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The freeze-thaw damage of rock is a critical problem to study rock engineering in cold regions. When water is
frozen in pores, 9% volume expansion will induce damage in rock for a huge ice pressure. Thus, rock will be
deteriorated and softened after freeze-thaw. Besides, loading damage produces when the inner stress exceeds the
bearing capacity of rock. So it's crucial to establish a damage constitutive model under freeze-thaw and loading
in order to evaluate the stability of rock engineering in cold regions. The freeze-thaw damage of rock is expressed
by static elastic modulus in this paper, which can be accurately and simply predicted by damage evolution
equation using P-wave velocity or compression strength proposed by Liu et al., 2015. Loading damage can be
obtained by statistical theory assuming that micro-unit strength satisﬁes the Weibull distribution and the
maximum-tensile-strain yield criterion. Then the ﬁnal statistical damage constitutive equation under freeze-thaw
and loading is derived, in which unknown parameters can be determined through carrying out compression
experiment on rock after diﬀerent freeze-thaw cycles. This developed model is validated by a previous experiment and applied to analyze the stability of a tunnel under coupled thermo-hydro-mechanical condition in cold
regions. The results show that the proposed constitutive model is very suitable for rock suﬀering freeze-thaw
cycles and it is of high accuracy and good practicality.

1. Introduction
The high speed trains, designed speed of which is more than
400 km/h, will bring cold air into tunnel, so not only the surrounding
soil in the exit and entrance but also the surrounding rock and lining
structure in the middle of tunnel will be damaged under freeze-thaw in
cold regions which seriously threats the operation security (Tan et al.,
2014). As a result, the freeze-thaw damage and failure of rock was
usually observed in cold region tunnels (Zhang et al., 2004; Park et al.,
2010). Actually, freeze-thaw damage is mainly caused by repeated initiation and dissipation of pore ice pressure due to 9% volume expansion of freezing water in pores (Park et al., 2014; Freire-Lista et al.,
2015). Thus, the freeze-thaw action of rock may be regard as fatigue
damage (Liu et al., 2015).
With more and more freeze-thaw damage problems of rock engineering arising, it has aroused the research enthusiasm of scholars.
However, the previous studies are focused on freeze-thaw tests and
freeze-thaw damage models. In order to research the evolution rule of
freeze-thaw damage in rock, many rock parameters are measured
during freeze-thaw cycles including porosity, P-wave velocity, mass,
⁎

uniaxial compressive strength and so on (Matsuoka, 1990; Takarli et al.,
2008; Luo et al., 2014; Momeni et al., 2016). Combined with those
characteristic parameters, a series of damage models were proposed to
study the freeze-thaw process (Mutlutürk et al., 2004; Yavuz et al.,
2006; Jamshidi et al., 2013; Liu et al., 2015; Wang et al., 2016). Besides, deterioration due to freeze-thaw action can also aﬀect the stiﬀness of rock (Tan et al., 2011). Thus, the stress-strain relationship of
freeze-thaw damaged rock signiﬁcantly changes. This constitutive relationship under diﬀerent freeze-thaw cycles should be ﬁrstly established in order to evaluate the stability of rock engineering in cold regions. However, generally what we can obtain are the stress-strain
curves after several ﬁxed freeze-thaw cycles in laboratory and the frost
damage of rock engineering in cold regions is induced by the coupling
action of freeze-thaw and loading. So it's a crucial subject to build the
damage constitutive model under freeze-thaw and loading after any
cycle according to a few available information.
Considering the shortages of previous research, in this paper, ﬁrstly
we deduced a statistical constitutive equation under freeze-thaw and
loading in which the freeze-thaw damage is reﬂected in the change of
static elastic modulus. Then the evolution rule of static elastic modulus
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σij = 2Gεij + λδij εkk

for damage rock under freeze-thaw was studied and the unknown
parameters of this constitutive model could be determined by ﬁtting the
experimental data. In Part 3, the developed model had been validated
by a representative experiment conducted by Tan et al. (2011). In Part
4, a stability analysis of cold-regional tunnel after diﬀerent freeze-thaw
cycles was done under coupled thermo-hydro-mechanical (T-H-M)
condition by implementing the proposed constitutive model into ﬁnite
element software. Finally, several signiﬁcant conclusions have been
drawn from this study.

