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Abstract: Using high-precision CT scanning equipment, two series of tests on frost and salt weather-
ing were conducted to investigate the characteristics of pore change in tuff. Experiments on frost and
salt aging were performed with pieces of tuff from the same area of southeast China. One set of tuff
samples was soaked in saturated sodium sulfate or magnesium sulfate solutions for 60 days. Another
set of tuff samples were subjected to 60 freeze–thaw cycles after being submerged in saturated sodium
sulfate or magnesium sulfate solutions for 48 h. Our study demonstrates that processes such as salt
erosion and freeze–thaw affect the pore evolution of tuffs significantly. Tuff lost 1.56% of its mass
after being submerged in magnesium sulfate solutions for 60 days, while tuff submerged in sodium
sulfate solutions gained a negative 0.33% of its mass. After 60 freeze–thaw cycles, the mass loss of tuff
samples immersed in sodium sulfate, magnesium sulfate, and distilled water solutions was 3.52%,
3.58%, and 3.82%, respectively. The average porosity of the magnesium sulfate and sodium sulfate
test groups increased by 6.59% and 4.14%, respectively, when the number of days of salt erosion
was extended from 10 to 60 days. The average porosity of tuff samples immersed in magnesium
persulfate and sodium sulfate solutions increased by 2.25% and 2.18%, respectively, as the number of
freeze–thaw cycles went from 10 to 60.

Keywords: tuff; frost weathering; salt weathering; pore; high-precision CT

1. Introduction

The frequency and intensity of extreme weather events (typhoons, heavy rainfall,
etc.) are increasing in southeast China against the backdrop of global warming. This has
accelerated the weathering process of stone and caused a large amount of deterioration
on the surface of many ancient stone bridges (Figure 1). The deterioration of historical
stone bridges in coastal regions can be attributed to two primary factors: salt weathering
and frost weathering [1,2]. On the one hand, the salt that is present in the ocean gradually
seeps into the rock throughout the typhoon and rainy season through the micro-cracks.
The process of salt weathering results in the generation of crystallization pressure by the
salt, leading to the deterioration of the stone [3,4]. On the other hand, when liquid water
freezes into ice in the cracks inside rocks in winter, a 9% volume expansion induced by the
phase transition of water to ice can put enough pressure on the rock to worsen the fracture
and eventually destroy the boulder [5–8].
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Figure 1. Surface weathering and deterioration of tuff in the Bazi Bridge in Shaoxing City. 

During the past 30 years, year-round field observations or monitoring of rock 
deformation have revealed that air temperature, moisture content, and salt weather-
ing are significant environmental factors that cause stone degradation in the natural 
environment [8–12]. The researchers carried out a number of indoor simulation tests in 
order to undertake a quantitative analysis of the effects of freeze–thaw cycles and salinity 
on the processes of rock weathering [13]. Typically, frost or salt weathering of a particular 
stone or rock is evaluated quantitatively by measuring the changes in sample weight, com-
pressive strength, porosity, and other physical parameters under different experi-
mental conditions [14–18]. For example, Ref. [19] performed static and impact mechan-
ical tests on both weathered and un-weathered red sandstones. Furthermore, they de-
veloped a mechanical property decay model that incorporated the strain rate effect to 
better predict the dynamic mechanical degradation of sedimentary rocks following 
long-term frost weathering. Based on the idea that water freezing and moving 
through micro-pores induces micro-pore rupture, Ref. [20] developed a micromechan-
ical model of micro-pores, provided an analytical approach to forecast the degrada-
tion degree of micro-pores, and established a finite element model for fracture analy-
sis. Twenty dry–wet cycles at temperatures above 0 °C in a laboratory showed that 
samples of deionized water and sodium chloride remained intact, but those of sodium 
sulfate crumbled [21]. Even though these studies have advanced our understanding 
of rock weathering, there have been few quantitative investigations on the evolution 
of interior pores during coupled frost and slat weathering actions [22]. 

