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Experimental and model research on shear creep of granite under
freeze-thaw cycles

ZHANG Feng-rui, JIANG An-nan, YANG Xiu-rong, SHEN FA -yi
Institute of Road and Bridge Engineering, Dalian Maritime University, Dalian, Liaoning 116026, China

Abstract: To study the effect of freeze-thaw on the shear creep characteristics of engineering rocks in cold regions, the granite
samples from Huibai tunnel in Jilin province were taken as the research object, and the microscopic characteristics and shear creep
tests of samples under different freeze-thaw cycles were carried out. The results show that: 1) With the increase of freeze-thaw cycles,
the cracks and voids in the samples develop continuously, and the damage of rock surface becomes more and more obvious. 2) The
pores in the sample are mainly composed of small and medium pores, and the porosity increases nonlinearly with the increase of
freeze-thaw cycles. 3) With the increase of freeze-thaw cycles, creep deformation and creep rate increase gradually, while creep time,
failure stress and long-term strength decrease obviously. According to the test results, expressions of unsteady creep parameters of
freeze-thaw rocks are established, the damage viscous element of freeze-thaw rock is proposed, and the freeze-thaw shear creep
constitutive model of granite is constructed. By comparing creep test curve with theoretical model fitting curve, the correctness and
applicability of the model are verified. Through sensitivity analysis of creep parameters, the influence of creep parameters on granite
creep deformation is studied, and the variation law of creep parameters with the number of freeze-thaw cycles is given. The research

results have guiding significance for long-term stability evaluation of rock mass engineering in cold regions.
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1 Introduction

The shear creep characteristic, which is closely related to
the long-term stability of rock mass engineering, is one of the
important mechanical characteristics of engineering rockst. In
slope management, tunnel construction, and mining projects,
the failure of rock mass due to long-term shear loading is one of
its main failure mode. Especially with the development of rock
mass engineering in cold regions, rock is severely deteriorated
and damaged under freeze-thaw cycles, and shear creep
characteristics are more significant, which will adversely affect
the long-term stability of engineering in cold regions.

Scholars at home and abroad have carried out research on
shear creep characteristics of rocks and achieved certain results.
Jia et al. carried out shear creep tests of undisturbed rocks under
different normal stresses and established an empirical formula
for estimating creep strain@. Zhao et al. studied the failure
characteristics of red sandstone under shear creep, and analyzed
the rock fracture surface based on micro-analysis technology
and three-dimensional measurement devicel®l. Zhang et al.
studied the shear creep characteristics of rocks through
experiments and proposed a constitutive model that can reflect
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the nonlinear creep characteristics of structural planestl. Xu et
al. studied the failure evolution characteristics of rocks through
a series of shear creep tests on discontinuous rocks !, Sun et al.
carried out shear creep tests on rock masses with multiple
groups of jointed and analyzed the rheological properties of the
rocks %, Wang et al. and Tian et al. carried out the shear creep
test and model research of zigzag structural surface, and
described the shear creep characteristics of zigzag structural
surface.l’-81 Xu et al. and Yang et al. established a nonlinear
shear creep model based on the shear creep test results of
mudstones from Longtan Hydropower Station®2°l. Li et al.
carried out shear creep tests on sandstones with different
moisture contents, and described the shear creep laws using
Burgers model M. Yu et al. established a nonlinear shear
rheological model based on the nonlinear characteristics of
creep of agqueous soft rocks [12. Liu et al. carried out shear
rheological tests on tuff lava with different surrounding rock
levels of the tunnel, and selected appropriate rheological
models for fitting analysis based on the test curves ('], Fan et al.
studied the shear creep characteristics of expansive rocks and
obtained the fitting relationship between normal stress and
long-term strength 41, Li et al. and Zhu et al. carried out shear
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creep tests on hard and weak structural surfaces of marble using
biaxial creep meters, and proposed reasonable shear creep
models. [15-16]

However, the existing researches on shear creep are mainly
concentrated at room temperature, and there are few reports on
the shear creep characteristics of rocks under freeze-thaw cycles.
Shear creep processes in cold regions are mostly affected by
freeze-thaw cycles, which exacerbate the damage and
destruction of rocks and affect the creep characteristics of
rocks.

