The equipment for the rock creep test was the
RYL-600 computer controlling rock shear rheometer.
The rheometer has the ac-servo high speed system,
which is mainly used for the rheological test of rock and
rock weak plane, direct shear, uniaxial compression and
bi-directional compression tests. The host composite
portal frame structure consists of axial loading
framework, horizontal loading framework, control
cabinet, cranes and other components.

The axial loading framework is composed of motor
base, ball screw, moving beams, fixed beams and axial
lifting device.

2.2 Experiment designing

The methods of uniaxial compression loading and
single-stage incremental cyclic loading and unloading
were used to ensure the test to take into account rock
bombs, instantancous plastic, viscoelastic  and
viscoplastic properties, according to the test requirement

and the actual sampling conditions. There were 12
samples in each group for the test. The specific test
programs are as follows.

1) Each one of the dry rock and saturated rock was
chosen for the uniaxial compression test, and the load
threshold values of the instantaneous compressive
strength and instantaneous plastic deformation of rock
were obtained.

2) Each one of the dry rock and saturated rock was
chosen for the uniaxial compression single-stage loading
stable creep test. The initial condition that was slightly
higher than the threshold value causing instantaneous
plastic deformation was used for the constant loading of
the test. The loading rate was 0.3 kN/s. The pressure was
unloaded completely when the deformation was stable,
to observe the viscoelastic hysteretic recovery.

3) Each one of the dry rock and saturated rock was
chosen for the constant strain rate test with uniaxial
compression loading and single-stage incremental cyclic
loading and unloading. The initial load was slightly
lower than the threshold value of the load causing
instantaneous plastic deformation. The loading rate was
0.3 kN/s, and the loading increment was 10 kN. The
pressure was unloaded completely when the deformation
was stable, to observe the viscoelastic hysteretic recovery.
When there was no hysteretic recovery, the next cyclic
loading was carried out. The progressive loading was
made step by step, until the constant strain rate
phenomena appeared. And then the pressure was
unloaded completely when the deformation was stable,
to observe the viscoelastic hysteretic recovery.

4) Each one of the dry rock and saturated rock was
chosen for uniaxial compression single-stage incremental
loading full test. The process was similar to the
procedure 3, while the loading was continued until the
sample was damaged.

5) Every two of the dry rock and saturated rock
were chosen for uniaxial compression single-stage
loading creep full test. The loading value higher than the
long-term strength and below the uniaxial compressive
strength was applied as single-stage constant pressure,
until the sample was damaged. The loading rate was 0.3
kN/s.

3 Results and analysis

3.1 Results of dry rock samples

Figure 1 shows the loading and unloading curves of
dry rock creep. It can be seen that in dry conditions, the
rock is in fracture compaction and elastic deformation
stage when the loading stress is small (6.3 MPa for the
test, due to the obvious difference between the strain and
the loading stress, in order to get more clear curves, the
creep curve is not shown). The fractures, pores, joints,
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and dislocation structure contained in the rock material
are compacted and have closure adjustment in initial
creep pressure. And the rock almost shows no new
microscopic damage with time extending. When the
stress reaches 26.5 MPa, the constant rock material
compaction and local contracture closure adjustment
show that the samples will be soon in stable creep state.
Then the samples are in stable creep state when the stress
increases to 46.8 MPa. There will be micro cracks as the
stress increases to 67.2 MPa. However, the internal
loading capacity of samples is not weakened, and the
continuous flow curve is in fine integrity. The reason is
that the amphibolite rock is in good structure, and the
flow load has little -effect the deformation
characteristics. There are no abrupt curves with

on

increasing stress until the specimen is damaged,

illustrating that the sample structure is of good integrity.

3.2 Results of water-saturated rock samples

Figure 2 shows the creep curves of saturated
amphibolite. The creep curve is very smooth (not plotted
in Fig. 2) under the load stress of 6.3 MPa. When the
loading stress increases to 26.5 MPa, the rock still shows
no new microscopic damage with time prolonging and
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soon reaches stable state, despite of the obvious rock
material heterogeneity and the compaction and closure
adjustment of the initial damage of fractures, pores,
joints, and dislocation structure contained in the rock
material. When the stress is 46.8 or 67.2 MPa, the
samples are in stable creep state, and the fractures are
continuously compacted and have elastic deformation.
The axial plastic deformation is nearly 0. And the
increasing stress only extends the stable scope of creep.
The curves show mutation when the stress increases to
82.5 MPa. The reason for the axial strain mutation may
be the failure of the lower strength area in rock materials
which can not bear long-term cumulative effects of
micro-damage caused by the heterogeneity of rock and
local non-uniform damage. The phenomenon is more
significant when the loading stress is 97.8 MPa. The
fluctuation of flow curves (as shown in the two figures in
right of Fig. 2) shows the weakening and failure
adjustment of the rock internal loading capacity with
time growth.