E0
,
2(1 + ν )

(8)
E0 ν
;
(1 + ν )(1 − 2ν )

λ=
G and λ are shear modulus and lame
where G =
constant of rock, respectively; E0 and ν are static elastic modulus and
Poisson's ratio of fresh rock, respectively.
Generally the stress used in laboratory experiment is nominal stress,
then substituting Eq. (8) into Eq. (1) and eliminating damage variable
we can derive the eﬀective stress expressed by nominal stress:

σi =

2. Establishment of the statistical damage constitutive model

σi E0 ε1
σ1 − ν (σ2 + σ3 )

(9)

Substituting Eqs. (1) and (7) into Eq. (9), the constitutive equation
of rock under loading is

2.1. Statistical damage constitutive equation under freeze-thaw and loading

m

⎡ ε ⎤
σi = ν (σ2 + σ3) + E0 ε1 exp ⎢−⎜⎛ i ⎟⎞ ⎥
f
⎣ ⎝ 0⎠ ⎦

The damage of rock in cold regions consists of freeze-thaw damage
and loading damage. The freeze-thaw damage of rock is reﬂected in the
change of static elastic modulus. So ﬁrstly we deduced a damage constitutive equation under loading based on statistical theory of micro
unit strength. Then replacing the initial static elastic modulus with
damaged static elastic modulus after freeze-thaw, the ﬁnal damage
constitutive equation can be derived.
According to the stress equivalence principle from Lemaitre (1985),
the eﬀective stress in fresh rock under loading can be expressed as

σi
σi =
1 − Dl

The process of damage under freeze-thaw and loading is considered
to be loading damage after freeze-thaw. The freeze-thaw damage
variable of rock can be expressed by static elastic modulus as below:

Dt = 1 −

(1)

m−1

m⎛f ⎞
⎜
⎟
f0 ⎝ f0 ⎠

m

m

⎡ f ⎤
exp ⎢−⎛⎜ ⎞⎟ ⎥
⎣ ⎝ f0 ⎠ ⎦

2.2. Revolution rule of static elastic modulus under freeze-thaw

(2)

The static elastic modulus of rock decreases with the increasing of
freeze-thaw cycles (Xu and Liu, 2005; Zhang and Yang, 2013; Li et al.,
2014; Fang et al., 2014; Wu et al., 2014). However, generally what we
can get are the measured values of rock parameters after several speciﬁc freeze-thaw cycles. So predicting the value of static elastic modulus
after any cycle is crucial for the present model. Dynamic parameters are
easier to derive by experiment than static parameters in the process of
freeze-thaw cycles, such as P-wave velocity. Thus, if we can deduce the
relation between P-wave velocity and static elastic modulus, the static
elastic modulus can be easily predicted by P-wave velocity (Liu et al.,
2015).
Palmström and Singh (2001) raised that the ratio of dynamic elastic
modulus to static elastic modulus in fresh rock and that in rock mass
would keep unchanged:

(3)

N

The quantity of failure unit in interval [0, f ] can be computed as

∫0

f

(12)

It's shown that there are three unknown parameters En, m and f0
needing to be determined.

