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Study on the pore structure
characteristics and damage
constitutive model of sandstone
under freeze-thaw conditions

Junzu Ma, Jiaxu Jin*, Pengfei Wu, Zhifa Qin and Baoxin Jia

School of Civil Engineering, Liaoning Technical University, Fuxin, Liaoning, China

Rocks in Northwest China are often affected by the combined action of freeze-thaw
and load erosion. Therefore, in order to better understand the mechanical properties
of rocks in seasonal frozen areas and the meso-damage caused by freeze-thaw
erosion, uniaxial compression tests, electron microscope scanning tests, X-ray
diffraction tests (XRD) and mercury intrusion tests (MIP) were carried out on five
sandstone samples with different freeze-thaw times, and the mechanical parameters
and meso-damage characteristics of sandstone samples with different freeze-thaw
times were obtained. Fractal theory was used to analyze the change in pore volume
of sandstone after freeze-thaw cycles. Finally, the damage constitutive equation
under the coupling action of freeze-thaw damage and load was established based on
Lemaitre’s equivalent effect variation criterion. The results showed that the type of
sandstone is a porous coarse-grained sandstone. With the increased freeze-thaw
times, the compressive strength and cohesion of sandstone gradually decreased, and
the closed pores in sandstone gradually connected, leading to the visible internal
macroscopic cracks. Affected by freeze-thaw times, the volume proportion of large
pores (100-1,000 um) in sandstone gradually increased, while the volume
proportion of micropores (.05-100 pm) gradually decreased. With the increased
freeze-thaw times, the fractal dimension of pore volume decreased from 1.94 to
1.59. The theoretical curve can better fit the characteristic points of the stress-strain
curve, which can further reveal the damage mechanism of sandstone under the
coupling effects of freeze-thaw and load. The minimum error between the peak
point of the experimental curve and the theoretical curve is 3.3%.

KEYWORDS

mechanical properties, meso-damage, sandstone, freeze-thaw times, fractal theory,
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1 Introduction

Rock masses in cold regions, are often damaged by freeze-thaw effects every year. The
reduction in rock bearing capacity and volumetric deformation caused by freeze-thaw erosion
may pose a potential safety hazard in engineering, such as tunnel lining cracks, exfoliations of
some structures (Xu et al., 2021), instability of open pit slopes (Hong et al., 2021), and even
landslide and collapse (Chen et al., 2021). With the development of Qinghai-Tibet railway
project in cold regions, many natural disasters such as landslides have occurred as a result of the
instability of rock slopes caused by freeze-thaw effects, posing significant safety risks in railway
construction and transportation. In Northwestern China, not only is the railway subgrade slope
prone to freeze-thaw erosion, but also is the difficulty of excavation exacerbated in tunnel
engineering due to the bearing strength decrease of rock mass resulting from constant
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fluctuation of the temperature field (Peng et al., 2020). The freeze-thaw
damage of rock is mainly caused by the 9% volume expansion of the
water-ice phase (Zhou et al., 2015). As a result, studying the damage
and erosion extent of rocks under freeze-thaw conditions is critical.

In the past decades, experts had studied the mechanisms of freeze-
thaw damage of rocks in depth, including mechanical strength, P wave
velocity, pore diameter and quantity, etc. (Li et al., 2018; Ma et al,
2018). After numerous freeze-thaw times, the physical and mechanical
properties of rocks were found to steadily deteriorate. The number of
pores was observed to grow as a result of the volume expansion caused
by the water-ice phase transformation (Niu et al., 2021; Yang et al,
2021). Furthermore, numerous mechanical parameters, such as peak
stress and elastic modulus, can be employed as criteria for analyzing
freeze-thaw damage from a macro perspective (Fang et al, 2019;
Zhang et al., 2020). The large attenuation of rock strength represents
the continuous superposition of internal damage of rocks (Gao et al.,
2021). Through the pore size distribution, the process of ice crystals
penetrating the pore network can be described in more detail, which is
also the key to further understanding the damage of rock caused by
freeze-thaw erosion. Liu et al. (2019) thought that freeze-thaw times
lead to pore radius expansion, and the radius of these expansion pores
was mainly concentrated on 0-40 um. Song et al. (2021) used C-T
scanning technology to perform layered scanning of freeze-thaw times
of rock, which found that as the number of freeze-thaw times
increased, the volume fraction of internal macropores increased
rapidly. Niu et al. (2021) observed the mesostructure of freeze-thaw
sandstone by scanning electron microscopy and concluded that the
smoothness of the sandstone interior played a dominant role in rock
failure.

