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The matric suction of three types of dam impervious soils (HZ, ZJ, and WY) 
was measured during drying-wetting cycles under various compaction degrees 
using the filter paper method. The soil-water characteristic curves (SWCCs) 
were fitted using the van Genuchten (VG) model and the Fredlund-Xing (FX) 
model. Based on the fitting parameters, the water retention characteristics of the 
impervious soils were evaluated. Combined with particle size distribution curves 
and scanning electron microscopy (SEM) images, the influence mechanism of 
compaction degree on water retention was investigated from a microstructural 
perspective. The results show that: (1) The filter paper method revealed distinct 
suction–water content behaviors across soil types and compaction levels. The 
HZ soil showed the lowest air-entry value (AEV) and highest sensitivity to 
compaction, while WY soil maintained strong water retention and minimal 
variation in SWCC, indicating structural stability. (2) The VG model consistently 
outperformed the FX model in fitting the SWCCs of all three soils, with all
R2 values exceeding 0.95. VG provided more stable parameter trends (a, n) 
and better captured the influence of compaction on hysteresis, especially 
for fine-grained soils. (3) SEM images and particle size distribution analyses 
confirmed that WY and ZJ soils possess higher clay content, denser particle 
arrangements, and smaller pores, contributing to stronger water retention. In 
contrast, the sandier HZ soil exhibited coarser pores, more significant structural 
rearrangement under compaction, and an increased presence of ink-bottle 
pores, intensifying the hysteresis effect. This study reveals the microstructural 
mechanism through which particle size composition and compaction degree 
jointly regulate the water retention properties of dam impervious soils, providing 
a basis for unsaturated seepage analysis and seepage control design in earth-
rock dams.
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1 Introduction

With the intensification of global climate change, frequent 
fluctuations in reservoir water levels pose severe challenges to the 
seepage stability of earth-rock dams (Guellouz et al., 1995; Wu et al., 
2017). Similar soil-structure interaction issues have been reported in 
underground stability problems (Alsabhan et al., 2021). As the core 
structure of hydraulic engineering, the compaction degree gradient 
of impervious soils in dam construction can significantly influence 
the hydro-mechanical coupling behavior of unsaturated soils by 
altering pore structure and suction hysteresis effects (Anandarajah 
and Amarasinghe, 2012; Sheng and Zhou, 2011; Song and Choi, 
2012). Traditional studies have mostly focused on homogeneous 
impervious soils or single compaction conditions. However, the 
heterogeneous nature of actual dam impervious soils—such as 
differences in particle size distribution between sandy and clayey 
soils—has not yet been systematically investigated. Although it 
is well established that fluctuations in reservoir water levels can 
cause seepage field redistribution (e.g., phreatic line lag and abrupt 
changes in seepage force) and reduced stability, the dynamic 
response mechanisms of suction under compaction gradients in 
dam impervious soils remain insufficiently explored.

In the field of unsaturated soil mechanics, the dual stress state 
variable theory proposed by Fredlund and Morgenstern (1977) 
laid the foundation for understanding hydro-mechanical coupling 
behavior. Based on this theory, researchers have quantified pore 
water pressure and permeability characteristics of unsaturated soils 
using the soil-water characteristic curves (SWCC) and permeability 
coefficient functions (Vanapalli et al., 1996). For instance, the VG 
model (1980) mathematically describes the nonlinear relationship 
between saturation and matric suction, while the Brooks (1965) 
further reveals the influence of pore structure on the shape of 
the SWCC. These studies have demonstrated that changes in pore 
structure significantly affect suction hysteresis, thereby altering the 
hydraulic conductivity of soils (Topp and Miller, 1966). However, 
most existing studies have focused on static analyses under a single 
compaction condition, without fully capturing how the soil–water 
characteristic curve and pore structure change as the degree of 
compaction varies in real-world situations (Lu and Likos, 2006).