Porosity is one of the key indicators used to evaluate the extent of rock weathering 
[23]. Mercury injection test results suggested that micro-pores smaller than 0.05~0.1 μm 
in radius play a significant role in salt weathering of eight Japanese building stone varie-
ties [24]. However, rocks can have pores of a wide variety of sizes and shapes, which leads 
to a wide range of possible variations, which in turn results in pores that are exceedingly 
complicated and irregular in structure. As a result, it is challenging to perform quantita-
tive research on rocks in order to investigate their internal pore structure [25]. Due to their 
non-destructive nature and ability to reconstruct the 3D spatial structure of objects, X-ray 
computed micro-tomography or micro-CT have been widely used for observing and 
quantifying the change in the internal structure of materials under different conditions in 
recent years [26]. For instance, based on the results of CT detection, Ref. [27] found that 
the strength and density of rock samples decreased after freezing compared to before 
freezing. Using interior CT scanning technology to scan and model rock samples before 
and after freeze–thaw, Ref. [15] investigated the mechanism of damage influence of freez-
ing speed and temperature on the internal structure of rock and the evolution of internal 
structure damage. Although these studies have laid the framework for the analysis of the 
internal pore evolution of rocks, there have been few 3D spatial structure evolution anal-
yses of internal pores under coupled frost and salt action. 
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During the past 30 years, year-round field observations or monitoring of rock de-
formation have revealed that air temperature, moisture content, and salt weathering are
significant environmental factors that cause stone degradation in the natural environ-
ment [8–12]. The researchers carried out a number of indoor simulation tests in order
to undertake a quantitative analysis of the effects of freeze–thaw cycles and salinity on
the processes of rock weathering [13]. Typically, frost or salt weathering of a particular
stone or rock is evaluated quantitatively by measuring the changes in sample weight,
compressive strength, porosity, and other physical parameters under different experimental
conditions [14–18]. For example, Ref. [19] performed static and impact mechanical tests
on both weathered and un-weathered red sandstones. Furthermore, they developed a
mechanical property decay model that incorporated the strain rate effect to better predict
the dynamic mechanical degradation of sedimentary rocks following long-term frost weath-
ering. Based on the idea that water freezing and moving through micro-pores induces
micro-pore rupture, Ref. [20] developed a micromechanical model of micro-pores, provided
an analytical approach to forecast the degradation degree of micro-pores, and established a
finite element model for fracture analysis. Twenty dry–wet cycles at temperatures above
0 ◦C in a laboratory showed that samples of deionized water and sodium chloride remained
intact, but those of sodium sulfate crumbled [21]. Even though these studies have advanced
our understanding of rock weathering, there have been few quantitative investigations on
the evolution of interior pores during coupled frost and slat weathering actions [22].

Porosity is one of the key indicators used to evaluate the extent of rock weathering [23].
Mercury injection test results suggested that micro-pores smaller than 0.05~0.1 µm in radius
play a significant role in salt weathering of eight Japanese building stone varieties [24].
However, rocks can have pores of a wide variety of sizes and shapes, which leads to a wide
range of possible variations, which in turn results in pores that are exceedingly complicated
and irregular in structure. As a result, it is challenging to perform quantitative research on
rocks in order to investigate their internal pore structure [25]. Due to their non-destructive
nature and ability to reconstruct the 3D spatial structure of objects, X-ray computed micro-
tomography or micro-CT have been widely used for observing and quantifying the change
in the internal structure of materials under different conditions in recent years [26]. For
instance, based on the results of CT detection, Ref. [27] found that the strength and density
of rock samples decreased after freezing compared to before freezing. Using interior CT
scanning technology to scan and model rock samples before and after freeze–thaw, Ref. [15]
investigated the mechanism of damage influence of freezing speed and temperature on
the internal structure of rock and the evolution of internal structure damage. Although
these studies have laid the framework for the analysis of the internal pore evolution of
rocks, there have been few 3D spatial structure evolution analyses of internal pores under
coupled frost and salt action.

