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Abstract: To study the mesoscopic damage evolution characteristics of skarn under freeze-thaw cycles,
based on CT technology, the skarn samples under freeze-thaw action were scanned by CT, and the image
data of skarn were segmented by Avizo software. The digital model of the three-dimensional structure of
skarn was established, and the evolution law of the internal structure of skarn during the freeze-thaw
cycle was quantitatively analyzed. The box dimension algorithm calculates the fractal dimension of the
pore structure under freeze-thaw conditions. The relationship between fractal dimension, pore volume
fraction, and freeze-thaw cycles was studied. According to the statistical results of the pore size distribu-
tion of skarn, the change characteristics of pore structure in the rock under the influence of freeze-thaw
were studied. Based on the theory of rock damage mechanics, the damage variable of skarn was defined
using the concept of the effective bearing zone, and the freeze-thaw damage evolution of skarn was studied.
The results show that the three-dimensional reconstructed model can directly show each medium’s meso-
pore structure and spatial distribution. There is a positive correlation between pore volume fraction and
fractal dimension under freeze-thaw conditions. The fractal dimension satisfies the exponential growth
law. The skarn damage variable increases with the increase of freeze-thaw cycles, which is consistent
with the development trend of pore structure. The exponential function can better reflect the damage
evolution of skarn under freezing and thawing.
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1. INTRODUCTION

In recent years, extreme weather conditions have occurred frequently around the world.
Low temperatures and snowy climates often affect mineral exploitation in cold re-
gions. Xinjiang is one of the western provinces in China. Among the existing minerals
found in the country, Xinjiang occupies three-quarters. Due to the characteristics of
low temperature and air pressure in this area, the mining conditions are poor, and the
disaster mechanism is complex. Freeze-thaw damage poses a significant threat to rock
engineering. The surrounding rock of the mine in this area mainly includes skarn and
tuff, with a small amount of sandstone. Affected by complex freeze-thaw environmen-
tal conditions, the physical and mechanical properties of rock will degrade, which will
cause significant disasters. Therefore, it is of great significance to study the deteriora-
tion mechanism of freeze-thaw damage of rock mass for engineering construction,
construction, and safe operation in cold regions.

In nature, rock is a material containing natural pores and fissures. During the
freezing process, due to the volume expansion of the water-ice phase transition and
the migration of unfrozen water, enormous pressure will be generated in the pores,
causing pore cracking and primary fissure expansion. In the thawing stage, pore
water seeps into the new pores, creating conditions for subsequent freezing cracking.
(Tan et al. 2011a; 2011b; Wang et al. 2019) Many scholars have studied the damage
and failure characteristics of rock mass under freeze-thaw conditions theoretically
and experimentally (Nicholson et al. 2000; Bayram 2012; Cardenes et al. 2014; Ja-
vad Eslami et al. 2018) Zhang et al. (2018) and Qiao et al. (2021) studied the attenu-
ation degree of rock physical and mechanical parameters by using intact rock and
fractured rock for freeze-thaw cycles, respectively. Yan et al. (2015) analyzed the
relationship between crack length and frost pressure in the rock under freeze-thaw
conditions and established an elastoplastic damage model. Huang et al. (2018) pro-
posed a theoretical model to calculate the unfrozen water content by strain, consider-
ing the phase transition of water ice during freezing and thawing. On this basis, Lv
et al. (2022) proposed a thermodynamic coupling model of the freeze-thaw defor-
mation of porous rock. Considering the characteristics of saturation and pore size
distribution, Huang et al. (2021a; 2021b) established a frost heave model that can
predict rock deformation and verified the rationality of the model by sandstone and
cement slurry experiments. Gao et al. (2020) and Wang et al. (2021) focused on
rock damage evolution and energy dissipation mechanism during the freeze-thaw
process.