Based on this, this study conducts meso-structure
observations and shear creep tests on granite subjected to
different freeze-thaw cycles, and analyzes the meso-damage
and creep mechanism of granite under freeze-thaw cycles.
Moreover, a freeze-thaw shear creep constitutive model of
granite is constructed and verified with experimental data. The
influence of creep parameters on the creep deformation of
granite is studied through the sensitivity analysis, and the
variation law of creep parameters with the number of
freeze-thaw cycles is given. The research results have guiding
significance for long-term stability evaluation of rock mass

engineering in cold regions.
2 Experimental program

2.1 Specimen preparation

The specimens in this article were taken from the
Huinan-Baishan Expressway Tunnel in Jilin province. They are
gray-white granite. The main components are quartz, potassium
feldspar and acid plagioclase. The minor minerals are biotite
and amphibole. The rocks in the same tunnel face were selected
on the site and brought back to the laboratory for high-precision
cutting and smoothing. According to the requirements of the
sample size in Test Methods of Rock for Highway Engineering
(JTG E41—2005)*] the rock was processed into a 200 mm x
100 mm x 100 mm cube specimen, and then tested for porosity
and wave velocity to select specimens with higher uniformity.
Some of the produced specimens are shown in Fig.1.

Fig.1 Granite sample

2.2 Experimental equipment and program
The freeze-thaw cycle tests used the high and low

https://rocksoilmech.researchcommons.org/journal/vol41/iss2/8
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temperature test chamber produced by Guangzhou Espek
Company. This equipment can automatically control the cycle
time and freezing and thawing temperature, with a temperature
range of —70-150 °C. The shear creep tests used the JAW-600
multifunctional shear rheometer produced by Changchun
Chaoyang Testing Machine Factory, which is mainly composed
of a shear loading system, a normal loading system, a shear box
and a data acquisition system. This equipment can be used to
perform the rock shear and shear creep tests. The maximum
normal load and the maximum shear load of the equipment are
2 000 kN and 600 kN, respectively, and the measuring range of
deformation is 0-20 mm (see Fig. 2).

Fig.2 JAW-600 multifunctional shear rheometer

Firstly, the rock specimens were saturated by vacuum
extraction for 24 h, the saturated specimens were placed in a
container containing water and then placed in a high and low
temperature test box for freeze-thaw cycles, each cycle period is
24 h (12 hours at —20 ‘C and 12 hours at 20 C). The
specimens were subjected to 0, 10, 30, 50 and 70 freeze-thaw
cycles, respectively. In order to minimize the influence of the
differences of the specimens themselves, three granitic
specimens were prepared for each number of freeze-thaw cycles,
which means 15 specimens should be prepared.

In order to reveal the effect of freeze-thaw cycles on the
microstructure of granite, SEM and NMR experiments were
performed. The SEM equipment is shown in Fig. 3.

Fig.3 Scanning electron microscope equipment

After completing the corresponding number of freeze-thaw
cycles, the specimens were removed for shear creep tests.
During the test, the specimens were located between the upper
and lower shear boxes, and the lower shear box was fixed on
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the horizontal guide of the testing machine. The shear load was
applied to the upper shear box by the shear loading system, in
the meanwhile, the lower shear box also received forces with
the same magnitude and opposite direction through the reaction
force device. The normal load was applied to the upper shear
box by the normal loading system. The vertical axis of the
specimen coincided with the normal axis of the normal indenter,
and the horizontal axis of the specimen was located at the
middle of the upper and lower shear boxes. Figure 4 is a
diagram of the shear creep test.

Normal direction

M
100 mm {}

Shear direction

50 mm | 50 mm

200 mm

Fig.4 Shear creep diagram

The normal stress was determine as 5 MPa based on the
average value of ground stress horizontal measurement of the
tunnel surrounding rock. The total shear load was estimated
according to 90% of the instantaneous shear strength of the test
specimen, and the shear creep tests were performed at 4-6
stress levels. During the test, the initial shear stress and loading
rate were set to be 2 MPa and 0.5 MPa/min, respectively. Until
the specimen suffered shear failure, the next-stage shear load
(Ar=2 MPa) was applied when the shear deformation rate was
less than5x 10 mm/d. The test scheme is shown in Table 1.

