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Abstract

Reliable characterization of freeze-thaw-induced structural change is essential for evaluat-
ing compacted soils used in cold-region engineering, where repeated freezing and thawing
can alter both surface integrity and internal pore structure. This study combines digital
imaging, quantitative crack analysis, and X-ray computed tomography to characterize
structural changes in compacted expansive soil subjected to 0, 1, 4, 7, and 10 freeze—thaw
cycles. Specimens with initial water contents of 18% and 25% were observed during freez-
ing and after thawing, while the post-thaw three-dimensional pore structure of the 18%
specimen was reconstructed from CT images. The 18% surface specimen exhibited no
continuous crack network despite evident internal pore restructuring, whereas the 25%
specimen showed pronounced crack opening during freezing and partial closure after
thawing. With increasing cycles, the crack pattern evolved from a dominant wide crack to
a branched network of narrower cracks and then became less continuous. CT-resolvable
porosity increased from 23.0% initially to 26.7% after four cycles and then remained nearly
stable, whereas connected porosity increased to 25.4% after ten cycles. These complemen-
tary observations indicate that post-thaw surface appearance alone may underestimate
freeze-thaw-induced structural disturbance and highlight the importance of moisture
condition and early-cycle evolution in cold-region engineering.

Keywords: digital image analysis; X-ray computed tomography; freeze-thaw cycling;
compacted expansive soil; three-dimensional reconstruction

1. Introduction

Expansive soil is a well-known problematic geomaterial in geotechnical engineering.
Its high content of hydrophilic clay minerals, particularly montmorillonite, gives rise to
pronounced water sensitivity, swelling-shrinkage deformation, and substantial structural
variability [1-8]. Changes in moisture conditions modify matric suction, interparticle inter-
actions, aggregate arrangement, and pore geometry, leading to repeated adjustment of the
soil skeleton [9]. When the resulting deformations are constrained, cracking, differential
displacement, and progressive deterioration may occur [4,10-12]. These problems affect
the long-term performance of slopes, embankments, subgrades, foundations, and other
earth structures. In seasonally frozen regions, expansive soils are additionally exposed
to repeated freezing and thawing caused by seasonal temperature fluctuations. The com-
bined effects of moisture sensitivity and thermal cycling make expansive soils particularly
vulnerable to frost heave, thaw settlement, structural degradation, and cracking [13-15].
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Understanding the multiscale structural evolution of expansive soil under freeze-thaw (FT)
action is therefore important for assessing the serviceability and stability of geotechnical
structures in cold and seasonally frozen environments.

Scanning electron microscopy, mercury intrusion porosimetry, nuclear magnetic reso-
nance, X-ray computed tomography and digital-imaging techniques have been widely used
to characterize freeze-thaw-induced variations in pore characteristics and crack-structure
morphology [9,13,16-19]. FT action induced structural evolution is governed by coupled
thermal, hydraulic, and mechanical processes [20-24]. As soil temperature decreases, pore
water begins to freeze, and the associated water—ice phase transformation produces vol-
umetric expansion within the pore system. The resulting frost-heave pressure acts on
the surrounding pore walls and the soil skeleton, disturbing interparticle contacts and
generating local deformation. In fine-grained soils, ice formation and growth within pores
and pre-existing structural defects also create hydraulic gradients that drive unfrozen
water toward the freezing zone. Continued moisture supply promotes further ice-crystal or
ice-lens growth and intensifies the local expansion of the soil skeleton [16,18,25]. When the
resulting tensile stress exceeds the local tensile resistance of the soil, existing weak zones
may open and develop into cracks [26,27]. Under boundary conditions that permit moisture
loss, shrinkage of soil aggregates may also contribute to tensile deformation and crack
development [15,28]. During subsequent thawing, the melting of pore ice is accompanied
by water redistribution, thaw settlement, and particle rearrangement. Changes in pore and
crack structures can substantially alter the hydraulic and mechanical behavior of expansive
soils. Pore enlargement and increased connectivity may facilitate internal water migration,
whereas macroscopic cracks can provide preferential pathways for infiltration and con-
siderably increase hydraulic conductivity [29,30]. Cracks also weaken the continuity and
integrity of the soil skeleton [11,14,15,31,32]. The resulting increase in hydraulic conduc-
tivity can accelerate internal water redistribution and compromise the impermeability of
compacted soil barriers. Moreover, the connection of individual cracks may create localized
weak zones, reduce shear resistance, and increase the susceptibility of earth structures
to deformation and instability [4,33]. Pore restructuring and crack development should
therefore be regarded as interconnected manifestations of FT action induced structural
deterioration rather than as isolated phenomena.