Nf

Nf (f ) =

(11)

⎡ ε ⎤
σi = ν (σ2 + σ3) + En ε1 exp ⎢−⎛⎜ i ⎞⎟ ⎥
⎣ ⎝ f0 ⎠ ⎦

where f is micro-unit strength variable, m and f0 are distribution
parameters.
The loading damage variable is deﬁned as the ratio of the quantity
of failure unit Nf to that of total unit N:

Dl =

En
E0

where E0 is the static elastic modulus of fresh rock; En is the static
elastic modulus of freeze-thaw damage rock after n cycles; Dt is freezethaw damage variable.
Considering freeze-thaw damage, the statistical damage constitutive
equation of rock under freeze-thaw and loading can be obtained by
replacing E0 with En:

where σi is the nominal principal stress, σi is the eﬀective principle
stress of damage rock under loading, Dl is damage variable under
loading, i = 1, 2, 3.
There is a lot of micro pores and ﬁssures in rock, but we cannot take
full consideration of those micro defects. So the micro unit strength of
rock is assumed to satisfy certain statistical distribution. Assuming that
the micro unit strength of rock satisﬁes Weibull distribution, the
probability density function of micro unit strength is

P (f ) =

(10)

m

⎧
⎡ f ⎤⎫
NP (y ) dy = N 1 − exp ⎢−⎜⎛ ⎟⎞ ⎥
⎨
⎬
⎣ ⎝ f0 ⎠ ⎦ ⎭
⎩

(4)

Then we can obtain the loading damage variable by substituting Eq.
(4) into Eq. (3):
m

⎡ f ⎤
Dl = 1 − exp ⎢−⎜⎛ ⎟⎞ ⎥
f
⎣ ⎝ 0⎠ ⎦

Er′
E
= r
Em′
Em

(5)

and Er are dynamic and static elastic modulus of fresh rock,
where
respectively; Em' and Em are dynamic and static elastic modulus of rock
mass, respectively.
Fresh rock is undamaged material while there is a large amount of
cracks and pores in damaged rock mass. Similarly, the fresh rock will be
damaged after freeze-thaw cycle. Let's assume that the ratio of dynamic
elastic modulus to static elastic modulus in fresh rock and that in damaged rock after freeze-thaw also keeps unchanged. Thus, as well as
Eq. (13) we can derive

The micro-unit strength is assumed to satisfy the maximum-tensilestrain yield criterion which can be written as

f = f (ε ) = ε

(6)

where ε is the maximum strain.
Substituting Eq. (6) into Eq. (5), the loading damage variable is
m

⎡ ε ⎤
Dl = 1 − exp ⎢−⎜⎛ ⎟⎞ ⎥
⎣ ⎝ f0 ⎠ ⎦

(13)

Er'

(7)

Ed
E
= nd
E0
En

By generalized Hooke's law, the stress-strain relationship of rock
under loading can be written as
143

(14)
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So Eq. (18) is satisﬁed and the static elastic modulus can be predicted
by Eq. (17).

where Ed and E0 are dynamic and static elastic modulus of fresh rock
before freeze-thaw, respectively; End and En are dynamic and static
elastic modulus of freeze-thaw damaged rock after N cycles, respectively.
Liu et al. (2015) proposed a damage model under freeze-thaw in
which the damage variable could be deﬁned by dynamic elastic modulus as below:

Dt = 1 −

End
Ed

2.3. Determination of m and f0
Generally, the unknown parameters m and f0 are determined by the
peak point method as below (Li et al., 2012).
① The stress and strain at peak point are derived

(15)

σ1 = σ1c

Liu et al. (2015) has proved that the uniaxial compression strength
of rock under freeze-thaw could be predicted by this damage model:

② The derivative of stress with respect to strain is zero at peak point

(16)

σc = (1 − Dt ) σc

∂σ1
|(σ1c , ε1c ) = 0
∂ε1

1
1+r

1−q

()
N
Nf

[1 − (1 − Df )1 + r ] ⎫ ; N is the number of
where Dt = 1 − ⎧1 −
⎨
⎬
⎩
⎭
freeze-thaw cycle; Nf is the maximum number of freeze-thaw cycles and
Df is the damage variable corresponding to Nf; q and r are unknown
parameters need to be determined; σc and σc are the uniaxial compression strength of damaged rock and fresh rock, respectively.
Substituting Eq. (14) into Eq. (16), we can obtain
1−q