Compaction degree, as a key factor influencing the behavior 
of unsaturated soils, has been extensively confirmed through 
experiments to be closely related to void ratio, particle 
arrangement, and degree of saturation (Delage and Lefebvre, 1984; 
Ekraminia et al., 2023; Nikbakht et al., 2022). Tinjum et al. (1997) 
analyzed the SWCCs of clay under different compaction degrees and 
found that higher compaction results in a denser pore structure, 
leading to a reduced hysteresis loop area and increased air-entry 
value (AEV) in the SWCC. Similarly, the study by Berisso et al. 
(2013) showed that increasing compaction significantly decreases 
the soil’s permeability coefficient, and enhances permeability 
anisotropy with greater compaction effort. Raghuram et al. (2024) 
investigated the effects of sample size and dry density on the 
properties of expansive soils, with a particular focus on soil-water 
characteristic curves (SWCC) and the stability of unsaturated 
finite slopes, further highlighting the decisive role of dry density 
in controlling matric suction and slope stability. However, it is 
worth noting that most existing studies have focused on one fixed 
compaction level and only described the soil–water relationship at 

that state, without quantitatively exploring how the pore structure 
changes and how suction gradually decreases when soil becomes 
more compacted (Zhou et al., 2012).

In practical engineering applications, the impervious soils 
used in earth-rock dam construction often exhibit significant 
heterogeneity, such as differences in particle size distribution 
between sandy and clayey soils, and compaction degree gradients 
caused by layered filling. Although some studies have attempted 
to incorporate heterogeneity through numerical simulations 
(Cui et al., 2008), these approaches often rely on simplified 
layered homogeneity assumptions and fail to fully capture the 
nonlinear variations in permeability characteristics under the 
coupled influence of particle gradation and compaction degree. 
For example, when seepage control materials with a wide range of 
particle sizes are unevenly distributed, the resulting pore structure 
heterogeneity can cause large variations in the permeability 
coefficient, sometimes differing by several orders of magnitude 
(Ozgurel and Vipulanandan, 2005). While notable advancements 
have been made in incorporating spatial heterogeneity into stability 
analysis models (Fenton and Griffiths, 2008; Kumar et al., 2020), 
many practical applications still adopt homogenized parameters 
due to limited data availability and computational efficiency. Such 
simplifications, though useful, may introduce discrepancies between 
modeled and actual seepage fields, especially in strongly layered or 
spatially variable soils. Therefore, conducting unsaturated hydro-
mechanical coupling studies that consider compaction degree 
gradients and particle gradation has become a key direction for 
overcoming theoretical limitations (Lu and Likos, 2004).

This study aims to systematically reveal the suction response 
mechanism and model applicability of dam core impervious soils 
under the combined effects of compaction degree gradients and 
particle size distribution, addressing the current lack of attention 
to the interaction mechanisms of such composite control variables. 
Unlike earlier studies that primarily focused on the influence of 
compaction on SWCC, the novelty of this work lies in three aspects: 
(1) the comparative investigation of three typical dam construction 
soils (HZ, WY, ZJ), which highlights the differentiated suction 
responses under varying compaction conditions; (2) the integration 
of microstructural observations (SEM) with SWCC test results, 
which interprets how compaction degree regulates suction paths and 
hysteresis behavior through pore structure evolution; and (3) the 
quantitative analysis of compaction gradient effects via model fitting, 
comparing the applicability of the VG and FX models to identify the 
most suitable model for each soil type.

The filter paper method was used to determine the SWCCs of 
three typical dam construction materials at different compaction 
levels, obtaining matric suction–water content relationships under 
dynamic drying and wetting paths. The measured SWCC data 
were fitted using two commonly applied models, VG and FX, 
to derive the functional forms of the curves. By comparing the 
fitting performance of these models, the most suitable model for 
each soil type was identified. Finally, microstructural observations 
and particle size analyses were incorporated to interpret, from a 
structural evolution perspective, how compaction degree regulates 
suction path differences and hysteresis behavior. The results provide 
theoretical support for SWCC model selection, hysteresis analysis, 
and seepage stability prediction in compacted heterogeneous soils, 
contributing to the safe design of earth-rock dams. 
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TABLE 1  Mineral content.

Soil type Mineral relative content (%)

Quartz Kaolinite Illite Montmorillonite Albite Microcline Pyrite

HZ 25.00 49.69 22.82 2.40 – – –

WY 20.29 78.63 – – – – 1.08

ZJ 21.74 18.01 31.50 – 15.42 13.32 –

TABLE 2  Physical indexes.