Table 1 Test scheme

Specimen Freeze-thaw Normal stress Shear stress
label cycle / MPa / MPa
S-1 0
S-2 10 Initial: 2 MPa,
S-3 30 5 Loading level: 2 MPa,
S-4 50 Until failure
S-5 70

3 Analysis of meso-damage characteristics of
freeze-thaw rocks

3.1 Scanning electron microscope test

In order to reveal the effect of freeze-thaw cycles on the
microstructure of granite, specimens subjected to different
freeze-thaw cycles were analyzed by scanning electron
microscope. Figure 5 shows the SEM images of specimens
magnified 500 times under different freeze-thaw cycles.

Published by Rock and Soil Mechanics, 2020

(a) Frozen and thawed for O times

(c) Frozen and thawed for 70 times
Fig.5 SEM images of samples under different
freeze-thaw cycles

It is seen from Fig.5(a) that the surface of the specimen
without being frozen and thawed is flat, the particles are closely
arranged, the joints are not developed, and the pores are few. As
the number of freeze-thaw cycles increases, the number of
pores increases, the pore diameter increases, and some fine
pores and microcracks begin to expand (see Fig. 5(b)). When
the specimen was frozen and thawed for 70 times, the surface
structure of the rock becomes loose and fragile, pores and
fissures continue to develop, and the crack area gradually
increases (see Fig. 5(c)). The test results indicate that with the
increase of the number of freeze-thaw cycles, the pores and
cracks of the specimen continue to develop and the damage of
rock surface increases.

The EDS spectrum analysis was performed on the surface
elements of the specimens. After normalizing all the elements,
it was found that the surface elements of the granite were
mainly Si and Al, and the content of K, O, Na, Al, Si, and Fe
elements all show decreasing tendency with varying degrees
after the freeze-thaw cycles. This is because of the alternation
of cold and heat inside the rock, thermal expansion and
contraction between the mineral particles lead to the loss of
cementing elements between the particles.

3.2 Nuclear magnetic resonance test
Nuclear magnetic resonance technology was used to test the
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specimens under different freeze-thaw cycles to obtain the
variation of 7, spectrum and porosity. Figure 6 shows the
T, spectrum of specimens under different freeze-thaw cycles,
it is seen that there are three peaks in the T, spectrum of the
granite specimen, and the T, relaxation time is mainly
distributed between 0.1 and 100 ms, which means the specimen
is mainly composed of small and medium pores. When frozen
and thawed for 0-30 times, the left-most peak increased
significantly, and the remaining peaks changed slightly,
indicating that the degree of freeze-thaw damage was low and
only caused the development of micropores in the specimen.
When frozen and thawed for 30-70 times, all the three peaks
increase significantly, and the amplitude of the nuclear
magnetic signal increases gradually, indicating that as the
number of freeze-thaw cycles increases, the pores in the
specimen begin to expand and the freeze-thaw damage increase.

400 r==o0 cycle
10 cycle
—=— 30 cycle
= 300 ——50 cycle
'z —=— 70 cycle 4
E 200 {
= .
v 100 ]
J;‘ 111118 }'q
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Fig.6 T, spectrum of samples under different
freeze-thaw cycles

Figure 7 shows the variation of porosity of specimens under
different freeze-thaw cycles. The porosity of the specimen
shows a non-linear growth trend with the increase of the
number of freeze-thaw cycles. The porosity increases slowly at
0-30 freeze-thaw cycles, while increases significantly at 30-70
freeze-thaw cycles. These results are basically consistent with
the literature [18].

50

15 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70

Freeze-thaw cycles

Fig.7 Porosity of samples under different
freeze-thaw cycles

3.3 Analysis of freeze-thaw damage mechanism
The meso-damage characteristics of rocks after freeze-thaw

https://rocksoilmech.researchcommons.org/journal/vol41/iss2/8
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indicate that the freeze-thaw cycle promotes the development of
surface and internal damage of the specimen, which is due to: (i)
When the temperature drops to negative, the water in the cracks
and pores of the specimen freeze into ice, resulting in
continuous expansion of cracks and pores that promoted by the
frost heaving force, and the rock will undergo frost heaving
damage. As the temperature rises, the ice in the rock will melt
into water, and the water will migrate into the newly generated
cracks and pores. Greater frost heaving force will be produced
by the freeze-thawing process, repeated in this way, ice-water
phase change and water migration constantly cause
deterioration of rock freeze-thaw damage. (ii) The expansion
coefficient and shrinkage coefficient of mineral particles in the
specimen are not consistent, resulting in new cracks caused by
uneven deformation of rocks under freeze-thaw process. Cracks
develop continuously and new cracks are generated under the
action of frost heaving force, leading to gradual decrease of the
friction and cementation between particles.

