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Abstract

The unsaturated permeability coefficient of granite residual soil (GRS) increases
rapidly with rising moisture content, as the loss of matric suction enhances the con-
tinuity of the water phase within the soil pores. This can lead to slope instability and
embankment collapse during rainfall. This study investigated the effects of wet-dry
cycles on the hydraulic and microstructural evolution of GRS, introducing key inno-
vations over prior research. First, microstructure changes were investigated using
mercury intrusion porosimetry (MIP) tests, investigates the evolution of bimodal pore
structure under cyclic wetting and drying. Second, the entire range of matric suction
was comprehensively measured by integrating the pressure plate method (PPM),
filter paper method (FPM), and vapor equilibrium method (VEM), capturing both

low and high suction regimes comprehensively. Third, the Li model was applied to

fit the bimodal SWCC across different wet-dry cycles, the unsaturated permeability
coefficient was calculated using the Zhai model. The results indicate that the micro-
structure of GRS under different wet-dry cycles presents a clear bimodal pore size
distribution (PSD), intra-aggregate pores peaked near 450 nm, while inter-aggregate
pores ranged between 20,000-60,000 nm.. After six wet-dry cycles, the volume of the
dominant intra-aggregate pores decreased by approximately 25%, while the larger
inter-aggregate pores saw a reduction of about 15%, indicating a coarsening of the
pore network. Meanwhile, there is a clear decrease in inter-aggregate pore distribu-
tion density. The combination of measurement methods can cover the entire matric
suction range. The Li model is applied to fit the SWCC under different wet-dry cycles,
and the correlation coefficient (R2) are all higher than 0.95. The unsaturated perme-
ability coefficient of GRS exhibits a nonlinearly variation with saturation, in-creasing
with the increase in saturation or the increase in wet-dry cycles. The unsaturated per-
meability coefficient of bimodal GRS was calculated based on the Zhai model and the
Igk(s) and saturation can be expressed by a logarithmic function, with the correlation
coefficient (R2) higher than 0.99 under different wet-dry cycles. The study contributes
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useful insights into the evolution of pore structure and hydraulic behavior of GRS
under cyclic wetting and drying, which is important for slope stability and hydrological
modeling in subtropical regions.

1. Introduction

Granite residual soil (GRS) is the product of in-situ differentiation and decomposition
of granite, commonly encountered in infrastructure construction within tropical or sub-
tropical regions of Asia and America [1]. Exposed to hot and rainy climate conditions,
GRS undergo cycles of repeated water absorption and natural drying, which has a
significant impact on the microstructure and permeability characteristics [2,3]. Due to
the unique structure and water sensitivity of GRS, combined with long-term wet-dry
cycles, have resulted in prominent engineering disaster problems in GRS [4—6]. For a
long time, scholars have extensively explored the permeability characteristics of soil
[7-9]. However, the saturated permeability coefficient may not accurately depict the
permeability characteristics of unsaturated soil. The measurement of the unsaturated
permeability coefficient is relatively intricate. Currently, indirect calculations are more
commonly employed, primarily through the utilization of the soil-water characteristic
curves (SWCC) [10,11]. Therefore, in order to determine the unsaturated permeability
coefficient of soil, it is essential to initially measure the SWCC. The SWCC is defined
as the relationship between soil moisture or saturation and suction, is an import-

ant parameter reflecting the soil water-holding capacity [12]. Previous studies have
demonstrated that SWCC is closely related to the stress state [13], microstructure
[14] and wet-dry cycles [15]. And the influence of stress state can also be attributed
to the change in pore size distribution (PSD), pore shape and orientation [16—19]. For
soils with complex pore systems like some residual soils, the SWCC often exhibits a
bimodal characteristic, reflecting the presence of two dominant pore network [20,21].
Ng and Pang and Miao et al. conducted on SWCC tests under wet-dry cycles and
observed significant hysteresis during the dehumidification and moisture absorption
process [22,23] Furthermore, the SWCC is influenced by the wet-dry cycles in the
coordinate axis space. This hysteresis profoundly affects the unsaturated permea-
bility function, which is crucial for analyzing transient seepage and stability in slopes
subjected to rainfall infiltration and subsequent drying [24,25].