Liquid limit (%) Plastic limit (%) Plasticity index Specific gravity Maximum dry 
density (g/cm3)

Optimum 
moisture 

content (%)

HZ 40.8 25.5 15.3 2.7 1.62 23.0

WY 53.8 30.8 23.0 2.77 1.59 25.0

ZJ 33.1 21.1 12.0 2.74 1.82 16.0

TABLE 3  Saturated volumetric water content of the three soil samples 
under different compaction conditions.

Degree of compaction Saturated volume moisture 
content (%)

100.0 98.0 95.0 92.0

HZ 43.16 44.64 45.77 45.44

WY 51.57 50.81 52.96 53.07

ZJ 45.83 45.59 44.83 45.56

2 Materials and methods

2.1 Soil samples and basic properties

Three types of dam construction impervious soils were collected 
from Hangzhou, WuYi, and Zhuji in Zhejiang Province, China, 
and are denoted as HZ, WY, and ZJ, respectively. The mineral 
compositions of the three materials were determined using X-
ray diffraction (XRD) analysis and are summarized in Table 1. 
The primary minerals in HZ soil are quartz, illite, kaolinite, and 
montmorillonite; WY soil mainly consists of quartz, kaolinite, and 
pyrite; while ZJ soil is composed primarily of quartz, illite, kaolinite, 
albite, and microcline. Table 2 presents the basic physical properties 
of the samples. 

2.2 Experimental methods

The matric suction of the soil samples was measured using 
the filter paper method, which was selected for its wide applicable 

suction range and ease of implementation across all compaction 
levels. Whatman No. 42 filter paper was used in the test. Both the 
test filter paper and the protective filter paper (slightly larger than 
the test filter paper) were dried in an oven at 105 °C for more 
than 2 h. The containers used for drying were thoroughly cleaned 
with distilled water, dried, and covered with ordinary filter paper 
during drying to prevent contamination. After drying, the test filter 
papers were sealed in airtight bags and stored in a desiccator for 
later use (Lucian, 2012).

The soil samples were first oven-dried at 105 °C for 24 h and 
then passed through a 2 mm sieve. Distilled water was added to 
the sieved soils based on the optimum moisture content, and the 
mixture was stirred thoroughly. The moist soil was then sealed and 
cured in a humidity chamber for 3 days to ensure uniform moisture 
distribution. Compacted specimens with degrees of compaction 
of 100%, 98%, 95%, and 92% were prepared using a ring cutter 
with a diameter of 61.8 mm and a height of 20 mm. The prepared 
compacted specimens were saturated using the vacuum saturation 
method. The mass of the saturated samples was measured to 
calculate the saturated water content. Based on the saturated water 
content, eight target moisture contents were designed for suction 
measurement. The saturated volumetric water contents of the three 
soils under different compaction levels are shown in Table 3. As 
the degree of compaction decreases, the saturated volumetric water 
content does not exhibit a strictly monotonic increasing trend. For 
instance, in HZ soil, the value slightly increases from 43.16% at 
100% compaction to 45.77% at 95%, then drops to 45.44% at 92%. 
This non-monotonic behavior may be attributed to microstructural 
rearrangements during compaction. At intermediate compaction 
levels, soil particles may form a more open but well-connected pore 
structure that retains more water under saturated conditions. Similar 
findings were reported by (Al-Mahbashi et al., 2020), who noted 
that moderate compaction energy could lead to enhanced water 
retention due to pore redistribution and structural transition.
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FIGURE 1
Measured SWCCs of the three types of dam impervious soils. (a) HZ. (b) WY. (c) ZJ.