Fractal dimension theory is frequently utilized by academics to
examine the irregular evolution of pores in rock mass and to
quantitatively describe the complexity of pore structure. There are
numerous ways to determine the fractal dimension, including
experiments using nitrogen adsorption and mercury intrusion. By
using the water saturation method and the mercury saturation
method, Wang et al. (2020) determined the fractal dimension of
tight sandstone. According to this study, the fractal dimension
determined using the mercury saturation method has a strong link
with the reservoir’s pore structure and may accurately characterize
that structure in sandstone reservoirs. Dong et al. (2019) obtained
relevant pore structure parameters through the digital rock model
built and quantitatively analyzed the pore structure in the rock with
the fractal theory of porous media. It is believed that the pore fractal
dimension of the whole rock is related to porosity, permeability, and
the average pore radius. By using the nitrogen adsorption method, the
pore size distribution and pore structure parameters of several types of
rocks were determined. This study took into account that the uneven
shape of the pore surface was more significant the larger the fractal
dimension was. According to the fractal theory, the primary variables
determining porosity and permeability are pore size and pore
distribution (Xu et al., 2022). Lin et al. (2022) studied the pore
structure and heterogeneity of tight rocks by combining digital
rock technology with fractal theory. The study held that the larger
the porosity of tight sandstone was, the larger the fractal dimension
was, and that the fractal dimension of tight sandstone was less affected
by isolated pores. Wei et al. (2019) analyzed the pore structure of
carbonate rocks based on fractal theory. The results showed that the
fractal dimensions of macropores and mesopores were high. The total
fractal dimension of sample pores was negatively correlated with the
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maximum mercury saturation, and the pore diameter was also
negatively correlated with the fractal dimension.

Experts have conducted qualitative and quantitative
investigations into the damage to rocks produced by water-ice
phase transformation in the freeze-thaw times based on damage
mechanics theory. Based on the statistical theory and maximum
tensile strain yield criterion, the damage constitutive equation under
freeze-thaw load was derived by Huang et al. (2018) to examine the
stability of rock masses under thermal-hydraulic coupling. Lu et al.
(2019) established the damage evolution equation of freeze-thaw
sandstone under load based on Lemaitre’s equivalent strain principle
and continuous damage mechanics theory, and utilized this model to
estimate the triaxial compressive strength attenuation of single-
defect sandstone. Yao (2020) based on parabolic strength
criterion and strain equivalent principle, established a statistical
damage constitutive model considering pore compaction stage
and residual deformation stage. However, experts gradually
realized through their research that rock freeze-thaw damage was
primarily caused by internal pore changes (Jia et al., 2020). Park et al.
(2014) carried out freeze-thaw g tests on saturated diorite, basalt and
tuff, and summarized the change rule of microstructure with the
freeze-thaw times. The analysis shown that the increase of freeze-
thaw times caused the falling off of the internal particles of the rock,
and the continuous expansion and appearance of internal cracks, so
that the porosity increased. Hou et al. (2021) summarized the
evolution process of the microstructure of anhydrite rock by a
descriptive-behavioral model, and concluded that the proportion
of macropores and mesopores increased with the increase of freeze-
thaw times. Zhou et al. (2017) obtained the change rule of pore
diameter by NMR experiments: With the increase of freeze-thaw
times, the pores of sandstone expanded, but the difference between
pore diameter gradually decreased. Indirect ways to study the freeze-
thaw damage of rocks including studies from the perspectives such as
strength attenuation and other mechanical parameters (Kahanlari
etal.,, 2014), while the relationship between the evolution law of rock
pores and the damage mechanism after freeze-thaw times could
directly reflect the freeze-thaw damage. The number of pores in
rocks determined its water content in a saturated state (Chao et al,,
2020).