Previous studies have focused primarily on internal pore evolution and microscopic
damage. Repeated water—ice phase transitions disturb interparticle contacts and cementa-
tion bonds, causing particle rearrangement and changes in pore volume, morphology, and
connectivity [16,17,25,34-39]. The intensity and form of these responses are influenced by
initial water content, dry density, mineral composition, matric suction, freezing tempera-
ture, and the availability and mobility of unfrozen water [15,34,38,40]. These studies have
substantially advanced the understanding of internal pore restructuring and microscopic
damage under FT action. Nevertheless, most of these techniques characterize the internal
structure at selected stages, commonly after complete thawing, and provide limited direct
information on the transient development of visible cracks during freezing. Compared
with the extensive investigation of internal pores and microcracks, the development of
macroscopic surface cracks during freezing has received considerably less attention. Visible
crack networks in expansive soils have been studied more commonly under evaporation,
desiccation, and wetting—drying conditions, where water loss, shrinkage deformation,
and tensile stress are regarded as the principal driving processes [11,28,41]. By contrast,
FT studies have generally emphasized changes in macroscopic engineering properties or
internal microstructure. Although pore-water freezing, moisture migration, ice growth, and
frost-heave pressure provide the physical conditions required for crack initiation and prop-
agation, direct quantitative characterization of surface crack development during freezing
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remains limited. Moreover, in many FT studies, the specimen surface is examined only after
complete thawing [14,15,17]. Previous studies have separately investigated freeze-thaw-
induced surface crack evolution [14,40] and CT-based internal pore restructuring [29,30].
However, in many FT studies, the specimen surface is examined only after complete thaw-
ing, which mainly reflects the residual morphology retained at the end of a cycle and may
not represent the maximum crack opening developed during freezing. Direct comparisons
of crack morphology between the freezing and post-thaw stages within the same cycle
remain limited. In addition, internal pore restructuring may persist after thawing even
when a continuous surface crack network is not visible, and the relationship between these
stage-dependent surface responses and the retained internal structural changes remains
insufficiently characterized.

On this basis, the present study investigates the structural response of expansive soil
subjected to repeated FT cycles using surface imaging and X-ray CT. Surface morphology
was recorded for specimens with two selected initial water contents during freezing and
after complete thawing, and the stage- and cycle-dependent evolution of visible cracks was
quantitatively characterized. Separately, X-ray CT was used to examine the internal pore
structure retained after selected numbers of complete FT cycles. The study aims to clarify
the stage-dependent evolution of surface cracks, quantify the cycle-dependent variation in
internal pore structure, and provide a more comprehensive understanding of FT-induced
structural evolution in expansive soil.

2. Materials and Methods
2.1. Materials and Specimen Preparation

The soil used in this study was collected from a natural expansive soil site in Anhui
Province, China. To obtain a test material with a controlled and relatively high swelling
potential, the natural expansive soil was mixed with bentonite at a content of 40% by dry
mass [10,32]. The prepared soil exhibited high plasticity and pronounced water sensitivity.
Its basic physical properties are summarized in Table 1.

Table 1. Basic physical properties of the test soil.

Gs (-) wopt (%) Pd.max L; (%) Py (%) Jef (%)
2.73 18 1.67 62 20.2 76

Gs—specific gravity (-); wopr—optimal moisture content (%); pg,;.x—the maximum dry density
(g/ cm?); Lj—liquid limit (%); P,—Plastic limit (%); 6, ;—{ree swelling ratio (%).

