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This work is aimed at investigating the structural deterioration and the frost heaving force evolution characteristics of flawed rocks
using a self-developed frost heaving force (FHF) measurement system. Three kinds of preflawed rocks with different flaw geometry
parameters were used to conduct the FHF measurement tests. The testing results reveal five distinguished stages from the frost
heaving force evolution curve; they are the inoculation stage, explosive stage, decline to steady stage, recovery stage, and sudden
drop stage. In addition, a secondary frost heaving phenomenon is found, and the secondary peak value is lower than the initial
peak value. Moreover, the FHF decreases with increasing the F-T cycle number, and its decreasing rate becomes faster at a high
F-T cycle. The frost heaving force is affected not only by flaw geometry but also by the lithology. For low-pore hard rock,
damage propagates quickly after the occurrence of freeze-thaw damage. It is suggested that the mesoscopic structure of rock
affects the water migration and water-ice phase transformation, and rock can be fractured by FHF in the preexisting flaws.

1. Introduction

In cold regions, the freeze-thaw (F-T) actions within the
preexisting discontinuous (e.g., bedding planes, interbeds,
cracks, foliation, flaw, and fault) would lead to the instability
and damage of rock, such as avalanche, collapses, rock falling,
and landslides [1–6]. Water from the thawing of snow or
sleet penetrates those rock discontinuities, and freeze occurs
when the temperature is below zero and the frost heaving
force produces within the preexisting fractures or discontinu-
ities. The frost heaving force drives the propagation of the
geological discontinuities, resulting in the increment of
fracture aperture and length and deterioration of the rock
structure [4]. Ice-driven mechanical weathering is generally
considered to be a crucial process that impacts the long-
term stability of rock mass. For example, frost heaving force
induced by frost heave of surrounding rock in cold region
tunnels or mines could result in lining cracking, water leak-
age, and drain blockage with ice, which seriously affects the
normal operation. Therefore, investigation on the evolution

of FHF and especially the cyclic freeze-thaw evolution of
FHF is crucial to reveal the structural deterioration mecha-
nism of rock mass.

After detailed literature review, many studies have been
conducted on the evolution of frost heaving force, including
theoretical, experimental, and field investigations. Some
scholars measured the frost heaving force by ice extrusion
in open flaws, and it is from 0 to 7MPa. This finding has also
been proved from field investigation [7]. Winkler [8]
obtained the expansion forces of pore ice in rock pores at
−5°C, −10°C, and −22°C, respectively, and they pointed out
that the frost heaving force by pore water freezing can reach
tens to hundreds of megapascal. Akagawa and Fukuda [9]
proposed a theoretical equation to calculate the frost heaving
force by segregation freezing theory. Arosio et al. [10] used a
thin film pressure sensor to test the frost heaving force of the
preflawed rock samples after water filling, and the maximum
frost heaving force was up to 5MPa. Davidson and Nye [11]
measured the maximum frost heaving force of the saturated
crack with a width of 1mm in a transparent material by a
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photoelastic test and found that the frost heaving force was
1.1MPa. Lin et al. [12] established a 3D joint frost heaving
force model under cyclic freeze-thaw conditions; the destitu-
tion of the FHF within the natural fractures was obtained.
Their model found that the FHF decreases with the freeze-
thaw cycle significantly. Bost and Pouya [13] presented an
assessment method for the stress generated by freezing in
open rock cracks. Huang et al. [14] preformed frost heaving
measurement experiments in rock-like material by using a
thin film pressure sensor, and they found that the FHF is
about 1.5 to 7.2MPa for a single flaw. An empirical equation
was proposed by Lv et al. [15] to describe the variation of
frost heaving deformation, and the maximum FHF was esti-
mated. Zhang et al. [16] introduced the fracture mechanics to
calculate the frost heaving force; they pointed out that pure
mode-I fracture occurred resulting from the frost heaving
force. They found that the rock elastic parameter of Poisson’s
ratio and elastic modulus and the equivalent volume expan-
sion coefficient of water-ice medium influenced the frost
heaving force. Wang et al. [17] measured the frost heaving
force in preflawed granite and found that F-T damage
increased with the F-T cycle, and the FHF decreases with
increasing the F-T cycle. Plenty of experimental methods
have been conducted on flawed or notched rock subjected
to freeze-thaw treatment, and the potential FHF was
obtained. Although some interesting findings have been
revealed from the above experiments, almost all the FHF
measurement is different; experiments on notched limestone
specimens submitted to freeze-thaw cycles were performed.
The above studies have made abundant achievements,
mainly focusing on the evolution of frost heaving force under
one freeze-thaw cycle, while few studies focus on the frost
heaving force evolution under cyclic freeze-thaw cycles. In
fact, the engineering rocks in cold regions are subjected to
repeated freeze-thaw actions, and the changes of frost
heaving force with the freeze-thaw cycle can help us to
understand the structural deterioration mechanism of natu-
rally fractured rock mass.