From the perspective of long-term stability of freeze-thaw
rocks, the damage caused by freeze-thaw cycles affects the
creep mechanical properties and parameters of rocks. Therefore,
further research is needed through mechanical tests and

mathematical models.

4 Analysis of shear creep test results

4.1 Effect of freeze-thaw cycles on creep deformation of
specimens

Figure 8 shows the shear creep test curves of specimens
under different freeze-thaw cycles, it is seen that the specimen
has an instantaneous shear displacement immediately after the
application of shear stress, and the instantaneous shear
displacement gradually increases with the number of
freeze-thaw cycles. Under long-term shear stress, the creep
characteristics of the specimen are more obvious. As the shear
stress increases, the creep displacement increases significantly,
showing the characteristics of deceleration creep and stable
creep. When applied to the last level of load, the specimens
exhibit obvious accelerated creep characteristics, and the creep
rate and creep displacement increase gradually with time, until
they fail. With the increase of the number of freeze-thaw cycles,
the shear displacement of the specimen increases gradually
under the same load, and the creep curve gradually changes
from gentle to steep.

It is seen from Table 2 that under the first-level load, the
shear creep displacement of the sample with O freeze-thaw
cycles is 0.188 5 mm. With the increase of the number of
freeze-thaw cycles, the shear creep displacements of the
freeze-thaw specimens with 10, 30, 50, 70 times are 0.270 9,

0.417 2,0.528 7, 0.680 9 mm, respectively. This result indicates
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that under the same load, as the number of freeze-thaw cycles
increases, the damage caused by freeze-thaw will gradually
increase the shear creep displacement of the specimen. After 30
freeze-thaw cycles, the shear creep displacement of the
specimen under the first load is 0.417 2 mm. As the shear stress
increases gradually, the shear creep displacement under the last
load increases to 1.505 4 mm. Therefore, the shear creep
displacement of the sample also increases accordingly with
shear stress when under the same number of freeze-thaw cycles.

N
=]

—o— 0 cycle

—o—10 cycles
—— 30 cycles
—v— 50 cycles

=
&1

Shear displacement / mm
-
o

0 20 40 60 80
Time/h
Fig.8 Shear creep curves of samples under different
freeze-thaw cycles

100 120 140 160

Table 2  Shear creep deformation of samples under
different shear stresses

Freeze-thaw Shear creep displacement under different shear stress(MPa)/mm

cycle 2 4 6 8 10 12
0 0.1885 0.3360 05128 0.6896 0.8546 1.2308
10 02709 04544 06197 0.7775 09543 14126
30 04172 05413 06770 0.8655 1.5054 —
50 05287 07053 08647 1.0766 1.6989 —
70 0.6809 09221 11638 1.7861 — —

4.2 Effect of freeze-thaw cycles on creep rate of specimens

Figure 9 shows the relationship between shear steady-state
creep rate and shear stress of granite under different freeze-thaw
cycles. The shear steady-state creep rate of the specimen is not
only affected by shear stress, but also closely related to the
number of freeze-thaw cycles (see Fig.9). Under the same load,
the shear steady-state creep rate of the specimen increases
gradually with the number of freeze-thaw cycles. For example,
under the first-level load, the shear steady-state creep rate of
specimen under 0 freeze-thaw cycle is 1.48 x10°° mm/h. As the
number of freeze-thaw cycle increases, the shear steady-state
creep rates of specimens under 10, 30, 50, and 70 freeze-thaw
cycles increase by 0.24x107°, 0.58x107°, 0.83x107°, and
1.26 x10™° mm/h, respectively, compared to the specimens
under 0 freeze-thaw cycle. The shear steady-state creep rate of
the specimen increases non-linearly with shear stress when
under the same number of freeze-thaw cycles. The shear
steady-state creep rate of the specimen under 10 freeze-thaw
cycles increases from 1.72 x107° mm/h when applied the first-

Published by Rock and Soil Mechanics, 2020

order load to 12.43 x10° mm/h when applied the last-order
load.

