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Freeze–thaw problems need to be solved urgently for the construction of projects in the

alpine mountain areas. Freeze–thaw cycle tests with different cycles were carried out

after water filled in the crack. Combined with the theory of frost heaving mechanics and

fracture mechanics, the failure modes and mechanical characteristics of crack growth

are analyzed after the freeze–thaw cycle test. The research results showed the crack

growth increase with the number of freezing–thawing cycles. Cracked rock failure types

are divided into four types. The Poisson’s ratio, elastic modulus of rock and water-ice

medium, and the equivalent volume expansion coefficient of water–icemedium determine

the size of frost heaving force generated in fractured rock. The upper-saturated crack of

limestone and red sandstone produces pure mode-I fracture under the action of the

freeze–thaw cycle. The cracks in the fractured rock mass will extend along the direction

of this structural plane when there is a visible weak structural surface in the rock mass.

These research results can provide a reference for the freezing and thawing splitting effect

caused by rainwater infiltration in mountainous alpine areas.
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INTRODUCTION

Coupled with the complex geological conditions, the freezing and thawing problems in the alpine
mountains are incredibly prominent with the large-scale construction of projects in the alpine
mountains. Engineering problems related to freezing–thawing urgently need to be solved (Chen
and Lin, 2019). The problem of freezing and thawing in the alpine mountains comes not only
from the temperature difference between day and night during the construction process, but also
from the influence of severe weather such as freezing rain, snow, hail, chemical corrosion, and so
on (Style and Peppin, 2012; Lin et al., 2019a,b). These factors cause the freezing–thawing effect
in fractured rock mass to be more intense (Brideau et al., 2006; Matsuoka and Murton, 2008;
Liu et al., 2016). The influence of water on rock brittleness and rock mass stability is studied
here. The weakening effects of water and the influence of underground water on the stability of
surrounding rock were studied from an energy viewpoint (Chen et al., 2017, 2019). The frequent
freezing and thawing of pore water inside rock expands the cracks and pores and promotes the
development of new micro-fractures (Park et al., 2015) and thus does excessive damage to rock
engineering (Demirdag, 2013; Wang et al., 2019). In the process of the freezing–thawing cycle,
rainfall infiltration causes microscopic rock damage, frost heave, and instability.
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At present, the research on freezing–thawing effect has made
many achievements. The research results mainly focus on the
theoretical model of freeze–thaw damage, the mechanism of
freeze–thaw damage, and the influencing factors of damage.
Yavuz et al. (2006) did experiments on the freezing–thawing
cycle and mechanical properties of 12 kinds of carbonate rocks.
The degradation model of a rock was obtained by multiple
regression analyses. A series of freeze–thaw damagemodels based
on laboratory tests and theoretical deduction was proposed (Yang
et al., 2002; Pudasaini and Krautblatter, 2014). The parties listed
above conducted research on the freeze–thaw damage model.
Following this, research of freeze–thaw damage mechanism and
influencing factors was conducted. It was found that water
content has a certain influence on freezing–thawing damage
of rock through the freezing–thawing failure test of tuff with
different water contents (Chen et al., 2004). Wang et al. (2016)
reviewed the freeze–thaw weathering of rocks in cold regions.
They pointed out that the process of ice segregation in the
crack was the main cause of crack growth. The results of
the deformation and failure characteristics under single and
multiple freezing–thawing cycles were also obtained (Yamabe
andNeaupane, 2001; Stacey, 2016; Lu et al., 2019). However, most
of the above studies focus on the effect ofmicro-fractures in intact
rocks. There are few studies on macroscopic fractures, especially
on freezing–thawing experiments after water fills in fractures.
However, it has been shown that the structural surface—or the
large crack—often plays a controlling role in the stability of a
rock mass (Zhao et al., 2016, 2017a,b,c). Thus, the freezing and

FIGURE 1 | Satellite image of Zheduo mountain.

thawing on the macroscopic fractures is worth further study in
the alpine region. Based on the theory of fracture mechanics, the
fracture characteristics of different lithological specimens caused
by local damage under the freezing–thawing cycle were analyzed
using the numerical simulation software FLAC3D. It was found
that the joint structure in the rock controls the damage path
of the freezing–thawing damage. The structure of rock itself
has a significant influence on crack propagation. The following
research results can provide a reference for the freezing–thawing
splitting effect caused by rainwater infiltration in the alpine area.