The bulk soil was air-dried, gently disaggregated, and sieved through a 2 mm mesh.
Distilled water was incorporated to prepare batches with initial water contents of 18%
and 25%. The 18% water content corresponded to the optimum water content of the
prepared soil, whereas 25% was selected as a wetter condition to examine the influence
of increased initial water availability on the observable surface response during freezing
and thawing. The mixtures were then sealed for 24 h to equalize the moisture distribution.
Each batch was compacted in layers to a dry density of 1.53 g/cm?, corresponding to a
degree of compaction of approximately 91.6%. At this dry density, the calculated initial
degrees of saturation were approximately 63% and 87% for the 18% and 25% water-content
conditions, respectively. One cylindrical specimen measuring 200 mm in diameter and
100 mm in height was prepared for surface observation at each initial water content, while
one additional specimen measuring 39.1 mm in diameter and 80 mm in height with an
initial water content of 18% was prepared for repeated CT scanning throughout the FT
cycles. All specimens were wrapped immediately after compaction and conditioned for an
additional 24 h before FT cycling.
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2.2. Cyclic Freeze~Thaw Tests

FT cycling was performed in a KY-225LB temperature and humidity chamber using a
directional thermal-boundary configuration intended to promote predominantly axial heat
transfer. Each specimen was inserted into a 90 mm-deep opening within a 110 mm-thick
sponge insulation block, with a spacing of 20 mm between adjacent openings. The sidewall
and base of each specimen were additionally wrapped with 2 mm-thick cotton insulation
and aluminum foil. A plastic cover was positioned several millimeters above the exposed
soil surface to limit external moisture exchange while leaving a small enclosed air gap
above the specimen. One FT cycle comprised 12 h at —20 °C followed by 12 h at +20 °C.
Specimens were evaluated after 0, 1, 4, 7, and 10 cycles. The experimental workflow and
directional thermal-boundary configuration are shown in Figure 1.

(a) Specimen preparation (b) Directional heat-transfer (c) Cyclic freeze-thaw test
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Figure 1. Experimental workflow: (a) specimen preparation; (b) directional heat-transfer configura-
tion; and (c) imposed temperature cycle.

2.3. Surface Image Acquisition and Crack Analysis

Images were collected at two stages of the Nrr = 1,4, 7,and 10: after 4 h of freezing,
used as a fixed intermediate observation point, and after completion of the subsequent
thawing stage. The upper surface was recorded using a USB industrial camera. Camera
height, illumination, acquisition geometry, and field of view were maintained through-
out the experiment. Following camera calibration, image dimensions were converted to
physical lengths using a 20 mm reference feature.

As shown in Figure 2, each photograph was converted to grayscale and classified in
Image] using the Trainable Weka Segmentation plugin. Representative crack and back-
ground pixels were manually labeled to train the classifier, and the resulting probability
map was exported as a binary image with white cracks and a black background. The binary
images were subsequently processed using custom Python scripts. Small isolated objects
were removed, and enclosed black regions within the crack phase were filled without
applying dilation or morphological closing. The refined network was then skeletonized.
Crack ratio was defined as the fraction of crack pixels within the circular region of interest.
Total crack length was measured from the spatially calibrated skeleton, whereas average
crack width was derived from distance-transform values sampled along the skeleton.
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(a) Initial image (b) crop (¢c) gray (e) skeleton

Figure 2. Schematic of crack image processing procedures.

The relative reduction from the freezing stage to the post-thaw stage was calculated as:
Xr— X

R
Xy

x 100% 1)
where X and X; denote the corresponding parameter values at the freezing and post-thaw
stages, respectively.

2.4. CT Scanning and Pore Structure Characterization

One specimen with an initial water content of 18% was repeatedly examined in the
fully thawed condition before cycling and after 1, 4, 7, and 10 FT cycles. CT data were
acquired using a Geoscan200 system operated at 160 kV and 120 pA. The reconstructed
voxel size was 56 um.

As shown in Figure 3a, the reconstructed volumes were analyzed using Avizo 2021.
Before quantitative analysis, the five CT volumes were co-registered to maintain spatial
consistency across different FT stages. To reduce boundary effects, a central volume of
interest containing approximately 90% of the specimen was retained. Following denoising,
the pore and solid phases were separated using grayscale threshold segmentation and
reconstructed in three dimensions. A baseline upper threshold was selected through visual
comparison between the original grayscale CT slices and the corresponding segmented
pore boundaries and was consistently applied to all CT datasets. To evaluate the influence
of threshold selection, a threshold-sensitivity analysis was performed by varying the
selected upper threshold by £5%, while all other image-processing parameters were kept
unchanged. The sensitivity results for representative datasets at Npr = 0, 4, and 10 are
presented in Figure 3b. The segmented pore-volume fraction was defined as CT-resolvable
porosity, while connectivity analysis was used to calculate connected porosity.