In this research, a series of freeze–thaw cycles and salt erosion tests were performed on
tuff samples. Then, we used industrial CT with high precision to scan and reconstruct the
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three-dimensional spatial structure of tuff samples under various test conditions. Further-
more, a quantitative analysis was conducted on the evolution of the internal pore structure
of tuff under various experimental conditions. The aim of this analysis was to establish
a theoretical foundation for the restoration of deteriorating ailments observed in ancient
stone tuff bridges.

2. Methods and Materials

The test rock came from Jinhua City, Zhejiang Province. It was mostly made of tuff.
All rocks are carved into 100 mm in height and 50 mm in diameter cylindrical specimens.
Two distinct series of tests were conducted to examine the pore changes and evolution
that emerges from the salt and frost weathering processes in tuff samples. The first batch
of tuff samples were immersed in saturated sodium or magnesium sulfate solutions for
60 days to simulate salt weathering. The experimental tuff samples were treated as follows:
tuff samples were soaked in one of two saturated salt solutions or distilled water at 25 ◦C
and oven-dried at 120 ◦C for 24 h. The second group of tuff samples were immersed for
two days in saturated solutions of sodium sulfate, magnesium sulfate, and distilled water.
Then, each sample was placed in a cabinet set to −20 ◦C. After 12 h, the samples were taken
out of the cabinet and left to defrost for an additional 12 h at room temperature (25 ◦C). The
freeze–thaw cycle was repeated until sixty cycles had been completed. All of the samples
in the first and second group were weighted and X-rayed every 10 days or freeze-thaw
cycles. (Figure 2).
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Figure 2. Schematic diagram of test system of frost and salt weathering of tuff.

A high-precision (5 µm) micro-CT scanning system (GE manufactures) including an
X-ray detector, carrier rotating stage, two ray emitters, and a data processing system was
used to scan tuff samples (Figure 3). Each sample group was divided into 1200 cross-
sections for a 45-minute scan to assure 3D reconstruction accuracy. VG Studio Max, one of
the most advanced CT image post-processing software platforms, was used to precisely
measure, analyze, and calculate 3D volume data sets from the 1200 images captured by the
scanner [25]. For the analysis of the evolution of the 3D spatial structure, we only selected
the middle portion of the specimen (20 mm in diameter, 60 mm in height) to reduce the
influence of the specimen boundary on the results (Figure 3). Since the CT scanner has a
spatial resolution of 0.03 mm × 0.03 mm and a scanning layer thickness of 0.08 mm, each
pixel cell in the image represents the porosity of 0.03 × 0.03 × 0.08 mm3 cube cells. All
of the scanned images were analyzed with the use of the software VG Studio Max, which
performed operations such as binaryzation, segmentation, and normalization [25]. Pores
were represented in the scanned images by gray values that were more than eight, while
particle skeletons were represented by the other values. To quantitatively investigate the
change and evolution in the pores, it was necessary to define the porosity of the samples.
The calculation of porosity involved the division of the volume of identified pores by the
overall volume of the selected region within the three-dimensional model of the specimen.
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The determination of the porosity of a sample’s cross-section involves calculating the ratio
of the total area occupied by recognized pores to the entire area of the specimen section. In
our paper, we only focused on the microscopic scale of the internal pores of pumice [28]. In
total, four experimental runs were conducted with diverse salt and freeze–thaw cycles to
examine the pore change in tuff during frost and salt weathering processes (Table 1).
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Table 1. Initial experiment conditions.