The soil-water characteristic curve (SWCC) serves as a cornerstone for under-
standing the hydraulic behavior of unsaturated soils, including water retention and
permeability [26,27]. It is well-established that the SWCC is not a fixed property
but evolves with changes in the soil’'s pore system caused by stress history, com-
paction, and environmental processes like wet-dry cycles [28]. However, a critical
research gap persists in quantitatively linking the progressive degradation of GRS
under successive wet-dry cycles to the systematic evolution of its SWCC and sub-
sequent unsaturated permeability. Moreover, the physical interpretation behind
these changes—specifically, how microstructural alterations such as aggregate
breakdown and crack development drive the observed macroscopic shifts in the
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SWCC—remains insufficiently explored. This mechanistic understanding is crucial for developing predictive models that
are robust under long-term environmental loading. In this study, the mercury intrusion porosimetry (MIP) was conducted
to measure the pore structure and pore size distribution (PSD) to characterize pore-size distribution evolution. Addition-
ally, a combination of PPM, FPM, VEM was conducted to determine the SWCC the GRS under different wet-dry cycles.
The saturated permeability coefficient was determined and the unsaturated permeability coefficient was calculated based
on the SWCC in the entire matric suction range, providing a comprehensive hydraulic analysis for GRS subjected to
wet-dry cycles. The findings of this study can be used in slope stability analysis and deformation prediction for the GRS
engineering.

2. Materials and methods
2.1. Materials

The tested GRS soil was sampled from a highway construction site in Jiangxi Province, southeast China. No specific
permits were required for this sampling, as it was conducted with the consent of the on-site project management for
routine geotechnical testing at an active construction site, and did not involve protected areas or species. A classification
test revealed that this material, characterized by its reddish-brown color, was Silty Sand (SM) based on the Unified Soil
Classification System [29]. The mechanical and physical properties of the soil are detailed in Table 1. The particle size
distribution of soil is shown in Table 2.

An X-ray diffraction test was conducted to analyze the soil mineralogy, as illustrated in Fig 1. The results revealed a
higher abundance of quartz and kaolinite in the tested GRS sample. This indicates that the GRS derived from structured
granite in the region has undergone significant chemical weathering, the sample exhibited sensitivity to water. In addition,
the presence of elevated Fe and Al components in the soil contributes to the apparent reddish color of the GRS.

2.2. Specimen preparation

The initial moisture content of air-dried GRS exceeds 12% [30]. Based on the historical meteorological data of the sam-
pling location and long-term temperature and humidity on-site monitoring, the range of moisture content variation in the
wet-dry cycles test is established to be 12% to saturation.

The samples commenced with a natural moisture content, vacuum saturation was employed to saturate the samples
for a minimum of 24 hours to achieve full saturation. Subsequently, a dehumidification process was conducted using a
constant temperature air-drying cabinet set at 45°C to simulate extreme high-temperature weather conditions, and lasted
approximately 24—30 hours until the moisture content decreased uniformly to 12%. Then, a uniform water droplet appli-
cation was achieved using a pipette from the specimen’s surface to restore it to the natural moisture content within about
6-8 hours, a wet-dry cycle is completed. To ensure consistency among samples, all specimens were prepared using
static compaction at an equivalent dry density. During testing, they were placed in the same environmental chamber to

Table 1. Mechanical and physical properties of the test soil.

Soil type Natural moisture Maximum dry Optimum moisture | Specific gravity | Liquid limit (%) Plasticity
content (%) density (g/cm?®) content (%) index (%)

SM 22.1 1.79 12.1 2.60 45.0 29.0

https://doi.org/10.1371/journal.pone.0340489.t001

Table 2. Particle size distribution of the test soil.

Particle size (mm) 20 10 5 2 1 0.5 0.25 0.075

Passing percentage (%) 100 100 97.80 | 79.83 |74.54 |65.65 58.90 |47.26

https://doi.org/10.1371/journal.pone.0340489.t002
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Fig 1. X-ray diffraction spectra of the tested GRS specimens.
https://doi.org/10.1371/journal.pone.0340489.9001

guarantee identical temperature and humidity conditions. Moisture content was monitored gravimetrically at designated
intervals, and the cycle endpoint was strictly controlled based on mass change.

According to previous studies, GRS tends to stabilize in its properties after six wet-dry cycles [31]. Our preliminary
monitoring of the soil’'s volumetric strain and saturated permeability showed that the rate of change in these parameters
became negligible (with a variation of less than 5% between consecutive cycles) after the fourth cycle, confirming that a
state of cyclic stability was effectively reached. Therefore, in this study, the number of wet-dry cycles is set at six to ensure
that the soil was tested in its equilibrated state under cyclic hydraulic conditions., and the specific variation in moisture
content is depicted in Fig 2.

