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A growing rock engineering activity in cold regions is facing the threat of freeze-thaw (FT) weathering,
especially in high mountains where the sunny-shady slope effects strongly control the difference in
weathering behavior of rocks. In this paper, an investigation of the degradation of petrophysical char-
acteristics of sandstone specimens subjected to FT cycle tests to simulate the sunny-shady slope effects is
presented. To this aim, non-destructive and repeatable testing techniques including weight, ultrasonic
waves, and nuclear magnetic resonance methods on standard specimens were performed. For the sunny
slope specimens, accompanied by the enlargement of small pores, 100 FT cycles caused a significant
decrease in P-wave velocity with an average of 23%, but a consistent rise of 0.18% in mass loss, 34% in
porosity, 67% in pore geometrical mean radius, and a remarkable 14.5-fold increase in permeability.
However, slight changes with some abnormal trends in physical parameters of the shady slope speci-
mens were observed during FT cycling, which can be attributed to superficial granular disaggregation
and pore throat obstruction. Thermal shocks enhance rock weathering on sunny slopes during FT cycles,
while FT weathering on shady slopes is restricted to the small pores and the superficial cover. These two
factors are primarily responsible for the differences in FT weathering intensity between sunny and shady
slopes. The conclusions derived from the interpretation of the experimental results may provide theo-
retical guidance for the design of slope-failure prevention measures and the selection of transportation
routes in cold mountainous regions.
� 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In the rock formations of cold mountain regions, the freeze-
thaw (FT) cycling of the water in pores and fissures leads to fa-
tigue damage caused by the induced pressure cycles (Qin et al.,
2018), with associated deterioration of the microstructure and
mechanical parameters (Mousavi et al., 2020a, b; Sardana et al.,
2022b). As one of the primary rock weathering agents, FT cycling
restricts the engineering applicability of rocks in cold regions
(Sardana et al., 2022a). Slope instabilities and landslides may even
occur, thus posing a serious risk for infrastructures and local
ock and Soil Mechanics, Chi-
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collectivities (Matsuoka and Sakai, 1999; Park et al., 2015; Al-Omari
et al., 2015; Li et al., 2018b, 2019).

Many researchers conducted assessments on the FT resistance of
various rocks under generic climatic conditions in consideration of
the physico-mechanical features (Özbek, 2014; Freire-Lista et al.,
2015; Mousavi et al., 2019; Mousavi and Rezaei, 2022). However,
specific micro-environmental factors, such as slope aspects, may
influence the extent of FT deterioration in rocks as well. Talus slopes
are common landforms in cold mountain areas that experienced
periglacial climate and glaciation. On a Sunny (south-facing) Slope
(SuS), the maximum ground temperatures and the seasonal tem-
perature excursions are much higher than those on a Shady (north-
facing) Slope (ShS). Consequently, the relative grain distributions of
the superficial rock on the talus considerably vary from sunny
slopes to shady slopes (Fig. 1). Such marked differences are the
cause of a different proneness to instability (Luo et al., 2018). That is
to say, the excursions of the slope aspects, represented by the
temperature, and driving the FT cycles, are of paramount
andstone in sunny and shady slopes, Journal of Rock Mechanics and
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Fig. 1. Grain distribution of the superficial rock (a) of a sunny slope, and (b) of a shady slope; (c) View of a sunny slope and corresponding shady slope. The aspects of two slopes are
223� and 356� , respectively.
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importance for the estimation of the associated damage (Fang et al.,
2018; Abdolghanizadeh et al., 2020).

Microscopically, FT-induced damage consists of an expansion of
existing pores, generation of new cracks, and propagation of frac-
tures (Jia et al., 2020; Verma et al., 2023). Investigations concerning
the evolution of such phenomena are effective in defining the
resistance to FT cycles of the rock formations involved (Sun et al.,
2020; Gao et al., 2023). P-wave velocity vp (Momeni et al., 2016),
scanning electron microscopy (SEM) images (Lin et al., 2020; Guler
et al., 2021), and nuclear magnetic resonance (NMR) (Zhang et al.,
2004; De Kock et al., 2015; Wang et al., 2020) are effective means
to detect the deterioration of pore structure. By comparing the
microscopic damage differences in rocks subjected to FT cycles on
sunny slopes (SuS-FT cycles) and shady slopes (ShS-FT cycles),
valuable indications can be obtained for a better understanding of
the sunny-shady slope effects on rock FT weathering. Conclusions
can also provide references for the stability evaluation of talus
slopes in cold mountain regions regarding the perspective of slope
aspects.

To this aim, the results of laboratory experiments on intact rock
specimens of Jiaguan sandstone and the relative interpretation are
reported. The specimens were split in half into two categories: the
specimens subjected to SuS-FT cycles and the specimens subjected
to ShS-FT cycles. The experiments include non-destructive and
repeatable testing methods for the analysis of the induced damage
through the measurement of mass loss, P-wave velocity, porosity,
pore size distribution, and pore radius. The interpretation of the
results refers to the variations of such quantities with the numberN
of FT cycles. The differences between the results of the two cate-
gories are emphasized and analyzed.
Please cite this article as: Xiao D et al., Effects of freeze-thaw cycles on s
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2. Rock features and experimental setup

The material for the experiments was collected by a core of
intact Jiaguan sandstone, a brownish-red rock belonging to the
Upper Cretaceous, in the Hengduan Mountain, eastern margin of
the Tibetan Plateau, China. The sandstone contains fine-grained
feldspar, quartz, and lithic fragments, floating within the mud-to
a silt-sized matrix, classified as wackes (Fig. 2a). Clays in the ma-
trix are comprised of illite, mixed-layer illite/smectite, and chlorite
(Fig. 2b).