Pore size was expressed as the equivalent radius derived from the equivalent diameter
of each segmented pore object. Considering the reconstructed voxel size of 56 um, 56 pm
was adopted as the minimum equivalent radius for quantitative pore-size analysis, and the
pore-radius distribution was re-binned at 56 pm intervals, beginning with 0.056-0.112 mm.
The three-dimensional fractal dimension of the CT-resolvable pore phase was estimated
using the box-counting method.
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Figure 3. CT image processing and threshold-sensitivity analysis: (a) pore-structure reconstruc-
tion and connectivity characterization; (b) sensitivity of CT-derived parameters to segmentation-
threshold perturbation.

3. Results
3.1. Surface Morphology Under Freeze~Thaw Cycles

Figure 4 contrasts the post-thaw surfaces of the 18% specimens with the freezing-
stage and post-thaw surfaces of the 25% specimens after Nrr = 1, 4, 7 and 10. At 18%
initial water content, neither a distinct morphological transition nor a continuous crack
network was identified at the selected stages. For clarity, Figure 4a therefore presents only
the post-thaw images, which show that the initially rough surface morphology persisted
throughout cycling.

In contrast, visible surface cracks developed in the 25% specimens after 4 h of freezing.
After Nrr = 1, the crack pattern was dominated by a relatively wide primary crack
accompanied by only a few short branches. After Nyt = 4, additional secondary branches
appeared around the primary crack. The crack network became most widely distributed
after Nrr = 7, with an increased number of branches extending over the specimen surface.
After Npr = 10, visible cracks remained widely distributed, although several branches
became shorter, more fragmented, and locally discontinuous.

The surface morphology changed markedly after complete thawing. Most crack
openings observed during freezing became narrower or were no longer continuously
identifiable. After Npr = 1 and Npr = 4, several short residual crack traces remained
along the freezing-stage crack paths. These traces became sparse and discontinuous after
Nrr = 7. After Npr = 10, the number of visible residual traces increased slightly compared
with that after Npr = 7, but their continuity remained substantially lower than that
observed during freezing. Overall, the freezing-stage morphology of the 25% specimens
evolved from a pattern dominated by a relatively wide primary crack to a more distributed
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network consisting of numerous narrower branches, whereas the post-thaw surfaces were
characterized primarily by discontinuous residual crack traces.

Ner=1 Ner=4 Ner =7 Ner =10

(a) ®=18% Thaw stage

Ner=1

(c) ®=25% Thaw stage

Figure 4. Surface morphology of expansive soil specimens: (a) 18% water content at the post-thaw
stage; (b) 25% water content at the intermediate freezing stage after 4 h of freezing; and (c) 25% water
content at the post-thaw stage. White arrows indicate the directions of crack opening during freezing
and crack closure during thawing

3.2. Quantitative Evolution of Surface Cracks in the 25% Specimens

Figure 5 summarizes the stage-specific crack metrics obtained for the 25% specimens.
During freezing, the surface crack ratio and total crack length increased from Nrr =1 to
Nrr = 7, reached their maximum values after Npr = 7, and subsequently decreased after
Nrr = 10. In contrast, the average crack width decreased continuously with increasing
cycle number.

All post-thaw crack parameters were lower than their corresponding freezing-stage
values. The post-thaw surface crack ratio remained relatively low from Nrr = 1 to Npr = 4
decreased to its minimum after Nrr = 7, and increased again after Npr = 10. Total crack
length increased slightly between Nrr = 1 and Nrr = 4, decreased markedly after Nrr =7,
and then increased again after Npr = 10. Notably, after Npr = 1, the freezing-stage and
post-thaw total crack lengths were nearly identical, despite the pronounced difference
in surface crack ratio and average crack width between the two stages. Average crack
width changed only slightly across the post-thaw states, showing a gradual decrease up to
Nrr = 7 followed by a small increase after Npr = 10.
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Figure 5. Evolution of surface crack parameters during the freezing and post-thaw stages: (a) surface
crack ratio; (b) total crack length; and (c) average crack width.