In recent years, various non-destructive testing methods to study the damage evolu-
tion mechanism of rock from the mesostructure have gradually become hot spots. Fener
and Ince (2015) studied the texture changes of andesite during the freeze-thaw process
with a polarizing microscope. Park et al. (2015) combined scanning electron micros-
copy (SEM) and computed tomography (CT) to study the changes in the internal micro-
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structure of diorite, basalt, and tuff with freeze-thaw cycles. Zhou et al. (2015) studied
the effects of freeze-thaw cycles on the microscopic damage and macroscopic dynam-
ic properties of rock by nuclear magnetic resonance (NMR). Chen et al. (2015) studied
the variation of micro-pores of concrete in a freeze-thaw environment by CT scanning
technique. However, the above research results are mostly limited to the mesoscopic
freeze-thaw damage identification of a specific area or a particular scanning section of
the rock sample and lack of intuitive analysis of the three-dimensional information of
the sample. However, the above research results are mostly limited to the freeze-thaw
damage identification on some sections of rock, and lack of intuitive analysis of three-
dimensional information. The three-dimensional reconstruction technology can more
accurately and truly reflect the internal microstructure of rock. Yu et al. (2018) and Ju
et al. (2018) considered the real mesostructure of materials, reconstructed the concrete
and sand-gravel mixture, and compared the numerical simulation results with the
physical experimental results to verify the effectiveness of the method. Wang et al.
(2019) reconstructed the mesoscopic geometric coal-rock model and explored the
relationship between coal deformation and water migration. Zhao et al. (2020) used
nano-CT to reconstruct and characterize nano-pores in coal and simulated the influ-
ence of nano-pore structure on coal strength characteristics. Du et al. (2021) carried
out CT scanning experiments on raw coal and sandstone, and obtained the damage and
energy evolution law according to the three-dimensional reconstruction model of the
coal-rock combination. Wang et al. (2021) reconstructed six different coal structure
models and carried out a numerical simulation of temperature-pressure coupling using
Ansys software. Luo et al. (2022) and Zhang et al. (2022) studied the rare earth ore
and shale, obtained the structural characteristics of ore bodies by reconstruction calcu-
lation, and studied the relationship between pore characteristics and ore body permea-
bility.

To sum up, the application of three-dimensional reconstruction technology in ge-
otechnical engineering mainly focused on identifying internal information of regu-
lar-temperature rock and rock-like materials. However, there are few studies on its
combination with rock freeze-thaw damage. The research objects also use sandstone,
shale, and other rock samples for testing, and there are few studies on skarn with
low porosity and water content. Therefore, this paper takes a metal mine in Xinjiang
as the research background, selects the skarn of the surrounding rock of the metal
mine as the research object, and studies the damage degradation problem under the
freeze-thaw state. Using CT scanning technology and three-dimensional reconstruc-
tion technology, the three-dimensional structure digital model of skarn is established,
and its internal structure development law is analyzed. The box-counting algorithm
is used to calculate the fractal dimension and characteristics of the pore structure of
skarn under freeze-thaw conditions. Effective bearing area reduction is used to de-
fine the rock damage variable, and the quantitative description of freeze-thaw dam-
age is realized.
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2. SAMPLES AND METHODS

2.1 SAMPLE PREPARATION AND EXPERIMENTAL APPARATUS

In this experiment, rock samples were taken from a mine in Xinjiang. The rock sam-
ples were cut and smoothed into standard cylindrical rock samples with a diameter of
50 mm and a height of 100 mm. The preparation process was carried out following the
international rock mechanics test specifications. Three skarn samples were prepared,
numbered xk1, xk2 and xk3 in Fig. 1a.
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Fig. 1. Skarn mesostructure and mineral composition

The skarn is mainly characterized by porphyritic structure and fibrous structure.
The mineral grain size is different. The main minerals are actinolite (40.5%), tremolite
(23.4%), epidote (15.9%), garnet (14.8%), dravite (5.4%) and other minerals, as shown
in Fig. 1; the uniaxial compressive strength of the rock is 91 MPa, and the tensile
strength is 10.8 MPa, which belongs to hard rock.
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The freeze-thaw cycle test was carried out in the rapid freeze-thaw machine of the
College of Mechanics and Building Engineering of China University of Mining and
Technology (Beijing). The freeze-thaw temperature and cycle of the testing machine
are controlled by the touch screen controller. The freeze-thaw cycle test process does
not need to be carried out manually. After setting the temperature, the test will be carried
out completely independently. The time required for one freeze-thaw cycle is 4-6 hours,
and the freeze-thaw temperature range is —20 °C-7 °C. According to the local climatic
conditions, the temperature in autumn and winter is below zero, the lowest temperature
is —40 °C, and the summer varies between 5-15 °C. The freezing temperature of the
freeze-thaw machine is —20 °C, the melting temperature is 7 °C, and the freeze-thaw cycle
is 4.5 hours.