3.3 Discussion
It can be seen from Figs. 1 and 2 that the

amphibolite loading and unloading creep curves are
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smooth at all time without obvious viscoplastic strain in
dry circumstance. However, the influence of water can
not be neglected under the effect of saturated water,
especially when there is mutation under high stress
unloading. The reason for the phenomenon is the
re-adjustment of compacted fractures, pores, joints, and
dislocation structure contained in rock material under the
effect of water due to rock heterogeneity. Meanwhile, a
large number of cracks caused by the combined effect of
unloading and water make the rock quality deteriorated
and the damage is intensified. It should be noted that the
non-uniform deformation of rock may also lead to local
stress release. Under the combined effects of the above
factors, the rock deformation has the phenomenon of
mutation with time prolonging.

4 Unified rheological model

4.1 Unified rheological model

Unified rheological model is a rheological model
including the viscoelasticity, viscoplasticity, viscosity
and sticky plasticity, which actually contains four
fundamental rheological models and eleven composite
rheological models. The unified rheological model of the
14 special cases can be identified effectively based on
the loading and unloading characteristics of the creep test
curves of rocks under different stress levels [12,13]. The
unified rheological model is shown in Fig. 3.

In the previous study, the rheological models were

4.2 Model identification

According to the method proposed in Ref. [12], the
deep saturated rock rheological model was identified, the
core of which is to study the loading—unloading creep
curve on different stress levels.

Sample producing instantaneous elastic strain
immediately after the instantaneous force should be
described by the elastic element. The strain rate
decreases rapidly in the early creep stage, and then
gradually becomes stable. When the stress is less than
the long-term strength, the creep value is infinitely close
to a constant value; when the stress is equal to or greater
than the long-term strength, the strain increases with time,
indicating that there must be material
characteristics, so it should contain adhesive components.
After quick unloading at each grade, there is residual
deformation except the fast recovery elastic strain.
Among the residual deformations there is unrecoverable
permanent deformation besides the viscoelastic
deformation that can be fully restored, so the model
should contain plastic components.

After the above analysis and checking the table of
unified rheological models [12], it is known that
H—HN-NIS model or Schofield—Scott—Blair Model can
describe the deep water-saturated rock rheological model
for mechanical properties well, as shown in Fig. 4.

The constitutive relationship of H-HN-N|S
rheological model is shown as

viscous

usually determined according to the results of creep tests 001702703 (1)
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It is thus clear that when o<oy the creep equation
has instantaneous elastic deformation and steady creep,
when t—o, &(0)—>0y/Ey; when o>0; the creep
equation has the features of elasticity and the strain adds
over time.

The unloading effect of the model is divided into
two cases as the same as the loading progress, the elastic
aftereffect of which is
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Fig. 5 Fitting curves of H-H|N—N|S model
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Clearly, when 0<o, there is an instantaneous elastic

recovery at the time ¢, when t—>o, e—>0; when o>0;,

t—>00, e—>(ao—0o)t\/1>.

4.3 Modeling parameters

Based on the method provided in Ref. [13], the
creep test data were fitted according to Eqgs. (5) and (6),
and the model parameters of deep saturated plagioclase
amphibolite-grade stress can be obtained (as shown in
Table 1). According to the fitted curve in Fig. 5, except
the loading curve of the initial strain is slightly less than
the measured data when the loading stress is 67.2 MPa,
the other curves fit well with the experimental data,
which proves that the deep saturated rock rheological
model based on the unified rheological model is feasible
and effective.

Table 1 Parameters of H-H|N—N|S model

Step Stress/  E/ E,/ n/ 1o/
loading MPa  MPa MPa (MPa‘h)  (MPa-h)
First 03 581219 1.405%10° 1.520%10°

stage

Second 50 5 1300416 4118710 799.991

stage

Third 46 8 3576395 2763.050  240.104

stage

Fourth o7 o 4218.667 3776333 527.198

stage

Fifth ¢ 5 4481239 5675284 401529 1.961x10°
stage

St‘;‘;e‘ 97.8 4802.574 7877.600 496333 1.987x10°

Strain/1072
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5 Conclusions

1) The single-stage uniaxial compression loading
and cyclic loading incremental classification methods
were used on deep water-saturated rock creep tests. And
the rheological test curves under different stress states of
saturated rock were obtained, as well as the rheological
laws of the water-saturated deep rocks in the whole stage
were analyzed.

2) Due to the impact of the water, the rheological
properties of the saturated rocks and dry rocks are very
different, especially under high stress unloading situation,
the rock damage aggravates, indicating that water cannot
be neglected when analyzing the reliability and safety of
deep rock engineering.

3) The deep saturated rheological model was
identified based on a unified rheological mechanical
model, and the H—H|N-N|S model was chosen to
describe the rheological laws of deep saturated rocks,
which fits very well with the experimental data, proving
that the selected model is reasonable.
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