Figure 6 further presents the relative reductions in surface crack ratio, total crack
length, and average crack width from the freezing stage to the post-thaw stage. After the
Nrr = 1, the detectable crack length was almost fully retained, with a reduction of only
1.99%, whereas crack ratio and average width decreased by 68.88% and 62.40%, respectively.
With increasing cycle number, the reduction in total crack length increased sharply, reaching
90.23% after Nrr = 7 before decreasing to 79.19% after N1 = 10. The reduction in surface
crack ratio showed a similar trend, increasing to a maximum of 95.69% after Nrr = 7 and
then decreasing to 86.24% after Nrr = 10. By contrast, the reduction in average crack width
decreased progressively from 62.40% after Nrr = 1 to 29.03% after Npr = 10. Thus, the
first cycle was characterized by an almost unchanged total crack length accompanied by
substantial reductions in crack area and width, whereas the greatest reductions in both
surface crack ratio and total crack length occurred after seven cycles.

100

80

Reduction (%)

0 2 4 6 8 10
Number of freeze-thaw cycles (Ngr)

Figure 6. Relative reductions in surface crack parameters from the freezing stage to the post-
thaw stage.

3.3. Post-Thaw Internal Pore Structure Evolution Based on CT Analysis of the 18% Specimens

Figure 7 presents the variations in CT-resolvable porosity, connected porosity, and
three-dimensional fractal dimension of the 18% specimens after different numbers of FT
cycles. As shown in Figure 7a, CT-resolvable porosity increased from approximately
23.0% in the initial state to 26.1% after Npr = 1 and 26.7% after Ngpr = 4. Thereafter,
only minor changes occurred, and the value remained nearly stable up to Nrr = 10.
Connected porosity increased from approximately 21.1% initially to 24.3% after Npr = 1

https://doi.org/10.3390/app16189281


https://doi.org/10.3390/app16189281

Appl. Sci. 2026, 16,9281 90f17

and 24.9% after Nrr = 4. Unlike CT-resolvable porosity, connected porosity continued
to increase slightly during the subsequent cycles, reaching approximately 25.4% after
Nrr = 10. Consequently, the difference between CT-resolvable porosity and connected
porosity gradually decreased with increasing cycle number. As shown in Figure 7b, the
three-dimensional fractal dimension showed a similar early increase followed by a nearly
stable trend. It increased from approximately 2.612 in the initial state to 2.627 after Npr =1
and 2.634 after Npr = 4. From Npr = 4 to Nrr = 10, only minor variations were observed,
with the values remaining close to 2.634. The three-dimensional fractal-dimension results
discussed below are based on the adopted baseline segmentation threshold. Thus, the
main changes in CT-resolvable porosity and three-dimensional fractal dimension occurred
during the first four FT cycles, whereas connected porosity continued to increase slightly
during the later cycles.

30 2.64
(a) . (b)
L —@— CT-resolvable total porosity
—@— CT-resolvable connected porosi
28| porosity . o
0 £2.63
X206 &
= = 7
ZF T S
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Number of freeze-thaw cycles (Ngr)

Number of freeze-thaw cycles (Ngp)

Figure 7. Evolution of CT-derived pore-structure parameters with freeze-thaw cycles: (a) CT-
resolvable porosity and connected porosity; (b) three-dimensional fractal dimension.

Figures 8 and 9 compare the pore-radius distributions obtained after 0,1, 4,7, and 10 FT
cycles. In every state, most of the segmented pore volume was associated with small radii,
and its relative proportion declined rapidly toward the larger-radius range. Relative to
the uncycled specimen, the relative proportion of the smallest quantitatively resolved pore
class decreased after FT cycling, whereas the proportions of several larger-radius classes
increased. The main redistribution occurred during the early cycles, because the curves
corresponding to 4, 7, and 10 cycles were comparatively close. The enlarged 1.0-1.5 mm
interval similarly shows higher relative pore-volume proportions after cycling than in the
initial condition. These pore-radius distributions are consistent with the observation that
CT-resolvable porosity and three-dimensional fractal dimension changed mainly during
the first four cycles, whereas connected porosity continued to increase through cycle 10.
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4. Discussion
4.1. Contrasting Observable Responses Under the Selected Initial Water-Content Conditions