Freeze-thaw damage has always been a topic of concern in
engineering. Most of the damage variables in the constitutive
model of rock freeze-thaw damage in previous studies were the
change of mechanical parameters, which analyzed the damage from
a macro perspective. In fact, the fundamental cause of rock damage
is the continuous evolution of its internal pores. In order to reflect
the damage of freeze-thaw rock more directly and reveal its long-
term freeze-thaw damage mechanism, this paper first analyzed the
mineral composition of sandstone in this region by X-ray
diffraction, and then carried out uniaxial compression, electron
microscope scanning and mercury intrusion test on sandstone
samples under freeze-thaw times up to 40. The mechanical
properties and internal microstructure of sandstone after freeze-
thaw were analyzed, and the influence of freeze-thaw times on the
strength and microstructure of sandstone was discussed. Based on
the Lemaitre’s equivalent strain criterion, a rock damage model
under load and freeze-thaw action was established from the
microscopic perspective of pore volume change. On the one
hand, the mass change of saturated rock after freeze-thaw times
was regarded as the new-added pore volume, and through the
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FIGURE 1
Preparation of freeze-thaw sandstone samples.

conversion of water mass and volume, the mass change of saturated
rock after freeze-thaw times was regarded as the freeze-thaw
damage variable. On the other hand, according to the D-P
strength criterion, the strength of each unit follows Weibull
distribution function, and the experimental data obtained from
uniaxial compression test were compared with that from the
established multi-scale damage model to verify the rationality of
the model.

2 Materials and tests
2.1 Preparation of sandstone samples

In order to study the damage characteristics of sandstone under
freeze-thaw times and load coupling, eight sandstone samples with
different freeze-thaw times were designed to verify the accuracy of the
model. The sandstone used in this test was derived from a sedimentary
rock under a rock wall in northwest China, as shown in Figure 1A. The
dry density of the sandstone was 2.4 g/cm’, and the saturation density
was 2.5 g/cm’. The sandstone samples were made into cylinders with a
diameter of 50 mm and a height of 100 mm. The upper and lower
surfaces of the cylinder sample were polished to ensure that the
flatness be less than .05 mm, as shown in Figure 1B. In order to
truly restore the effects of freeze-thaw time on the bearing capacity of
sandstone in water flow for a long time, the sandstone samples were
saturated by vacuum saturation method firstly, as shown in Figure 1C.
Secondly, the saturated samples were subjected to freeze-thaw times.
Because the lower part of the rock mass was always contacted with

Frontiers in Earth Science

10.3389/feart.2023.1095686

Freezing and thawing cycle

water, the samples also were put into water for melting. The process is
shown in Figure 1D.

2.2 Test process

2.2.1 Uniaxial compression test

The uniaxial testing system adopted is shown in Figure 2A. To
analyze the influence of freeze-thaw times on mechanical properties of
sandstone more accurately, sandstone samples were divided into four
groups according to the number of freeze-thaw times (10, 20, 30, 40).
The freezing temperature was set to —20°C in the freeze-thaw time test,
while the melting temperature was fixed at 20°C. The samples were
ensured to be below the water surface during the melting process. The
TAW-2000 electro-hydraulic servo rock triaxial testing system was
adopted for loading. The specific loading procedures were as follows:
Firstly, the indenter of the device was lowered quickly; when it was
about to contact the surface of the sample, the lowering speed of the
indenter was slowed down. When the load value of the display became
positive, the indenter was in full contact with the sample by default.
Then, the displacement control method was used to load at a speed of
.05 mm/min until the specimen lost its bearing capacity.