18 r
<
€16  —o0cycle
f 14 | _°_§8 cyc:es
=) | ——30cycles
212 —v—50 cycles
8101 —-70cycles
é)’)_ 8
5 6
24
g 2
(%]
0 J
2 4 6 8 10 12
Shear stress / MPa

Fig.9 Shear steady creep rate curves of samples under
different freeze-thaw cycles

Under the last stage load, the specimens have successively
experienced the deceleration creep stage, the stable creep stage,
and the accelerated creep stage, and rapid damage occurs during
the accelerated creep stage. The relationship between the shear
creep rate and time of the specimen is shown in Fig. 10. It is
seen that the curve approximates a barrel shape, and the creep
rate decreases firstly, then remains stable, and then increases
suddenly.

20
——0 cycle
16 —o— 10 cycles
—&—30 cycles
—v—50 cycles

——70 cycles

[ee]
N

Creep rate / 10° mm/h

0 4 8 12 16 20 24
Time/h

Fig.10 Shear creep rate curve of specimens
under the last stage load

Table 3 shows the comparison of the stress levels, creep
durations and creep rates of the specimens under different
freeze-thaw cycles. The creep rate of the specimen increases
with the number of freeze-thaw cycles. The initial creep rate,
steady-state creep rate, and ultimate accelerated creep rate
increase from 7.384 9x107*, 10.37 x107°, 15.256 5x107* mm/h
under O freeze-thaw cycles to 11.948 3x107°, 15.39x107°,
19.342 6 x10™® mm/h under 70 freeze-thaw cycles, respectively.
As the number of freeze-thaw cycles increases, the creep time
and failure stress of the specimen decrease gradually. Creep
failure occurs at 12 MPa for specimens with 0 freeze-thaw
cycles, and the creep time is 22.73 hours. With the increase of
freeze-thaw cycles, the creep failure stress of the rock
specimens under 10, 30, 50, and 70 freeze-thaw cycles are
12 MPa, 10 MPa, 10 MPa, and 8 MPa, respectively, and the creep
duration are 21.79 h, 20.21 h, 18.92 h, and 16.62 h, respectively.
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4.3 Effect of freeze-thaw cycles on the long-term strength
of specimens

The long-term strength of the rock mass is an important
indicator for the long-term stability and safety evaluation of
rock mass engineering. The steady-state creep rate method is
used to determine the long-term shear strength of the
specimen®l, According to literature [20], the ratio of long-term
shear strength to failure shear strength is defined as the long-
term reduction coefficient. Due to space limitations, this paper
only shows the relationship between the creep rate and the shear
stress of the specimen under 10 freeze-thaw cycles (see Fig.11).

It is seen from Fig.11 that there is obvious inflection point
in the curve. The tangents of the curve before and after the
inflection point are plotted respectively, and the stress
corresponding to the intersection point A is the long-term shear
strength of the rock. According to this method, the long-term
strengths of the specimens under 0, 10, 30, 50, and 70
freeze-thaw cycles are 11.18, 10.75, 8.61, 8.32, 6.23 MPa,
respectively, and the long-term reduction coefficients are 0.932,

Table 3 Creep parameters of samples under failure stress

0.895, 0.861, 0.832, and 0.778, respectively. As shown in
Fig.12, both the long-term shear strength and the long-term
reduction coefficient of the specimens decrease gradually with
the number of freeze-thaw cycles, indicating that the damage
caused by the freeze-thaw cycles has a significant effect on the
long-term strength of granite.

According to the analysis in Section 3, the freeze-thaw
cycles cause damage to the surface and the interior of the
specimen. In the creep test, under the long-term stress, these
damaged cracks and pores have a more sufficient expansion
time, the particle slip distance increases, and coarse particles
edges or weak particles are more broken locally, resulting in
continuous deterioration on the shear modulus, viscosity
coefficient, and long-term strength of the sample. Therefore, as
the number of freeze-thaw cycles increases, the creep time,
failure stress and long-term strength of the specimen decrease
gradually, while the creep deformation and creep rate increase
gradually. In order to analyze the creep mechanism more deeply,
a creep constitutive model is established in this paper.

