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Abstract
Volumetric expansion of water by 9% in saturated pores and cracks causes substantial frost deformation in rock masses. Frost 
deformation is an important index reflecting the frost resistance of rocks; however, water saturation has a great influence 
on the frost deformation characteristics. In this research, the frost strains and acoustic emission activities of red sandstone 
with different water saturations are monitored under freeze–thaw conditions. The experimental results show that both the 
peak and the residual frost heaving strains greatly increase for sandstone beyond 85% water saturation. However, there is 
no significant frost heaving strain that occurs in low-saturation red sandstone (less than 85% water saturation). The acoustic 
emission activities show the same change trend and further confirm the existence of this critical saturation. In addition, 
the pore size distribution also has a great influence on the frost heaving strain and freeze–thaw damage. All the liquid pore 
water in this red sandstone is frozen at − 20 °C because the pores are larger than the critical freezing radius (2.58 nm at − 
20 °C) according to the measured pore size distribution. Based on the pore micromechanics and Gibbs–Thomson equation, 
a developed frost heaving model is proposed considering the effects of water saturation and the pore size distribution. The 
proposed model can be used to predict the frost heaving strain at any freezing temperature for unsaturated red sandstone. 
This study thus provides the frost deformation characteristics of red sandstone and contributes to a better understanding of 
the freeze–thaw damage mechanism of unsaturated sandstone.
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List of Symbols
ρr, ρi, ρl  Densities of rock matrix, solid ice and 

water, respectively
UCS  Uniaxial compressive strength
Er, Ei  Elastic moduli of red sandstone and solid 

ice, respectively
μr, μi  Poisson’s ratio of red sandstone and solid 

ice, respectively
n  Porosity of red sandstone
vr  P-wave velocity of rock
αr  Thermal expansion coefficient of rock
�   Latent heat per unit mass of water
Tm  Freezing point of bulk water
γil  Free energy of ice-liquid interfacial
mr1, mr2  Masses of the red sandstone sample before 

and after sticking the strain gauges
md, ms1  Masses of the dry and saturated red sand-

stone sample, respectively
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ing to the specific saturation
Sr  Saturation of rock
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�d
n
 , �d

r
   Total nominal strain and the actual strain of 

dry red sandstone, respectively
�e   Strain error
T, T0  Current temperature and initial tempera-

ture, respectively
�d
n
   Nominal thermal expansion coefficient of 

red sandstone
�d
r
   Actual thermal expansion coefficient of red 

sandstone
�e   Thermal expansion coefficient of the glue 

and strain gauge
�sa
p

   Peak frost heaving strain of saturated 
sandstone

�sa
re

   Residual strain of saturated sandstone
a1 , b1, a2 , b2   Unknown frost heaving parameters
Kr   Bulk modulus of rock
�T   Linear thermal strain
�f   Linear frost heaving strain caused by ice 

pressure
b   Biot coefficient
ps
i
   Equivalent pore ice pressure

wu(T)   Unfrozen water content
F(r)   Cumulative distribution function of the 

pore size
r   Radius of the sphere pore
m1, m2  Characteristic size of coarse pores and thin 

pores, respectively
V1, V2  Volume fractions of the coarse and thin 

pores, respectively.
�(Sr)   Impact coefficient of water saturation

1 Introduction

The breakdown of rocks and cement-based materials under 
freeze–thaw cycles is an important subject with broad 
repercussions in geotechnical engineering and build-
ing materials (Tan et al. 2014; Freire-Lista et al. 2015; 
Xia et al. 2018; Hu et al. 2018; Eslami et al. 2018; Zhou 
et  al. 2019). Under a low temperature, a considerable 
frost heaving pressure will be produced in pores due to 
water freezing. This pressure is mainly responsible for the 
freeze–thaw damage of porous rocks (Hori and Morihiro 
1998; Tan et al. 2018; Liu et al. 2019; Jia et al. 2020a, b; 
Huang et al. 2018b). The degree of freeze–thaw damage in 
rocks has been widely investigated, and many prediction 
models have been proposed in previous studies (Liu et al. 
2015; Wang et al. 2016; Huang et al. 2018a; Fu et al. 2018; 
Fang et al. 2019; Lu et al. 2019). The damage indexes in 
these models are expressed by the mechanical strength, 
porosity and P-wave (primary wave) velocity (Luo et al. 
2014; Park et al. 2015; Momeni et al. 2016; Sarici and 

Ozdemir 2018; Wang et al. 2019; Fang et al. 2019; Zhang 
et al. 2021). However, these indexes are difficult to test 
in the laboratory. For instance, the strength tests of rocks 
under freeze–thaw cycles are extremely laborious and 
time-consuming (Liu et al. 2015). In addition, the P-wave 
velocity and porosity are hard to continuously monitor in 
the laboratory because the rock samples must be removed 
from the freeze box when the P-wave velocity or poros-
ity is measured. Fortunately, frost deformation is a read-
ily available physical parameter, that can be continuously 
monitored by strain gauges under freeze–thaw cycles (Lv 
et al. 2019). The frost heaving strain can reflect the freez-
ing process of pore water and the damage degree after 
freeze–thaw cycles. A larger irreversible residual frost 
heaving strain implies more serious freeze–thaw damage 
(Zhao et al. 2015; Wang et al. 2020; Huang et al. 2020b). 
Therefore, studying the frost deformation characteristics 
of porous rocks under freeze–thaw cycles is significant.