N
⎧
En = 1 − ⎜⎛ ⎟⎞
⎨
Nf ⎠
⎝
⎩

[1 − (1 − Df )1 + r ]

⎫
⎬
⎭

m

⎡ ε
⎤
σ1c = ε1c En exp ⎢−⎛⎜ 1c ⎞⎟ ⎥ + ν (σ2 + σ3)
⎣ ⎝ f0 ⎠ ⎦

1
1+r

m

(17)

ε
1 − m⋅⎜⎛ 1c ⎟⎞ = 0
⎝ f0 ⎠

(22)

Combining Eqs. (21) and (22), the unknown parameters can be
calculated as below

1

m=−
ln

(18)

σ1c − ν (σ2 + σ3 )
ε1c En

(23)

f0 = ε1c m1/ m

So if Eq. (18) is satisﬁed, Eqs. (14) and (17) always hold. It should
be pointed out that the easiest way is to validate that the relation between dynamic and static elastic modulus meets Eq. (14) or not.
However, the previous experiments simultaneously testing dynamic
and static elastic modulus are little while the testing data of static
elastic modulus and uniaxial compression strength are much more.
Thus, Eq. (18) will be studied by statistical analysis in order to validate
Eq. (14) (see Fig. 1).
In Fig. 1 it shows that the residual ratio of uniaxial compressive
strength is almost equal to that of static elastic modulus. The statistical
regularity is very obvious and the maximum error is no more than 20%.

(24)

So the unknown parameters m and f0 can be calculated by stress and
strain at peak point, then the statistical damage constitutive equation is
determined. However, this commonly used method is not suitable for
rock after freeze-thaw. In Fig. 2, it shows that the calculated results by
calculation are not in accord with that by experiment if this statistical
damage constitutive equation is forced to through the peak point of
experiment curve. Especially there is a huge diﬀerence between the
curve shapes by calculation and by experiment. Besides, it hard to accurately obtain the stress and strain at peak point after any cycle. Thus,
we might as well determine m by ﬁtting the experiment data. Actually
m is a determination parameter of constitutive relation curve, which is
inﬂuenced by conﬁning pressure and freeze-thaw cycles.

1.0

0.7

(21)

Substituting Eq. (21) into Eq. (20) we can get

E0

En
σ
= c
E0
σc

0.8

(20)

where σ1c, ε1c are the stress and strain of rock at peak point.
Substituting Eq. (19) into Eq. (12), the stress-strain relation at peak
point is

It shows that the static elastic modulus can be predicted by Eq. (17)
if the relation between the dynamic and static elastic modulus satisﬁes
Eq. (14). In order to validate Eq. (14), the method of reduction to absurdity is adopted.
Substituting Eqs. (14) and (15) into Eq. (16), we can derive

0.9

(19)

ε1 = ε1c

Sandstone
Shale (Zhang and Yang, 2013)
Red sandstone
Shale (Xu and Liu, 2005)
Argillaceous dolomite (Wu et al., 2014)
Granite (Li et al., 2014)
Granite (Tan et al., 2011)
Sandstone (Fang et al., 2014)
y=x
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Fig. 1. The residual ratio of static elastic modulus versus that of uniaxial compression
strength.

Fig. 2. The stress-strain result calculated by the peak point method versus that by experiment for granite after 50 freeze-thaw cycles.
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Substituting Eq. (23) into Eq. (24) and eliminating ε1c, we can derive f0 expressed by m:

f0 =

11
10

σ1c − ν (σ2 + σ3 )
1
(em) m
En

(25)
9

Substituting Eq. (25) into Eq. (12), the constitutive equation is only
related with m as below:

8

m

m

En εi
⎤ 1 ⎫
σi = ν (σ2 + σ3) + En ε1 exp ⎧−⎡
⎨
⎣ σ1c − ν (σ2 + σ3 ) ⎥
⎦ em ⎬
⎩ ⎢
⎭

7

(26)

where m can be determined by ﬁtting the experimental data of stressstrain and it is inﬂuenced by freeze-thaw cycles. σ1c can be predicted by
Eq. (16), which is detailed interpreted by Liu et al. (2015).