2.2.2 Scanning electron microscope

The degree of internal pore structure development of sandstone
with different freeze-thaw times was analyzed based on scanning
electron microscope images. The interior of sandstone was porous
structure, and there were many micro cracks after freeze-thaw times.
When selecting samples, the fracture surfaces with micro-cracks was
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FIGURE 2
Main experimental instruments and processes.
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FIGURE 3

Mineral composition and sandstone type determined by XRD.

selected as far as possible. Firstly, the sample was cut and milled, and
was made into a specimen with a length of about 5mm x 5mm x
2 mm. Then the specimen was placed in the electronic scanner for
scanning. Finally, the focal length and magnification were
continuously adjusted to obtain the scanning electron microscope
images of the fracture surface with micro-cracks. The instrument used
for scanning is shown in Figure 2B.

2.2.3 Mercury intrusion porosimetry test (MIP)

The instrument shown in Figure 2C used in the mercury injection
test is automatic mercury porosimeter to measure the pore size of
sandstones. The pores are assumed to be different cylindrical capillary

Frontiers in Earth Science

tube bundles, then the relationship between the intrusion radius of
pores and the mercury pressure can be expressed using the Washburn
equation (Czachor et al., 2007).

o= 2ppg4cos 0 )

Te

Where p, is the capillary pressure, py, surface tension of mercury, 6 the
wetting contact angle between the pore wall of stones and the mercury,
and r. the radius of pores. Generally, py, = .48 N/m. The contact angle
0 between mercury and other substances ranges between 135° and
150°% therefore, the average value is typically 140°.
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FIGURE 4

Complete rock sample and rock sample after freeze-thaw erosion [(A) O freeze-thaw time; (B) 20 freeze-thaw times; (C) 40 freeze-thaw times].

Visible crack

FIGURE 5

40 freeze-thaw times.

Microstructure of specimens before and after freeze-thaw times. [(A) O freeze-thaw time; (B) 40 freeze-thaw times].

2.3 Results and discussion

2.3.1 Macro and micro analysis of sandstone

The mechanical properties of sandstone mainly depend on the
internal mineral composition and the cementation force between them.
The chemical composition of sandstone was analyzed by X-ray
diffraction (XRD). As shown in Figure 3A, the sandstone is
composed of quartz (27%), kaolinite (29.9%), plagioclase (32.7%) and
a small amount of clay minerals (10.4%). The content of quartz, kaolinite

Frontiers in Earth Science

and plagioclase accounts for nearly 90% of the total sample, so they are
the main mineral compositions affecting the strength of sandstone. As
shown in Figure 3B, these mineral particles are tightly cemented,
forming a coarse cementation structure. According to the mineral
content and cementation degree of sandstone, it can be determined
that this type of sandstone belongs to porous coarse-grained sandstone,
and the porous structure provides favorable conditions for freeze-thaw
erosion. Therefore, it is of great significance to study the distribution of
pore structure in porous sandstone after freeze-thaw erosion.
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FIGURE 6
Mercury injection volume increment of each pore radius after
different freeze-thaw times.

Figures 4A-C show the macro states of sandstone damaged by
different freeze-thaw times. It can be observed in Figure 4A that the
overall structure of sandstone without freeze-thaw times is dense and
has high hardness due to the bonding force between mineral particles.
After 20 freeze-thaw times (Figure 4B), due to the increased volume of
water freezing into ice, the pores in sandstone expanded, and tiny
cracks appeared on the surface of the sample. When the number of
freeze-thaw times reached 40 (Figure 4C), the pores in the sandstone
developed ultimately and were connected to produce new micro
cracks. This is basically consistent with the research conclusion of
Li. He believed that macroscopic cracks were rapidly developed and
expanded under the effect of water-rock interaction and the frost
heaving pressure (Li et al., 2019). Under freeze-thaw erosion, the
bonding force between mineral particles decreased, resulting in the
softening of the internal particle skeleton, and serious exfoliations
could be observed on the lower surface of the sample. At this time, the
sandstone was seriously eroded by freeze-thaw.

Because the electron microscope cannot detect the sample in a
low-temperature state, samples with different freeze-thaw times were
scanned at room temperature to investigate the local microstructure of
sandstone. This paper compared the samples without freeze-thaw
times and those with 40 freeze-thaw times from a micro perspective to
highlight the impact of freeze-thaw damage, as seen in Figure 5.