Eighteen cylindrical specimens, with a diameter of 50 mm and a
height of 100 mm, were cut from the fetched core using a diamond
drill rig, conforming to the Chinese code GB/T 50266-2013 (2013).
Sixteen of them were divided into two groups: the sunny-slope
(SuS) group and the shady-slope (ShS) group. They were then or-
deredwith a number from1 to 8 separately in away that specimens
with the same given number have similar porosity values. The
initial physico-mechanical properties are reported in Table 1. Two
remaining specimens were used for temperature monitoring dur-
ing SuS-FT and ShS-FT cycles, respectively. The surface and core
temperatures were recorded in each specimen by means of two
measuring devices, one placed on the end face and one in a hole,
drilled parallel to the axis.

The following experiments were performed on the specimens
SuS1e8 and ShS1e8: SEM observations on SuS1e4 and ShS1e4,
measurements of mass loss Dm, P-wave velocity vp, porosity f, and
NMR parameters on SuS5e7 and ShS5e7, definition of NMR
transverse surface relaxation time T2 spectra on layered on SuS8
and ShS8.

Rocks in HengduanMountain undergo 25e30 FT cycles per year.
Given the prolonged exposure of rocks to surface environments,
andstone in sunny and shady slopes, Journal of Rock Mechanics and



Fig. 2. (a) Thin-section micro-photograph taken under crossed Nicols (Qz - quartz, Kfs - potassium feldspar, Cb - carbonate mineral, l - rhyolite); and (b) XRD patterns (bulk rock
and air-dried clay fractions) of the Jiaguan sandstone.
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this study employed 25, 50, 75 and 100 FT cycles to reproduce 1e4
years of FT weathering. The number N of FT cycles for each spec-
imen and the synopsis of the experiments are reported in Table 2. A
scheme of the procedure adopted for the experiments is shown in
Fig. 3.
2.1. FT cycles

In cold regions, porewater inside the rocks is mainly supplied by
the melting snow. Hillside rocks can be found, at least temporarily,
in full saturation conditions, frequently at the edge of a snowfield,
even in dry mountainous areas (Sass, 2005).

The specimens subjected to the experiments were all fully
saturated, since the greatest damage caused by FT-cycles-induced
develops under these conditions. The saturation was performed
under vacuum conditions for 8 h until no bubbles spat out, then the
specimens were left submerged for 24 h. Afterward, the saturated
specimens were wrapped in plastic films to maintain the moisture
content.

In this study, the temperature range set for the SuS-FT cycles
was �20 �C to 20 �C, according to the local meteorological condi-
tions of the sunny slope in Hengduan Mountain. This temperature
fluctuation also meets the requirements of Chinese code GB/T
50266-2013 (2013). Concerning that the maximum daily temper-
ature of sunny slope is about 15 �C higher than that of shady slope,
the temperature range set for the ShS-FT cycles was �20 �C to 5 �C.
In addition, given that in winter the shady slopes are usually
covered by snow (Fig. 1), which functions as isolation material, a
polystyrene foam was used to wrap specimens ShS1e8 to better
reproduce the temperature evolution inside the rock of shady
slopes.

The FT cycles were performed in automatic environmental
cabins (MIT-80L). Each FT cycle took 520 min, with time periods
equal for freezing and thawing. Furthermore, the cooling rate and
the heating rate were both equal to 2 �C/min.
2.2. SEM observations

SEM observations were carried out on 1 � 0.5 cm2 slabs, which
were cut from the upper top of specimens SuS1e4 and ShS1e4 after
the given numbers of cycles per specimen (Table 2). All the slabs
were polished and then cleaned with alcohol. The surface was
sputter-coated with 10 nm-thick gold film prior to the analysis to
enhance the conductivity and improve the clarity of observation.
Images were acquired using a JSM-IT500 scanner with 15 kV
Please cite this article as: Xiao D et al., Effects of freeze-thaw cycles on s
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accelerating voltage, a working distance of 10e12 mm, and obser-
vations performed in secondary electron mode.
2.3. NMR tests

In an NMR test, the transverse magnetization vector intensityM
is proportional to the number of protons np contained in the pore-
filling fluids, and the transverse relaxation time T2 is mainly
influenced by the pore structure (Yang et al., 2021). A proportion-
ality between T2 and the pore radius r is applicable:

1
T2

x r2
S
V

¼ r2
Fs
r

(1)

where S is the pore surface area; V is the pore volume; r2 is the
transverse surface relaxivity, specific property of the rock; and Fs is
the pore shape factor. For sandstones, r2Fs is equal to 0.01 mm/ms
(Jia et al., 2020).