The ACTIS300-320/22 microfocus X-ray CT scanning equipment was used in the
rock CT scanning test instrument. The equipment is from the State Key Laboratory of
Coal Resources and Safe Mining of China University of Mining and Technology (Bei-
jing). The scanning spacing is 0.05 mm, the resolution is 1024 x 1024 pixels, and the
image bit depth is 16 bit. Skarn specimens before freeze-thaw test and after reaching
a specific number of freeze-thaw cycles (25, 50,75 and 100) were subjected to CT
scanning test. The leading test equipment is shown in Fig. 2.

(a) (b)

Fig. 2. Main equipment used: (a) Freeze-thaw machine,
(b) Micro Focus X-ray CT Scanning Equipment

2.2. OBTAINING 2D CT IMAGES

The original image file obtained by the CT scanning test is converted into a TIF format
file, and the CT images of each scanning layer of skarn at 0, 25, 50, 75 and 100 freeze-
-thaw cycles are obtained. In this paper, firstly, the gray distribution in CT image data
is studied, and the gray difference of pixels at different positions in the image is ob-
served. Taking the 990th layer image of xk3 as an example, this layer image’s hori-
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zontal path gray value is observed. The image gray histogram is shown in Fig. 3. Posi-
tion A is the crack, and position B is the rock mineral, as shown in Fig. 4a. The gray
change of pixels along the horizontal path of the straight line is shown in Fig. 4b. The
abscissa represents the distance from left to right of the straight line, and the ordinate
represents the gray value of pixels at different distances.
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Fig. 3. CT image grayscale histogram

27500
25000
22500

20000

Gray value

£ 17500 |

15000

12500 |

10000 1 I 1 1 1 1 L 1 L J

Distance

(a) (b)

Fig. 4. Image gray value change characteristics along the horizontal path

It can be seen from Fig. 4b that the gray value of the image fluctuates, and there are
peaks and troughs in the curve. The differences in grayscale values in CT images re-
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flect variations in density, with discrepancies in internal rock density signifying distinct
mineral components. Consequently, grayscale images provide a more intuitive means of
understanding the evolution characteristics of the rock’s mesostructure. Typically,
higher grayscale values indicate greater material density, representing mineral compo-
nents with higher internal rock density. Conversely, lower grayscale values denote
lower density, often indicating the presence of microfractures within the rock. When it
is located in the low density of holes and cracks (A), the corresponding gray curve
trough; when it is located in high density rock minerals (B), the peak of the gray scale
curve is corresponding; it is located in the horizontal section with less fluctuation be-
tween the peak and the trough, representing the rock particle matrix.

2.3. IMAGE SEGMENTATION AND RECONSTRUCTION

The CT image of frozen-thawed rock obtained by the CT test is two-dimensional. The
actual rock is a three-dimensional object. The two-dimensional image can only observe
a specific area or multiple scanning sections of the rock sample. It is usually regarded as
simplifying the actual three-dimensional model under certain conditions. Although the
processing and analysis from the two-dimensional level can reflect its characteristics
to a certain extent, there are inevitable limitations. In order to reflect the spatial distri-
bution and morphology of the mesostructure inside the frozen-thawed rock and analyze
the three-dimensional damage changes inside the rock, it is necessary to reconstruct the
two-dimensional CT image. Avizo software is a visualization software specifically for
material science. It uses innovative and efficient algorithms to process and analyze slice
data, such as X-ray CT, NMR, MRT equipment, three-dimensional ultrasound equipment,
FIB-SEM, and FIM. It performs accurate three-dimensional reconstruction. Therefore,
this paper uses Avizo software to establish a three-dimensional structure model of
skarn freeze-thaw, accurately distinguish the pore structure, rock matrix, and mineral
composition inside the rock sample, and study the damage expansion mechanism of
skarn affected by freeze-thaw.