The theoretical value of frost deformation was first stud-
ied by Mellor (1970) without considering the confining 
pressure of the pore wall. Then, Matsuoka (1990) measured 
the linear strains of different saturated rocks under freezing 
using foil strain gauges. The test results showed that water 
migration has an influence on the freezing expansion of 
rocks when in contact with water in an open system. Yamabe 
and Neaupane (2001) also used this method to monitor the 
linear strains of Sirahama sandstone and proposed that the 
induced strains for wet samples were significantly larger than 
those of dry samples. Jia et al. (2015) measured the frost 
deformation of red sandstone with saturations of 50% and 
90% using strain gauges. Similarly, the irreversible residual 
frost heaving strains only occurred in the samples with 90% 
water saturation. Recently, Lv et al. (2019) used the strain 
gauges to investigate the difference in frost heaving strains 
under uniform and unidirectional freezing conditions. There-
fore, strain tests under low temperatures can reveal the frost 
heaving process of rocks and the main influencing factors, 
including the freezing temperature, porosity, rock properties 
and water conditions.

Furthermore, water saturation has been shown to be a 
remarkable influencing factor on the freeze–thaw damage 
degree of rocks (Prick et al. 1997). Chen et al. (2004) found 
that the P-wave velocity decreased quickly and that poros-
ity increased if the initial degree of saturation was beyond 
60%. Binal (2009) proposed that 75% saturation could cause 
a change in the physical and mechanical properties of rock 
samples under freeze–thaw cycles. Al-Omari et al. (2015) 
claimed that the porosity of limestones quickly increased 
when the degree of saturation exceeded 85%. Therefore, 
there should be a critical saturation for rocks to cause serious 
damage under freeze–thaw cycles. Therefore, in this study, 
the influence of the water saturation on the freeze–thaw dam-
age of red sandstone is investigated from a new perspective 
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of frost deformation combined with AE (acoustic emission) 
technology.

2  Materials and Methods

2.1  Basic Properties of the Red Sandstone

The red sandstone samples were collected from Yichang, 
Hubei Province. This dark red sandstone is a typical cal-
careous cemented medium quartz sandstone with an obvi-
ous coarse sand structure. It is widely distributed through-
out the reservoir bank slope. According to the suggested 
ISRM method, nine homogenous sandstone samples with 
a diameter of 50 mm and a height of 100 mm and seven 
100 × 100 × 100  mm3 cubic sandstone samples were pre-
pared (Fig. 1). The basic physico-mechanical properties of 
these red sandstones are listed in Table 1. The mineral com-
ponents of this red sandstone were measured by XRD (X-ray 
diffraction), and are composed of feldspar (43.25%), quartz 
(36.07%), calcite (9.44%), illite (7.24%) and chlorite (4%), 
as shown in Fig. 2.

The pore structure has a significant influence on the 
freezing process of the pore water. Therefore, the pore 
size distribution of this red sandstone was measured using 
MIP (mercury intrusion porosimetry) accompanied by gas 
adsorption by the BET (BET is short for three famous sci-
entists, Brunauer, Emmett and Tellor) method. The MIP 
method is used to measure pore sizes larger than 40 nm, and 
the BET method is used to measure pore sizes smaller than 
55 nm. The pore size distribution derived by these two test 

methods is plotted in Fig. 3. It shows that micropores (< 15 
μm) occupy most of the pore volume.

2.2  Experimental Procedure

There were nine standard cylinder sandstone samples with 
water saturation degrees of 0%, 30%, 60%, 70%, 80%, 85%, 
90%, 95% and 100%, respectively. These nine standard 
cylindrical samples were used to measure the linear strains 
with the temperature during the freeze–thaw process. The 
linear strains were continuously monitored by strain gauges 

Fig. 1  The red sandstone, cop-
per and aluminum samples

Table 1  The basic physico-
mechanical properties of the red 
sandstone

ρr (kg/m3) UCS (MPa) Er (Gpa) μr n (%) vr (km/s) αr (°C−1)

2400 52.7 9.54 0.25 11.9 2.46 9.4 ×  10–6

Fig. 2  X-ray diffraction pattern of the red sandstone (Huang et  al. 
2020b)
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and a strain collection device, and the temperature variations 
of these cylindrical sandstone samples were monitored by 
the PT-100 temperature sensor. For these cylindrical sam-
ples, the PT-100 sensors were attached to the surface of 
these samples and covered with a heat insulation adhesive. 
During the freeze–thaw process, the rock samples were first 
put into the freeze box at − 20 °C to freeze for 6 h. They 
were then gradually thawed in an air-conditioned room at a 
temperature of approximately 20 °C and a humidity of 56% 
for 6 h. This time is long enough for the complete freezing 
and thawing of the whole sample by measuring the internal 
temperature. Therefore, the time of one freeze–thaw cycle 
was approximately 12 h for the standard cylindrical sand-
stone samples.