The soil samples were naturally air-dried. They were placed on 
trays lined with clean waterproof membranes in a shaded, ventilated 
environment. The mass of the soil samples was tested at regular 
intervals, and the moisture content was calculated. Once the target 
moisture content was reached, the samples were completely wrapped 
in cling film and placed in a moisture chamber filled with distilled 
water for 3 days to ensure uniform moisture distribution and 
avoid uneven drying (e.g., wet interior and dry exterior). After the 
dewatering process, one soil sample was taken, and the cutting edge 
of the ring knife was placed face-up. A piece of protective filter paper 
was placed on the sample, followed by a test filter paper. The mass of 
the test filter paper was measured using an analytical balance with a 
precision of 0.0001 g. After testing, the test filter paper was quickly 
placed on top of the protective filter paper. Another sample, with 
the same moisture content, was placed face-down on top of the first 
sample, and the two cutting edges were aligned. The contact area 
between the two cutting edges was sealed with insulating electrical 
tape to form a matric suction test sample. The test sample was tightly 

wrapped in cling film, then in aluminum foil, and finally sealed with 
paraffin wax. The sample was placed in a temperature and humidity-
controlled chamber at 20 °C for 10 days. After the curing period, 
the test samples were disassembled. The test filter paper was quickly 
removed with tweezers and weighed. Additionally, the mass of the 
soil sample was recorded to calculate its moisture content, after 
which the soil sample was tightly wrapped again.

The droplet method was adopted for the wetting process. The 
soil samples, after completing the drying phase, were placed in 
an oven at 105 °C for 24 h to ensure complete dehydration. Once 
cooled, deionized water was gradually and uniformly added to the 
samples using a dropper, according to the designed water content 
increments. When the target water content was reached, each sample 
was tightly wrapped with plastic film and cured in a humidity 
chamber for 3 days to ensure uniform moisture distribution. After 
curing, the filter paper method was repeated following the same 
procedure as in the drying path, in order to obtain the relationship 
between matric suction and water content during the wetting 
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FIGURE 2
HZ soil measured data and fitted curves using VG model and FX model. (a) 100%. (b) 98%. (c) 95%. (d) 92%.

process. The calibration curve of the filter paper was adopted 
from ASTM D5298-10, as given by Bicalho et al. (2007), and is 
expressed as Equation 1:

{
{
{

lgh = 5.327− 0.0779W fp W fp < 45.3%

lgh = 2.412− 0.0135W fp W fp > 45.3%
(1)

Where h represents the matric suction, and W fp denotes the 
water content of the filter paper. Based on the experimental results, 
the matric suction corresponding to the water content gradient 
during the drying and wetting processes was calculated for the three 
soil types under different compaction conditions. The relationship 
between water content and matric suction was then plotted to 
obtain the SWCCs. 

2.3 Fitting models

The Van Genuchten (VG) model and Fredlund and Xing (FX) 
model were employed to perform nonlinear fitting analyses of 

the SWCCs for the three soil types under different compaction 
conditions. In fact, to better describe the water retention 
behavior of unsaturated soils, numerous SWCC models have 
been proposed by researchers (Leong and Rahardjo, 1997; Matlan 
et al., 2016). However, the applicability of these models often 
depends on factors such as soil type and properties, making 
the selection of an appropriate model crucial for accurately 
describing the SWCC (Maaitah, 2012). Among these, the VG 
model and the FX model are widely used in SWCC fitting and 
analysis. These two models were selected in this study for the 
following reasons: (1) Both models are widely used and well-
validated in engineering and research applications for different 
soil types; (2) The VG model performs well in the low-to 
medium-suction range and provides interpretable parameters 
related to air-entry value and pore-size distribution, while the 
FX model is capable of describing the full suction range by 
introducing a correction factor, making it suitable for analyzing 
drying–wetting hysteresis; (3) Compared to stepwise models such 
as Brooks–Corey, these models adopt continuous functions, which 
avoid instability in fitting fine-grained soils and facilitate correlation 
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FIGURE 3
WY soil measured data and fitted curves using VG model and FX model. (a) 100%. (b) 98%. (c) 95%. (d) 92%.

with microstructural characteristics; (4) Model parameters (e.g., a 
and n); can be directly associated with pore structure evolution, 
supporting the microstructural analysis in this study. Other 
models, such as Brooks–Corey, Kosugi, Gardner, and lognormal 
distribution models, were not considered because they require 
additional calibration and may not capture the continuous 
variation and hysteresis behavior of compacted fine-grained soils 
effectively.