In this study, image processing and analysis were conducted using Avizo software.
Initially, the images were subjected to filtering to eliminate noise interference. Subse-
quently, binary segmentation of the images was performed using the threshold values
determined through the maximum between-cluster variance (Otsu) method and fitting
method (Ma and Chen 2014). The segmentation thresholds of the three rock samples
are 14 225, 11 386, and 12 852, respectively. The segmentation thresholds of the rock
matrix and mineral composition are 18 050, 13 786, and 15 670, respectively, and the
cracks, matrix, and mineral composition of the skarn sample are segmented accordingly.
The segmentation effect is shown in Fig. 5. Then the model is reconstructed in three
dimensions to obtain the particle structure model, pore-fracture structure model, and
mineral structure model of skarn rock. Finally, to simplify the geometric topological
relationship of the digital core rock, the PNM (pore network model) module of Avizo
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is used to generate the pore network model. The pore network model is based on the
principle of the maximum ball method, and the gray value is used to identify the pores
and fissures in the image, and it is simplified to the ball rod model. Spheres represent
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Fig. 5. Threshold segmentation effect comparison chart
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the pores in the digital core, and sticks represent the pore throats in the core. Different
sizes of spheres represent different apertures, while different lengths of sticks repre-
sent different pore throats, as shown in Fig. 6.

In Figure 5, the green part is a fissure, the blue part is mineral, and the rest is a rock
matrix. It can be seen from the comparison in the figure that the mineral and fracture
distribution area obtained by threshold segmentation are approximately consistent with
the gray-scale image. In the three-dimensional visualization model shown in Fig. 6, blue
represents the fracture structure, gray represents the rock particles, and white represents
the mineral inclusions. The model’s upper half is divided into a three-dimensional re-
construction model, and the lower half is divided into the original rock sample. It is
found that the distribution of fractures and minerals in the model is consistent with
that of skarn samples.

The three-dimensional reconstruction of the skarn structure model can intuitively
show the actual microscopic pore structure development and the spatial distribution of
each medium in the rock sample during the freeze-thaw cycle. However, to further
study the development law of pores and damage evolution, it is necessary to further
quantitatively analyze the rock's internal structure.

3. RESULTS AND DISCUSSION

3.1. STATISTICAL CHARACTERISTICS OF MESOSTRUCTURE

Volume fraction and fractal dimension can usually characterize the content and distri-
bution complexity of various structural components in rock. Quantitative analysis of
freeze-thaw damage evolution can be achieved by counting the pixel sets of different
gray values in CT images. In the analysis of the three-dimensional reconstruction model
of skarn, the porosity, the proportion of rock particles, and the proportion of mineral
inclusions of the reconstructed model can be obtained by measuring the three structur-
al volumes extracted. The changes in the structure of the skarn samples under different
freeze-thaw cycles are shown in Table 1. The mesostructure change curve of the skarn
sample is shown in Fig. 7.

Figure 7a—c shows that the structural change trend of each skarn sample is rough-
ly the same. In general, the porosity increases with the number of freeze-thaw cycles,
and the rock particles decrease with the number of freeze-thaw cycles. In contrast, the
content of rock mineral composition is unchanged. In order to compare and analyze
the mesostructure changes of each rock sample more intuitively, the curves of porosity,
rock particles, and mineral composition in Table 1 are plotted, respectively. The curves
of each structural component of skarn in the process of the freeze-thaw cycle are ob-
tained, as shown in Fig. 7e, f.

As can be seen from Fig. 7e, f, with the increase in freeze-thaw cycles, the variation
trend of each structural component of the three skarn samples is roughly the same. The
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porosity of each skarn sample is about 3% in the initial state. At the beginning of the
freeze-thaw cycle, the frost heave strain caused by pore water is small due to the influ-
ence of rock saturation and pore space. The frost heave deformation cannot occur in-
side the rock, and the overall performance is cold shrinkage. The development of mi-
cropores caused by freeze-thaw action is not apparent, which makes the porosity of
skarn samples change little.

When the number of freeze-thaw cycles reaches 25-50, the change of porosity in-
creases compared with that before, indicating that with the increase of the number of
freeze-thaw cycles, at this time, due to the phase change of water ice, the frost heaving
force is generated and increases continuously. The internal pores of the rock begin to
develop, extend and gradually expand under the influence of the frost-heaving effect
of the phase change of water ice. The porosity of the specimen gradually increases, the
pore development rate gradually increases, and the freeze-thaw damage deterioration
continues to increase.