. Creep Deceleration creep phase Steady creep phase Accelerated creep phase
Freeze-thaw Failure stress . — o
cvele / MPa duration Initial creep rate Steady creep rate Ultimate accelerated creep rate

Y /h / (mm/h) / (mm/h) / (mm/h)

0 12 22.73 7.384 9x10°3 10.37x10°® 15.256 5x1073
10 12 21.79 8.299 2x1073 12.43x10°° 16.242 7x1073
30 10 20.21 9.295 0x1073 12.98x10°° 17.544 1x1073
50 10 18.92 10.373 8x10°3 14.62x10°° 18.785 5x1073
70 8 16.62 11.948 3x103 15.39x10°° 19.342 6x1073

16
= 5 Granite shear creep model considering freeze-
£
Lot thaw effect
o
J10 )
2ql 5.1 Expression of unsteady creep parameters for freeze-
g6l thaw rocks
% 4r 4 The experimental results show that due to freeze-thaw
g 2 . .
& oT = N . T cycles, cold and heat alternates with each other within the
2 4 6 8 10 12 interior of the granite, resulting in  expansion and contraction

Shear stress/ MPa
Fig.11 Creep rate-shear stress curve of samples under 10
freeze-thaw cycles

12 11.0
s £\o —o— Long-t(_erm strength 5
=10 _\n -o—Reduction factor. |59 &
< o o
IS, — 2
g ol O\g\_ 0.8 g
7 \: T3
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> 6T 107 2
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Fig.12 Long-term strength and reduction coefficient
of samples under different freeze-thaw cycles
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of mineral particles, which leads to deterioration of the rock
mechanical properties. As the number of freeze-thaw cycles
increases, the amount of creep deformation increases gradually
and the creep rate accelerates significantly, while the creep time,
failure stress and long-term strength all show a significant
decrease. Therefore, the nonlinear aging characteristics of
freeze-thaw rocks will be reflected more directly and
objectively when treating rock rheological parameters as
unsteady. This paper considers the effect of freeze-thaw cycles
(n) on granite shear modulus G, viscosity coefficient » and
other parameters to realize the expression of unsteady creep
parameters for freeze-thaw rocks, i.e., G=G(n) ,n=n(n).
5.2 Damaged viscous elements for freeze-thaw rock
Previous studies have shown that damage will occur inside
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the rock when the applied load reaches or exceeds a certain
level of shear stress 2122, so the effect of damage caused by
shear stress on creep parameters should also be considered. This
paper only considers the damage caused by the stress during the
accelerated creep phase because of the relatively small damage
caused by the stress during the deceleration creep phase and the
steady creep phase.

As shown in Fig.13, the damaged viscous element under
freeze-thaw conditions is constructed, considering the effect of
freeze-thaw cycles, and the damage variable D is introduced to
describe the damage degradation of the viscosity coefficient of
the specimen during the accelerated creep stage.

1,(n,D)

T T

Fig.13 Damaged viscous elements under freeze-thaw
conditions

According to Newton's law of viscosity, the constitutive
relation of damaged viscous elements under freeze-thaw
conditions is given by
r=n,(n,D)y D)
where 7 and y are the shear stress and shear strain rate of
damaged viscous elements under freeze-thaw conditions,
respectively; 7,(n,D) is the viscosity coefficient of damaged
viscous elements under freeze-thaw conditions. Considering the
effects of freeze-thaw cycles and stress time on the viscosity
coefficient, the 7,(n,D) can be expressed as

1, (n, D) = 11, (n)(1 = D) (2)

wheren, (n) is the viscosity coefficient under n freeze-thaw
cycles; D is the damage variable, 0<D<1.

The damage variable and time have a negative exponential
function relationship during rock creep 2324 i.e.:

D=1-¢* 3

where « is a coefficient related to the number of freeze-thaw
cycles; ¢ istime. Therefore, Eq. (2) transformed to

17, (n, D) =, (n)e™ " (4

Keeping the stress constant and combining Egs. (1) and (4),
the constitutive relationship of the damaged viscous elements
under freeze-thaw conditions is given by

T
0= em

[et —1] (5)
5.3 Shear creep model of freeze-thaw rock
Experimental results reveal that the granite has experienced

deceleration creep stage, stable creep stage, and accelerated

Published by Rock and Soil Mechanics, 2020

creep stage under freeze-thaw cycles. The classic Nishihara
model can well describe the deceleration creep and steady-state
creep phases in rock creep tests, but it cannot reflect the
accelerated creep characteristics of rocks. Therefore, based on
the Nishihara model, the viscous elements in the viscoplastic
body are replaced by freeze-thaw damaged viscous elements,
and a freeze-thaw shear creep constitutive model for granite is
established considering the effects of freeze-thaw cycles on
model parameters (see Fig. 14). The model is composed of a
freeze-thaw elastic element, a freeze-thaw viscoelastic body,
and a freeze-thaw damaged viscoplastic body, and the shear
strainsare y,, y,,andy, , respectively.