Rock
Type Sample Size (mm) Experiment Content Experiment Condition Test

Number
Initial

Mass (g)

Tuff ϕ50 × 100

Salt weathering (25 ◦C)
Distilled water N1 482.12
Sodium sulfate N2 485.05

Magnesium sulfate N3 484.13
Coupled frost and salt

weathering
(−20~20 ◦C)

Distilled water and freeze–thaw cycles N4 484.50
Sodium sulfate and freeze–thaw cycles N5 487.60

Magnesium sulfate and freeze–thaw cycles N6 483.00

3. Results and Discussion

Among the two forms of salt weathering, MgSO4 caused the greatest amount of
damage and mass loss to tuff samples. Figure 4 demonstrates that as the time of erosion
increased, the mass of tuff samples soaked in distilled water and sodium sulfate changed
only slightly, whereas the mass loss of tuff samples soaked in magnesium sulfate reached
~10 g. The rate of mass loss was 1.56%. The results suggest that the presence of magnesium
sulfate has a notable impact on both the expansion and dissolution of the tuff sample. The
primary factor contributing to this phenomenon can be attributed to the process of salt
crystallization [29]. The mass of the samples in each group of tests decreased as the freeze–
thaw cycles increased in the second series of tuff samples. It revealed that the freeze–thaw
cycle caused significant damage to the tuff. After 60 freeze–thaw cycles, the mass loss
of tuff in the distilled water, sodium sulfate, and magnesium sulfate groups were 18.5 g,
17.2 g, and 17.3 g, respectively. The mass loss rates of tuff in the solutions of distilled water,
sodium sulfate, and magnesium sulfate were 3.82%, 3.52%, and 3.58%, respectively. The
observed mass loss rates of specimens immersed in sodium sulfate and magnesium sulfate
solutions were marginally lower compared to those immersed in distilled water. This
discrepancy may be attributed to the presence of salt crystals adhering to the specimen’s
surface, potentially obstructing certain micro-pores, and consequently reducing moisture
infiltration into the rock specimen [30,31].
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Figure 4. Mass change in tuff samples under frost and salt weathering (a) salt weathering (b) coupled
salt and frost weathering.

The evolution of the cross-sectional morphology of tuff as a result of salt weathering
is depicted in Figure 5. After 10 days, the outer edge of the cross-section does not change
significantly. When the number of days of erosion reached 40, the outer margin of the cross-
section appeared fragmented due to the strong chemical reaction between the magnesium
sulfate solution and the mineral element in tuff, which caused partial dissolution of the
outer edge. After 60 days, the cross-section of tuff that had been soaked in sodium sulfate
solution revealed severe damage along its upper edge, and a fracture appeared in the lower
right region (Figure 5f). Almost the whole edge of the cross-section of tuff that had been
soaked in magnesium sulfate solution was damaged after 60 days of erosion (Figure 5c).
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Figure 5. The evolution of the cross-section over time under salt weathering (a–c) samples soaked
into magnesium sulfate solution for 10, 40, 60 days; (d–f) samples soaked into sodium sulfate solution
for 10, 40, 60 days.