The NMR measurements of SuS5e7 and ShS5e7 every 25 FT
cycles were performed using a low-field AniMR-150 NMR system,
with the magnetic field intensity of 0.23 T (1 T ¼ kg/(s2 A)) and a
hydrogen proton Larmor frequency of 12.8 MHz. Layered T2 spectra
for SuS8 and ShS8were conducted using theMacroMR12-110H-GS-
HTHP NMR system. Each specimen was spatially divided into nine
layers. The magnetic field intensity was 0.29 T with a hydrogen
proton Larmor frequency of 12 MHz.
2.4. Measurement of physical properties

The mass loss Dmwas calculated after N FT cycles (with N equal
to 0, 25, 50, 75 and 100, see Table 2) through the following
equation:

Dm ¼ md0 �mdN
md0

(2)

where md0 is the initial dry mass of a specimen, and mdN is the dry
mass after N FT cycles. The accuracy of the balance is 0.01 g.

The porosity f was determined with the conventional labora-
tory gravimetric method by applying the following equation:

f ¼ msat �md
rwVts

(3)

where msat and md are the masses of the saturated specimen and
the dry specimen, respectively; rw is the water density; and Vts is
the volume of the tested cylindrical specimen. The parameter was
andstone in sunny and shady slopes, Journal of Rock Mechanics and



Table 1
Initial values of physico-mechanical properties for specimens.

Label rd (g/cm3) vp (m/s) f (%) UCS (MPa)

SuS 2.48e2.59 2844e3831 2.98e4.94 74e97
ShS 2.47e2.60 2968e3808 2.98e5.39

Table 2
Number of FT cycles and cycles after which the observations and experiments were
performed.

Label Number
of cycles

Number of
observation cycles

Measured property

SuS1, ShS1 25 25 SEM observations
on the slabSuS2, ShS2 50 50

SuS3, ShS3 75 75
SuS4, ShS4 100 100

SuS5, ShS5 100 0, 25, 50, 75, 100 Dm, f, P-wave velocity
vp, NMR T2 spectrumSuS6, ShS6 100

SuS7, ShS7 100

SuS8, ShS8 100 0, 100 Layered NMR
T2 spectrum

SuST, ShST 100 Continuous Temperature
monitoring
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also measured by resorting to the NMR tests. f is proportional to
the NMR signal received from a pulse sequence Carr-Purcell-
Meiboom-Gill data, thus one has

f ¼ AtsVcal
AcalVts

fcal (4)

where Vcal is the volume of the calibration specimen; Acal and Ats are
the total NMR amplitudes of the calibration specimen and the
Fig. 3. Test pr

Please cite this article as: Xiao D et al., Effects of freeze-thaw cycles on s
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tested specimen, respectively; and fcal is the porosity of the cali-
bration specimen. The reliability of the porosity datawas confirmed
by the negligible difference between both results. The common
lower value drawn from NMR measurements may be attributed to
the clay-boundwater in the specimens beyond the resolution of the
NMR instrument (Xie et al., 2008). The f values from NMR are
preferentially adopted in what follows.

The P-wave velocity vp of dry specimens was computed from the
ratio between the height h of the cylindrical specimen and the
mean transmission travel time tm of an acoustic pulse along the
sample axis. The geometrical mean radius rgm of the pores, the
permeability k, and the pore variation coefficient C, were calculated
from the NMR tests. For rgm, one has

rgm ¼ r2FsT2gm (5)

being T2gm the weighted geometrical mean of the T2 spectrum,
equal to (Qin et al., 2017):

T2gm ¼ exp

"X100
i¼1

Ai

Ats
lnðT2iÞ

#
(6)

where T2i is a variable relaxation time, and Ai is the amplitude
corresponding to T2i.

By means of the NMR spectroscopy, the permeability k of a
specimen cannot be directly measured. However, an indirect esti-
mation is available by resorting to the Schlumberger-Doll Research
(SDR) model (Kenyon et al., 1988):

k ¼ aT22gmf4 (7)

where a is a coefficient related to the rock properties, usually equal
to 4 for sandstones (Rezaee et al., 2012).
ocedure.

andstone in sunny and shady slopes, Journal of Rock Mechanics and
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The change in pore structure depends to a large extent on the
pore size distribution. The pore variation coefficient C is introduced
herein to quantify such a change by considering the T2 distribution.
Quantity wi is the weight of each pore size, based on the variation
coefficient method. One has

wi ¼
viP
vi

(8)

where vi is the coefficient of variation for the NMR signal amplitude
of each point in the T2 spectrum during the FT-cycles. The pores of
the sandstone are divided into three categories: micro-pores (less
than 0.1 mm), meso-pores (between 0.1 mm and 1 mm), and macro-
pores (greater than 1 mm) (Meng et al., 2021), corresponding to i
from 1 to 50, 51 to 67, and 68 to 100, respectively. The weight of
three categories of pores, wmic, wmes and wmac, can thus be
expressed as

wmic ¼ vmicP
vmic

(9)

wmes ¼ vmesP
vmes

(10)

wmac ¼ vmacP
vmac

(11)

where vmic, vmes and vmac are the coefficients of variation of peak
area indicators for micro-pores, meso-pores and macro-pores from
the T2 spectrum during FT cycling, respectively.