7(n) 7,(n,D)
G ()

—WW— G0 o)

]

-
A

-
)

% n 7

Fig.14 Constitutive model of freeze-thaw shear creep

The total shear stress is r , and the total shear strain y

can be expressed as
Y=Vtntr, (6

The stress-strain relationship for the freeze-thaw elastic
element is given as

T
v = %)
’ Gy (n)

where G,(n) is the shear modulus of the freeze-thaw elastic
element under » freeze-thaw cycles.

Freeze-thaw viscoelastic body is composed of freeze-thaw
elastic element and freeze-thaw viscous element in parallel. The
constitutive relationship of the freeze-thaw viscous element is

given by
ty =m(myy (8
where 7, and y, are the shear stress and shear strain of

freeze-thaw viscous element, respectively; #,(n) is the
viscosity coefficient of freeze-thaw viscous element under n
freeze-thaw cycles.

Therefore, according to the combined model theory, the
stress-strain relationship of freeze-thaw viscous element is

expressed as

71=7n =7k } (9

=14+ =My, + G (n)yy
where y, and G,(n) are shear strain and shear modulus of

freeze-thaw viscous element, respectively. Combining with the

initial conditions #=0, Eq. (9) can be solved as
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(100

. G,
— 1—g ™M
TG

Freeze-thaw viscoplastic body is composed of freeze-thaw
plastic element and freeze-thaw viscous element in parallel. The
shear stress of plastic element 7, can be expressed as

7,7 <7,
T, =
v

T, T2 T,

where 7, isthe yield stress.

1D

According to the combined model theory, the relationship is

given by
T=Tp+7, (12
where 7, is the stress of freeze-thaw damaged viscous
element.

When 7 <7z, , combining Egs. (11) and (12), the
relationship can be solved asz, =0, i.e., y,=0.

When z= 7, combining the constitutive relationship of

freeze-thaw damaged viscous element, the relationship can be

solved as
— z a(n)t
y,=————|& -1 (13
2 a(n)nz(n)[ J
hence:
0, <7,
= 14
72 T—7 [eu(n)t _1]’ =1, a4
a(n)n,(n)

Considering the strains of freeze-thaw elastic element,
freeze-thaw viscoelastic body and freeze-thaw damaged
viscoplastic body, the constitutive equation of freeze-thaw shear
creep model of granite can be expressed as

. . G,
+ 1—g mm T < T
Go(n) Gy(n)

T T 7M'
+ 1_ e mn) +
Go(n) Gi(n)

T
a(n)n,(n)

(D=

[e"‘”” —l], =71, (15)

5.4 Parameter identification and model verification

The Boltzmann superposition principle is used to convert
the creep curve under the gradation loading condition to the
creep curve under the separate loading condition. Based on the
experimental results, the model parameters are identified using
1stOpt mathematical optimization analysis software. Due to
space limitations, only the creep parameter identification results
of specimens under 30 and 70 freeze-thaw cycles are listed in
Table 4.

https://rocksoilmech.researchcommons.org/journal/vol41/iss2/8
DOI: 10.16285/j.rsm.2019.5487

Table 4 Parameters of freeze-thaw shear creep model

Freeze-thaw :’SS: G, G, UA 7,

cycle /Mpa /GPa /GPa /(GPa-h) /(GPa-h)
2 2556  2.03 89.66 - -
4 1759 174 62.73 - -

30 6 1246  1.63 46.59 - -
8 962 145 28.34 - -
10 624 113 10.75 21252 061
2 1548 154 4752 — —
4 1159 1.27 30.48 - -

70 6 747 101 17.54 - -
8 379 072 5.54 8229  0.90

Figure 15 shows the comparison between the creep test
curve and the theoretical model fitting curve for the specimens
under 30 and 70 freeze-thaw cycles. It is seen that the two
curves agree well, and the model fitting curve can well reflect
the deceleration creep, stable creep, and accelerated creep
characteristics of granite under different freeze-thaw cycles,
indicating the correctness and applicability of the freeze-thaw
shear creep constitutive model established in this paper.

A sensitivity analysis of the creep parameters 7, and «
for damaged freeze-thaw viscous elements is conducted to
study their effects on the creep deformation of granite, the other
parameters are selected from the values of the specimens under
70 freeze-thaw cycles and with a shear stress of 8 MPa that
listed in Table 4.