TEST PROGRAM AND RESULTS

Preparation of Rock Specimens
The rocks used in the experiment are four different lithologic
rocks (granite, limestone, killas, and red sandstone) commonly
found in the Zheduo Mountain (101◦48′E, 30◦06′N) within the
Sichuan–Tibet line research area (Figure 1). Located in Ganzi
Prefecture in Sichuan province, China, the Zheduo mountain
is 4,298 meters above sea level. The mountain is an important
geographical dividing line, with the plateau uplift to the west
and the mountain canyon to the east. The specimens were
obtained by using the water-drilling method, and the specimens
were prepared as cylinders with a diameter of 50mm and a
height of 100mm. The allowable deviation of non-parallelism
of the two ends is ± 0.05mm, and the allowable deviation
of perpendicularity is ± 0.25◦. We performed acoustic tests
on the rock to ensure its integrity and uniformity. Integrity
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TABLE 1 | Basic rock parameters.

Lithology Density (g/cm3) UCS (MPa) Porosity (%)

Granite 2.72 183 0.068

Limestone 2.67 117 0.036

Killas 2.67 132 0.41

Red sandstone 2.33 61 1.2

and uniformity met the test requirements. The experimental
parameters of the intact rock specimen are shown in Table 1.

The pre-formed crack specimen was processed on the basis of
the complete test piece. The purpose was to simulate the tension
crack at the top of the slope and the unloading crack at the
bottom of the slope, and to study the freezing and thawing ice-
splitting effect caused by rainfall through the infiltration rock
mass at the top of the slope. The specimen had two joints, one
of which ran vertically downward from the middle of the upper
top surface and the other which ran obliquely upward 45◦ from
the lower-left corner of the specimen. The depth and width of
the upper crack were 45 and 6mm, respectively; the length of
the rock bridge was 30mm; and the width of the lower crack
was 3mm. The prepared rock specimen is shown in Figure 2.
In order to reduce the experimental error caused by the defects
of the specimen itself, the longitudinal wave velocity test and
the density test were performed on all the specimens prior to
the test, and the specimens with relatively close wave speed and
density were selected for testing. The test divided the specimens
into four groups according to the number of freezing–thawing
cycles they were subjected to: 20 times, 45 times, and 60 times,
respectively. Four types of lithology were tested in each group,
with three specimens of each lithology (parallel test) and 27
specimens in total. The test was conducted in accordance with
the Chinese standard for test methods of engineering rock mass
(GBT 50266-2013).

Test Program
A freeze–thaw tester with a TEMI 580 temperature and humidity
regulator was used. This device uses a programmable controller
to set the temperature and humidity, which can significantly
eliminate the errors caused by human factors. The temperature
control scope ranges from −40 to 150◦C, with an accuracy of
± 0.1◦C; humidity control ranges from 0 to 100% RH with a
precision of± 0.1% RH.

The freezing temperature in the automatic freeze–thaw cycle
test chamber is −20◦C. The melting temperature is 20◦C. The
temperature drop rate is set to V = 4◦C/min. The freezing–
thawing cycles were 15, 30, 45, and 60 min, respectively. Due to
the large temperature difference between daytime and nighttime
in the research area of the Zheduo mountain, the test set the
freezing time for 1 h and the thawing time for 1 h in order to
study the failure characteristics of the rock freezing–thawing
cycle in a short period. The cycle time was 2 h. The 2 h cycle meets
the requirements of complete freezing and complete ablation of
water through the pre-test. The upper crack of the rock specimen
was sealed with 704 silicone rubber paste and flexible material.