In addition, to avoid mutual adverse interference, seven 
100 × 100 × 100  mm3 cubic sandstone samples were pre-
pared to track the AE activities of the sandstone during one 

freeze–thaw cycle. These seven cubic sandstone samples 
contain water saturations of 0%, 30%, 60%, 70%, 80%, 90% 
and 100%. The internal temperature of these cubic sand-
stone samples was monitored by a PT-100 temperature sen-
sor. The PT 100 sensors were embedded inside these cubic 
samples by drilling a small hole. An 8-channel AE instru-
ment (DS2) and eight high sensitivity sensors (RS-2A) were 
used to monitor the AE activities of the sandstone during the 
freeze–thaw process. The frequency response range of these 
sensors is 20–400 kHz. The preamplifier of the AE system 
was set as 40 dB and the sampling frequency was 3 MHz. 
The intermittent continuous mode was adopted to monitor 
the AE signals in sandstone for 24 h during one freeze–thaw 
cycle. The main experimental devices are shown in Fig. 4.

An important preparation procedure is to accurately 
determine the different water saturations for these sand-
stone samples. This procedure can be summarized as fol-
lows: (1) the samples were placed in an electric drying oven 
with forced convection at 110 °C for 48 h until the mass 
remained constant. Then, the masses of dry samples were 
measured after cooling, denoted by md. (2) The dry samples 
were placed into a vacuum device at − 0.1 MPa to extract 
air for 6 h. Afterwards, water was injected into this vac-
uum device to submerge the rock samples in water for 24 
h. Then, the completely saturated samples were extracted, 
and their mass was recorded as ms1. (3) All the saturated 
sandstone samples were placed in an air-conditioned room 
(temperature of 20 ± 2 °C, humidity of 56%) to gradually 
dehydrate until natural conditions were reached. (4) Then, 
strain gauges were placed at the designed positions on the 
red sandstone samples. The masses of the samples were 
recorded as mr1 and mr2 before and after attaching the strain 
gauges, respectively. Therefore, the total mass of the 704 
glue (704 silicone rubber sealant glue), the special adhe-
sive glue (a kind of superbonder glue) and the strain gauges 
on the surface of the sample was Δmg = mr1 − mr2 . (5) The 
samples with attached strain gauges were forced to be com-
pletely saturated by repeating step 2. (6) All the saturated 
sandstone samples were placed in the air-conditioned room 
again to gradually dehydrate until the specified mass mt was 
reached. The natural dehydration process was continuously 
monitored by a high-accuracy electronic balance with a pre-
cision of 0.01 g until the predetermined mass was reached. 
Then, the sample was immediately wrapped with plastic film 
to prevent water loss. More details about the procedure of 
preparing samples with different saturations can be found in 
our previous literature (Liu et al. 2020; Huang et al. 2021).

The mass of the sample corresponding to the specified 
water saturation can be expressed as:

(1)mt = Sr(ms1 − md) + md+Δmg,
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Fig. 3  Cumulative pore size distribution of the red sandstone
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where mt is the specified mass corresponding to the set satu-
ration Sr , Δmg = mr1 − mr2 is the total mass of the 704 glue, 
the special adhesive glue and the strain gauges on the surface 
of the sample, and ms1 and md are the masses of the saturated 
and dry red sandstone, respectively.

This procedure for measuring the freeze–thaw deforma-
tion of rocks by strain gauges is advantageously simple 
and inexpensive. To ensure that the strain gauges and wet 
red sandstone samples were closely bonded and to prevent 
the strain gauges from contacting the internal moisture of 
the sandstone, a thin waterproof layer of 704 glue was first 
attached onto the surface of the sandstone, followed by 
special adhesive glue and strain gauges. Then, an external 
waterproof layer of 704 glue was attached to the strain 
gauges again to prevent external moisture from interfer-
ing (Fig. 5). However, the temperature effect on the strain 
gauge sensitive grid and glue will cause experimental 
error at low temperatures. Therefore, a novel compensa-
tion method was adopted to correct the measured strain at 
low temperatures.