When the number of freeze-thaw cycles reaches 50—100 times, the porosity of each
skarn sample increases significantly. Because the freeze-thaw cycle significantly weakens
the connection between rock particles. The frost-heaving force generated by the water-ice
phase transition causes the pores and cracks caused by the early stage to converge and
penetrate gradually. The internal cracks of the rock are interconnected, and the new mi-
cro-cracks are further expanded and developed. The porosity of the specimen is fur-
ther increased.

The variation trend of the proportion of rock particles in each skarn sample decreases
inversely with the increase of porosity. The decrease rate is low in the initial stage. With
the increase of freeze-thaw cycles, the decrease rate increases gradually. At the same
time, the proportion of high density mineral composition is unchanged, this is because
the frost heave force generated during the freeze-thaw process is insufficient to precip-
itate the disintegration of the high-density minerals inside the rock. At this time, the
freeze-thaw cycle has little effect on high density mineral composition.

Table 1. Statistical table of structural changes during freeze-thaw cycles

xk1 xk2 xk3

Freeze- Proportion| Proportion Proportion| proportion Proportion| Proportion
-thaw | porosity | of rock | of mineral | Porosity | Ofrock | of mineral | Porosity | of rock | of mineral
cycles [%] particles | composition| [%] particles | composition | [%] particles | composition

[%] [%] [%] [%] [%] [%]
0 0.86 49.94 49.2 0.85 52.51 46.64 0.89 4471 54.4
25 1.29 49.61 49.1 1.12 52.27 46.61 1.27 44.63 54.1
50 191 49.09 49 1.74 51.7 46.56 2.05 43.85 54.1
75 2.64 48.56 48.8 231 51.15 46.54 2.92 43.08 54

100 3.38 48.02 48.6 2.72 50.76 46.52 3.75 42.45 53.8




Study on the freeze-thaw damage characteristics of skarn based on CT... 49

(a) xk1Changes in structural components (b) xk2Changes in structural components (¢) xk3 Changes in structural components
- ki —

- xk
. ” 2 - xk2
- ki x @ o a3k —

a of rock particles/%
cral proportion/%

\
Proportio

............... .
1o " n w w " [ o » “ “

Froeze-thaw eycles Freere-thaw eyeles Freeze-thaw cycles

(d) Variation curve of porosity (e) Variation curve of rock particle  (f) Variation curve of mineral composition

Fig. 7. The curve of meso structure change of skarn sample

3.2. FRACTAL DIMENSION AND PORE SIZE DISTRIBUTION CHARACTERISTICS

Fractal theory has been widely employed to describe and quantify the self-similarity of
irregular objects. In their natural state or under laboratory loading conditions, pores
and fractures generated by rocks such as coal, shale and sandstone often exhibit strong
fractal characteristics (Ai et al. 2014; Ju et al. 2018; Liu et al. 2016). In general, an
increase in fractal dimension corresponds to increased irregularity and roughness of
the surface, while a decrease in fractal dimension corresponds to enhanced uniformity
and smoothness of the surface.

Using the box counting method proposed by the German mathematician Hausdorff
in the early twentieth century (Fernandez-Martinez and Sanchez-Granero 2012), the
fractal dimension of the three-dimensional space of the pore structure in skarn can be
obtained. The principle of this method is to cover the target structure with a cube box
of side length a and record the required number of boxes N(a). Then use the least
square method to fit the relationship between Iga and Ig N(a) in logarithmic form,
where the slope is the fractal dimension D, that is:

D =-IgN(a)/lga. (1)

The box-counting algorithm determines the rock’s two-dimensional and three-
dimensional fractal dimensions. Figure 8 shows the two-dimensional fractal dimension
of skarn in the vertical direction under the initial state. It can be found that the curve
variation trend of the fractal dimension of each skarn is different. The fractal dimen-
sion of each scanning slice in the same specimen is also different, indicating that the
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complexity of pore structure in different skarns and each skarn is different under the
initial state. There are different degrees of initial damage.