In Figure 5A, the sample without freeze-thaw times has a whole
surface, uniform particle distribution, and invisible internal cracks,

10.3389/feart.2023.1095686

and the internal pore diameter varies at room temperature and dry
environment because of the bonding force between particles, but the
pore arrangement is dense. For the samples subjected to freeze-thaw
times after saturation, there was an adsorption force between water
molecules and mineral particles, which made the particles surrounded
by water molecules. During the freezing process, the frost heaving
force generated by pore water solidification penetrated the interval
between pores, making the porous structure inside the sandstone
mesoporous and macroporous structure, which connects the whole
particle skeleton as shown in Figure 5B. The growth of macropores
might be the primary factor leading to freeze-thaw damage and
strength loss (Huang et al, 2022). Moreover, due to the
disappearance of the bonding force between particles, small
particles were constantly scoured with the flow of water molecules,
lacking mutual support between particles, increasing the plasticity of
sandstone and reducing its bearing capacity.

2.3.2 Effect of freeze-thaw erosion on pore structure
The volume of mercury intrusion into the sample after different
freeze-thaw times were shown in Figure 6. It can be observed that there
are approximate three peak points. Ondrasik’s research suggested that
it could be divided into nanopores (<.05um), micropores
(.05-100 pm), macropores (100-1,000 pm) according to the pore
size (Ondrasik et al., 2014). It could be seen in Figure 6 that with
the increase of freeze-thaw times, the proportion of different pore sizes
changed, the proportion of macropores gradually increased, and the
proportion of micropore volume gradually approached 0.

Table 1 showed the proportion of pore volume with different pore
sizes, and the proportion of micropore volume decreased with the
increase of freeze-thaw times. After 30 freeze-thaw times, the
(.1-100 pm)
macropores (100-1,000 pm), and the volume growth rates were
10.03% and 10.47%, respectively. When the number of freeze-thaw
times reached 40 times, the transformation form of micropores
(<.05 um) was mainly macropores, with an increase rate of 37.41%.
This indicated that the freeze-thaw times made many tiny pores

micropores  (<.05um) became mesopores and

connect with each other and then develop into large pores. The
relaxation period of sandstone was 1-100 ms at the initial stage of
the freeze-thaw cycle, which suggested that the majority of the pores at
this time are micropores, according to Li’s research on sandstone
nuclear magnetic resonance imaging. The porosity of sandstone
increased as the number of freeze-thaw cycles increased. The pore
size of a sandstone sample increased with increasing freeze-thaw
cycles. It demonstrated how the effect of freeze-thaw accelerated
the expansion of the rock pores, which eventually grew from
micropores to bigger pores (Li et al, 2016). Not only has the
proportion of pore diameter changed after freeze-thawing cycles,

TABLE 1 Determination of pore size distribution after different freeze-thaw times by MIP test.

F-T times Pore volume ratio/%
.05-.1 pm 100-1,000 pm
10 61.36 3.61 16.28 18.75
20 46.15 225 2347 28.13
30 42.16 231 2631 2922
40 19.54 97 2333 56.16
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FIGURE 7
The volume components of pores after different freeze-thaw
times.

but also has the roughness of the pores. In the study of freeze-thaw
erosion of anhydrite rock, Hou et al. (2022) found that freeze-thaw
erosion increased the roughness of microporous surfaces. The research
of Ke et al. (2017) showed that with the increased freeze-thaw times,
the pore volume expanded and the pore size distribution became more
uniform, which further proved that freeze-thaw erosion could change
the spatial distribution of pores in rock.

2.3.3 Characteristic pore radius

Cumulative pore volume in rock is difficult to obtain by testing, but (Ju
et al,, 2008) found the law of pore size distribution, Benavente et al. (1999)
used optical microscope, electron microscope and mercury porosity
measurement method to test the porosity of rock. All the data obtained
could well confirm that the correlation between pore volume and radius
satisfies an exponential relationship, as shown in the Eq. 2.