Specimens with a height of 40mm and a diameter of 61.8 mm can be utilized for conducting measurements in the satu-
rated permeability coefficient. For matric suction measurements in PPM, specimens with a height of 20 mm and a diam-
eter of 61.8 mm are used. The specimens were cut using fine steel wires and manually with a knife for FPM, VEM and
MIP, which was 20 mm in height and 100 mm in diameter for FPM, 15 mm in height and 20 mm in diameter for VEM and
10 mmx 10 mmx 10 mm cube for MIP. Some rapid measurement techniques, such as time reflectometry methods, were
suggested to measure the moisture content and density of samples for reliable analysis [32].

2.3. Tests methods

2.3.1. Mercury intrusion porosimetry (MIP). The mercury injection equipment used in this study is the AutoPore IV
9510, featuring with a maximum intrusion pressure of 413.7 Mpa. The volume accuracy of mercury inlet/mercury out is
1/200000, and the measurement resolution is 0.1 pL. Before the MIP tests, freeze-drying was applied to dehydrate the
soil specimens (Fig 3a). Based on previous studies, freeze-drying can dehydrate the soil with less damage than other
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Fig 2. Schematic of moisture content changes in wet — dry cycles.

https://doi.org/10.1371/journal.pone.0340489.9002

Fig 3. Equipment and specimens in MIP test. (a) Mercury porosimeter (b) Vacuum freeze drier (c) Freeze-dried specimens.

https://doi.org/10.1371/journal.pone.0340489.9003

methods [33]. The drying equipment used in this study was the ALPHA1-2LDplus (Fig 3b). The freezing temperature was
maintained at -50°C for a duration exceeding 24 hours to ensure comprehensive drying.

2.3.2. Combined application of PPM, FPM and VEM methods for SWCC. Due to the diverse nature of soil types,
the broad spectrum of matric suction, variations in experimental objectives, and the influence of environmental conditions,
a plethora of methods exist for measuring the SWCC. In this study, the applicability of matric suction determination
methods was considered, leading to the selection of a comprehensive approach to assess the entire suction range
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of GRS. The determination of matric suction in granite residual soil was achieved through a combination of various
techniques, including the pressure plate method (the maximum suction is generally 1500 kPa), the filter paper method
(cover the suction range of 5-3000 kPa), and the vapor equilibrium method (the maximum suction is 368 Mpa) [34,35].
This strategic combination of methods allowed for a more thorough and accurate assessment of the SWCC across its
entire matric suction.

The pressure plate method (PPM) relies on axis translation technology, employing the GEO-Experts system as the
equipment (Fig 4a). Matric suction measurements were systematically conducted under controlled air pressures at 0, 5,
10, 20, 40, 70, 100, 200, 400, 600, and 800 kPa. Each suction level was maintained for a minimum duration of 48 hours.
Equilibrium at each stage was considered achieved when the water discharge from the drainage pipe was less than
0.1mL over a 4-hour period. only after the water level from the drainage pipe had stabilized, the subsequent pressure
level was incrementally applied.

The Filter paper method (FPM) was conducted using Whatman No.42 filter paper with a diameter of 47 mm). The filter
paper was sandwiched between two protective papers to prevent contamination and these three papers were sandwiched
in the middle of a stack of two specimens. The assembled specimens were then placed within a plastic container, sealed
securely with plastic tape. All of the specimens were placed in an insulated box, with the temperature control maintained
by air conditioners at approximately 20°C for 14 days, as shown in Fig 4b. This duration was selected in accordance with
standard guidelines (e.g., ASTM D5298) and was confirmed to be sufficient for achieving thermodynamic equilibrium
through preliminary tests, which showed that the moisture content change in the filter paper became negligible (<0.5%)
after 12 days. The conditioning process involved subjecting specimens with natural moisture content to moisture levels of
12.1%, 14.6%, 17.1%, 19.6%, 22.1%, 24.6%, and 27.1%.