The VG model, proposed by Van Genuchten (1980) based on 
the pore-size distribution function, is a method for parameter fitting 
of experimental data using the nonlinear least squares method, 
as shown in Equation 2.

θ(h) = θr +
θs − θr

(1+ (ah)n)m
(2)

Where θr is the residual volumetric water content, θs is the 
saturated volumetric water content, a is a fitting parameter related 
to the air-entry value, h is the matric suction, and n is a fitting 
parameter related to the pore-size distribution. The parameter m is 

defined as m = 1− 1/n. The FX model (1994) (Equations 3 and 4) 
operates on similar fitting principles to the VG model. However, 
the FX model introduces a correction factor C(h), which strictly 
ensures that the water content becomes zero when the matric 
suction reaches 106 kPa. Compared to the VG model, the FX 
model provides a more complete fitting range, is applicable to a 
wider variety of soil types, and generally produces more stable 
fitting results.

θ = C(h)
θs

{ln[e+ h
a
]n}m

(3)

C(h) = 1−
ln (1+ h

hr
)

ln (1+ 106

hr
)

(4)

Where: a is a fitting parameter related to the air-entry value; 
n and m are fitting parameters associated with the pore-size 
distribution; hr is the matric suction corresponding to the residual 
volumetric water content. 
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FIGURE 4
ZJ soil measured data and fitted curves using VG model and FX model. (a) 100%. (b) 98%. (c) 95%. (d) 92%.

3 Results and analysis

3.1 Characteristics and model fitting of the 
drying–wetting SWCCs

The SWCCs of the three types of dam impervious soils are 
shown in Figure 1. All samples exhibit a generally consistent trend 
in their SWCCs. When suction exceeds the AEV, air begins to 
invade the largest pores in the saturated samples. As matric suction 
continues to increase, progressively smaller pores lose water until 
the residual water content is reached. Beyond this point, further 
increases in suction cause little change in saturation. At the same 
suction, a higher SWCC indicates stronger water retention capacity. 
In this study, the overall water retention ranking of the three 
soils is: WY > ZJ > HZ. With increasing compaction degree, the 
water retention capacity of all three soils decreases, and the area 
enclosed by the hysteresis loop increases. A larger hysteresis loop 
implies greater irreversibility in moisture migration and higher 
complexity in the pore structure, which may result from an increase 

in ink-bottle pores and reduced pore connectivity. Analogous to 
flow resistance in porous and pipe systems (Haroon et al., 2017), 
pore geometry exerts strong influence on suction–water content 
response. Notably, the water retention capacity of HZ soil is more 
responsive to compaction, as reflected in the wider spread of 
its SWCCs under different compaction conditions. In contrast, 
the SWCCs of the other two soils remain more concentrated, 
indicating a less significant influence of compaction on their water 
retention behavior.

The fitting results of the VG and FX models for each dam 
core seepage control material are shown in Figures 2–4, and the 
corresponding fitting parameters are listed in Table 4. There are 
certain differences in the fitting accuracy of the SWCCs. Overall, 
the VG model shows the best agreement between fitted and 
measured values across all soil layers, with significantly better fitting 
performance than the FX model, and R2 values all above 0.95. 
Notable differences are observed in the fitting parameters aa and nn 
between the VG and FX models. In the VG model, the parameter aa 
ranges from 0.01 to 0.08, and the shape parameter nn falls between 
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TABLE 4  Comparison of fitting parameters between VG model and FX model.