Define Wi as the product of the weight of each pore size wi and
the weight of the corresponding pore categories, as follows:

Wi ¼
8<
:

wmicwi ð1 � i < 51Þ
wmeswi ð51 � i < 68Þ
wmacwi ð68 � i � 100Þ

(12)

The pore variation considering the pore size distribution is
thereby defined with the following equation:

C ¼

P100
i¼1

AiðNÞWi

P100
i¼1

Aið0ÞWi

(13)

where C is the pore variation coefficient of the specimen, and Ai(N)
is the amplitude corresponding to a given T2 relaxation time after N
FT cycles.
Fig. 4. Evolution of (a) mass loss Dm, (b) P-wave velocity vp, and (c) porosity f of the
Jiaguan sandstone specimens subjected to FT cycles. Solid lines and dotted lines
represent the evolution trends of SuS and ShS series specimens, respectively; symbols
in (c) with green cross refer to f values measured by means of the weighting; SuS5 was
damaged by accident at the end of the test, and thereby the corresponding porosity
value is unavailable.
3. Analysis of the results

3.1. Mass loss

SuS and ShS specimens exhibit the same trends in mass loss, Dm
increasing slightly with the number of cycles (Fig. 4a). The increase
rate (i.e. the slope of the curve) is relatively high in the initial 50
cycles, then it gradually reduces.

The differences in mass change for the sunny-shady slope effect
are significant. During the FT cycles, the degradation of the SuS
specimens was more pronounced, and in fact, Dm of the SuS
specimens is 44%e86% larger than the one of the ShS specimens.
Please cite this article as: Xiao D et al., Effects of freeze-thaw cycles on sandstone in sunny and shady slopes, Journal of Rock Mechanics and
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Fig. 5. SEM images showing the micro-structure evolution of the specimens of the SuS and ShS groups after FT cycling.
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3.2. P-wave velocity

Ultrasonic wave velocity, as a proxy for damage, is a good in-
dicator of the degradation due to FT weathering, regardless of the
type of rock. Unlike the mass of the specimens, a notable decrease
of vp in the dry state ranging from 7.6% to 28.1% was observed after
the FT cycles. Specimens SuS5 and ShS6 exhibited the maximum
and minimum changes, dropping from 3800 m/s to 2954 m/s, and
from 3611m/s to 3338 m/s, respectively (Fig. 4b). The average slope
of the relationship between the number of FT cycles and vp is �8.1
for specimens SuS and �3.2 for the ShS.

SuS7, with the lowest initial P-wave velocity, shows drops of
28.1% in vp, which is 1.9 times the drop of ShS7. As far as SuS5 and
ShS5 are concerned, with the highest initial values, the differences
increase up to 2.9 times. Since the difference in the decrease of vp
between the SuS and the ShS specimens can be correlated with the
initial values, one may state that the sunny-shady slope effects are
more significant in rocks with the higher vp value, i.e. with a tighter
structure.

3.3. Porosity

The evolution of f for SuS-FT and ShS-FT cycles is quite different
(Fig. 4c). f constantly increases in the SuS specimens, except for
SuS5 at the end of 75 cycles. In contrast, f in the ShS specimens
generally shows a gradual decline first and then increase up to the
end of the cycling. Consequently, the final increment in f of the SuS
specimens is larger than that of the ShS specimens, especially for
those having the highest values of initial f.

3.4. Evolution of the micro-structure

The evolution of the micro-structure of the Jiaguan sandstone
during FT weathering is represented by the SEM images of the
specimens SuS1e4 and ShS1e4 (Fig. 5). It is apparent that the
micro-structure degrades with the FT cycles. From SuS1 to SuS4 as
well as from ShS1 to ShS4, an increase in the number of FT cycles
leads to a higher density of micro-cracks and pores. More specif-
ically, the deterioration of the ShS specimens is mainly related to
the propagation of micro-cracks preferentially growing along the
mineral crystals and breaking the surfaces of the particles, thus
showing a slight mass loss. However, the deterioration is much
fiercer for the SuS specimens. Granular disaggregation can be
Please cite this article as: Xiao D et al., Effects of freeze-thaw cycles on s
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identified after 50 FT cycles, creating a bumpy surface on SuS2e4.
This finding is consistent with the higher mass change experienced
in the SuS specimens for the same number of cycles (Section 3.1).
4. Characteristics of the pore structure

4.1. Pore size distribution and geometrical mean radius

The spectrum of the relaxation signal T2 of the Jiaguan sand-
stone with FT cycles is shown in Fig. 6. The specimens labeled with
the same number have initially a similar T2 spectrum. The T2 values
of the pores of the specimens are mainly distributed within the
range 0.1e600 ms. There are three inflection points in the distri-
bution curves of the specimens SuS5 and ShS5 centered approxi-
mately on 1 ms, 10 ms and 100 ms. However, the 100 ms inflection
point lacks for the specimens SuS7 and ShS7. Furthermore, the peak
areas of the inflection points for SuS5 and ShS5 in turn reduce,
while they increase in SuS7 and ShS7.