The initial water content determines the amount and spatial distribution of freezable
water and therefore influences moisture migration, ice formation, and freezing-induced
deformation. As shown in Figure 4, the specimens with initial water contents of 18%
and 25% exhibited markedly different surface responses under the same dry density
and FT conditions. No identifiable continuous crack network developed on the 18%
specimens during either freezing or thawing, whereas distinct cracks appeared on the
25% specimens during freezing and became substantially less visible after thawing. The
calculated initial degrees of saturation were approximately 63% and 87% for the 18% and
25% specimens, respectively. Therefore, the contrasting surface responses may reflect not
only differences in pore-water availability and initial saturation, but also differences in
the initial pore arrangement and compaction-induced soil fabric associated with the two
water-content conditions.

As shown in Figure 10a—c, for the specimens with an initial water content of 25%, the
greater availability of pore water provided more favorable conditions for water—ice phase
transformation and ice-crystal growth. Under the imposed directional thermal boundary,
unfrozen water may have migrated toward the colder region and contributed to further ice
growth. The associated volumetric expansion may have generated nonuniform frost-heave
deformation and localized tensile stresses. When these stresses exceeded the local tensile
resistance of the soil, cracks may have initiated and opened preferentially along structurally
weak regions, as illustrated in Figure 10b. Because a small air gap remained between
the soil surface and the plastic cover, moisture released from the near-surface region
through sublimation or vapor transport could migrate into the enclosed headspace and
subsequently deposit on the inner surface of the cover during freezing [42]. The decrease
in pore-water pressure and the development of frost-induced suction may have promoted
water migration toward the freezing region, thereby potentially facilitating continued ice
formation and sublimation [14,43,44]. Such moisture transfer may have locally reduced the
water content of the near-surface soil and contributed to shrinkage and deformation [45].
Therefore, the clearly opened crack paths observed in the 25% specimens during freezing,
as shown in Figure 4b, may be associated with the combined effects of ice-crystal growth,
nonuniform frost heave, and internal moisture redistribution.

For the 18% specimens, a smaller amount of water was available for phase transfor-
mation and migration, as represented in Figure 10d—f. Previous studies have shown that,
in an initially unsaturated soil, part of the volume expansion associated with freezing can
be accommodated by the existing air-filled pore space, thereby reducing the macroscopic
deformation of the soil skeleton [25]. Local ice growth and crystallization stress may still
disturb particle contacts and adjust the pore arrangement, but the resulting deformation
may be insufficient to produce a continuous crack network at the exposed surface.

The two water-content conditions also exhibited different observable states after thaw-
ing. In the 25% specimens, melting of pore ice released part of the frost-heave deformation
and was accompanied by thaw settlement and particle rearrangement. These processes
brought the opposing crack surfaces closer together, producing the partial geometric closure
illustrated in Figure 10c and the pronounced reduction in visible crack openings shown in
Figure 4c. However, the remaining crack traces indicate that the soil did not completely
return to the initial state represented in Figure 10a.
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Figure 10. Conceptual mechanism of water-content-dependent multiscale structural evolution of

expansive soil under FT cycles: (a—c) initial, freezing, and post-thaw states at 25% water content; and
(d—f) corresponding states at 18% water content. Red arrows indicate the directions of crack opening
during freezing and crack closure during thawing.

For the 18% specimens, the absence of visible cracks after thawing did not indicate
a complete recovery of the initial pore arrangement shown in Figure 10d. The increases
in CT-resolvable porosity, connected porosity, and three-dimensional fractal dimension
in Figure 7, together with the redistribution of pore radii in Figures 8 and 9, indicate that
part of the FT-induced pore adjustment was retained after thawing. This residual internal
state is represented schematically in Figure 10f. The comparison between Figure 10d,f
therefore suggests that repeated water—ice phase transformation disturbed the internal
particle-pore arrangement even though the corresponding changes were not expressed as
a macroscopically identifiable surface crack network.

Comparison of the two sequences in Figure 10 indicates that the initial water con-
dition affected the observable manifestation of FI-induced structural change under the
present test conditions. In the 25% specimens, the response was readily detected through
freezing-stage crack opening and post-thaw geometric closure (Figure 10a—c), whereas in
the 18% specimens, the retained response was mainly identified through post-thaw pore
characterization (Figure 10d—f).