The water with the same height as the crack was injected. In
time, water was injected to avoid excessive evaporation. The rock
specimen was placed in the freeze–thaw test chamber. The crack
propagation and failure of different lithologic rock specimens
were observed.

Test Results
The characteristics of cracked rock specimens after different
cycles (20, 45, and 60 min) of freezing–thawing were observed
according to the photos of typical rock specimens. The types
of crack damage caused by freeze–thaw were classified into the
following four types (Table 2).

It can be seen from the red sandstone failure processes that
the depth of crack penetration along the rock bridge is deepened
with the increase of the number of freeze–thaw cycles (Table 2).
No secondary cracks and wing cracks appear during the crack
propagation process.

Stress concentration was formed at the end of the upper crack
in limestone. The crack expands at a low angle. It can be seen
from the limestone failure processes that the depth of crack
penetration along the rock bridge is deepened with an increase in
the number of freeze–thaw cycles (Table 2). No secondary cracks
and wing cracks appeared during the crack propagation process.

The length of the circumferential crack in killas increased with
the increase of the number of freeze–thaw cycles (Table 2). The
crack of the killas freezing–thawing 60 times from the half-circle
crack of the freeze–thaw cycle became a ring crack. The killas
under 60 freezing–thawing cycles developed from a half-circle
cracks with 20 freezing–thawing cycles to a circle of cracks.

The granite show no obvious signs of deformation and failure
(Table 2). However, this does not mean that the freezing–thawing
does not affect and destroy granite. Freezing–thawing of crack
water will positively affect the mechanical properties of granite.

It is helpful to take reasonablemeasures to prevent and control
the freezing–thawing damage in alpine and cold mountain areas
by analyzing the causes of damage in cracked rocks under
the action of the freezing–thawing cycle. It can be observed
from Figure 3 that the rocks of four lithologies correspond to
four failure types. Red sandstone mineral particles are evenly
distributed without an obvious soft surface. Stress concentration
is formed at the tops crack tip under the repeated action of
freezing–thawing load. As a relatively weak part of the rock,
the crack continues to expand downward along the rock bridge
and has a tendency to penetrate the rock bridge. Three sets
of nearly vertical joints are developed in limestone, which are
potential weak parts of the rock. The limestone may develop
a set of weak faces along the tip of the upper crack with the
opposite dip to the lower crack. It leads to crack propagation
and penetration failure along the shortest path and the surface
with lower strength. Killas develop parallel planes perpendicular
to the vertical direction, which are potential weak surfaces with
low strength and softening when exposed to water. The water in
the upper crack has the horizontal load of reciprocating action
under the freezing–thawing cycle. This is the reason why the
rock initiates cracks along the weak surface and expands along
the ring. Granite has high strength and excellent mechanical
properties. It is hard, with low porosity. Therefore, less water
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FIGURE 2 | Cracked rock specimen preparation. (A) Cracked rock specimen. (B) Cracked specimen model.

seeps into the rock. The frost-heaving force produced by water
in the upper crack is unlikely to initiate the crack. Frost heaving
has a weak effect on rocks.

FAILURE CHARACTERISTICS OF
CRACKED ROCK

Fracture Mechanics Analysis of Cracked
Rock
Due to the existence of the crack, the rock mass easily produced
directional damage along the ends of the cracks under the action
of external loads, thus exhibiting typically localized damage
phenomena. The experimental research object was simplified
into a plane strain problem. For the equal-width, vertical,
and fully frozen fractures, the internal frost heave model can
be simplified to the normal-strain tension model before the
macro-cracks are produced (Zhou et al., 2011). It is a pure
mode-I fracture based on the idea of fracture mechanics. The
corresponding stress intensity factor expression is

K1 = σy
√

πa (1)

where σf is the effective frost-heaving stress inside and outside
of the crack, σy is the difference between the frost-heaving stress
inside the crack [σy(in)] and the frost heaving stress outside the
crack [σy(out)]. a is the semi-length (m) of the crack.