(a) (b) (c)
Fig. 8. Fractal dimension/2D variation curve of skarn in the initial state

In the three-dimensional space, the fractal box dimension is between 2 and 3. As
the number of fractures increases and the complexity increases, the fractal dimension
gradually increases. Table 2 shows the two-dimensional and three-dimensional fractal
dimensions of the pore-fissure of each scanning slice of three skarn specimens under
freeze-thaw cycles. The two-dimensional fractal dimension mean values of xk1, xk2,
and xk3 under different freeze-thaw cycles fluctuate around 1.25, 1.26, 1.38, 1.42 and
1.45, and the three-dimensional fractal dimension values fluctuate at 2.27, 2.34, 2.43,
2.50 and 2.54. The fractal dimension of the rock gradually increases, and the freeze-
thaw action leads to different degrees of complex development and expansion of the
pore fracture structure in each skarn.

In addition, the two-dimensional and three-dimensional fractal dimension values of
skarn in the initial state are xk2 > xk1 > xk3, indicating that the pore structure of xk2 is
complex and the pore structure of xk3 is simple in the initial state. With the increase
in the number of freeze-thaw cycles, the internal pores of the rock develop, extend
and expand to different degrees. After 100 freeze-thaw cycles, the two-dimensional and
three-dimensional fractal dimension values of the skarn are no longer the same as the
initial state order, indicating the non-uniformity and irregularity of the internal pore
structure development of the rock during the freeze-thaw process.

Figure 9a—c shows the variation of fractal dimension and volume fraction of skarn pore
structure in the freeze-thaw cycles process. It can be seen that the variation trend of
volume fraction and fractal dimension of pores in skarn specimens is roughly the same,
and there is a positive correlation between them. Figure 9d shows the curve fitting of the
relationship between the three-dimensional fractal dimension of skarn pores and the
number of freeze-thaw cycles. Through fitting, it is found that they satisfy the distribu-
tion form of the exponential function, and the fitting results are promising, indicating
that the exponential function can better describe the nonlinear characteristics of the
pore fractal dimension of skarn during the freeze-thaw cycle.
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Table 2. Fractal dimension statistics of skarn

51

Freeze-thaw

xk1

Two-dimensional

Two-dimensional

Two-dimensional

Three-dimensional

cycles fractal dimension fractal dimension fractal dimension . .
o . fractal dimension
Minimum value Maximum value Mean value
0 1.051 1.371 1.246 2.274
25 1.055 1.372 1.261 2.351
50 1.116 1.454 1.35 2.429
75 1.165 1.488 1.393 2.493
100 1.191 1.516 1.431 2.542

Freeze-thaw

xk2

Two-dimensional

Two-dimensional

Two-dimensional

Three-dimensional

cycles fractal dimension fractal dimension fractal dimension . -
. . fractal dimension
Minimum value Maximum value Mean value
0 1.092 1.399 1.275 2.313
25 1.107 1.405 1.276 2.354
50 1.177 1.484 1.366 2.443
75 1.239 1.512 1.405 2.494
100 1.267 1.527 1.429 2.524

Freeze-thaw

xk3

Two-dimensional

Two-dimensional

Two-dimensional

Three-dimensional

cycles fractal dimension fractal dimension fractal dimension - -
Minimum value Maximum value Mean value fractal dimension
0 1.061 1.34 1.227 2.245
25 1.07 1.346 1.239 2.315
50 1.146 1.443 1.342 2.428
75 1.206 1.485 1.397 2.502
100 1.222 1.485 14 2.554
. 74 | 4"

(¢)

Fig. 9. Fractal dimension and porosity of rock under freeze-thaw cycles

To reflect the internal pore size distribution characteristics of skarn under freeze-
thaw cycles, this study represents the internal fracture structures of rocks in the digital
model as easily measurable shapes. In Avizo software, the segmented pore-fracture
structures were quantitatively analyzed and processed using “Label Analysis” module.
Each independent fracture structure was represented by a sphere with the same vol-
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ume, and its equivalent diameter was calculated. The equivalent diameter was deter-
mined using Eq. (2):

D, =36V, /n, 2)
where Deq is the equivalent diameter of pore-fissure and Vp is the volume of pore-
-fissure.