4.2. Stage and Cycle-Dependent Evolution of Surface Cracks

As discussed in Section 3.2, the quantitative crack parameters provide further insight
into how the surface crack network developed during freezing and changed after thawing.
Rather than varying synchronously, crack ratio, total crack length, and average crack width
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reflected different aspects of network growth, including crack extension, branch formation,
aperture variation, and continuity loss.

During the early FT cycles, surface crack ratio and total crack length increased, whereas
average crack width decreased (Figure 5). Because the crack ratio continued to increase
despite the narrowing of individual cracks, the development of the surface network was
mainly governed by the initiation and extension of additional branches. This explains the
transition from a relatively wide primary crack to a more widely distributed network of
narrow cracks in Figure 4b. After Nrr = 7, the decrease in crack ratio and total length
coincided with the shortening and fragmentation of several branches, indicating reduced
network continuity rather than structural recovery. The differences between the freezing
and post-thaw parameters reveal a corresponding change in the closure mode (Figure 6).
During the first cycle, total crack length was largely retained after thawing, while crack
ratio and average width decreased markedly. Thus, the early post-thaw response was
dominated by aperture narrowing, with most crack paths remaining identifiable. As the
freezing-stage network became increasingly branched, the post-thaw loss of total crack
length became more pronounced. This indicates that thawing subsequently caused not only
crack narrowing but also local closure and discontinuity of numerous secondary branches,
producing the sparse residual traces shown in Figure 4c. The observed evolution of surface
cracking is generally consistent with previous studies showing progressive crack-network
adjustment under repeated freeze—thaw cycling [14]. However, the present results further
demonstrate that crack opening during freezing can be substantially more pronounced
than the residual morphology observed after thawing.

Overall, the parameter variations indicate that surface crack development changed
from the widening of a dominant weak path to branch-controlled network expansion,
followed by increasing fragmentation [14]. Meanwhile, the post-thaw response evolved
from aperture reduction to the combined loss of aperture and branch continuity.

4.3. Complementary Surface and Internal Responses to Freeze—Thaw Cycling

As mentioned in Section 3.3, the CT-derived parameters provide complementary
information on the evolution of pore volume, connectivity, and geometrical complexity
after thawing. Their variations indicate that the internal pore structure underwent rapid
adjustment during the early FT cycles, followed by a slower stage in which different pore
characteristics evolved at different rates. The threshold-sensitivity analysis showed that the
absolute CT-resolvable porosity was affected by threshold selection, although its overall
increase from the initial state to the later FT stages was retained under the tested threshold
perturbations. In contrast, the cycle-dependent trend of the three-dimensional fractal
dimension varied with threshold selection and was therefore interpreted based on the
adopted baseline segmentation condition. The pore restructuring observed in the present
study is broadly consistent with previous CT-based observations showing that freeze-thaw
action can alter soil macroporosity and macropore size [29].

During the early cycles, CT-resolvable porosity, connected porosity, and three-
dimensional fractal dimension increased simultaneously (Figure 7). Previous studies
have indicated that ice-crystal growth can enlarge existing pores, disturb particle contacts,
and rearrange soil aggregates, while incomplete recovery during thawing allows part of
these changes to be retained [17,46]. These processes may explain the concurrent increases
in detectable pore volume, connectivity, and spatial complexity during the early stage. The
initially compacted pore structure was therefore more susceptible to adjustment during
the first few FT cycles. After Npr = 4, CT-resolvable porosity approached relatively stable
levels, whereas connected porosity continued to increase gradually (Figure 7). This asyn-
chronous variation suggests that later structural adjustment involved limited additional
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pore volume but continued modification of the connections among detectable pores. Local
pore linking, merging, or rearrangement may increase the connected fraction without sub-
stantially changing the total pore volume or overall geometrical complexity. Accordingly,
the decreasing difference between CT-resolvable and connected porosity indicates that
connectivity became increasingly important within the detectable pore system.