The vapor equilibrium method (VEM) is a widely used techniques suitable for measuring high suction range, typically
above 10000 kPa [36]. The specimens were placed within sealed glass desiccators equipped with a perforated plastic
plate. The selected supersaturated salt solutions including ZnSO4, NaCl, NaBr, MgCI2, KCI and LiCl, cover a suction
range of 12.6~286.7 Mpa at 20°C [26]. The supersaturated salt solution was meticulously poured into the bottom of the
desiccators, ensuring that the solution height remained below the level of plastic plate (Fig 4c) The desiccators were main-
tained in a temperature-controlled incubator throughout the equilibration period. Specimen masses were monitored at reg-
ular intervals until equilibrium was confirmed by a mass change of less than 0.1% over three consecutive days (typically
achieved within 4 weeks). The final water content was then determined using the oven-drying method to calculate the
corresponding degree of saturation. This rigorous protocol ensured the accuracy and reliability of the high-suction data,
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Fig 4. Equipment used in SWCC test. (a) GEO-Experts pressure plate system (b) Insulated box in FPM (c) Equipment used in VEM.
https://doi.org/10.137 1/journal.pone.0340489.9004
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which seamlessly integrated with the data obtained from the filter paper and pressure plate methods to form a continuous
SWCC.

2.3.3. Method for measuring saturated permeability coefficient. Presently, methodologies for determining
the unsaturated permeability can be broadly categorized into direct testing and indirect methods [37]. Direct testing
procedures are marked by their operational intricacies, time-intensive protocols, and the ongoing necessity for improved
operational feasibility and measurement precision in commonly utilized instruments [38]. In contrast, indirect methods
hinge on establishing functional relationships guided by SWCC, precisely formulating connections between the
permeability coefficient and matrix suction or volumetric moisture content.

In this study, the method proposed by Tao Gaoliang was adopted and the saturated permeability coefficient can be
measured, and subsequently, using the SWCC, the corresponding permeability coefficients under different suctions can
be determined [39]. The permeability test specimens have dimensions of 61.8 mm x40mm, and a two-layer static com-
paction method is employed to enhance the overall compaction uniformity. Before compacting the second layer, to prevent
layering, a scraper is used to loosen the upper surface of the already compacted portion by at least 5mm. Afterward, the
second round of filling and compaction is performed. Three specimens are grouped together for parallel testing.

3. Results
3.1. Pore size distribution (PSD)

The cumulative pore volume curve of GRS under different wet-dry cycles are shown in Fig 5, and the shapes of each
curve are approximately similar. Significantly, as the number of wet-dry cycles increases, the mercury entry curve experi-
ences a distinct downward shift.

The PSD curves of GRS subjected to different wet-dry cycles show a bimodal distribution (Fig 6). In analyzing a
bimodal pore structure, it is essential to classified as intra-aggregate pores and inter-aggregate pores [40,41]. First, iden-
tify the peak position of the pore size distribution curve. Between the two peak points, the pore diameter at the gradient of
the curve is zero, serving as the demarcation between intra-aggregates pores and inter-aggregate pores. The peak value
of the smaller pore diameter corresponds to intra-aggregate pores, measuring approximately 450 nm. Conversely, the
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Fig 5. Cumulative pore volume curve of the sample.

https://doi.org/10.1371/journal.pone.0340489.9005
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peak value of the larger pore diameter corresponds to inter-aggregates pores, ranging between 20000 ~60000nm. The
peak diameter of intra-aggregates pores remains consistently higher than the inter-aggregates in different wet-dry cycles.

It is important to emphasize that the intra-aggregates exhibit comparatively greater instability. As the wet-dry cycles
increases, the intra-aggregate pore distribution density only experiences a significant decrease during the first cycle.
Meanwhile, there is a noticeable decrease in inter-aggregate pore distribution density. When subjected to water immersion
or high pressure, the potential for slippage inter-aggregates exists, influencing the soil pore size distribution towards a
weakened bimodal pore structure or trending towards a unimodal pore structure [42].

3.2. Matric suction measurement

The measured values of the SWCC for granite residual soil were obtained by PPM, FPM and VEM are summarized in
Fig 7. The curves obtained through these three methods are relatively continuous, collectively providing a comprehensive
representation of the SWCC for GRS. Combining the results of MIP tests, under different wet-dry cycles, the SWCC of
GRS exhibits a bimodal distribution.