Specimens Parameter Model Drying Wetting

100.0 98.0 95.0 92.0 100.0 98.0 95.0 92.0

HZ

a
VG 0.02585 0.02773 0.0326 0.03301 0.0368 0.0555 0.06833 0.08132

FX 3.9399 3.92174 5.14266 10.7103 4.1971 6.9204 10.0491 14.8221

n
VG 0.6048 0.6154 0.61056 0.58759 0.7563 0.7678 0.75133 0.72173

FX 1.2447 1.22673 1.23123 1.22368 1.3090 1.3272 1.33006 1.30066

R2
VG 0.9819 0.976 0.96794 0.97116 0.9864 0.9709 0.9726 0.97728

FX 0.8890 0.91214 0.90565 0.91347 0.9633 0.9488 0.94369 0.94821

WY

a
VG 0.0106 0.01087 0.01061 0.01277 0.0530 0.0531 0.06926 0.0741

FX 4.7191 0.28166 0.5125 1.87326 23.633 22.340 10.4863 23.1913

n
VG 0.17372 0.17892 0.17877 0.11954 0.6496 0.6394 0.56838 0.51396

FX 1.07095 1.0229 1.04558 1.0439 1.1974 1.1398 1.34656 1.42863

R2
VG 0.96438 0.9815 0.96702 0.97982 0.9554 0.9714 0.9815 0.97926

FX 0.89828 0.93055 0.91502 0.89271 0.9251 0.9635 0.93798 0.93475

ZJ

a
VG 0.02496 0.02675 0.02983 0.03056 0.0275 0.0433 0.05207 0.05698

FX 7.7352 11.56345 33.35673 41.26381 3.6394 8.4199 11.82228 15.48756

n
VG 0.124 0.13647 0.22273 0.25657 0.11368 0.1808 0.21032 0.3159

FX 1.13809 1.1413 1.17741 1.17292 1.2137 1.2273 1.21848 1.2231

R2
VG 0.96375 0.98806 0.99581 0.99347 0.9723 0.9485 0.95516 0.95494

FX 0.94461 0.91471 0.84285 0.8114 0.9636 0.9428 0.93319 0.91206

Bold indicates better values.

0.5 and 1.5. In contrast, the FX model yields a values between 0 and 
40, and n values ranging from 1 to 1.4. Furthermore, in the low 
suction range, the VG model tends to predict lower SWCC values 
than the FX model, while in the high suction range, the VG model 
gives higher predictions than the FX model. The irregular parameter 
fluctuations in the FX model indicate that it is highly sensitive to 
data distribution in the low-suction range. This sensitivity, combined 
with the limited number of measurement points in that range, may 
amplify local fitting errors. Although the overall fitting accuracy 
of the FX model (as reflected by R2 values) remains within an 
acceptable range, it is clearly lower than that of the VG model. 
These results suggest that the FX model exhibits instability and lower 
robustness under compacted fine-grained soil conditions, making 
it unsuitable for detailed mechanistic interpretation. Therefore, the 
VG model is recommended as the preferred option for predicting 
SWCC behavior in engineering applications. Beyond classical fitting 
approaches, data-driven methods have also been employed in 
geotechnical diagnostics (Ahmad et al., 2025a), and could provide 
complementary pathways for capturing complex nonlinearities in 
SWCC behavior.

The significant influence of compaction degree on ΔAEV 
(ΔAEV represents the difference in D-values between the two 
paths) shows an overall trend where ΔAEV decreases as compaction 
degree increases. Taking the HZ soil sample as an example (VG), 
when the compaction degree increases from 92% to 100%, the 
ΔAEV value decreases by approximately 35%. This phenomenon 
may be attributed to the reduction in the number of large pores 
and the increased proportion of medium and small pores in highly 
compacted soil. Such homogenization of pore distribution weakens 
the “bottleneck effect” of hysteresis, the differential behavior where 
large pores preferentially drain during desorption while small pores 
preferentially absorb water during adsorption.

Figure 5 illustrates the relationship between the fitted 
parameters a and n and the degree of compaction for the three 
types of dam impervious soils. Here, a is the inverse of the AEV 
and reflects the soil’s initial water absorption capacity. A higher 
a indicates a lower air-entry value, meaning that during the 
desaturation process, less suction is required for air to enter the 
soil pores and displace water. As shown in Figure 5a, for all soil 
types, a increases with decreasing compaction degree. This suggests 
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FIGURE 5
Relationship between VG model fitting parameters (a) a and (b) n and compaction degree.

that a lower degree of compaction results in a lower air-entry value 
and a higher proportion of macropores, making water easier to expel 
under low suction. Among the three soils, HZ soil has the lowest 
air-entry value, making it the easiest to lose water at low suction, 
while WY soil has the highest air-entry value, making it the most 
resistant to water loss under the same conditions.