16 o Experimental data
——Fitting line
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2
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=
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18 [ o Experimental data
—— Fitting line
15 ]
S
*ac-)' 1.2
s °
8 0.9
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©
2
%03 L . L )

12 16 20 24
Time/h

(b) Frozen and thawed for 70 times

Fig.15 Comparison of test data with fitting curve
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Figures 16 and 17 show the influences of the creep
parameters 7, and « on the creep deformation curves,
respectively. It is seen from Fig.16 that when the other
parameters remain unchanged, the steady-state creep rate and
creep deformation of the rock gradually decrease and the
steady-state creep time increases as the viscosity coefficient
77, increases. It is seen from Fig. 17 that when the other
parameters remain unchanged, with the increase of the creep
parameters « , the creep rate and creep deformation of the
accelerated stage of the rock gradually increase while the
failure time decreases, and the transition from viscoelastic to
viscoelastic-plastic of rock becomes easier.

5.5 Variation of model parameters with the number of
freeze-thaw cycles

According to the fitting results of shear moduli G, and
G, , and viscosity coefficients 7, and 7, ,and « in the
freeze-thaw shear creep model of granite, the average values are
respectively taken to obtain the relationship between each
parameter and the number of freeze-thaw cycles, which is given

by

20 —a- 72,=32.29 GPa- h
E,g —o- 1,=82.29 GPa- h
E- —& 7,=132.29 GPa-h
216 -7 1,=182.29 GPa- h
g
=14
2
h=}
S 1.2¢
<
(%]
lo 1 L 1 1 ]
0 4 8 12 16 20
Time/h
Fig.16 Effect of creep parameter 77, on shear creep curves
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G, (n) =18.905 5¢°% ** | R? =0.990 56
G,(n) =1.954 0e°%"*  R? =0.985 25
m,(n) =—0.585 7n +65.436, R> =0.980 16 (16)

17, (n) = 381.954 %2 ** | R? = 0.986 42

a(n) =0.008 41 +0.350 7, R* =0.989 08

Figure 18 shows the fitting curves of various parameters of
the granite freeze-thaw shear creep model with the number of
freeze-thaw cycles (n). The shear moduli G, and G,, and
viscosity coefficient 7, all decrease gradually with the
increase of the number of freeze-thaw cycles, which are in line
with the exponential function. The variation of viscosity
coefficients (77, and « ) with the number of freeze-thaw
cycles conforms to a linear function. As the number of
freeze-thaw cycles increases, 7, decreases, and « increases.
On the other hand, changes in model parameters will cause the
creep deformation and creep rate to increase gradually with the
number of freeze-thaw cycles, which is also consistent with the

experimental results.

18
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Fig.17 Effect of creep parameter o on shear creep curve
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Fig.18 Variation in the curves of creep parameters of granite with the freeze-thaw cycles

6 Conclusions

The effects of freeze-thaw cycles on the microstructure of
granite were studied by scanning electron microscope and
nuclear magnetic resonance experiments. As the number of
freeze-thaw cycles increases, the cracks and pores in the
specimens continue to develop and evolve, and the surface
damage of the rock becomes more and more obvious. The pores
in the specimens are mainly small and medium, and the
porosity increases non-linearly with the number of freeze-thaw
cycles. Porosity increases slowly at 0-30 freeze-thaw cycles,
and increases significantly at 30—70 freeze-thaw cycles.

Freeze-thaw cycles have a great influence on the creep
mechanical properties of granite. As the number of freeze-thaw
cycles increases, the amount of creep deformation and creep
rate gradually increase, while the creep duration, failure stress
and long-term strength all show a significant decrease. These
results indicate that the freeze-thaw cycle promotes the
development of specimen damage, resulting in continuous
deterioration on the mechanical properties and creep parameters
of the specimen.

Considering the effects of freeze-thaw cycles on the model
parameters, this paper proposes a damaged freeze-thaw viscous
element for rock and establishes a constitutive model for
freeze-thaw shear creep of granite. This model can well reflect
the deceleration creep, stable creep and accelerated creep
characteristics of granite under different freeze-thaw cycles.

According to the experimental results, the parameters in the
model were identified, and the creep test curve was compared
with the curve fitted by the theoretical model to verify the
correctness and applicability of the model. The sensitivity
analysis of the creep parameters reveals their influences on the
creep deformation of the granite, and the change law of the
creep parameters with the number of freeze-thaw cycles is
given.
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