It is accepted that the frost heaving force is impacted by
many factors, such as geometry of the flaws [18, 19], rock sat-
uration degree [20], thermodynamic parameters [21, 22],
rock mechanical parameters [23], and freezing direction
[24]. Among many of the factors, lithology and flaw geomet-

ric shape influence a lot to frost heaving force. Therefore, this
work focuses on the cyclic frost heaving deterioration charac-
teristics of rock mass considering the rock type and the flaw
width and length. The evolution characteristics of peak frost
heaving force with the freeze-thaw cycle are firstly discussed
for three kinds of rocks, i.e., marble, granite, and sandstone.

2. Materials and Methods

2.1. Rock Material Descriptions. The studied rock material
was obtained from a high-altitude alpine mining in Hejing
Beizhan open pit slope located at the Xinjiang province,
northwest of China (Figure 1(a)). The mining area is
123 km away from the Hejing County in the direction of
327°; the straight-line distance is 84 km away from Baluntai
town of Hejing County, as shown in Figure 1. The mining
area is located near the main ridge of Tianshan mountain
on the north slope of Boluo Huoluo Mountain. The moun-
tain trend is nearly east-west, and the overall terrain is high
in the south and low in the north, with an altitude of
3,160~4,575m and a relative altitude of 700~1000m. The
orebody is located at an altitude of 3450~3723m. The mining
area belongs to continental temperate semiarid climate,
which is a cold-climate zone with snow all year round in high
mountains (Figure 1(b)). Over the years, the average temper-
ature of January to April and September to December is
below zero, with the lowest temperature reaching -40°C.

As is proved by the previous studies, the mesoscopic
structure of rock is obviously related to the frost heaving
force; therefore, SEM observation was performed to reveal
the mesoscopic structure of the tested rock samples. For the
sandstone, it is obvious that its porosity is much more than
that of the marble and granite; the pore structure can be
observed by the naked eye. Therefore, SEM testing was not
carried out on the sandstone, and we only observe the meso-
scopic structure of the marble and granite samples, as shown
in Figure 2. It is shown that the porosity of marble is obvi-
ously lower than that of the granite; therefore, the texture
of marble presents strong compactness. It can be speculated
that the densification of marble is the largest among the three
kinds of rock. After performing basic physical and mechani-
cal testing, the density of the marble, granite, and sandstone
is 2.75, 2.55, and 2.35 g/cm3, respectively. The porosity of

(a) (b)

20m

Figure 1: Description of the rock mass structural characteristics in the eastern open pit slope of Beizhan iron mine. An obvious rock bridge
structure can be observed from the outcrop.
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them is 0.5%, 2.5%, and 16%, respectively. The uniaxial com-
pressive strength of them is 225.51, 171.31, and 126.03MPa,
respectively. Because the peak frost heaving force is strongly
related to rock tensile strength, the Brazilian splitting test
was carried out to obtain the tensile strength of rock, and
they are 23.03, 18.52, and 11.45MPa, respectively.

Three typical rocks of marble, granite, and sandstone
were prepared to conduct the frost heaving force measure-
ment testing. The tested rocks were cored to a diameter of
50mm and ground flat and parallel within ±0.1mm to a
nominal length of 100mm according to the ISRM suggested
method [25]. In order to mimic the open-typed natural frac-
tures and ensure to reduce the effects of rock lithology on the

experimental results, three preflaws were prepared using a
water-jet system (Figure 3(a)) within each cylindrical rock
core. The mixture of high-pressure water with garnet abra-
sive from a 0.75mm, 1.5mm, and 2mm diameter nozzle pro-
duced a defect with an aperture of 1mm, 2mm, and 3mm,
respectively. The geometric morphology of the treble-flaw
sample is a combination of three horizontal flaws with a
length of 12mm, 24mm, and 36mm. For rock with the same
lithology, the flaw width is set to be 1mm, 2mm, and 3mm,
respectively. From the outcrop of the rock mass in the open
pit slope, it can be seen that the natural fractures almost all
present as an opening state due to the disturbance of blasting
vibration; therefore, in this work, the flaws inside the rocks