F(r)=1- exp(%) (2)

where F(r) represents the volume of pore accumulation with radius
greater than r, and m is the characteristic parameter of pore
distribution obtained from sandstone with different freeze-thaw times.

According to Figure 6, the sandstone had three significant peaks,
so Eq. 2 became:

F(ry=1-V, exp(_Tml) -V, exp(_Tmz) -V, exp(_Tm) 3)

where V;, V, and V; represent the volume fraction of pores with
different pore sizes. V; + V, + V5 = L.

The aperture characteristics (m;, m, m3) and their volume
components (V;, V, V3) can be determined by fitting the
experimental data with Eq. 3, and a very good fitting coefficient
was obtained, as shown in Figure 7. As the number of freeze-thaw
times increased, the volume fraction of small pores gradually
decreased, and the volume fraction of large pores increased
significantly. It also showed that with the aggravation of freeze-
thaw erosion, the form of pores was mainly macropores. Ice crystal
pressure expands micropores into macropores.
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2.3.4 Pore fractal dimension

The pore sizes of rock were different, and there were a certain
number of pores in the multi-scale range, and the number of these
pores was the main factor leading to different properties of sandstone.
As a measure of irregularity of complex space, fractal dimension could
well reflect the variation characteristics of sandstone pore size after
freeze-thaw times. Therefore, fractal theory was introduced to
qualitatively ~ describe complex pore structure. The fractal
dimension description of volume components of pores with
different pore sizes obtained from mercury intrusion tests could be
used to summarize the disorder degree and surface morphology of
sandstone pore structure under different freeze-thaw times (Jin et al.,
2020). The number of pores with a radius greater than r can be

expressed as a function of Eq. 4 (Chen et al., 2019):
N(r)ocor™®s (4)

Where Dy denotes the fractal dimension. N() is the number of pores
with a pore size greater than r.

If the pores inside the sandstone were regarded as cylindrical
capillaries, Eq. 4 became:

— VHg (r)

N nril

®)

V() represents the content of mercury intrusion in pores with
pore size greater than r, and I represents the length of cylindrical pores.
Using the logarithm form of Eq. 4, there is.

log N (r) = loga — Dy logr (6)

Equation 6 was a function expression about log N (r) ~ logr,
where the slope of the function was Dy N(r) could be calculated by
Eq. 5. Figure 8 showed the significant fractal characteristics of the
pores of sandstones with different freeze-thaw on the full size. It
could be concluded from the figure that the fractal dimension of
sandstone samples decreased gradually with the increase of freeze-
thaw times. After 40 freeze-thaw times, the fractal dimension
decreased from 1.94 to 1.59. The larger the fractal dimension, the
more complex the internal pore structure and the more uneven the
distribution. The freeze-thaw time reduced the fractal dimension of
sandstone, indicating that freeze-thaw erosion made the pore
structure smoother and the pore size distribution more uniform.
According to Liu et al. (2017), the pore structure associated with
higher fractal dimensions was more intricate. After freeze-thaw
cycles, the pore structure of sandstone is single, with primarily
macropores. This was consistent with the conclusion of mercury
intrusion test. The samples with high freeze-thaw times were
dominated by macropores.

3 Rock damage evolution equation
under freeze-thaw load coupling action

3.1 Damage evolution equation of sandstone
under freeze-thaw times

Sandstone is a sedimentary rock, mainly cemented by sand. The
micro damage to sandstone increased with the increase of freeze-thaw
times. The pore diameter inside the sandstone gradually increased.
When the pore diameter increased to a certain extent, it began to
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Fractal dimension of sandstone with different freeze-thaw times.

connect, which aggravated the internal damage. Therefore, the damage
variable is defined by the change of pore volume. The damage degree
of sandstone Dy is shown in Eq. 7.

Vi

Dp=1--2
F VC

7)

Where Dy represents the freeze-thaw damage variable, Vy and V¢
represent pore volume after N freeze-thaw times and initial pore
volume, respectively.