For a pure mode-I fracture, K1 > K1c when (stress intensity
factor threshold), the crack begins to break under the action
of repeated freeze–thaw cycles. The breaking angle β is 0◦.
Therefore, the critical value of the maximum principal stress in
the initial crack zone is the tensile strength (σt) of the rock. The
corresponding initial crack growth length r0 is

r0 =
1

2
π

(

KIC

σt

)

(2)

Considering the size estimation of the plastic zone, and starting
from the progressive damage zone at the crack tip, the
expressions of the three principal stresses at the tip of the mode-I
fracture are as follows

σ1 = KI

2
√
2πr

cos θ
2 (3− cosθ)

σ2 =
KI

2
√
2πr

cos θ
2 (1+ cosθ)

σ3 =
KI

2
√
2πr

cos θ
2 sin θ

(3)

where r is the polar coordinate radius; θ is the polar
coordinate angle.

According to the maximum circumferential tensile
stress criterion, the crack propagates in the direction of
theta corresponding to σ 2max. The direction meets the
following conditions:

∂σ2

∂θ
=0,

∂2σ2

∂θ2
< 0 (4)

Differentiate the second formula in (2). The breaking Angle
is determined by the following equation: K1 sin θ = 0
Therefore, θ=0.

When θ=0, the size of the plastic zone along the direction of
the breaking angle is

r0y =
K2
I

2πσ 2
2

(5)

When both KIand σ y reach the critical state of fracture,
the progressive damage in this direction is transformed into a
macroscopic fracture.

This theory can explain the fracture process of red sandstone
with good uniformity. The initial crack can be considered
as the fracture process of a pure mode-I fracture in the
freezing–thawing cycle. The initial expansion direction should
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TABLE 2 | Freeze–thaw failure processes with different cycles.

Lithologies Twenty freeze–thaw cycles Forty five freeze–thaw cycles Sixty freeze–thaw cycles Failure process

Red

sandstone

Passing through the rock bridge along the

tip of the upper crack.

The crack begins at the tip of the upper

crack.

Then it extends from the tip of the upper

crack at a 28◦ angle in the opposite

direction of the penetrating rock bridge.

After the crack propagates for a certain

length, the crack propagation path turns

to the direction of the penetrating

rock bridge.

Limestone Expansion in the opposite direction of the

lower crack along the upper crack tip.

The cracks also start to crack at the tip of

the upper crack.

Then it extends from the tip of the upper

crack to the opposite direction of the lower

crack and finally the rock breaks down.

Killas Circumferential extension ding

circumferentially along the tip of the upper

crack.

A ringed main crack is generated from the

upper crack tip of killas.

The crack extends along the upper crack

tip in the ring direction.

The wing cracks and porphyritic shedding

developed along the two sides of the main

crack.

Eventually the crack form a through-circle

crack.

(Continued)
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TABLE 2 | Continued

Lithologies Twenty freeze–thaw cycles Forty five freeze–thaw cycles Sixty freeze–thaw cycles Failure process

Granite No visible damage to the rock specimen.

There are no visible cracks, and no

apparent spots or falling blocks

throughout the whole freeze–thaw cycle.

FIGURE 3 | Freezing–thawing failure characteristics of specimens. (A) Red Sandstone. (B) Limestone. (C) Killas. (D) Granite.

be approximately consistent with the strike angle. Extension
length is related to fracture toughness and tensile strength of
rock. When the critical state is reached, the crack breaks and the
progressive damage zone is transformed into the fracture zone.
The conclusion is consistent with the laboratory test. The initial
expansion of the crack extends from the end along the crack while
under the process of freezing and thawing.