(a) (b)

(c) (d)

Figure 2: SEM results of different magnifications for marble and granite: (a, b) results of 500 and 2000 times magnification of marble,
respectively; (c, d) results of 500 and 2000 times magnification of monzonite porphyry, respectively.

(a) (b)

Figure 3: Preparation of rock sample with preexisting flaws: (a) the water-jet machine; (b) rock samples of different lithology with flaws used
in the test.
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were prepared as an open state with no cement material. The
prepared samples are shown in Figure 3(b).

2.2. Testing Device and Method. After the preparation of pre-
flawed samples, the rock samples were treated with vacuum
saturation treatment for 24 hours with a vacuum saturation
apparatus (Figure 4) and then treated with an F-T cycle. It
is proved that it took 2.5 hours to realize one F-T cycle; the
F-T scheme is shown in Figure 5. A specially self-developed
frost heaving measurement system is used to monitor the
evolution of frost heaving force, as shown in Figure 6. The
system is composed of an ultralow temperature freezer, a film
pressure sensor, a frost heaving force recording software, a
date acquisition card, and a temperature-humidity control-
ler. The film pressure sensor is the core component of the
system. Its type is FSR402 made by Interlink Electronics,
Inc. The size of the sensor is 5mm in diameter and
38mm in length. The sensor is a kind of robust polymer
thick film (PTF) device that exhibits a decrease in resis-
tance with an increase in force applied to the surface of
the sensor. The actuation force is 0.2N, the force sensitiv-
ity range is 0.2N~20N, and the operating temperature
performance is cold -40°C and hot 85°C. The recording
frequency of the data acquisition system is 5Hz, and the
range of the temperature recorder is -200°C~80°C. It is
equipped with a waterproof metal probe with an accuracy
of ±0.2°C, and the data acquisition frequency is 1/60Hz.
According to the temperature change of the open pit mine
slope, the saturated samples were put into the freezer
apparatus and under −30°C; then, the samples were taken
out of the freezer and allowed to thaw; by doing so, a
freeze-thaw cycle is realized and the frost heaving force
is monitored at the same time.

2.3. Testing Procedure. The detailed testing procedures are
summarized as below:

(1) The temperature of the digital controlled ultralow
temperature freezer was set to -40°C in advance, the
waterproof treatment method was carried out to the
thin film sensor, and then, its working condition
was checked again. The saturated rock samples with
preexisting flaws were taken out of the vacuum satu-
ration apparatus

(2) Connecting the frost heaving force test system, at the
same time, a temperature test system is installed in
the flaws of the rock sample. Afterwards, the pure
water was injected into the crack with a syringe and
put into the refrigerator, and the monitoring system
was started simultaneously. Three flaws were con-
ducted frost heaving force measurement in the same
sample for each testing

(3) The freeze heaving force evolution within a F-T cycle
was recorded. We observed the change of the FHF
curve and the measurement continuously until the
FHF reaches a minimum. Afterwards, multiple freeze-
thaw cycles were applied to the rock sample

(4) Repeating the above experimental steps, all the
samples are tested to get the FHF evolution and
its peak stress

3. Results and Discussions

3.1. FHF Evolution in a Single F-T Cycle. Using the FHF
measurement system, the FHF evolution curves for rock with
different lithology and flaw geometry are shown in Figure 7.
It is shown that the evolution pattern of the FHF curve is sim-
ilar for different tested samples; the evolution characteristics
are not influenced by the rock type and flaw geometric struc-
ture. The changes of the FHF experience five obvious stages;
they are the inoculation stage, explosion stage, decline to
steady stage, recovery stage, and sudden drop stage. The
FHF characteristics for each stage are described in detail
as below:

(1) Frost Heaving Force Inoculation Stage. In this stage,
temperature gradually dropped below zero, but frost
heaving force does not generate in the flaws.
Although the temperature dropped below zero, the
water itself is stored with certain heat; in this stage,
the water in flaws still releases heat energy until the
temperature dropped to -5°C or so later. When freeze

Figure 4: The vacuum saturation apparatus.
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occurs, the openness segment of flaw first freezes,
resulting in the formation of an icy surface. Due to
the ice jam effect, the flaw is in a closed system.
Although a 9% volume expansion occurs when water
transfers to ice, frost heaving force does not occur at
this stage

(2) Explosion Stage. As the temperature decreases, the
freezing degree of the sample increases, and the
water-ice phase transformation continues; this leads
to volume expansion constant in the crack. Due to
the boundary limitation of the flaw wall, the frost
heaving force of the flaw increases constantly. As
can be seen from Figure 5(a), the maximum frost
heaving force for the flaw (granite, FW = 2mm, FL
= 24mm, no cementation) reaches 5.85MPa

(3) Decline to Steady Stage. At this stage, the temperature
continues to decrease, but the frost heaving force
does not increase continuously. Instead, the frost
heaving force falls and gradually becomes stable. This
is because when the frost heaving force exceeds the
tensile strength of the rock matrix, damage occurs
at the flaw tips resulting in the dissipation of frost
heaving force. In this stage, the new cracks generate
at the flaw tips and rock structure deteriorates
accordingly

(4) FHF Recovery Stage. When the frost heaving force
gets to the stable state, the rock sample was taken
out of the ultralow temperature freezer. Ice in the
flaws begin to thaw, and it can be seen that frost heav-
ing force increases as the temperature rises gradually,
and a secondary frost heave phenomenon occurs;
frost heaving force curves present a peak point. After
formation of the ice lens, frost heaving force sharply
increases within a short time. Damage in the flaw tips
leads to the decreasing of frost heaving force. The sec-
ondary frost heaving force is less than the first value,
indicating that frost heaving damage occurs within
the cracks

(5) Sudden Drop Stage. At this point, all the ice within the
flaw melts, and the frost heaving force caused by the

secondary frost heaving gradually dissipates. Thus,
the rock frost heaving damage caused by the frost
heaving force terminates. To summarize the evolu-
tion process of frost heaving force, it is found that
the peak value of initial frost heaving force is the
maximum force that can be sustained when flaw
damage occurs. Therefore, the peak value of initial
frost heaving force can be used to characterize the
capacity of resistance to frost heaving for fractured
rock mass

3.2. FHF Evolution during Cyclic F-T Treatment. The freeze-
thaw as a typical fatigue loading acting on rock mass is fre-
quently in cold regions. The rock structure would deteriorate
when exposed to repeated freeze-thaw cycles. Actually, the
deterioration of rock mechanical properties is caused by mul-
tiple freeze-thaw cycles and not only one freeze-thaw cycle.
In this section, the cyclic FHF testings were studied to reveal
the fatigue deterioration characteristics of rock. The FHF
evolution curves of different rock types are plotted in
Figure 8, a total of six F-T cycles are performed, and about
23 hours was needed to realize a whole test. Figures 9(a)–
9(c) show the evolution of FHF with experimental time
for the marble with d = 3mm, L = 36mm; d = 2mm, L =
24mm; and d = 1mm, L = 12mm, respectively. The results
show that the peak FHF decreases with the increase of the
F-T cycle; in addition, the secondary FHF also presents a
decreasing trend as the F-T cycle grows. These results indi-
cate the deterioration of the rock structure with increasing
F-T treatment. In order to further reveal the effect of rock
lithology on the initial peak FHF, Figure 9(d) plots the rela-
tionship between the peak FHF and F-T cycles. The equation
fitting approach is used to investigate their relationship; the
equation that has the highest correlation coefficient is deter-
mined as the final fitting equation. A power function is used
to describe the relationship between the frost heaving force
and the F-T cycle for the marble, granite, and sandstone sam-
ples. The fitting results indicate that the initial peak FHF
decreases with increasing the F-T cycle, and the decreasing
rate gets faster under high F-T treatment. In addition, the
FHF is also influenced by the rock lithology, FHF for marble
is the largest, and it is the minimum for the sandstone. This
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Figure 6: The self-developed frost heaving force measurement device: (a) component of the frost heaving measurement device; (b) FHF
measurement system: 1: ultralow temperature freeze-thaw environment box; 2: film pressure sensor of FSR-400; 3: rock sample with
preexisting flaws; 4: frost heaving force acquisition card; 5: frost heaving force recording software; 6: temperature-humidity collector; 7:
Flexible Flat Cable of FSR 200; 8: film pressure sensor of Flexifore 201; 9: data transmission cable; 10: Flexible Flat Cable of Flexifore 201.
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Figure 7: Typical FHF evolution curve during one F-T cycle, five obvious steps of FHF evolution can be observed.
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result further proves the fact that the mesoscopic structure of
rock has a direct impact on the FHF evolution characteristics.