In this paper, under different freeze-thaw cycles, the pore structure models of skarn
are counted according to different equivalent diameter ranges. For the convenience
of statistics, the pore equivalent diameter of 1.0 mm is used as the boundary value.
Below 1.0 mm, every 0.2 mm is divided into five ranges. Above 1.0 mm, 0.5 mm is
divided into five ranges. The specific statistical results are shown in Fig. 10.

Fig. 10. Statistical results of pore equivalent diameter distribution of skarn
under different freeze-thaw cycles

It can be found from the results that the number of pores in Deq < 0.4 mm is the
largest, while the number of pores in Deq > 1.0 mm is the smallest. The total number of
pores increases first and then decreases with the increase of equivalent diameter. At the
same time, with the increase in freeze-thaw cycles, the overall number of pores gradu-
ally increases.

The change in the number of pore structures with Deq > 1.0 mm can reflect the devel-
opment and expansion process of pores inside the skarn under the influence of freeze-
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-thaw. In the early stage of freeze-thaw, the number of pores with 1.0 mm < Deg < 2.0 mm
increases, and the large pores with Deq > 2.0 mm change relatively minor, and the mac-
roscopic fracture development is not apparent. When the number of freeze-thaw cycles
reaches 50 times, the water migration in the water ice phase transition and melting stage
during the freezing process makes the pore-fracture inside the rock sample begin to
develop and extend. The number of macropores with Deq > 2.0 mm increases, and the
number of macro-microcracks increases.

As the number of freeze-thaw cycles further increases, the micro-cracks caused by
the early stage gradually expand, and the internal cracks are connected so that the
number of pores with Deq > 3.0 mm gradually increases, forming macroscopic pene-
trating cracks. The analysis results show that the number of pores with different equiva-
lent diameters in the skarn is consistent with the variation of the pore volume fraction
of the skarn.

3.3. QUANTITATIVE ANALYSIS OF DAMAGE EVOLUTION

In order to further study the damage evolution of skarn samples during the freeze-thaw
process, from the perspective of damage mechanics, the concept of effective bearing
area reduction is used to define the damage variables of skarn samples under the
freeze-thaw environment as follows:

Vv
D=1--2. 3
v ®3)

In Equation (3), D is the damage variable, and the range is 0 ~ 1, V. is the effective
bearing volume, mm?; V is the nominal bearing volume, mmq.

The nominal bearing volume is divided into three parts: rock particle volume, miner-
al volume, and pore volume, and the effective bearing area is the two parts of rock parti-
cle volume and mineral volume. At the same time, because the rock naturally contains
various defects, that is, initial damage, considering the removal of the influence of
initial damage, the above formula can be changed into :

— W —Wo .
W +Vs +V; =V,

(4)

In Equation (4), Vv is pore volume, mm?®; Vs is the volume of rock particles, mm?; Vr is
mineral volume, unit mm?; Vyo is the initial pore volume, mm?®,

According to Eq. (4), the damage variables of each skarn sample during the freeze-
thaw cycle are calculated, as shown in Table 3. The relationship curve between the
damage variable and freeze-thaw cycles is drawn, as shown in Fig. 11.

From Table 3 and Fig. 11, it can be seen that the trend of the change curve of the dam-
age variable of the above three skarn samples is roughly the same, indicating that the
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change rule of the damage variable of skarn under different freeze-thaw cycles is as shown
in Fig. 11. However, the damage variable of each skarn sample is different under dif-
ferent freeze-thaw cycles. Because there are different initial damages inside the rock,
and the damage area distribution of each skarn sample is not the same. Under the same
freeze-thaw cycle conditions, the internal damage evolution of each skarn is inhomo-
geneous, so the damage variables are different.

Table 3. Statistical table of damage variables of each rock sample
under freeze-thaw cycle conditions

Freeze-thaw | Damage variable | Damage variable | Damage variable
cycles of xk1 of xk2 of xk3
0 0 0 0
25 0.00434 0.00272 0.00383
50 0.01059 0.00898 0.01171
75 0.01795 0.01473 0.02048
100 0.02542 0.01886 0.02886

3.0x107 : ité
—a— xk3
2.5x107 |-
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2 2.0x102
=
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g 1.5x107 |
E 10x107 |
a
5.0x10°
0.0
(l] ZIO 4I0 6‘0 8I0 1(;0