As the T2 relaxation time at the abscissa is related to the pore
size, and the NMR signal amplitude on the ordinate stands for the
pore volume, the rightward shift of the T2 spectrum implies that FT
weathering enlarges the pore size. Specifically, this also is exem-
plified by the drop in the main peak area of SuS5 and ShS5 corre-
sponding to the shorter T2 time, or the growth in the rightmost
inflection point of SuS7 and ShS7.

The value of T2 can be converted into the value of the pore radius
r by using Eq. (1). Pore volume percentages for the three types of
pores, i.e. micro-pores, meso-pores and macro-pores, are shown in
Fig. 7. It is evident that the majority of pore volume in the Jiaguan
sandstone at the original state consists of micro-pores, then sub-
ordinately by meso-pores, and macro-pores. The volumetric frac-
tion of micro-pores in SuS specimen continuously reduces while
the volumetric fraction of meso-pores and macro-pores increases
with the cycles. These variations are more pronounced at the
beginning. For the ShS specimens, it is worth noting that, albeit
tendentially reduces in the whole tests, the volumetric fraction of
micro-pores increases at the end of 50 cycles, a response in contrast
with the one of the SuS specimens.

By observing the evolution of rgm, it is further evident that the
enlargement of the pores with the cycles, and increments of rgm of
the SuS specimens are fiercer than those of the ShS specimens
(Fig. 8). For the ShS specimens, a sudden reduction in rgm followed
andstone in sunny and shady slopes, Journal of Rock Mechanics and



Fig. 6. T2 spectrum distributions of the Jiaguan sandstone after different FT cycles as derived from NMR.

Fig. 7. NMR porosity values with the number N of FT cycles. The values for the SuS and ShS specimens are marked with solid and dashed lines, respectively (Mic-p: Micro-pores;
Mes-p: Meso-pores; Mac-p: Macro-pores).
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by a slow recovery is identified after 50 FT cycles, unlike the SuS
specimens for which a sustained increase is observed.
4.2. Correlation C-f

Micro-pores, meso-pores, and macro-pores have different
weights in rock deterioration (Meng et al., 2021). In consideration
of the steep increase of the weightsWi of each pore size at larger T2
values, calculated by Eq. (8), the importance of macro-pores in pore
evolution during FT weathering is confirmed (Fig. 9a).

According to Eq. (13), the pore variation coefficient C, based on
the pore size distribution, evolves with FT cycle, as depicted in
Fig. 9b. While a monotonic increase is observed for the SuS speci-
mens, for the ShS specimens, a clear trend is not evident. Larger C
Please cite this article as: Xiao D et al., Effects of freeze-thaw cycles on s
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values of the SuS specimens illustrate that they suffered a deeper FT
weathering. Since large pores carry a higher weight in the calcu-
lation of C, the difference in C values between SuS and ShS speci-
mens is predominantly attributed to the varying enlargement of the
existing pores, rather than the neoformation of micro-pores.

Although f exhibits an overall upward trend with FT cycles, the
fluctuation does not sufficiently reflect the pore structure evolution
of the studied tight sandstone during FT weathering. Precisely
because C evaluates the contribution of the different pore sizes, C
has an apparent correlation with FT cycles, apart from ShS7 at the
end of 50 cycles. It is, therefore, considered more appropriate as an
indicator of pore deterioration.

However, the evolution of C for ShS7, in line with the evolution
of f for the same specimen, is not characterized by a constant
andstone in sunny and shady slopes, Journal of Rock Mechanics and



Fig. 8. Geometrical mean radius rgm of the Jiaguan sandstone specimens after FT
cycling.
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increase, thus reflecting the superposition of multiple mechanisms
leading to porosity losses. A discussion about these mechanisms is
provided in Section 5.2.

5. Discussion

From the experiments, three specific issues emerged requiring a
discussion: the difference in degradation among SuS and ShS
specimens, the decrease of porosity, and the sunny-shady slope
effect.

5.1. Difference in degradation among SuS and ShS specimens

In the experiments, to simulate the difference in FT weathering
among sunny and shady slopes, the temperature ranges and the
temperature change rates were differentiated. As previously
mentioned, during the FT cycles, the evolution of the core and
surface temperatures for the first two cycles was recorded, with
reference to specimens SuST and ShST (Fig. 10).

As can be seen in Fig. 10, both time series exhibit alternating fast
and slow temperature change rates. Temperature first changes on
the surface, succeeded by the core of SuST and ShST in sequence.
For SuST, both the surface and the core temperatures fluctuate
between �20 �C and 20 �C, consistent with the ambient
Fig. 9. (a) Weights Wi of pore size plotted against the relaxation time T2 for the Jiaguan

Please cite this article as: Xiao D et al., Effects of freeze-thaw cycles on s
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temperature. Conversely, for ShST, the temperature ranges are
narrower than the environmental temperature range. Among them,
the upper limit of the temperature of the core for ShS is only 0 �C
after stabilization, indicating the incomplete melting for the pore
ice near the core, and thus the FT cycles for ShS cannot be consid-
ered fully applied.