The strain of the dry red sandstone with a known coef-
ficient of thermal expansion was measured by quarter bridge 

compensation. The actual strain of red sandstone can be 
expressed as

where �d
n
 and �d

r
 are the total nominal strain and the actual 

strain of the dry red sandstone, respectively, and �e is the 
error strain caused by the temperature effect on the 704 glue 
and strain gauge.

It should be noted that the copper and aluminum stand-
ard samples used in this study are only used to verify the 
reliability of the experimental results of the frost heaving 
strain. In addition, completely dry red sandstone is used as a 
compensation block to eliminate the low-temperature effect 
on the glue and strain gauge deformation.

2.3  Validation of the Test Method

The total nominal strain of dry sandstone decreases linearly 
with decreasing temperature (Fig. 6). Therefore, we can 
obtain

where T  and T0 are the present freezing temperature and the 
initial temperature, respectively, and �d

n
 is the nominal ther-

mal expansion coefficient of the red sandstone.
Similarly, the actual thermal strain of dry red sandstone is

(2)�d
r
= �d

n
− �e,

(3)�d
n
= �d

n
(T − T0),

(4)�d
r
= �d

r
(T − T0),

Fig. 4  The main experimental devices

Fig. 5  The structure of attached strain gauges
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where �d
r
 is the actual thermal expansion coefficient of the 

red sandstone.
Substituting Eqs. (3) and (4) into Eq. (2) yields

Therefore, the total thermal expansion coefficient of the 
glue and strain gauge can be written as

By fitting the measured nominal thermal strain of the 
red sandstone (Fig. 6), the nominal thermal expansion 
coefficient of red sandstone is �d

n
= 19.46 × 10−6/°C. Sub-

stituting the actual thermal expansion coefficient of dry red 
sandstone �d

r
= 9.4 × 10−6/°C into Eq. (6), yields

Equation (7) is used to correct the thermal strain of red 
sandstone with different water saturations to eliminate the 
influence of the glue and strain gauge on the frost heaving 
strains of the red sandstone samples.

The linear strains of the copper and aluminum standard 
samples during one freeze–thaw cycle are shown in Fig. 7. 
Equation (7) is used to correct the strains of the copper 
and aluminum standard samples during one freeze–thaw 
cycle, by eliminating the strain error caused by the ther-
mal effect of the glue and strain gauge. The measured 
values of the thermal expansion coefficient for the copper 
and aluminum standard samples are compared with the 
theoretical values in Table 2. This shows that the theoreti-
cal values are very close to the corrected experimental 
values. Therefore, the strain correction method introduced 
before is reliable.

(5)�e = (�d
n
− �d

r
)(T − T0).

(6)�e = �d
n
− �d

r
.

(7)�e = 10.06 × 10−6∕◦C.
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Fig. 7  The original and corrected thermal strains of copper and alu-
minum under freezing

Table 2  The thermal expansion coefficient of the the copper and alu-
minum

Material Thermal expansion coefficient/(10–6 
°C−1)

Experiment Reference 
(Lide 
2004)

Copper 16.3 16.5
Aluminum 21.02 23.1
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3  Experimental Results

3.1  The Influence of Water Saturation 
on the Temperature of Red Sandstone

The internal temperature variations of these red sandstone 
samples against the freeze–thaw time are plotted in Fig. 8. 
The cooling rate of the freeze box in the first half hour is 
approximately 0.83 °C/min and the temperature gradually 
reaches approximately − 20 °C in 6 h. Then, the inter-
nal temperature of the freeze box naturally increases to 
approximately 20 °C in the air-conditioned room in 6 h. 
The internal temperature of the red sandstone samples has 
the same change trend. However, there is a stable stage of 
the red sandstone temperature near 0 °C, because a large 
amount of heat is released due to water freezing at this 
point. The duration of this stable stage near 0 °C becomes 
much longer with an increasing water content. In addi-
tion, the cooling and heating rates of the red sandstone 
with high saturation are also slower than those of the red 
sandstone with low water saturation. This illustrates that 
the water content has a significant influence on the inter-
nal temperature distribution of the samples. In addition, it 
should be noted that the cooling process of the compensa-
tion block is also not equal to that of the measured sam-
ples. Thus, the synchronous compensation and correction 
of frost heave may be unreasonable. This is why the strain 
correction in Sect. 2.3 is based on the premise of an equal 
temperature instead of an equal time.

3.2  The Influence of Water Saturation on the Frost 
Deformation and Damage

The frost heaving strains of red sandstone with different 
water contents are shown in Fig. 9. This shows that the 
water content has a significant influence on the frost heav-
ing of the red sandstone. With an increasing water content, 
the total strain of this red sandstone changes from shrink-
age to expansion at low temperatures. When the degree of 
water saturation is less than 85%, the total deformation of 
the red sandstone is dominated by shrinkage, although there 
is a temporary expansion process below the freezing point 
(approximately 0 °C) to offset some of the shrinkage defor-
mation. Beyond 85% water saturation, obvious frost heaving 
strain occurs at low temperatures. The total frost heaving 
strain is greater than 2000 ×  10–6 when Sr = 100%. The peak 
frost heaving strain and residual strain also rapidly increase 
beyond 85% water saturation, while they are almost zero 
below 85% water saturation (Figs. 10, 11).