6
5

3. Validation and application

4
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N

3.1. Validation

Fig. 4. m has a decreasing trend with the increasing of freeze-thaw cycles.

Tan et al. (2011) investigated the stress-strain relation of granite
after 0, 50, 100 and 150 freeze-thaw cycles under conﬁned pressure of
5 MPa. There are three rock samples in a freeze-thaw group, in which
the sample with maximum error is abandoned in order to avoid error
caused by the dispersion of rock samples. m is determined by ﬁtting the
experimental results as shown in Fig. 3. We can see the calculated
curves are in accord with the experimental results in Fig. 3 and generally m decreases with the increasing of freeze-thaw cycles which
means that the ductility of rock increases as shown in Fig. 4. It should
be noted that, in order to make graphics expression more clearly, in

Fig. 3(b) only one representative experimental curve is chosen because
only two test curves with a little diﬀerent had been given by Tan et al.
(2011). Besides, the value of m after 150 cycles is slightly bigger than
that after 100 cycles may be caused by the diﬀerence of rock samples.
As we known, the rock sample in each group would have little diﬀerence which can be found in the original paper.
In order to derive the change rule of static elastic modulus, q and r
are determined by ﬁtting the uniaxial compression strength or static

180

140

Experiment:5-0-1
Experiment:5-0-2
Present model

160
140

Experiment: 5-50-3
Present model

120

120

100

100

80

80

60

60
40

40
20

20

0
-20

0

0.000

0.002

0.004

0.006

0.008

0.000

0.002

(a) N=0

0.006

0.008

(b) N=50
120

120
Experiment: 5-100-2
Experiment: 5-100-3
Present model

100

80

60

60

40

40

20

20

0

0
-20
0.000

0.002

0.004

Experiment: 5-150-2
Experiment: 5-150-3
Present model

100

80

-20

0.004

0.006

0.008

0.010

(c) N=100

0.000

0.002

0.004

0.006

0.008

0.010

(d) N=150

Fig. 3. The stress-strain results calculated by the peak point method versus that by experiment for granite after diﬀerent freeze-thaw cycles under conﬁned pressure with 5 MPa.
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Fig. 5. Determination of q and r by ﬁtting uniaxial compression strength from experiment.

Fig. 7. The calculated curves of stress against strain under diﬀerent freeze-thaw cycles.
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Fig. 8. The stress-strain curves by calculation versus that by experiment under uniaxial
compression after diﬀerent freeze-thaw cycles.

N
Fig. 6. The values of static elastic modulus by prediction from Eq. (27) versus that by
experiment.

an important part of Zha-mo highway in Tibet which is the only way to
Mo-tuo County in China. The freeze period is about 8 months and the
average freeze depth is about 5–6 m. Galongla Tunnel is a typical coldregional tunnel located in high altitude of 4300 m and the temperature
in winter is below − 30 °C. This tunnel is located in an area with strong
structural and glacial erosion.
The calculation numerical model is chosen at the entrance of
Galongla tunnel as shown in Fig. 9. This section consists of stone, gravel
and strong weathering biotite-quartz schist, the geological structure of
which is loose and poor stability.

elastic modulus from experiment using Eq. (17) as shown in Figs. 5 and
6, respectively.
As a result the prediction function of static elastic modulus can be
derived as below:
0.5

N 0.425⎫
⎞
E0
En = ⎧1 − 0.737 ⎛
⎨
⎬
⎝ 150 ⎠
⎩
⎭

0.002

(27)

We can calculate the value of m under any cycle by linear interpolation. Then substituting m and En into Eq. (26), the developed damage constitutive relations of rock under any freeze-thaw cycle and
loading can be obtained as shown in Fig. 7. It shows that both of the
uniaxial compression strength and static elastic modulus decrease with
the increasing of freeze-thaw cycles for continuous accumulation of
damage.
Similarly, we can obtain the statistical damage constitutive relations
of freeze-thaw damaged rock under uniaxial compression as shown in
Fig. 8. So the present model is also suitable for uniaxial compression.