3.3. Prediction model for SWCC

Currently, a relatively straightforward method for bimodal SWCC involves dividing them into two segments, referred to as
SWCC1 and SWCC2. Each segment is individually fitted, necessitating the identification of a breakpoint. While this fitting
method often achieves high accuracy on each SWCC segment, it introduces significant discontinuities at the breakpoints,
resulting in an overall non-continuous function [43]. This inherent flaw is unavoidable. In order to overcome this issue,
scholars have proposed a more rational approach, introducing a parameter, denoted as k, within SWCC2 [44]. This
parameter represents the ratio of the intake value in SWCC2 to the residual value in SWCC1. This method more effec-
tively connects the two segments of the bimodal SWCC, crafting a more unified and seamlessly integrated representation.

This study employs the model proposed by Li et al. for fitting the SWCC [45], as illustrated in Equation (1), with the
fitting results shown in Fig 8. Although the bimodal shape of some SWCCs is less prominent, the bimodal Li model was
applied consistently for all samples. This decision is grounded in the unequivocally bimodal PSD revealed by MIP analy-
sis, ensuring the model aligns with the physical microstructure of the GRS.
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Where:
S, ... Is saturation degree of saturated soil, which is usually 1.0;
S, is the residual saturation degree;
s,, is air-entry value of inter-aggregate pores, kPa;
s, is air-entry value of intra-aggregate pores, kPa;
Sg, is residual suction of inter-aggregate pores, kPa;
Sk, is residual suction of intra-aggregate pores, kPa.

The relationship between various parameters in the fitting curve and wet-dry cycles is established, as depicted in Fig
9. The five fitting parameters of SWCC all decrease with the increase in wet-dry cycles. A robust linear correlation can be

established between each parameter and the wet-dry cycles.
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The observed linear decrease in all five SWCC fitting parameters with increasing wet-dry cycles can be fundamentally
attributed to the progressive degradation and rearrangement of the soil’'s microstructure. During repeated drying phases,
the development of capillary and shrinkage stresses leads to the formation of microcracks and the breakdown of larger
aggregates [46,47]. Concurrently, during wetting phases, the slaking of aggregates and the mobilization of fine particles
further contribute to the evolution of the pore network.

The consistent downward shift of the SWCC curve indicates a general coarsening of the pore structure. This is anal-
ogous to the findings from X-ray computed tomography (CT) studies on similar soils, which have quantitatively demon-
strated that wet-dry cycles increase the volume and connectivity of larger inter-aggregate pores while reducing the volume
of smaller intra-aggregate pores [48,49]. The development of such a more open and crack-dominated pore system lowers
the suction required to desaturate the soil, explaining the observed linear trend. Furthermore, the changes in the param-
eters governing the shape of the SWCC curve suggest an alteration in the pore size distribution. The reduction in these
parameters likely signifies a transition towards a more heterogeneous and less well-graded pore system. As aggregates
break down and particles rearrange, the initially well-structured pore size distribution becomes broader and more complex
[50]. This microstructural degradation directly impacts the hydraulic properties, as the permeability and water retention
behavior become increasingly controlled by the newly formed macropores and cracks [47,48].

By applying quantitative equations relating the parameters of the five curves to wet-dry cycles, and incorporating these
parameters into Equation (1), an integrated predictive model for the SWCC of GRS, accounting for the effects of wet-dry
cycles, is obtained, as illustrated in Equation (2).

2/ I —4.48x*N+60.19 —1.01xN+12.72
{0.75-3.(0.0095N+0.18) } /(~1.01xN+12.72)-(—4.48+N+60.19) /toa{( F6019)/¢ 2T}

s2/ Iog((—4.4S*N+60.19)/(—1A01*N+12A72)+\/(_1_01*N+12_72)_(_4'48*N+60_19)
{0.25-(=0.0095+N+0.18)-S,g } - {4-(—4.48+N+60.19) } °*
T 084 {4(—4.48+N+60.19) }°®
3(0.0095+N-+0.18) /(—11.02+N1200.31) (<735 52N 1149131/ 27322 N I3 /(1L 02N 20051}
32/Iog{(—735.52*N+11491.31)/(—11.02*N+2oo.31)}+\/(_11_02*N+200_31),(_735_52*N+11491_31)
(0.0095%N=+0.18)-{4-(~735.52+N+11491.31) } **
T 5084 {4.(~735.52+N+11491.31) } % (2)

Si(s) =

2/10g((—4.48*N+60.19) / (—1.0LxN+12.72)

2/ log{ (-735.52xN+11491.31) /(-11.02%N+200.31) }

3.4. Saturated permeability coefficient

Fig 10 represents the saturated permeability curve for GRS. It can be observed that the saturated permeability coefficients
of soil samples vary within the range of 9.77E-06 to 3.85E-05 under different wet-dry cycles. The saturated permeability
coefficient exhibits an increase with the progression of wet-dry cycles. The second wet-dry cycle has the most significant
impact. The rate of increase slows after the fourth cycle and finally stabilizes.