Freeze-thaw cycles

Fig. 11. Variation curve of damage variables of each skarn sample

In previous studies, the evolution model of freeze-thaw damage variables with the
number of freeze-thaw cycles has a linear form, exponential form, and logarithmic func-
tion form (Liu et al. 2015; Feng et al. 2022; Gao et al. 2020). According to the test data
and function characteristics, the exponential function in the form of D(n) = a-(1 — b")
can better describe the damage evolution law and the nonlinear characteristics of rock
in the freeze-thaw process. The relationship between the damage variable of each
skarn sample and the number of freeze-thaw cycles and the fitting curve is obtained by
fitting, as shown in Fig. 12.
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Fig. 12. Fitting curve of skarn damage variable and freeze-thaw times

It can be seen from Fig. 12 that the theoretical curve between the freeze-thaw dam-
age variable and the number of freeze-thaw cycles is in good agreement with the ex-
perimental value, indicating that the exponential function can better describe the dam-
age evolution law of skarn after freeze-thaw cycles.

From Figures 11 and 12, the changing trend of the skarn damage variable under freeze-
-thaw action is nonlinear, and the damage change rate under different freeze-thaw stages is
different. In the early stage of freeze-thaw cycles, the rock particles are closely arranged,
the porosity of the sample is minor, and the pore development is slow, so the damage vari-
able value and the damage variable evolution rate are small. With the increase of freeze-
thaw cycles, due to the repeated frost heaving of water ice phase transition and the uneven
expansion of rock particles, the pores gradually expand and develop, the damage area
increases, and the damage variable increases. After 50 freeze-thaw cycles, the damage
variables of each skarn sample increase rapidly, indicating that with the increase in the
number of freeze-thaw cycles, the freeze-thaw damage deterioration of skarn increases
continuously. The water-ice phase change in the pores and fissures of the rock sample
increases the frost-heaving force. The pores and fissures are further expanded, connected,
and merged to form a pore space structure, which eventually leads to a further increase in
the area of the skarn damaged area, and the freeze-thaw damage variable value and dam-
age evolution rate increase rapidly. The evolution law of the damage variable obtained in
this paper is consistent with the increased law of porosity.

4. CONCLUSION

In this paper, the freeze-thaw cycle CT scanning test was carried out on the skarn of
the surrounding rock in the mining area. By dividing the gray values of different struc-
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tural components in the freeze-thaw rock, the three-dimensional structure digital mod-
el of the skarn was reconstructed. The changes of various structural components in the
rock during the freeze-thaw cycle were quantitatively analyzed. The relationship be-
tween the fractal dimension and the volume fraction of the pore structure under freeze-
thaw conditions was studied. According to the statistical results of the pore size distri-
bution characteristics of the skarn, the changes in the pore structure inside the rock
under the influence of freeze-thaw were analyzed, and the freeze-thaw damage evolu-
tion law of the skarn was explored in combination with the damage mechanics theory.
The main conclusions are as follows :

The three-dimensional reconstruction is carried out using Avizo software, which
genuinely reflects the spatial distribution and morphology of the mesostructure inside
the freeze-thaw rock. The pore structure will increase at different rates with freeze-
thaw cycles. The variation trend of rock particle content decreases with the increase of
pore structure. The decreasing amplitude is small in the initial stage and gradually
increases with the increase of freeze-thaw. In contrast, the rock's mineral composition
is unchanged, and the effect of freeze-thaw on rock minerals is not significant.

Under the freeze-thaw cycle, the fractal dimension of the skarn pore structure is
positively correlated with the volume fraction, and the exponential function can better
describe the nonlinear characteristics of the pore fractal dimension during the freeze-
thaw cycles. According to the statistical results of the pore size distribution of skarn, it
is found that the number of pores with different pore size distributions increases with
the increase of freeze-thaw cycles, which is consistent with the variation of the pore
volume fraction of skarn.

According to the theory of damage mechanics, skarn’s mesoscopic damage evolution
law was quantitatively analyzed. The results show that the freeze-thaw damage variable
of skarn will increase with the freeze-thaw cycle, and the damage evolution rate will
continue to increase, which is consistent with the expansion law of pore structure in rock.
At the same time, the exponential function can better reflect the mesoscopic damage
evolution law of skarn under freeze-thaw action.
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