3.2.2. Boundary conditions
The freeze-thaw stability of Galongla tunnel is inﬂuenced by air
temperature on the earth's surface and inside the tunnel under THM
coupling condition. The extreme environment temperature varies as the
following function (Tan et al., 2013)

T = 269 + 32.85 sin(2πt /360/86400 + π /12)

(28)

where t is time (units: s); T is temperature (units: K).
According to the geometrical symmetry, ac and ef are adiabatic
boundary. fg and bg are also chosen as adiabatic boundary for ignoring
the temperature change in far ﬁeld. Based on local geothermal gradient,
the initial temperature of calculated model is

3.2. Engineering application
3.2.1. Introduction of tunnel engineering
The purpose of scientiﬁc research is service for engineering practice.
The present statistical damage constitutive model is adopted to analyze
the stability of Galongla Tunnel under freeze-thaw. Galongla tunnel is

T0 = 277.15 − 0.015y

(29)

Point f is chosen as original point. The water pressure on bg is linear
146

Cold Regions Science and Technology 145 (2018) 142–150

S. Huang et al.

Table 2
Main physical and mechanic parameters for tunnel calculation.

Surrounding rock
Lining

Density (kg/
m3)

Elastic modulus
(GPa)

Poisson's ratio

UCS
(MPa)

2300
2500

2
28

0.3
0.2

25
120

Table 3
Main parameters of ice and water for tunnel calculation.

Water
Ice

Density
(kg/m3)

Young's
modulus
(GPa)

Poisson's ratio

0.6
2.2

4.2
2.1

1000
917

–
9

–
0.35

③ The static equilibrium equation

variation from site investigation as below:

C [ε − αs (T − T0 ) δij] − n [(1 − wu ) pi + wu pl ] δij + ρm g = 0

0 ≤ y ≤ 78.12
y > 78.12

① Unfrozen water content (Huang et al., 2017)

3.2.3. Coupled T-H-M equations and calculation parameters
In order to study the freeze-thaw stability of rock under T-H-M
coupling, ﬁrstly we should establish the T-H-M coupling model considering water/ice phase change. The detailed establishment process of
this T-H-M coupling model is introduced in a separate paper. In this
paper, the T-H-M coupling equations considering water/ice phase
change are given as below:

wu = e−M ΔT

② Pore ice pressure

pi =
(31)

ρi
T
p − ρi ln
ρl l
Tm

(35)

③ Permeability

where Cv = (1 − n)ρscs + n(1 − wu)ρici + nwuρlcl + nρlℓ ⋅ ∂ wu/∂ T; c is
speciﬁc heat capacity; ρ is density; n is porosity; wu is unfrozen water
content; vl is seepage velocity vector; T is temperature; λe is the
equivalent thermal conductivity; qw is heat ﬂux density; t is time; the
subscript s, l and i represent rock matrix, unfrozen water and ice, respectively.

k = k 0 wu [1 − (1 − wu1/ λ ) λ]2

(36)

where k0 is the permeability of unfrozen rock; λ = 0.5.
④ The equivalent thermal conductivity

λ e = λ s 1 − nλl n ⋅ e

② The continuity equation

−M ΔT

λi n ⋅ (1 − e

−M ΔT )

(37)

where ℓ is the latent heat of water/ice phase transition. λs, λl and λi are
the thermal conductivity of rock matrix, water and ice, respectively.
In order to simulate the freeze-thaw stability of tunnel in cold regions, unknown parameters m and En in Eq. (26) should be determined
ﬁrstly. Tan et al. (2011) investigated the stress-strain relation of granite
taken from this Galongla tunnel under diﬀerent freeze-thaw cycles by