There are specifically three types of typical deformation 
and damage characteristics for the red sandstone according 
to the water content.

(1) Sr = 0%

  The completely dry red sandstone linearly shrinks 
with decreasing freezing temperature. There is no 
expansion deformation during the entire freeze–thaw 
process, and the shrinkage of this sample is only caused 
by the contraction of the rock matrix during freezing. 
Because there is a lack of pore water, the peak frost 
heaving strain and the residual strain are almost zero 
(Figs. 10, 11). The amplitude of every AE activity and 
cumulative AE energy for the red sandstone samples 
under one freeze–thaw cycle are plotted in Fig. 12a. 
The changes in the trends of AE activities can be used 
to predict the rock deformation and the generation of 
microcracks, especially microcrack development and 
evolution inside the rock (Kong et al. 2016). This shows 
that few AE activities are observed for the completely 
dry red sandstone samples. Therefore, little damage 
occurs under this condition.

(2) Sr = [30%, 85%]

  The frost deformation includes the thermal shrinkage 
of the rock matrix caused by the temperature reduction 
and the frost heave of pores caused by the pore ice pres-
sure. However, the total deformation of the unsaturated 
red sandstone with a water saturation less than 85% is 
always shrinkage at low temperatures, because the frost 
heaving strain is too small to resist thermal shrinkage 
during the cooling process. In fact, when the ice pres-
sure builds up inside the porous network, the excess liq-
uid will be expelled from the freezing sites. If there are 
too many empty pores in the red sandstone sample, then 
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the ice pressure will be released as the excess liquid in 
saturated pores is expelled into unsaturated pores dur-
ing freezing (Coussy and Monteiro 2007). Therefore, 
the peak frost heaving strain is close to zero, as is the 
residual strain of this sandstone after thawing (Figs. 10, 
11). This illustrates that the frost damage is very small 
and that the freeze–thaw action does not cause any 
significant plastic strain below 85% water saturation. 
In addition, the AE activities also increase with the 
increase of water saturation for these unsaturated red 
sandstones from 106 AE activities to 192 AE activities 
(Fig. 12b–e). The cumulative AE energy has the same 
change trend (Fig. 13). However, the AE amplitude and 
AE energy are still very small below 85% water satura-
tion. The AE activities and the residual strains show 

that the damage caused by one freeze–thaw cycle may 
be ignored for red sandstone with a water saturation 
less than 85%.

(3) Sr = [85%, 100%].

Beyond 85% water saturation, obvious frost heaving strain 
occurs when the temperature falls below the freezing point 
(approximately 0 °C). The total deformation changes from 
freezing shrinkage to frost heave. Both the peak frost heav-
ing strain after freezing and the residual strain after thawing 
increase quickly beyond this critical water saturation of 85% 
(Figs. 10, 11). The irreversible residual strain reflects the 
freeze–thaw damage degree of red sandstone (Wang et al. 
2020). Therefore, more serious freeze–thaw damage will be 
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produced in red sandstone with high water saturations. The 
freezing expansion of pores induced by pore ice pressure 
should be responsible for this damage since there are not 
enough empty voids to store the expansive volume of freez-
ing water (Huang et al. 2018b, 2019b). A rapid increase in 
AE activity also occurs in the red sandstone with high water 
saturations beyond 85% (Fig. 12f–g). Both the AE activities 
and the cumulative AE energy and AE amplitude exhibit 
considerable growth. In addition, an interesting phenom-
enon is the concentrated presence of AE activities near 0 
°C, because a large amount of pore water freezes around 
this freezing point. The AE activity is a direct index of the 

intensity of internal microcracks (Meng et al. 2018). A large 
number of AE events indicate that microcracks are experi-
encing substantial growth and that freeze–thaw damage near 
this freezing point plays a major role. In addition, the test 
results show that most of the AE activities arise during the 
freezing process. Therefore, the freeze–thaw damage of the 
high-saturation red sandstone is mainly caused by the freez-
ing expansion of pores rather than the thermal deformation 
of rock matrix, and most of the freezing expansion of pores 
in this red sandstone occurs near 0 °C.

The experimental results of the peak and residual strains 
show exponential growth. Considering the boundary condi-
tions, the following exponential function may be used to 
quantify the relationship between the peak strain and the 
water saturation:

where �sa
p

 is the peak frost heaving strain. For this red sand-
stone, �sa

p
= 2411 × 10−6 is determined experimentally, Sr is 

the degree of water saturation, and a1 and b1 are unknown 
parameters that need to be determined by the experimental 
results of the peak frost heaving strains with different water 
saturations.