The freezing point of pore water is largely dependent on salt
concentration, total stress, and pore size (Wan and Yang, 2020).
Water in small pores has a lower freezing point. As the ambient
temperature falls below 0 �C, water in themacro-pores freezes first,
followed by the water in meso-pores andmicro-pores, in that order
(Ruedrich et al., 2011; Weng et al., 2021; Huang et al., 2022). The
frozen pores will expand for the ice crystallization pressure (Deprez
et al., 2020), leading to a reduction in the micro-pore content and
an increase in the large pore content (Hou et al., 2022). In the
meantime, migration of the unfrozen water outwards into other
pores provides favorable conditions for the generation of newpores
(Chen et al., 2004), and this always occurred, even without addi-
tional water (Huang et al., 2020), i.e. during every 25 FT cycles.
However, during the thawing process, the water contained within
the large pores located close to the ShST core remained frozen for a
long time. Only the small pores suffer from repeated freezing and
thawing in this situation. Limited water could migrate from the
small pores into the tip of other micro-cracks, causing the micro-
pore generation rate in ShST to be significantly lower than that in
SuST.

The above inferences can be further proven by the analysis of
the layered T2 spectra of SuS8 and ShS8 before and after the whole
100 FT cycles (Fig. 11). In fact, T2 corresponding to micro-pores in
SuS8 after the FT cycles ranges from 0.142 ms to 10 ms, equal to the
initial values before the tests. However, the smallest pores in ShS8
(T2 from 0.123 ms to 3.51 ms) disappear after 100 FT cycles, which
demonstrates that the micro-pores enlarged to larger pores are
hardly supplemented. That is to say, the generation of newly
formed micro-pores is restricted, during the FT weathering of the
Jiaguan sandstone on the shady slope.

The difference between SuS and ShS specimens in the evolution
of the pores was highlighted in the spatially resolved T2 distribu-
tions. To this aim, T2 spectra from the nine spatial locations of the
two specimens shown in Fig. 11 are grouped into three parts: layers
1 to 3 as the bottom, 4 to 6 as the middle, and 7 to 9 as the top. For
SuS8, the NMR signal amplitude from the top to bottom parts
changes by �2%, 5.7% and 106%, respectively, after the FT cycles.
Since the amplitude is proportional to the porosity of the saturated
rocks, more than 90% of the increase in porosity is concentrated at
the bottom of the specimen, which is indicative of the joint
downward movement of water under gravity and the frost heaving
sandstone; and (b) Pore variation coefficient C against the number N of FT cycles.

andstone in sunny and shady slopes, Journal of Rock Mechanics and



Fig. 10. Monitoring of core temperature (continuous thin line) and surface temperature (dashed thin line) for (a) SuST and (b) ShST over the first two FT cycles. The thick line
represents the set temperature.

Fig. 11. Layered T2 spectra of the Jiaguan sandstone before (solid lines) and after (solid lines with vertical stripes) 100 FT cycles. Layers 1 and 9 are at the bottom and top of the
specimens, respectively.
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during the long-term FT cycles. As for ShS8, for the changes in NMR
amplitude, one may state that the porosity mainly grows in the
lower part of the specimen, further evidence of the water pene-
tration towards the bottom. However, the large pores near the
specimen center are obstructed by ice. Therefore, the porosity of
the bottom part only increases by around 30% in ShS8, in compar-
ison with the 106% increment of the same part in SuS8, due to the
restriction of pore water migration.

From the results above, it is worth noticing that the degradation
of the SuS specimens was pronounced, while for the ShS speci-
mens, the effects were mainly concentrated on the surfaces and the
small pores near the cores. Therefore, as expected, the physical
deterioration represented by the mass loss, the P-wave velocity, the
pore structure, and the micro-structural deterioration of the SuS
specimens is much more intense than that of the ShS specimens.
5.2. Porosity decrease

It is generally believed that FT cycling can alter the intrinsic pore
structure in saturated rocks, enlarging the pores with an increase in
porosity (Deprez et al., 2020). In the case of the Jiaguan sandstone
specimens, the experienced increase is consistent in general with
this evolutionary model. However, except for SuS6 and SuS7, the
porosity of the remaining specimens decreased after 50 or 75 FT
cycles, followed by an increase. This phenomenonwas documented
in other studies and attributed to particle spalling (Li et al., 2018a),
pore squeeze (Liu et al., 2020), and pore obstruction (Pan et al.,
2020).
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FT cycles cause superficial granular disaggregation, leaving
scattered sub-millimeter-scale pits on the sandstone surface
(Fig. 12b). Consequently, the space previously occupied by these
grains leaves new pores exposed to the air, making the total volume
of pores smaller. When the exposure rate of the pores exceeds the
generation and expansion rate of pores under FT cycles, the global
porosity inevitably reduces. As the mass loss stabilizes after 50 FT
cycles, which means that the granular disaggregation is about to
cease, the porosity of the corresponding ShS specimen gradually
recovers. Nevertheless, because ShS7, which presents the lowest
mass loss, has the greatest porosity reduction, granular disaggre-
gation is not the only phenomenon responsible for the porosity
reduction.