Numerical Simulation of Freeze–Thaw
Cycle
In order to further study rocks with natural bedding, the finite
difference calculation software FLAC3D was used for numerical
simulation. The frost-heaving force in cracked rock mass is
closely related to the properties of rock mass and water–ice
medium. This is mainly reflected in the Poisson’s ratio, elastic
modulus of rock and water-ice medium, and the equivalent

volume expansion coefficient of water–ice medium (Liu et al.,
2016; Zhou et al., 2018). Killas specimens with natural bedding
are selected as representatives for simulation. FLAC3D numerical
simulation software was used to approximate the killas as a
transversely isotropic material. The rock mechanics model was
adopted as a spreading joint model. The foliation plane is
perpendicular to the rock bridge. Joint surface, rock cohesion,
internal friction angle, and tensile strength were determined,
respectively. The ice mechanics model uses an elastic model. The
ice mechanics model adopts elastic model. The hydraulic model
adopts the empty model. All thermal models adopt isotropic
temperature models. Relevant parameters are shown in Table 3:
E is the modulus of elasticity (GPa); µ is Poisson’s ratio; c is
cohesion (MPa); φ is the internal friction angle (◦); σ t is the
tensile strength (MPa); cohesion, internal friction angle, and
tensile strength were assigned to the rock and joint, respectively;
k is the coefficient of heat conduction [W � (m◦C)−1]; αt is the
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TABLE 3 | Model mechanical and thermal parameters.

Material E µ c ϕ σ t k αt ρ Cv

Killas 18.0 0.28 15 10 45 30 2 1 2.52 1.6 2,670 1,020

Water 2.0 0.50 – – – 0.55 208.0 1,000 4,200

Ice 2.3 0.33 – – – 2.20 −52.0 920 2,100

FIGURE 4 | Model meshing.

coefficient of linear expansion (10−6
�

◦C−1); ρ is density (kg�m-3);
and Cv is the specific heat capacity [J � (kg

◦C)−1].
The grid division of the plane model is shown in Figure 4.

It is divided into two groups, rock mass and ice water, with
a total of 1,270 units and 2,726 nodes. The blue grid is the
rock mass. The red grid is the ice water. The green grid is the
fracture. The mesh size is 2mm. The boundary condition is the
bottom vertical constraint. The temperature boundary condition
is constant temperature around. The change in temperature with
time is shown in Table 4.

The frost-heaving force in the freezing–thawing process
causes the tensile stress inside the rock mass to exceed its tensile
strength. The frost-heaving force can result in tensile failure
in the freezing–thawing process. The volume of rock and soil
increases. Therefore, it is appropriate to use volumetric strain
increment (VSI) as a quantitative indicator of tensile cracks
in rocks. The yielding rock mass group unit is redefined as

the fracture group. Based on the dynamic distribution process
diagram of fractures group and VSI indicators, the propagation
trend of cracks with the increase of the number of freezing–
thawing cycles was analyzed. The simulation results are shown
in Figures 5, 6.

It can be seen from Figure 5 that the killas specimen is
first destroyed at the upper crack tip as the number of freeze–
thaw cycles increase. Then, it expands to both sides, gradually
passing through the loop, and finally the rock specimen is
damaged. It can be observed from Figure 1 that the maximum
value of volumetric strain increment starts from the tip of
the upper crack, then it expands to both sides along the rock
bridge and penetrates in a circle. Finally, the rock specimen
is damaged. It can be seen from Figures 5, 6 that the crack
growth of the specimen killas model starts from the top of the
rock bridge and extends along the vertical rock bridge. This
is basically consistent with the results of the freeze–thaw test.
The fracture mechanics analysis results of red sandstone and
the numerical simulation results of killas show that, under the
action of freezing–thawing cycle, the crack of the fractured rock
mass will expand along the direction of the weak structural
plane when the rock mass has an obvious weak structural plane.
Killas and limestone belong to this type of damage. The crack
will expand along the direction of the rock bridge when the
rock mass is homogeneous. Red sandstone belongs to this type
of damage.

DISCUSSION

The freezing–thawing cycle is a very important inducement of
rock mass failure in the alpine mountains. Most of the studies
related to freezing–thawing are conducted with intact rocks
under different cycles of freezing–thawing (Tan et al., 2011; Song
et al., 2015; Wang et al., 2017).