Similarly, this exponential function can also be used to 
quantify the relationship between the residual strain and the 
water saturation after thawing:

where �sa
re

 is the residual strain. For this red sandstone, 
�sa
re
= 1231 × 10−6 is determined experimentally, and a2 and 

b2 are unknown parameters that need to be determined by 
the experimental results of the residual strains with different 
water saturations.

By fitting the experimental results shown in Figs. 10 
and 11, the functions of the peak frost heaving strain and 
the residual strain against the water saturation during one 
freeze–thaw cycle can be expressed as follows:

4  Proposed Frost Heaving Model 
for Unsaturated Red Sandstone

Generally, the total strain mainly includes the thermal 
shrinkage strain of the rock matrix caused by the decrease 
in temperature and the frost heaving strain caused by the ice 
pressure in pores:

(8)�p = �sa
p
exp(a1S

2
r
+ b1Sr − a1 − b1),

(9)�re = �sa
re
exp(a2S

2
r
+ b2Sr − a2 − b2),

(10)�p = 2411 exp(−109S2
r
+ 223Sr − 114),

(11)�re = 1231 exp(−88S2
r
+ 186Sr − 98).
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where

where Kr is the bulk modulus of red sandstone. �T is the 
linear thermal strain, �f is the linear frost heaving strain 
caused by ice pressure, and b is the Biot coefficient of the 
red sandstone.

According to the theory of micromechanics (Dormieux 
et al. 2006), the Biot coefficient can be written as

Substituting Eqs. (13) and (14) into Eq. (12), the total 
strain is

(12)� = �T + �f,

(13)�T = �r(T − T0),

(14)�f = b
pi

3Kr

,

(15)b =
n(3Kr + 4Gr)

3Krn + 4Gr

.

According to the saturated frost heaving model based on 
the assumption of spherical pores (Fig. 14), the equivalent 
pore ice pressure in saturated frozen red sandstone can be 
expressed as (Huang et al. 2018c)

where ps
i
 is the equivalent pore ice pressure in the saturated 

red sandstone, Er and �r are the elastic modulus and Pois-
son’s ratio of sandstone, Ei and �i are the elastic modulus and 
Poisson’s ratio of solid ice, respectively, and ΔT = T − Tm . 
Tm is the freezing point of bulk water, and wu(T) is the unfro-
zen water content.

The equivalent pore ice pressure is significantly influ-
enced by the unfrozen water content, because only the 
frozen water can contribute to the ice pressure. The 

(16)� = �r�T + b
pi

3Kr

.

(17)ps
i
=

{ 0.029[1−wu(T)]
2(1−2𝜈r)

(2−3n)−(4−3n)𝜈r

1+2n+(1−4n)𝜈r
2(1−n)

1

Er
+1.029

1−2𝜈i
Ei

𝛿ij ΔT ≤ 0

0 ΔT > 0
,
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Fig. 12  The AE activities during one freeze–thaw cycle for red sandstone with different water saturations
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unfrozen water content wu(T) depends on the pore size 
distribution and the freezing temperature. For sandstone, 

a dual-porosity function can be adopted to express the 
unfrozen water content (Huang et al. 2018c, 2019a):

where

where F(r) is the cumulative distribution function of pore 
size for the sandstone using the dual-porosity model, r is the 
radius of sphere pores, m1 and m2 are the characteristic size 
of coarse pores and thin pores, respectively, V1 and V2 are 
the volume fractions of coarse and thin pores, respectively, 
V1 + V2 = 1 , and m1 , m2 , V1 and V2 are determined by fitting 
the cumulative distribution of the pore size.

According to the Gibbs–Thomson equation, the rela-
tionship between the critical pore size rc and the freezing 
temperature T  can be expressed as (Wu et al. 2002)

(18)wu(T) =

{

1 − F(rc)

1

ΔT ≤ 0

∈ ΔT > 0
,

(19)F(r) = 1 − [V1 exp (m1∕r)+V2 exp (m2∕r)],
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Substituting Eq. (20) into Eq. (19), yields

where rc is the critical radius of spherical pores. This means 
that only the liquid water in the pores with radii larger than 
rc will freeze when the temperature drops to T. M1 =

m1�i�

2�ilTm
 , 

M2 =
m2�i�

2�ilTm
 , �i is the density of solid ice, �il is the ice-liquid 

interfacial free energy, and � is the latent heat per unit mass 
of water.

The equivalent pore ice pressure is much smaller in 
unsaturated rock. Introducing an impact coefficient �(Sr) , 
the influence of water saturation on the equivalent pore ice 
pressure can be expressed as

Substituting Eq. (22) into Eq. (16), the total strain of 
freezing unsaturated sandstone can be written as

where �sa = b
ps
i

3Kr

 is the frost heaving strain of the red sand-
stone with 100% water saturation.