Permeability k reflects the distribution and connectivity of pores
inside rocks. As shown in Fig. 13, all the specimens have a small
initial k value, between 10�5 and 10�2 mD. For the SuS specimens, k
increases at a gradually reduced rate with the number N of FT cy-
cles. However, for the ShS specimens, k fluctuations with N are
shown. Up to 57% permeability loss of ShS7 from 25 to 50 FT cycles
confirms the existence of pore obstruction.

In general, pore throats are narrow connections among pores.
The effect of the FT cycles increases the connectivity. Broken par-
ticles and suspended clay in pores are free to migrate outward with
the pore water through pore throats under the frost-heaving force,
which is conducive to the increase of inside pore volume. This
circumstance is evidentiated by the clay clumps scattering on the
surface of the specimens (Fig. 12c). Nevertheless, in the ShS speci-
mens, as mentioned in Section 5.1, the macro-pore water almost
andstone in sunny and shady slopes, Journal of Rock Mechanics and



Fig. 12. Photographs of specimens (a) before and (bed) after FT cycling.

Fig. 13. NMR permeability of the Jiaguan sandstone specimens after FT cycling derived
from NMR data using SDR model (Kenyon et al., 1988).
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remains frozen during the FT cycles; in other words, those pores are
always filled with ice, and hence fragments are easily stuck in pore
throats and block the throats, changing the open pores into closed
pores. Consequently, once water cannot penetrate these pores, the
porosity f measured with the NMR signal or water weight is
inevitably reduced, just like for the specimen ShS7 after 50 FT
cycles.

Therefore, the porosity loss of the Jiaguan sandstone subjected
to FT cycles can be ascribed to the superficial granular disaggre-
gation and the pore throat obstruction.

5.3. Comparative analysis

This section conducts a comparative analysis to verify the ob-
tained results. Extensive previous studies demonstrate that FT cy-
cles usually cause a decrease in mass and P-wave velocity, an
increase in porosity as well as the content of large pores (Park et al.,
2015; Eslami et al., 2018; Sardana et al., 2022b). However, the
extent of these indicator variations differs depending on the
tightness of the rocks (Walbert et al., 2015; Guler et al., 2021). For
porous rocks, noticeable degradation of physico-mechanical prop-
erties can be observed within short-term FT cycling (Khanlari and
Abdilor, 2015; Jia et al., 2020). The sandstone in this study with
low porosity and high UCS exhibited strong resistance to FT
weathering. Thus, the FT cycling-induced deterioration of SuS
sandstone was relatively minor. Taking the porosity as an example,
a 0.59% increase in SuS6 after 100 FT cycles is similar to 0.69% in
sandstone reported byMeng et al. (2021) and 0.54% in limestone by
Sun et al. (2020).

In addition to the rock properties, temperature determines the
appearance of frost-induced damage as well. Fang et al. (2018)
concluded that the lower freezing temperature would result in
more severe FT damage in sandstone. However, a paucity of
research has focused on the melting temperature. Regarding the
ShS specimens, since the lower melting rate and temperatures
hamper the melting of pore ice, the deterioration was compara-
tively minimal compared with the SuS specimens. Only an average
increment of 0.47% in porosity has been found after 100 FT cycles.
Such a tiny increase and even decrease in porosity was also
observed in Pan et al. (2020) and Momeni et al. (2016).

Overall, this study revealed the differential FT weathering
characteristics of the sandstone on sunny and shady slopes from a
Please cite this article as: Xiao D et al., Effects of freeze-thaw cycles on s
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microscale perspective. Rocks situated on sunny slopes of cold re-
gions experience higher daytime temperatures, facingmore intense
FT weathering and exhibiting greater degradation. This under-
standing aligns with macroscopic field observations, which corre-
sponds with descriptions in the literature by Luo et al. (2019) and
Zhan et al. (2018).
5.4. Sunny-shady slope effect

Talus slopes, as a product of weathering in alpine regions, have
different characteristics according to their slope aspect (Fig. 1).
These differences can be even greater for south and north orien-
tations, where solar radiation differs by a factor of six (Auslander
et al., 2003). In fact, ground temperature and change rate on
sunny slopes are much higher than those on shady slopes during
sunny days. When the temperature changes, differential thermal
expansion and contraction inside the mineral and between adja-
cent mineral grains produce important inner thermal stresses
(Mordovskoi and Petrov, 1994; Hale and Shakoor, 2003). Thermal
andstone in sunny and shady slopes, Journal of Rock Mechanics and



Fig. 14. Representative daily temperature variations of the surface of the sunny and
shady slopes in Hengduan Mountain in winter.
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stress fatigue plays also a relevant role in the weathering process of
rocks at high altitude locations (Hall, 1999).

It should be noted that the larger the range and rate of tem-
perature change, the greater the thermal stress, and thus the rock
on sunny slopes accumulates more internal thermal stress and is
Fig. 15. Schematic overview of micro- and macro-structural
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more susceptible to fracturing in comparison to the rock on shady
slopes during FT weathering.