3.2 Damage evolution equation of sandstone
under load action

Sandstone overcomes the bonding force between particles under
the action of load, which causes damage. Because the rock belongs to
heterogeneous material, the strength distribution of internal particles
is different, so the rock damage caused by the load is random. This
paper assumed that the strength of each micro-element in sandstone
conforms to Weibull distribution. Therefore, Eq. 8 defines the failure

() =]

Where P(F) is the probability density of the strength distribution of each
micro-element in sandstone; F is the strength of each micro-element in

probability of sandstone.

P(F):FEO

(8)

sandstone; m and F, are the parameters of the model distribution.
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Under a certain load level, the damage generated in the rock is

defined in Eq. 9.
F m
J. P(x)dx=1- exp[—(i) ]
0 F,

The total damage variable in the freeze-thaw time coupled with

DL = (9)

load is:

DT = DL + DF - DLDF (10)

3.3 Constitutive relationship of the rock under
freeze-thaw times and load action

3.3.1 Basic hypothesis

In this study, the damage constitutive model of rock subjected to
freeze-thaw times and load coupling is established based on following
two assumptions:

(1) Microelement strength of rock meets Drucker-Prager criterion.

(2) Lemaitre’s strain equivalence principle is followed in solving
macroscopic and microscopic damage under freeze-thaw times
and load action.

3.3.2 Constitutive relation
Based on Drucker-Prager criterion, F can be expressed as:

F=al++],-K (11)
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Where I is the first invariant of effective stress; J, is the second
invariant of the effective stress deviation; « and K are only
experimental constants related to the internal friction angle and the
cohesive force ¢ of rock, and their expressions are:

I=01+02+03 (12)
J2= é [(01-02)" + (02— 03) + (03 — 01)’] (13)
* T VB -sing) o
_ 6ccos¢
K= 3G sng) "

According to Lemaitre’s strain equivalence principle, the effective
stress of rock materials can be replaced by nominal stress, and the
stress-strain damage constitutive relationship of rock materials is
established by introducing damage variables.

o=0*(1-D) (16)

Where o represents the nominal stress; 0* represents the effective
stress.

Damage is caused by two kinds of damage together (Qiao et al,
2021). According to the generalized Hooke’s law, the stress state of
sandstone is:

0y =EN51(1—DT)+#N(02+03) (17)

By substituting Eqs 10, 11 into Eq. 17, we can get:

A
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TABLE 2 Model parameters with different freeze-thaw times.

N ¢/ ¢/MPa a K 0] m €c
10 35 11 273 | 129 | 3824 | 8923 | 132
20 3438 105 271 | 123 | 2634 | 7236 | 155
30 336 99 261 | 117 2719 7153 16l
40 323 89 250 | 106 | 2552 | 6098 | 182

Vy F\"
= ENSIV—C exp[—(Fo) ] +2Uy03 (18)
Where Ey represents the elastic modulus of rock after freeze-thaw N
times; &; and &; represent the nominal axial strain and transverse
strain, respectively; 1y represents Poisson’s ratio of rocks with
different freeze-thaw times.

3.3.3 Parameters determination

Suppose the peak stress of the stress-strain curve is o, and the
corresponding peak strain is e.. Based on the stress-strain curve under
different freeze-thaw times and load coupling, according to the peak
point method, o, and its corresponding &, should meet the following
geometric conditions:

dO'l

dSl 01=0¢

£1=€¢

=0 (19)

Derivation of Eq. 18 according to Eq. 19:

B35
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= m=7.236
123
§ 15
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D
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20 F o~
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2
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Comparison of freeze-thaw damage model and test data (A—D) represent 10, 20, 30, 40 freeze-thaw times, respectively.
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TABLE 3 Comparison between theoretical value and experimental value.