The notable increase in the saturated permeability coefficient during the initial wet-dry cycles is primarily attributable to
irreversible alterations in the soil microstructure. The primary mechanism involves the formation and extension of micro-
cracks induced by capillary-induced tensile stresses during the drying phase. Concurrently, the weakening of bonds
between soil aggregates upon rewetting triggers particle rearrangement, collectively leading to a more interconnected
pore network. The second cycle often exerts the most significant impact because the soil structure is at its most vulner-
able state—the initial cementation has been broken by the first cycle, while the particles have not yet been reconfigured
into a stable structure. Although the dissolution of soluble salts or cementing agents may contribute to a lesser degree,
the dominant factors in this initial phase are unequivocally the physical structural changes, namely crack formation and
particle rearrangement. The subsequent stabilization of the permeability coefficient after the fourth cycle indicates that
the soil fabric has largely reached a new equilibrium, and further cyclic stresses induce no significant additional structural
evolution.
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3.5. Calculation of unsaturated permeability coefficient

Water and gas exist simultaneously in unsaturated soil, making the permeability coefficient of unsaturated soil more intri-
cate. Childs et al. proposed the Childs & Collis-Geroge permeability prediction model based on the shape of the water-
filled pore space, and established a prediction model for the permeability coefficient of unsaturated soil with arbitrary pore
size distribution [50]. The SWCC can be used to predict the permeability coefficient along the volume moisture content or
saturation. Divide it into equal parts and calculate the relative permeability coefficient based on the matrix suction at the
midpoint of each portion. The permeability coefficient at a particular moisture content or saturation is the sum of the matric
suctions below and inclusive of that moisture content or saturation. The integral form of relative permeability coefficient is

shown in Equation (3):

0 0

0—x s fs—x

= ax ax
g, V(%) /

kw(0) o, V2(X) 3)

Where:

k,(0) is the unsaturated permeability coefficient;

8, is the minimum volumetric water content.

If the permeability coefficient corresponding to the matrix suction in the soil is referenced on the saturated permeability
coefficient k_, the unsaturated permeability coefficient can be expressed as Equation (4):

k(s) = ku(s) - ks (4)

The Childs & Collis-Geroge model is widely used. On this basis, Marshall et al. further simplified the pore size distribution
function into a uniform distribution function [51]. Kunze et al. divided the volume water content into equal parts to achieve an
unsaturated permeability coefficient model with uniform pore size distribution at any pore size [52], as shown in Equation (5):

K (Bu)i = —Adi [(2j+ 1-2i) (ua-uw)ﬂ i=1,2,.,m
= (5)
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Where:

k (6,), is the permeability coefficient at the midpoint of the i-th volume moisture content;

k. is the saturated permeability coefficient;

k. is the calculated saturated permeability coefficient;

(Ua‘UW),- is the matric suction at the j-th discontinuous midpoint;

A, is the adjustment constant, which can be taken as 1;

i is the discontinuity point number; j is the count from i to m.

Equation (5) is divided and calculated according to equal volume moisture content or saturation, and it is appli-
cable to a single modal SWCC. However, in the context of a bimodal SWCC, the variations in volume moisture
content or saturation with increasing matric suction may not be distinct in the boundary effect and the residual
sections. These two stages are directly ignored when employing the Childs & Collis-Geroge model or the Kunze
model.

Zhai et al. proposed that the matric suction can be divided into equal parts to predict the unsaturated permeability coef-
ficient of the bimodal SWCC [53]. This study ignores volume changes and uses this method to calculate the unsaturated
permeability coefficient of bimodal GRS, as shown in Equation (6):

Where:

k (S.), is the permeability coefficient when the matric suctionis s_;

s, is the matric suction at the i-th discontinuity midpoint;

m is the discontinuity point number; i is the count from m to n;

n is the abscissa of the SWCC, the number of intervals divided by equal intervals is counted from the minimum matrix
suction to the maximum matrix suction.