The pore-radius distributions further indicate that pore-structure restructuring was
selective rather than uniform (Figures 8 and 9). The smallest quantitatively resolved pore
class remained dominant, while its relative proportion decreased after FT cycling and the
proportions within several larger-radius intervals increased. This suggests redistribution
toward larger equivalent pore sizes rather than a response dominated solely by small
pores. FT action may simultaneously cause pore enlargement, compression, merging, and
redistribution, depending on local pore geometry and particle arrangement. After Nt = 4,
the relatively small differences among the later distributions were also consistent with the
stabilization of CT-resolvable porosity. The early increase in three-dimensional fractal di-
mension reflects greater irregularity and spatial complexity of the detectable pore structure,
whereas its subsequent stabilization indicates that major changes in overall pore geometry
had weakened. However, the continued increase in connected porosity shows that a stable
fractal dimension did not represent complete cessation of pore restructuring. Overall, the
parameter variations identify an early stage dominated by simultaneous changes in pore
volume, connectivity, and complexity, followed by a later stage characterized mainly by
gradual connectivity adjustment.

4.4. Limitations and Implications

Several limitations should be considered in interpreting the present results. First,
the test material was a laboratory-prepared expansive soil obtained by mixing natural
expansive soil with 40% bentonite by dry mass; therefore, the observed responses may
not be directly generalized to natural expansive soils with different mineral compositions,
particle-size distributions, and initial structures. Detailed particle-size distribution was not
specifically quantified in the present study, so its possible influence on moisture migration
and freeze-thaw response could not be evaluated separately. Second, surface cracks and
internal pores were characterized using specimens with different initial water contents and
dimensions, and only one independent specimen was used for each surface water-content
condition and for CT characterization. Third, CT scanning was performed only after com-
plete thawing and was subject to spatial-resolution and segmentation-threshold limitations.
Finally, internal temperature and moisture evolution were not monitored during FT cy-
cling. Future studies should therefore include replicated specimens, more detailed material
characterization, and simultaneous monitoring of temperature and moisture during freeze—
thaw cycling. In addition, in situ or higher-resolution CT observations during freezing and
thawing would help establish a more direct relationship between transient surface cracking,
internal pore restructuring, and moisture redistribution.

5. Conclusions

This study investigated the surface crack evolution and post-thaw internal pore restruc-
turing of expansive soil subjected to repeated FT cycles. Surface images and quantitative
crack parameters were used to characterize the freezing and post-thaw responses, while
X-ray CT was employed to evaluate the retained internal pore structure after different
numbers of cycles. Because the surface and CT observations were obtained from specimens
with different dimensions and initial water-content conditions, they should be interpreted
as complementary observations. The following conclusions can be drawn:
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(1) Under the selected test conditions, the specimens with initial water contents of 18%
and 25% exhibited contrasting observable surface responses. No identifiable contin-
uous crack network developed on the 18% specimens, whereas the 25% specimens
showed pronounced crack opening during freezing followed by partial geometric
closure after thawing. The retained crack traces indicate that the reduction in visible
crack geometry did not represent complete structural recovery.

(2) Repeated FT cycling changed both the geometry and continuity of the surface crack
network in the 25% specimens. During the first seven cycles, surface crack ratio and
total crack length increased while average crack width decreased, indicating that
network development was governed mainly by the initiation and extension of narrow
branches rather than continued widening of the primary crack. With further cycling,
shortened and fragmented branches became increasingly evident. Meanwhile, the
post-thaw response evolved from aperture narrowing of largely retained crack paths
to the combined loss of crack aperture and branch continuity.

(38) The post-thaw pore structure of the 18% specimens underwent its most pronounced
adjustment during the first four cycles. CT-resolvable porosity, connected porosity,
and three-dimensional fractal dimension increased concurrently during this stage,
reflecting changes in detectable pore volume, connectivity, and geometrical complexity.
During the later cycles, CT-resolvable porosity and fractal dimension approached
stable levels, whereas connected porosity continued to increase gradually. Small
pores remained dominant throughout the test, although the increased proportions in
selected larger-radius intervals indicated selective pore enlargement, merging, and
redistribution rather than uniform coarsening of the pore system.

(4) From an engineering perspective, these results suggest that post-thaw surface ap-
pearance alone may not fully reflect the structural disturbance experienced by com-
pacted expansive soil during freezing. Particular attention should therefore be paid
to moisture conditions and early freeze-thaw cycles when evaluating compacted
expansive-soil fills and other cold-region earth structures, because substantial crack
and pore restructuring may develop during these stages even when the post-thaw
surface appears relatively intact.
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