As analyzed above, after the peak FHF, for rock under
thawing treatment, the frost heaving force gradually
increases again, and a secondary freeze-thaw phenomenon
is found. We also studied the relationship among the initial
FHF peak, secondary FHF value, and the F-T cycle, as shown
in Figure 10. In Figure 10(a), the results also show that the
secondary FHF decreases with increasing the F-T cycle.
Due to the difference in rock lithology, the decreasing trend
for the three types of rock is different, and the decreasing rate
of marble is the largest (see Figure 10(b)). The result indicates
that the damage propagation rate is higher for marble than
granite and sandstone under tensile stress condition. The
brittleness of marble is relatively high; the crack propagation
rate is higher for marble than granite and sandstone.

3.3. Effect of Flaw Geometry Pattern on FHF Characteristics.
Taking the marble, for example, the influence of the flaw

length on FHF evolution is plotted in Figure 11. It can be seen
that the FHF evolution characteristics are impacted by the
preexisting flaw length. For the first several F-T cycles, FHF
increases with the increase of flaw length; however, it
decreases after several F-T cycles. This result indicates that
the accumulated damage caused by F-T is larger for rock with
longer flaws. For rock with a longer flaw, the tensile stress on
the flaw tip is relatively large; accumulated damage occurs
during repeated F-T treatment. The ability of rock to resist
tensile stress becomes weaker, and this results in the sharp
decrement of FHF at a high F-T cycle. The relationship
between the FHF and the F-T cycle is shown in Figure 9(d),
the power function is used to fit their relations, and we can
see that the decreasing rate becomes faster at a high F-T
cycle.

The impact of the flaw width on FHF evolution is also
studied, as shown in Figure 9. The similar changing trend
can also be observed from the evolution of FHF with the
experimental time. The initial and secondary peak values of
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FHF both decrease with increasing the F-T cycle, and the
decreasing rate becomes faster for rock subjected to high
F-T treatment. The influence of flaw width on FHF is attrib-
uted to the influence of flaw volume on FHF. Both the flaw
width and length influence the peak value of FHF. Since the
evolution law of FHF during the cyclic freeze-thaw process
in different flaw lengths can also be applied to different flaw
widths, more discussion and analysis are not stated here.

By analyzing the evolution law of frost heave force under
cyclic freeze-thaw condition, it is found that the influence of
the flaw length and width on the FHF evolution law is
basically the same, and it is concluded that the main factor
affecting the evolution law of FHF is the flaw volume inside
rock samples. Due to the large volume of flaw expansion
and large water storage, larger FHF is easy to be accumulated
during the freezing process. Meanwhile, rock mass with large
fracture expansion has a weak ability to resist frost heaving
damage. Therefore, after repeated freeze-thaw cycles, the
more developed the natural fractures in rock mass are, the
more severe the frost heaving damage will be.

4. Discussions

The influences of the lithology and flaw geometry on the FHF
evolution in the preexisting rock samples exposed to cyclic
freeze-thaw are discussed in the above experiments. Under
the action of multiple freeze-thaw cycles, the evolution of
FHF in each cycle still experiences five stages, namely, incu-
bation, explosion, stable fall, recovery, and dissipation. The
repeated frost heaving action results in the damage accumu-