To analyze the change and evolution in pore characteristics quantitatively, all layers of
scanning images were used to reconstruct the 3D model of the central pore distribution of
tuff specimen. In Figure 6, the spectrum of porosity from 0 to 0.3 is represented by the color
bar, with red representing locations with high porosity and blue representing regions with
low porosity. The pore distribution of the sample exhibits notable heterogeneity in Figure 6.
The primary factor contributing to this phenomenon is the diverse composition of the tuff.
With an increase in the number of days and freeze–thaw cycles, the areas of high porosity
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in the specimen increase in each group, indicating that frost and salt weathering have a
significant impact on the development of internal pores in the tuff.
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To quantify the cross-section pore characteristics, we calculated the porosity of each
cross-section of the tuff during the salt and frost weathering process (Figure 7). With an
increase in erosion days and freeze–thaw cycles, the porosity of the entire tuff cross-section
progressively increased. When the number of erosion days increased from 10 to 60, the
maximal porosity change in all cross-sections in the sodium sulfate and magnesium sulfate
groups was 3.42% and 5.54%, respectively. As the number of freeze–thaw cycles increased
from 10 to 60, the greatest value of porosity change in the sodium sulfate and magnesium
sulfate groups was 3.77% and 3.35%, respectively. The average porosity of all the cross-
sections in the magnesium sulfate and sodium sulfate test groups increased by 6.59% and
4.14%, respectively, when the number of days of salt erosion was extended from 10 days
to 60 days. The average porosity of all the cross-sections in the magnesium sulfate and
sodium sulfate test groups increased by 2.25% and 2.18%, respectively, as the number of
freeze–thaw cycles increased from 10 to 60.
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To examine and describe the variations in pore properties of the tuff, a statistical
analysis was performed on the distribution of porosity obtained from the CT scanning
images of three distinct cross-sections inside each sample. These cross-sections were
selected for analysis because of their noticeable differences in porosity, as illustrated in
Figures 8–11. Porosity is categorized into three distinct ranges: high porosity area, medium
porosity area, and low porosity area, which correspond to values of 0.18~0.3, 0.06~0.18, and
less than 0.06, respectively. As shown in Figure 8, after 10 days of erosion, the cross-sections
at all three locations are dominated by areas with low porosity. The central local area of the
cross-section at Z = 24 mm changed from a low porosity zone to an elongated high porosity
zone band as the erosion days increased from 10 to 20. At Z = 46 mm and Z = 74 mm, there
are numerous high porosity regions in the area to the lower right of the cross-section and
in the area directly above the cross-section, respectively. As the number of erosion days
increased from 10 to 60, the distribution of low porosity areas decreased significantly on
the 24 mm, 46 mm, and 74 mm cross-sections, while the distribution of high porosity area
increased significantly. The porosity of the section increased from 5.22%, 8.49%, and 8.96%
to 8.14%, 11.05%, and 10.11%, respectively (Figure 8a). It showed that the saturated sodium
sulfate solution corroded the tuff, destroyed its internal pore structure, and increased
its porosity.
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Figure 9 shows that after 10 days of erosion, the cross-sections at Z = 29 mm and
Z = 51 mm were predominantly medium porosity zone, while the cross-section at Z = 76 mm
was mostly low porosity zone. The cross-sections of the three sites exhibited a tendency
toward steady increases in high porosity area and decreases in low porosity area as the
erosion days rose from 10 to 20. After 60 days of erosion, the majority of the cross-section’s
medium porosity zones at Z = 29 mm and Z = 51 mm progressively merged and evolved
into the high porosity zone, covering practically the whole section with only sporadic
low porosity patches. From bottom to top, the cross-sectional porosity of the three places
increased from 6.73%, 6.63%, and 2.49%, to 12.27%, 11.9%, and 8.09%, respectively. It
showed that the saturated magnesium sulfate solution had a severe corrosive impact on
tuff, gradually expanding the microscopic pores within the rock and increasing porosity.

As shown in Figure 10, after 10 freeze–thaw cycles, the majority of the Z = 10 mm
and Z = 38 mm cross-sections consist of low and medium porosity regions, with only a
few regions containing high porosity parts. In the Z = 62 mm cross-section, the lower right
area had almost entirely high porosity areas, while the other regions are dominated by
medium porosity areas. When the number of freeze–thaw cycles increases from 10 to 60,
the upper left region of the cross-section at Z = 10 mm transforms from a low porosity
region to an elongated band of high porosity. At Z = 38 mm, the middle and upper regions
of the cross-section become labyrinthine high porosity regions. At Z = 62 mm, the central
and lower regions of the cross-section are occupied with zones of high porosity. The
porosity of the three cross-sections increased from 3.15%, 5.26%, and 11.4%, respectively,
to 7.57%, 9.63%, and 15.24%, respectively. It demonstrates that the porosity of the tuff
progressively increased as the number of freeze–thaw cycles increased. This is due to the
volume enlargement caused by the phase transition of ice water during the freeze–thaw
cycle, which expanded the pores within the rock. When the number of freeze–thaw cycles
increased from 40 to 60, there was little change in the porosity distribution of the specimen’s
cross-section, indicating that freeze–thaw erosion tended to be stable. Concurrently, a
fraction of the saline solution infiltrated the sample by pore seepage [30,31], resulting in
the deposition of salt crystals that have the potential to obstruct certain pores and fortify
the pore space within the tuff during successive freeze–thaw cycles.