∂ [ρi (1 − wu ) n]
∂ (ρl wu n)
∂ε
+ [wu ρl + (1 − wu ) ρi ] v
+
∂t
∂t
∂t
k
+ ∇⋅⎡−ρl r k (∇pl − ρl g) − ρl SP0 ∇T⎤ = ρl qw
⎥
⎢
μl
⎦
⎣

(34)

where ΔT = T − Tm and Tm = 273.15 K is the freezing point of bulk
water; M is a characteristic parameter related with unfrozen water
content in freezing rock.

① Energy conservation equation

∂T
+ ρl cl vl⋅(∇T ) + ∇⋅(−λ e ∇T ) = ρl qw
∂t

(33)

where C is stiﬀness tensor; ε is strain tensor; αs is the thermal expansion
coeﬃcient; T0 is initial temperature; δij is Kronecker delta; pi is pore ice
pressure; pl is pore water pressure; ρm is the average density.
The expressions of critical parameters for freezing rock are shown as
below:

(30)

According to the geometrical symmetry, ac and ef are impermeable
boundary. The water pressure on cde boundary is zero considering
drainage between surrounding rock and lining. Besides, the lining is
taken as impermeable material.

Cv

Speciﬁc heat
capacity
(J/g/°C)

where εv is the volumetric strain; kr is the relative permeability; μl is the
viscosity of liquid water; k is the intrinsic permeability matrix; g is the
gravity acceleration vector. SP0 is segregation potential and there is
SP0 = 2 × 10− 4mm2/(s·°C) from 0 to −3 °C for freezing rock (Duca
et al., 2015).

Fig. 9. The calculation model for numerical analysis.

(78.12 − y )m
H=⎧
⎨
⎩0

Thermal
conductivity
(W/m/°C)

(32)

Table 1
Main thermodynamic parameters for tunnel calculation.

Surrounding rock

αs
(°C)

k0
(m/s)

n
(%)

cs
(J·kg− 1·°C− 1)

λs
(W·m− 1·°C− 1)

M
(°C− 1)

1.3 × 10− 6

3 × 10− 6

15

850

5

0.26
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(a) N=0

(b) N=100

(c) N=150

Fig. 10. The vertical displacement in surrounding rock under diﬀerent freeze-thaw cycles.

(a) N=0

(b) N=100

(c) N=150

Fig. 11. The horizontal displacement in surrounding rock under diﬀerent freeze-thaw cycles.

(a) N=0

(b) N=100

(c) N=150

Fig. 12. The maximum principal stress in surrounding rock under diﬀerent freeze-thaw cycles.

rock after diﬀerent freeze-thaw cycles can be derived as the same as Eq.
(27). The other main parameters of surrounding rock, lining and water/
ice media for calculation can be found in Tables 1, 2 and 3.

experiment as shown in Figs. 3 and 8. The change of m and En for
surrounding rock under freeze-thaw is assumed to satisfy the same rule.
Then m = 23.1 by ﬁtting the experimental data under uniaxial compression, where the eﬀect of conﬁned pressure on m is ignored because
it's too small. The uniaxial compression strength of surrounding rock is
chosen as σ1c = 25 MPa. q and r are determined by ﬁtting the uniaxial
compression strength shown as in Fig. 5. So the static elastic modulus of

4. Results and discussion
The maximum vertical displace is from 1.5 mm to 2.9 mm after 150
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(a) N=0

(b) N=100

(c) N=150

Fig. 13. The minimum principal stress in surrounding rock under diﬀerent freeze-thaw cycles.
Fig. 14. The maximum principal stress in lining
under diﬀerent freeze-thaw cycles.

(a) N=0

(b) N=100

(c) N=150
Fig. 15. The minimum principal stress in
lining under diﬀerent freeze-thaw cycles.