It is worth noting that the daily maximum temperature on the
surface of shady slopes in high mountain regions is only about 0 �C
during winter, and lasts for very short periods due to the lack of
solar radiation (Fig. 14). Therefore, as previously reported, the rocky
surface of shady slopes in winter is permanently coated with snow,
which acts as a thermal insulation material preventing the rock
from the adverse effects of FT weathering (Fig. 1c). Even if the rock
of a shady slope is subjected to FT weathering, the effects involve
only the surface, preferentially the small pores.

From the analysis above, it can be stated that in sunny slopes,
the FT weathering in the hillside rock is enhanced by the additional
thermal stress, while in shady slopes, the intensity and depth of the
FT weathering are limited (Fig. 15). For these two effects, i.e. sunny-
shady slope effects, relevant differences in rock degradation
substantiate.

The sunny-shady slope effect depends also on the tightness of
the rock. The decline in petrophysical properties for all the speci-
mens was rather contained, except for the P-wave velocity vp of
SuS5 and SuS6, the tightest SuS specimens (Fig. 4b). As vp is
representative of the crack density associated with the rock
breakdown, the decrease in vp of these specimens is a proof that the
sunny-shady slope effect in the long term is more remarkable for
tight rocks than for more porous rocks. Since for the last ones, the
response to FT weathering is characterized by granular disaggre-
gation, and being the generated fine material easily transported
away from the slope, it is hard for porous rocks to form talus slopes.
evolution of FT weathering sunny-shady slope effects.
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6. Conclusions

In this paper, FT cycle tests were performed on Jiaguan sand-
stone specimens. A series of non-destructive and repeatable testing
techniques, weighting, ultrasonic, and NMR was adopted to
investigate the sunny-shady slope effect under FT weathering.

In general, with the number of FT cycles, mass loss, porosity,
pore geometrical mean radius, and permeability of the Jiaguan
sandstone specimens increased, while the P-wave velocity
decreased. There are significant differences in the degree of change
of the petrophysical properties among specimens repetitively
treated with simulated SuS and ShS FT cycles. Average variations in
mass (0.18%), ultrasonic wave velocity (23%), porosity (34%), and
pore structure of the SuS specimens are more intense, as expected,
compared with those of the ShS specimens (0.12%, 10% and 12%,
respectively).

The degradation of rock properties during FT cycles is accom-
panied by the enlargement of micro-pores into meso-pores and
macro-pores. Pore variation coefficient, pore geometrical mean
radius, and NMR permeability are more suitable for describing the
evolution of the pore structure of the studied sandstone than the
porosity. For SuS specimens, these parameters showed a deceler-
ating growth trend with the number of FT cycles. In contrast, the
response of the ShS specimens abruptly deviates from the
increasing trend after 50 FT cycles.

FT weathering of ShS specimens is mainly confined to the small
pores and to the areas placed near the surface. Additionally, it was
also observed that the broken fragments are easily stuck in pore
throats and block the throats since the water of the large pores is
completely frozen during the FT weathering. This is the reason for
the observed decrease in the porosity of the ShS specimens after 50
cycles, and also of the slow changes in the pore structure. By
contrast, for the SuS specimens, the larger temperature difference
and temperature change rate led to enhanced thermal stress
(thermal shock). Therefore, the rocks of sunny slopes are subjected
to an additional degradation during FT weathering, leading to a
larger susceptibility to breakdown and form talus slopes than shady
slopes. Consequently, sunny slopes face a higher risk of instability
from a long-term perspective. By contrast, shady slopes, in which
rock weathering is hampered, may be preferentially selected for
example as suitable routes for railways and roads.

Although this study provides important conclusions about the
FT weathering processes of rock masses, further studies and in-
vestigations will be necessary to corroborate the obtained conclu-
sions considering other areas of study and rock types.
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List of symbols

a Model coefficient
Acal Total NMR amplitude of the calibration specimen
Ai NMR amplitude corresponding to t2i
Ai(N) Ai at the end of N FT cycles
Ats Total NMR amplitude of the tested specimen
C Pore variation coefficient
Fs Pore shape factor
h Height of the specimen (m)
k Permeability (mD)
M Magnetization vector intensity
md Mass of dry specimen (g)
md0 Initial dry mass (g)
mdN Dry mass after N FT cycles (g)
msat Mass of saturated specimen (g)
N Number of FT cycles
np Number of protons
r Pore radius (mm)
rgm Pore geometrical mean radius (mm)
S Pore surface area (mm2)
T2 Transverse surface relaxation time (ms)
T2gm Weighted geometrical mean of the T2 spectrum (ms)
T2i A variable relaxation time (ms)
tm Mean transmission travel time (s)
UCS Uniaxial compressive strength (MPa)
V Pore volume (mm3)
Vcal Volume of the calibration specimen (cm3)
Vts Volume of the tested specimen (cm3)
vi Coefficient of variation of t2i
vp P-wave velocity (m/s)
Wi Weight of pore size i
wi Weight of pore radius i before correction
wmac Weight of NMR amplitude of macro-pores
wmes Weight of NMR amplitude of meso-pores
wmic Weight of NMR amplitude of micro-pores
Dm Mass loss (%)
rd Dry density (g/cm3)
rw Water density (g/cm3)
r2 Transverse surface relaxivity (mm/ms)
fcal Porosity of the calibration specimen (%)
f Porosity (%)
w Water content (%)
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