Figure 11 shows that after 10 freeze–thaw cycles, punctate high porosity plaques
emerge on the lower left border of the cross-section at Z = 35 mm; the majority of the
remaining regions are low and medium porosity regions. At Z = 51 mm, a large high
porosity zone appeared in the left part of the cross-section, and a definite band-like high
porosity region appeared in the middle region. The lower right of the cross-section at
Z = 87 mm shows lumpy areas of high porosity, whereas the middle and upper sections
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have punctate areas of high porosity. The lower left part of the cross-section at Z = 35 mm
evolved from a low porosity zone to a punctate high porosity region as the freeze–thaw
cycle increases from 10 to 60. The high porosity zone on the left side of the cross-section at
Z = 51 mm gradually expanded, and a punctate high porosity region appears below; the
high pore zone on the lower right of the cross-section at Z = 87 mm marginally increased.
It demonstrates that freeze–thaw cycles have an influence on the interior pores of tuff.
The porosity of the three cross-sections increased from 5.26%, 8.05%, and 7.26% to 7.66%,
10.89%, and 9.24%, respectively.

Frost and salt weathering are two of the primary causes of pore expansion, weathering,
and rock deterioration [32,33]. In nature, free Mg2+, SO4

2−, and other minerals in soil and
running water slowly infiltrate the surface layer of the tuff through seepage and diffusion,
where they react with the mineral components on the surface, creating gypsum and other
compounds and causing volume expansion [30,31]. This process creates microscopic
fissures on the surface of the tuff, which are visible macroscopically as the erosion interface
forms irregular curves. Ions continue to penetrate the specimen’s microscopic pores over
time, driving the expansion and distortion of the pores within the tuff. The volume
expansion generated by the ice-water phase transition accelerates pore expansion within
the tuff. This study examined the process of pore formation and evolution in tuff subjected
to frost and salt weathering by a series of indoor tests. In our preliminary study, we
employed CT scanning equipment to investigate the alterations in pore characteristics
of tuff quantitatively. Our findings indicate that the porosity of the samples exhibits an
increase in response to both freeze–thaw cycles and the duration of salt erosion, as shown
by [24]. However, the degradation and failure mechanisms of tuff, resulting from the
combined effects of frost and salt weathering, are highly intricate [34]. The present analysis
did not account for the variations in temperature, water, and stress fields inside the tuff
caused by freeze–thaw cycles and salt erosion due to the limitations of the experimental
constraints. In further investigations, it is important to examine a quantifiable relationship
between the physical characteristics, such as density, initial porosity, and microstructural
changes in tuff under coupled frost and salt weathering [30,31].

4. Conclusions

In this research, high-precision CT scanning equipment was used to study the erosion
process of saturated magnesium sulfate, sodium sulfate solution, and freeze–thaw cycles on
tuff. We quantitatively examined the pore changes in tuff under frost and salt weathering.

(1) Saturated magnesium sulfate is more corrosive to tuff than sodium sulfate when
erosion days reach 60; the quality loss rate of tuff immersed in a saturated magnesium
sulfate solution is 1.56%. Sodium sulfate solution increases the mass of tuff by 0.33%.

(2) Freeze–thaw cycles have a significant influence on tuff’s weathering. After 60 freeze
thaw cycles, the mass loss rates of tuff in solutions of distilled water, sodium sulfate,
and magnesium sulfate were 3.82%, 3.52%, and 3.58%, respectively.

(3) From 10 to 60 erosion days, the maximal and average porosity changes in all cross-
sections in the sodium sulfate and magnesium sulfate groups were 3.42% and 5.54%,
4.14%, and 6.59%, respectively. The largest and average values of porosity change in
the sodium sulfate and magnesium sulfate groups were 3.77% and 3.35%, and 2.18%
and 2.25%, respectively, as the number of freeze–thaw cycles rose from 10 to 60.
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