It was found that using this method to predict the bimodal SWCC has certain advantages, but an appropriate step size
needs to be determined during the calculation process. The choice of step size will directly affect the accuracy and effi-
ciency of the calculation. If the step size is too large, the result will be very different from the actual result. If the step size
is too short, too much data will cause the calculation to take too long. Therefore, when setting the step size of the bimodal
SWCC, reasonable values for each range need to be considered to ensure that each characteristic range is covered when
setting the step size. In order to select the appropriate matrix suction interval length, this paper uses three steps of 1
kPa, 5 kPa and 10 kPa to calculate the unsaturated permeability coefficient of the reshaped soil sample respectively. The
results are shown in Fig 11.

It can be seen from Fig 11 that the permeability coefficient with a step length of 10 kPa cannot represent the boundary
effect section and residual section in the SWCC of the soil sample; when the step length is 5 kPa, the residual section is
reflected but the boundary. The effect section is not complete enough; when the step length is 1 kPa, each characteristic
suction range in the SWCC can be well represented. Due to the shorter step lengths, a more extensive dataset is acces-
sible, facilitating a more comprehensive of various matric suction intervals in the bimodal SWCC. In addition, when the
saturation or moisture content is high, the step length has a greater impact on the unsaturated permeability coefficient. In
the low saturation range, the unsaturated permeability curves of the three step lengths basically overlap. In summary, this
paper uses constant matrix suction with a step size of 1 kPa to calculate the unsaturated permeability coefficient of soil
samples.
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Fig 11. Effect of different step lengths on permeability coefficient of GRS.
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Through the utilization of the bimodal SWCC of the GRS, the relationship between the unsaturated permeability coeffi-
cient and the saturation is established. The results are shown in Fig 12. The unsaturated permeability coefficient of GRS
exhibits a nonlinearly variation with saturation, increasing with the increase in saturation or the increase in wet-dry cycles.
Considering the predominant water flow in unsaturated soil comprises gravity water and weakly bound water, coupled with
the SWCC and PSD, it becomes evident that wet-dry cycles induce the formation of pores of a specific size within the soil
[54,55]. Consequently, the seepage paths increase proportionately, resulting in a notable acceleration in water penetration
speed. In addition, the correlation between Igk(s) and saturation under different wet-dry cycles can be expressed by a
logarithmic function, as shown in Fig 13, with the correlation coefficient (R2) is higher than 0.99.

4. Discussion

The experimental and analytical results demonstrate that the evolution of the unsaturated permeability in GRS under
wet-dry cycles is fundamentally controlled by accompanying microstructural alterations. MIP results confirm that the soil
microstructure undergoes significant degradation with an increasing number of cycles, as evidenced by a distinct down-
ward shift in the cumulative intrusion curve. This “pore coarsening” effect is a direct consequence of aggregate breakdown
and microcrack development during repeated shrinkage and swelling [46,47]. The process involves the initial, marked
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collapse of intra-aggregate pores and the progressive development of a more dominant network of inter-aggregate pores,
a phenomenon consistent with mechanisms reported for similar soils where drying-induced stresses and wetting-induced
slaking drive particle rearrangement [48,49].

The systematic coarsening of the bimodal pore structure provides the fundamental microstructural explanation for the
observed changes in the SWCC and the permeability. The notable decrease in the volume of intra-aggregate pores—opri-
marily responsible for water retention at higher suctions—directly reduces the air-entry value and the overall water-holding
capacity of the soil, as reflected by the downward shift of the SWCC. This is quantitatively captured by the linear decrease
in all fitting parameters of the bimodal Li model with increasing cycle number. Concurrently, the expansion and increased
dominance of inter-aggregate pores create more preferential pathways for water flow, leading to the measured increase
in saturated permeability. The most pronounced jump after the second cycle highlights a period of heightened structural
vulnerability, while stabilization after the fourth cycle suggests the establishment of a new microstructural equilibrium.

Consequently, these coupled changes in pore structure and SWCC profoundly alter the unsaturated permeability func-
tion, as predicted by the Zhai model. The unsaturated permeability coefficient of GRS varies nonlinearly with saturation,
increasing with higher saturation or after more wet-dry cycles. A critical finding is that while the coarsened pore network
enhances saturated permeability, it also leads to a more abrupt decrease in relative permeability as suction rises. This
occurs because the water films within the enlarged pores and cracks become disconnected more readily during desatu-
ration. The excellent logarithmic correlation between Igk(s) and saturation robustly quantifies this predictable behavioral
shift. Therefore, after multiple wet-dry cycles, the soil not only retains less water but also exhibits a significantly reduced
water transmission capability under unsaturated conditions.