By conducting MIP and BET tests, the cumulative pore 
volume fraction against the pore size can be derived, as 
shown in Fig. 15. The unknown parameters m1 and m2 in 
Eq. (19) are determined by fitting the experimental results 
of the pore size distribution (Fig. 15). Then, the values of 
M1 and M2 in Eq. (21) can also be determined. The unfro-
zen water content in this red sandstone with 100% water 
saturation can be obtained by substituting Eq. (21) into 
Eq. (18) as shown in Fig. 16. It can be found that all the 
pore water freezes at − 20 °C, because the pores in this 
red sandstone are larger than the critical freezing radius 

(20)rc =
2�il

ΔT�i�
Tm.

(21)F(rc) = 1 − [V1 exp (M1ΔT)+V2 exp (M2ΔT)],

(22)pi = �(Sr)p
s
i
.

(23)� = �r(T − T0) + �(Sr)�sa,

Fig. 14  The schematic diagram of frost heaving model for spherical pores
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(2.58 nm at − 20 °C) according to the measured pore size 
distribution.

To derive the expression of the impact coefficient �(Sr) of 
water saturation, the peak frost heaving strains in Fig. 10 are 
normalized from 0 to 1. Then, �(Sr) can be obtained by fitting 
the normalized experimental values as follows (Fig. 17):

Substituting Eqs. (17), (18), (21), (24) and the values of 
the parameters in Tables 1 and 3 into Eq. (23), the final total 
strain of this red sandstone at different freezing temperatures is

For Eq. (25), the first item is the thermal strain, and the sec-
ond item is the frost heaving strain considering the influence 
of the water saturation and unfrozen water content.

The calculated results of the frost heaving strains are 
compared with the experimental values for the red sand-
stone with different water contents, as shown in Fig. 18, 
which shows good consistency. Beyond 85% water satu-
ration, the red sandstone experiences obvious frost heav-
ing deformation at low temperatures. The proposed frost 

(24)�(Sr) = exp(−87.5 + 170.1Sr − 82.6S2
r
).

(25)𝜀 =

{

{9.4(T − T0) + 2295e(−87.5+170.1Sr−82.6S
2
r
)(0.61 e10.6ΔT+0.39 e0.36ΔT )} × 10−6

9.4 × 10−6(T − T0)

ΔT ≤ 0

ΔT > 0
.

heaving model can be used to accurately predict the frost 
deformation of red sandstone with different water contents. 
It should be noted out that although the peak and residual 
strains during freezing and thawing are dependent on the 
rock types, the present model can also be used to predict 
the frost deformation of other rocks. For different rocks, 
Eq. (24) should be determined by fitting the experimental 
results of the specified rocks with different water satu-
rations, then the predicted deformation can be estimated 
using Eq. (23).

5  Discussion

In this research, the experimental results showed that 85% 
may be a critical saturation for the red sandstone samples, 
beyond which the deformation changed from frost shrinkage 
to frost heave at low temperatures. A similar critical degree 
of water saturation (Sr = 85%) was found for both tuffeau and 
Richemont limestone by Al-Omari et al. (2015), which sug-
gests that a threshold limit of moisture content exists. The 
AE activities and residual frost heaving strain further con-
firm this critical value. The low-saturation sandstone (water 
saturation below 85%) suffers little freeze–thaw damage. 
All the frost heaving strains are recovered and the accumu-
lated AE energy is small after one freeze–thaw cycle for the 
low-saturation sandstone. Therefore, the water content is an 
important factor influencing the freeze–thaw damage degree. 
For rock engineering in cold regions, the existence of a criti-
cal saturation threshold provides inspiration for a waterproof 
design to prevent freeze–thaw damage to rocks (Lai et al. 
2016). In addition, the cumulative energy of AE activities 

may be a potential indicator for quantifying the freeze–thaw 
damage and predicting the freeze–thaw rupture locations in 
rocks (Amitrano et al. 2012; Girard et al. 2013). Nondestruc-
tive monitoring technologies, including frost deformation 
and AE signal measurements, are well applied to investigate 
the influence of water saturation on the freeze–thaw damage 
of red sandstone by laboratory experiments. However, fur-
ther research is required to reveal the long-term freeze–thaw 
damage mechanism of unsaturated sandstone.
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Table 3  The physico-mechanical parameters of the water/ice medium (Watanabe and Mizoguchi 2002; Lide 2004; Huang et al. 2018c)

ρi (kg/m3) ρl (kg/m3) Ei (GPa) μi �(m2· −2) T
m

 (°C) γil (N/m)

917 1000 8.348 0.325 334.88 ×  103 0 0.029
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(1) The stability and reliability of the long-term frost defor-
mation measurement using strain gauges.