Peak strength/MPa

Theoretical value

Experimental value

10 29.43 3291

20 ‘ 2633 ‘ 31.55

30 ‘ 2326 ‘ 2625

40 ‘ 23.64 ‘ 24.44
oo, 20,08 o
Og;  OF Ogyl,_,

Simplified Eq. 20:
FA\" 1
=) == 21
(£) -2 en
In the formula, Fc is the corresponding F value when ol = oc.
According to the extreme conditions in Eq. 18:

) -
Fy

The expressions of model parameters m and FO can be obtained by

Enec

_ 22
0. — 24y 03 (22)

simultaneous equations Eqs 21, 22:

1

m= Tor (23)
Oc—24N03
g. + 203 0. — 03 (1/m)
Fo=|a + Ene.(m 24
’ ( Oc = 2UN03 \/§(05_2MN03)> wee(m) =

3.4 Model verification

The constitutive model parameters after different freeze-thaw
times were calculated according to the testing results. The values of
each parameter are shown in Table 2. In order to obtain the theoretical
curve under the coupling effect of load and freeze-thaw, as shown in
Figure 9. The parameters of freeze-thaw sandstone samples were
substituted
constitutive equation (Eq. 18). Table 3 shows the theoretical curve’s
peak strength as well as the peak strength determined by the uniaxial

determined by mechanical tests and into the

experiment. Figure 10 depicts the contrast and error between the
theoretical peak stress and the actual peak stress.

In Table 2 the variation of FO and m shows that when freeze-thaw
times rise, FO falls from 3.824 to 2.552 and m from 8.923 to 6.098. At
this time, the sandstone sample’s failure strain rises from 1.32 to 1.82.
As a result, FO and m can, to some extent, reflect the ductility of
sandstone. Sandstone becomes more ductile as the parameter
decreases.

The constitutive equation fitted according to the experimental
parameters can accurately reflect the four stages of compaction,
elasticity, yield and failure experienced by the rock in the process
of uniaxial compression. The theoretical curve has a high degree of
agreement with the experimental curve. The maximum error between
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FIGURE 10
Comparison between theoretical value and actual value.

the theoretical value and the actual value of the peak stress is 16.5%
(N = 20), and the minimum is 3.3% (N = 10). The reason for the error
may be that there is a discrepancy between the strength of the Weibull
randomly distributed rock unit in theory and the strength of the actual
unit. Since sandstone is an anisotropic material, the theoretical curve
has a specific reference value for the strength of the actual sandstone.

4 Conclusion

This study examines how freeze-thaw cycles affect the pore
structure, macroscopic physical characteristics, and mechanical
properties of sandstone. A damage constitutive model is built
under the coupling actions of freeze-thaw and load based on the
Lemaitre equivalent strain criterion. The main novelty of this study is
that it can establish the relationship between freeze-thaw damage and
macroscopic and mesoscopic. Based on this research, the following
conclusion can be drawn:

(1) From the macro perspective, the sandstone grain skeleton will
become looser after the freeze-thaw cycle. When the number of
freeze-thaw cycles reaches 40, the sandstone particles begin to peel
off. From the mesoscale perspective, the pore volume in sandstone
gradually increases after freeze-thaw erosion, and the pores are
interconnected to form significant fractures.

(2) According to their size, the pores in sandstone can be classified as
nanopores, micropores, and macropores. After freeze-thaw cycles,
the pore size of all types of pores is increasing. Many micropores
expand and connect to form large pores. The pore structure of
sandstone is dominated by macropores, and the volume fraction
increases from 18.75% (N = 10) to 56.61% (N = 40). The volume
fraction of micropores decreases significantly.

(3) After freeze-thaw cycles, the pores in sandstone have obvious fractal
characteristics. With the increase in freeze-thaw cycles, the fractal
dimension decreases from 1.94 to 1.59, indicating that the pore
structure becomes uniform. Additionally, the fractal dimension can
be used to assess the severity of freeze-thaw damage and establish a link
between microscopic damage and physico-mechanical characteristics.
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(4) With the increase of freeze-thaw cycles, the peak strength of
sandstone decreases from 32.91 to 24.44 MPa, and the cohesion
decreases gradually. Based on the damage constitutive model in
this paper, there is an error between the theoretical peak strength
and the actual peak strength of sandstone; the minimum is 3.3%.
The values of parameters Fy and m can reflect the ductility of
sandstone, and the values of the two parameters gradually
decrease with the increase in ductility.
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