In summary, a clear causal pathway has been established: wet-dry cycles induce microstructural coarsening, which
concurrently lowers the SWCC, increases saturated permeability, and fundamentally transforms the unsaturated conduc-
tivity function. This degradation of hydraulic properties underscores the importance of considering long-term environmen-
tal cycling in the assessment of GRS behavior, particularly for slope stability involving cyclic infiltration and drying. The
predictive models developed, which successfully link key parameters to the number of cycles, provide a practical frame-
work for estimating property evolution. Their application, however, should be mindful of the specific laboratory conditions
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Fig 13. Relationship between unsaturated permeability coefficient and saturation of GRS.
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under which they were derived, and further validation under in-situ stress states and varying soil profiles is recommended
to confirm their broader utility.

5. Conclusions

In this study, MIP, PPM, FPM, VEM, and saturated permeability coefficient tests were conducted on sampled GRS. The
soil pore structure characteristics and PSD under different wet-dry cycles were analyzed. The entire matric suction range
SWCC of GRS were measured and a predictive model was proposed. The saturated permeability coefficient was deter-
mined and the unsaturated permeability coefficient was calculated based on the SWCC in the entire matric suction range.
The following conclusions can be drawn based on the test results and analysis:

(1) The pore distribution of GRS shows a significant bimodal pore structure. The peak intra-aggregate pore diameter is
about 450 nm, and the peak inter-aggregate pore diameter ranges from 20000 nm to 60000 nm, is the fundamental
reason for its bimodal SWCC. The pore distribution density of intra-aggregate pore values is higher than the inter-
aggregate pore. As the wet-dry cycles increases, the intra-aggregate pore distribution density only experiences a
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significant decrease during the first cycle. Meanwhile, there is a noticeable decrease in inter-aggregate pore distribu-
tion density. The evolution of the SWCC with wet-dry cycles is mechanistically explained by the differential response
of these pores. The significant decrease in intra-aggregate pore density after the first cycle is attributed to the collapse
of unstable aggregates upon initial wetting. The subsequent, more gradual decrease in inter-aggregate pore density

is due to the progressive rearrangement and compaction of soil aggregates, leading to a coarser pore network. This
microstructural coarsening directly governs the hydraulic property evolution.

(2) The evolution of the pore structure and SWCC directly alters the unsaturated seepage behavior in GRS slopes. The

saturated permeability coefficient of GRS under different wet-dry cycles is between 9.77E-06 ~3.85E-05. With the pro-
gression of wet-dry cycles, the rate of increase slows down after the fourth cycle and finally stabilizes. Consequently,
GRS slopes will experience enhanced infiltration capacity and faster drainage over time, especially after rainfall
events. This is crucial for evaluating the long-term stability of slopes, as it affects pore-water pressure development
within the soil mass. Engineers should account for this seasonally enhanced permeability in their designs to ensure
long-term safety.

(3) The combination of PPM, FPM, and VEM can cover the entire range of matric suction of GRS. A bimodal SWCC

prediction model of GRS considering the wet-dry cycles was constructed is fitted using the Li model, and the correla-
tion coefficient (R?) are all higher than 0.95. The unsaturated permeability coefficient of GRS exhibits a nonlinearly
variation with saturation, increasing with the increase in saturation or the increase in wet-dry cycles. The unsaturated
permeability coefficient of bimodal GRS was calculated based on the Zhai model. The Igk(s) and saturation can be
expressed by a logarithmic function, with the correlation coefficient (R?) higher than 0.99 under different wet-dry
cycles. These high-fidelity models provide a practical tool for predicting the hydraulic properties of GRS under varying
environmental conditions without the need for extensive repeated testing. The primary application lies in simulating the
hydrological response of GRS-filled structures under repeated wetting and drying scenarios. However, a key limitation
is that the models are calibrated for the specific soil composition and compaction effort used in this study. Their gener-
alizability to other GRS types or different initial compaction energies should be validated in future work. Furthermore,
the models’ performance under field-scale, heterogeneous conditions warrants further investigation.
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