(a) N=0

(b) N=100

(c) N=150
surrounding rock remains unchanged after diﬀerent freeze-thaw cycles
as shown in Figs. 12 and 13. Because the external load is gravity stress
which keeps constant, the stress in surrounding rock is small and invariant while the displacement is increased for frost damage with the
increasing of freeze-thaw cycles.

freeze-thaw cycles as shown in Fig. 10. It means that the displacement
of surrounding rock caused by freeze-thaw damage has increased
greatly. Besides, the horizontal displacement is from 0.17 mm to
0.23 mm, which also increases with freeze-thaw cycles as shown in
Fig. 11. However, the maximum and minimum principle stress in
149

Cold Regions Science and Technology 145 (2018) 142–150

S. Huang et al.

Foundation of China (Grant No. 41702291 and 51604195), the Natural
Science Foundation of Hubei Province (No. 2015CFA142).

Besides, the lining will be also damaged by freeze-thaw cycle. As a
result, the distribution of the principle stresses in tunnel lining has
changed (Figs. 14 and 15). Especially, the stress concentration in the
bottom corner is further intensiﬁed with freeze-thaw cycle increasing.
The minimum principle stress is increasing from 5.2 MPa to 6.0 MPa
which shows that the structure of surrounding rock is softened by
freeze-thaw and pressure of surrounding rock transfers into tunnel
lining as shown in Fig. 15. Liu et al. (2015) has proposed that freezethaw will cause fatigue damage in surrounding rock and the uniaxial
compression strength decreases with the increasing of freeze-thaw cycles. So the freeze-thaw damage of rock is mainly reﬂected in the
maximum bearing capacity. Then the freeze-thaw cycle will not greatly
change the magnitude and distribution of stress in surrounding rock if
the external load keeps constant. However, because of the decreasing of
bearing capacity with freeze-thaw cycles, the surrounding rock will
collapse if the internal stress is beyond the maximum load bearing capacity after several cycles. For Galongla tunnel, the supported surrounding rock keeps stability after 150 cycles because its buried depth
is shallow and the stress ﬁeld around tunnel section is small.
However, it should be noted that our proposed model is not suitable
for fractured rock mass because it is built on the basis of continuum
mechanics. Actually, when macroscopic fractures existed in rock, the
freeze-thaw damage and failure of rock mass may be controlled by the
fractures instead of rock block. The freeze-thaw damage of fractured
rock mass is other important subject need to be researched further, in
which the evolution rule of frost heaving pressure in fractures and frost
propagation of fractures by this pressure are the most important issues
(Jia et al., 2017).
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5. Conclusions
In this paper, we proposed a statistical damage constitutive model
under freeze-thaw and loading for rock. This developed constitutive
relation is implanted into ﬁnite element model considering the coupled
thermo-hydro-mechanical condition to study the stability of the
Galongla tunnel in cold region. From this research, the following conclusions can be draw:
(1) The damage of cold region engineering mainly consists of freezethaw damage and loading damage. The freeze-thaw damage can be
expressed by static elastic modulus and the loading damage can be
deduced by statistical theory of micro-unit strength. Then a statistical damage constitutive model under freeze-thaw and loading is
proposed.
(2) The static elastic modulus after freeze-thaw can be predicted by
measuring P-wave velocity using Eq. (17) or by measuring uniaxial
compression strength using Eq. (18). Thus, this developed constitutive model can be easily determined by several compression
tests of rock samples under diﬀerent freeze-thaw cycles.
(3) The damage under freeze-thaw and loading causes structure softening in rock, which induces the increasing of displacement in
surrounding rock and stress in tunnel lining. Then it threats the
stability of rock engineering in cold regions.
(4) Using this developed model, the stability of rock engineering in cold
regions after any freeze-thaw cycle can be analyzed and supporting
structure design can be made under coupled thermo-hydro-mechanical condition.
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