The damage mechanism of micro-cracks in rocks under
freezing–thawing action is studied, without considering that
macro-cracks may have a more significant impact. In this paper,
freezing–thawing tests were carried out at different times after
water was filled in the cracks for specimens of four different types
of lithology.

The experimental results show that the internal structure
of the rock largely determines the failure type of the rock,
especially the control function of the weak structure surface.
The rock structure has more influence on the rock failure
mode compared with the influence of pre-fabricated cracks. The
repeated freezing–thawing cycle of fissure water is a process
of repeated fatigue loading and unloading on the end of the
fissure, which does not necessarily exceed the tensile strength
of rock. The initial crack propagation length of homogeneous
rock is related to fracture toughness and tensile strength of rock.
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TABLE 4 | Boundary temperature varies with time.

Time/s 60 120 180 240 300 360 420 480 540 600 3,600

Temp/◦C 16 12 8 4 0 0 −4 −8 −12 −16 −20

Time/s 3,660 3,720 3,780 3,840 3,900 3,960 4,020 4,080 4,140 4,200 7,200

Temp/◦C −16 −12 −8 −4 0 0 4 8 12 16 20

FIGURE 5 | (A–F) Distribution process diagram of killas specimen fractures’ formation.

Indeed, Park and colleagues came to the same conclusion (Park
et al., 2015). The influence of water in freezing–thawing cycles
in macroscopic cracks is highlighted compared with the previous
research results (Zhang et al., 2004; Fatih, 2012; Lai et al., 2012).

However, there are some shortcomings in this paper. During
testing, less water permeated into the rock through the upper
crack, turning into pore water. The effects of freezing and
thawing on the pore water have not been considered. The frost

Frontiers in Earth Science | www.frontiersin.org 8 February 2020 | Volume 8 | Article 13

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Zhang et al. Rock Crack Under Frost Heaving

FIGURE 6 | (A–F) Diagram of VSI distribution process of killas specimen.

heaving force generated by pore water in the rock may cause
some damage to the rock. However, due to the small porosity
and less water infiltration of the selected specimen in this
test, it was ignored in this paper. The experimental conditions
are still different from the real rock mass environment. Not
only that, the fracture arrangement has some particularity.
It can only represent one fracture combination. But the
distribution of cracks in engineering varies greatly. Therefore,
whether the research results can be directly applied to actual
engineering practices remains to be further studied. The

research results can provide a reference for the freezing–thawing
splitting effect caused by rainwater infiltration in the alpine
area. In future studies, we will consider how to avoid this
situation and how to conduct further research on the effect of
fissure water.

CONCLUSION

After water filled the cracks of rocks, freeze–thaw cycle tests of
different times were carried out, and the failure characteristics

Frontiers in Earth Science | www.frontiersin.org 9 February 2020 | Volume 8 | Article 13

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Zhang et al. Rock Crack Under Frost Heaving

of four different lithological specimens were analyzed by means
of fracture mechanics and numerical simulation. The following
conclusions were obtained:

(1) There are four types of fracture rock freeze–thaw failures:
passing through the rock bridge along the tip of the upper
crack; expanding in the opposite direction of the lower crack
along the upper crack tip; extending circumferentially along
the tip of the upper crack; and no visible damage to the
rock specimen.

(2) The type of crack propagation is obviously influenced by
the structure and strength of rock mass. Rocks with good
homogeneity tend to spread along rock bridges; it expands
along the weak structural plane when there is a weak
structural plane (or natural bedding) in the rock. The
fracture water freeze–thaw cycle is essentially a process of
repeated fatigue loading and unloading of fracture ends.
The crack propagation depth increases with the increase of
freezing–thawing times, and all of them germinate from the
tip of the upper crack.

(3) Based on fracture mechanics, the fracture characteristics
of the initial extension end of cracks in red sandstone
under the freezing–thawing cycle were analyzed. The
initial crack in homogeneous rock specimen can be

considered as a pure mode-I fracture. Crack propagation
length is related to fracture toughness and tensile strength
of rock.
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