  It should be noted that there is little difference 
between the calculated curves and the experimental 
values of the total strain in the initial cooling stage 
(Fig. 18). The fast decrease in the experimental strains 
in the initial cooling stage is caused by rapid cooling. 
This illustrates that the strain gauges and the 704 glue 
are sensitive to the cooling rate. Due to the sensitivity of 
the strain gauges, the experimental strain is always vola-
tile under cooling, as shown in Fig. 9. The long-term 
stability and reliability of this measurement method dur-
ing freeze–thaw cycles should be investigated. In previ-
ous studies, 704 glue and special adhesive glue were 
usually applied to the strain gauges (Fang and Huang 

2019). However, research of their low-temperature 
properties is insufficient. As a preliminary investiga-
tion, their long-term properties were tested in this study 
to ensure the strain gauges continued to adhere reliably 
and tightly under freeze–thaw conditions (Fig. 19). 
The measured frost strains have a decreasing trend 
after seven freeze–thaw cycles when only the special 
adhesive glue was used, because the special adhesive 
glue broke away from the red sandstone after repeated 
freeze–thaw cycles. Therefore, the proposed adhesion 
method of the strain gauges in this research is much 
better, 704 glue should be used first to prevent the inte-
rior water of the red sandstone from escaping (Fig. 5). 
Regardless, the low-temperature sensitivity of the strain 
gauge and glue should be further confirmed.
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Fig. 18  The calculated strains versus the experimental strains for the freezing red sandstone with different water saturations (‘‖’ and ‘⊥’ repre-
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(2) The influence of water saturation on the long-term 
freeze–thaw damage of rocks.

  With an increasing number of freeze–thaw cycles, 
the pore size and porosity also increase. Therefore, 
more and more voids will be produced to store the 
expansive volumes caused by water freezing. The 
change trends of porosities under freeze–thaw cycles 
show that the long-term freeze–thaw damage is much 
more serious in saturated red sandstone than in dry red 
sandstone (Fig. 20). A rapid increase in the porosity 
after 40 freeze–thaw cycles for the saturated sandstone 

is caused by the production of freeze–thaw cracks. The 
long-term monitoring of frost deformation and AE 
activities is very important for explaining the long-term 
frost resistance of rock with different water contents. In 
this study, the influence of the water saturation on the 
freeze–thaw damage of red sandstone is limited to one 
freeze–thaw cycle. Therefore, the influence of the water 
saturation on the change law of the long-term freeze–
thaw damage needs further quantitative research.

(3) The influence of the confining pressure on the frost 
deformation and freeze–thaw damage of unsaturated 
rocks.

At present, frost deformation and freeze–thaw damage 
are studied in the absence of the confining pressure (Lv et al. 
2019; Huang et al. 2020a, b). However, engineering rocks 
in cold regions are located in an in situ stress field. Gener-
ally, the presence of a confining pressure can improve the 
strength of sandstone after freeze–thaw cycles (Zhang et al. 
2020). From the aspect of frost deformation, the confining 
pressure will restrict the frost expansion of rock samples 
during pore water freezing. However, when the confining 
pressure is applied, the pore frost heaving pressure may 
increase because the confined effect of the pore wall on the 
freezing pore water will be strengthened. Therefore, the 
frost deformation and freeze–thaw damage characteristics 
are different when the confining pressure is considered. 
Liu et al. (2019) claimed that the freeze–thaw damage of 
water-rich sandstone increased with an increasing confin-
ing pressure by testing the pore size distribution with a CT 
(computed tomography) scanner. They found that the meas-
ured increment in the porosity after freeze–thaw action was 
much larger under a high confining pressure. However, the 
influence of the confining pressure on the frost deformation 
and freeze–thaw damage of unsaturated rocks requires more 
experimental evidence.

6  Conclusion

The frost deformation of red sandstone is an exponential 
function of the water saturation. The experimental results 
show that remarkable frost heaving strain and residual 
strain will occur, only when the water saturation exceeds 
85%. Therefore, 85% is a critical saturation value for this 
red sandstone under freeze–thaw cycles.

AE activities also increase with increasing water satu-
ration for this red sandstone. The cumulative AE energy 
has the same change trend as the frost heaving strain, and 
thus, the cumulative AE energy is also a great indicator 
for determining the freeze–thaw damage degree. However, 
AE activities only occur in the freezing process. Therefore, 
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freeze–thaw damage is mainly caused by frost heave during 
freezing rather than thawing shrinkage.

The frost deformation of red sandstone is related to the 
water saturation and the pore size distribution. Considering 
these two influencing factors, the developed frost heaving 
model based on pore micromechanics theory can be used 
to accurately predict the frost deformation of unsaturated 
red sandstone.
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