lation inside flaws and would further affect the FHF
evolution. During this period, the FHF is continuously incu-
bated, released, and dissipated, causing fatigue damage of
fractured rock mass. In the freezing process, due to the ther-
mal energy of water in the flaws, the water at the fissure open-
ing takes the lead in freezing to form the ice-blocking effect
until the temperature drops to about -5°C, which makes the
flaw become a closed system. The water-ice phase transfor-
mation in the flaws further results in the occurrence of frost
heaving water pressure and volume expansion pressure of
the unfrozen flaw water, as shown in Figure 12(a). In the
thawing process, a secondary FHF peak can also be observed
from the FHF evolution curve. The reason for this phenom-
enon may be attributed to the differential thawing of ice at
the openness and within the flaws. The ice lens first melts
for the openness partition; afterwards, the melt water
migrates down gradually, and the temperature of the flaw
central is still low and a lot of ice exists, as shown in
Figure 12(b). As a result, the upper melt water freezes into
ice again, leading to the phenomenon of secondary frost
heave. However, the secondary frost heaving force is smaller
than the initial frost heaving force. This is related to the pre-
vious damage of the flaw tip; the accumulated stress in the
tips decreases after the previous damage. After a repeated
freeze-thaw cycle, when the frost heaving force exceeds the
tensile stress of the rock sample, a cracking phenomenon
occurs. Obvious cracks can be observed from the rock surface
(see Figure 13).

From the evolution of FHF during several F-T cycles, it is
shown that the initial peak FHF and the secondary peak FHF
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Figure 10: Plots of the influence of rock lithology on frost heaving force evolution characteristics: (a) change of the initial FHF, secondary
FHF with F-T cycle number; (b) comparison of the frost heaving force for rock with different lithology.
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both decrease. This implies that fatigue freeze-thaw action
leads to damage in the flaw tip and even the propagation of
flaws. The FHF drives the propagation of flaw and even leads
to the failure of the rock sample, as shown in Figure 9(d). We
can deduce that rock can be fractured if the F-T cycle number
is large enough; that is to say, the damage caused by F-T
treatment can accumulate until fracture of rock. The experi-
mental results also reveal the fact that the lithology influences
the tensile stress acting on rock flaws. This result is the same
as the previous studies [26–31]. The mesoscopic structure of
rock influences the water migration, water-ice phase trans-
formation, and the associated FHF accumulation. Because
the water storage capacity in the flaws is up to the rock per-
meability, the water is difficult to migrate into the rock matrix
for rock having compactness texture. Therefore, enclose
space in flaws is easy to be formed, and high efficiency for
the germination of frost heaving force and release provides
a good condition. In this work, only the two factors of flaw
length and width are considered to FHF evolution; the devel-
oped degree of flaws influences the water storage capacity,
the maximum FHF that can be generated, and also the ability
to withstand frost heaving force. As a result, the higher the
degree of the crack network in rock mass is, the greater the
F-T degradation after cyclic F-T treatment is. For engineer-
ing rock mass in cold regions, rocks are often subjected to
stress disturbance [32–36], and the coupled freeze-thaw
action and stress disturbance should be considered simulta-
neously in order to evaluate the stability of rock mass
objectively.

5. Conclusions

The fatigue freeze-thaw deterioration and the associated frost
heaving force evolution characteristics are experimentally
investigated using a self-developed frost heaving force
measurement system. The influence of lithology and flaw
geometry on the evolution of frost heaving force for rock sub-
jected to cyclic F-T treatment is revealed. The main conclu-
sions can be summarized below:

(1) Five distinct frost heaving force evolution stages are
observed from the FHF curve. Rock structural deteri-
oration caused by frost heaving force is attributed to
the tensile stress acting on rock flaws. Cyclic freeze-
thaw treatment leads to the damage accumulation
and the final fracture of rock

(2) Frost heaving force is affected not only by flaw geom-
etry but also by the lithology. Rock lithology deter-
mines the water migration ability and influences the
water-ice phase transformation. The flaw width and
length affect the water storage capacity and the vol-
ume expansion of water and the FHF accumulation

(3) The FHF decreases with increasing the F-T cycle
number, and its decreasing rate becomes faster at a
high F-T cycle. In addition, the decreasing trend of
FHF is related to lithology; the FHF decreasing rate
is larger for marble than the granite and sandstone.

This is essentially attributed to the rock mesoscopic
structure

(4) For hard rock with low porosity in cold regions, crack
propagates quickly after the occurrence of freeze-
thaw damage. It suggests that cyclic freeze-thaw
treatment can finally result in the fracture of natu-
rally fractured rock mass, if the number of the F-T
cycle is large enough
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