Parameter n characterizes the uniformity of pore size 
distribution—higher values indicate more concentrated pore 
sizes and steeper changes in water content with suction. 
As seen in Figure 5b, for both HZ and WY soils, n decreases 
with decreasing compaction, indicating that pore size distribution 
becomes more heterogeneous at lower compaction levels. In 
contrast, the n values of ZJ soil are relatively similar during drying 
and wetting cycles, suggesting minimal differences in pore structure 
during drying and wetting, with relatively uniform and dispersed 
distribution. Notably, HZ and WY soils both show more uniform 
pore distribution during drying compared to wetting. However, 
WY soil exhibits the greatest difference in pore structure behavior 
between wetting and drying processes. 

3.2 Influence mechanism of microstructure 
on SWCCs

The pore distribution and particle arrangement of soil are key 
factors that determine the shape of the SWCC and its water retention 
behavior. Figure 6 shows the particle size distribution curves of the 

three dam impervious soils. Additionally, SEM images of the soils 
at 95% and 85% compaction degrees were obtained using the high-
performance Quanta 250 SEM instrument manufactured by FEI 
(Netherlands), with a magnification of 500×. Prior to testing, soil 
samples were treated using the vacuum freeze-drying method to 
preserve the original microstructure within the soil. It is recognized 
that SEM provides localized observations that cannot fully capture 
global pore network characteristics; therefore, microstructural 
interpretation in this study relies on SEM morphology combined 
with particle size distribution and model parameter analysis.

The particle size distribution curves show that the dam 
impervious soils WY and ZJ have more fine and clay particles 
compared to HZ, with WY containing more clay particles than ZJ. 
The HZ soil sample has more sand particles and fewer fine and clay 
particles, leading to fewer contact points between large particles, 
which facilitates the formation of larger pores and results in a smaller 
AEV. Additionally, the fewer clay particles in HZ soil reduce the 
adsorption of water molecules, resulting in poorer water retention 
capacity. The fewer particle contact points also cause significant 
adjustments in pore structure when compaction changes, leading 
to a more noticeable fluctuation in water retention capacity with 
changes in compaction. The WY dam seepage control soil has 
generally smaller particle sizes, with more contact points between 
particles and smaller pore sizes. As a result, its AEV is much higher 
than the other two soils. Due to the limited space for structural 
rearrangement during compaction adjustments, its water retention 
characteristics are less sensitive to changes in compaction. The 
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FIGURE 6
Particle size distribution curves of the three dam impervious soils.

FIGURE 7
SEM images of the three soil types (WY, ZJ, HZ) at 95% and 85% compaction. (a)HZ 95%. (b)WY 95%. (c) ZJ 95%. (d)HZ 85%. (e)WY 85%. (e)ZJ 85%.

ZJ dam seepage control soil’s air entry value and water retention 
characteristics fall between those of WY and HZ.

Figure 7 shows the SEM images of the three soil types (WY, 
ZJ, HZ) at 95% and 85% compaction, the particles stack together 
to form relatively large pores, which causes the moisture to be 

easily drained at low suction. During the initial stage of the 
dehumidification process, all pores (large, medium, and small) are 
filled with water, and the air content is zero. The water exists 
in a free liquid form, with flow primarily driven by gravitational 
potential (such as drainage or seepage). The water in large pores 
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has low viscosity resistance, and under the action of gravity, it 
drains first. Due to the larger particle size, there are fewer contact 
points between particles, so the compaction effect is significant. 
At 95% compaction, both pore number and volume are markedly 
reduced compared to 85%, with greater decreases in pore depth 
and width than in the other two soils, indicating a denser structure. 
Therefore, its water retention capacity responds more significantly 
to compaction changes, which is well verified in Figure 2. The 
significant compaction effect causes noticeable changes in the 
pore structure, and as compaction increases, “narrow-neck wide-
chamber” ink-bottle-shaped and closed pores increase in number. 
The pore size distribution changes, exacerbating the hysteresis effect 
between the dehumidification and humidification paths. During 
the humidification process, water enters the wide chamber through 
the narrow entrance, overcoming the low capillary resistance at the 
entrance, while in the dehumidification process, the water inside the 
wide chamber needs to be discharged through the same narrow exit, 
where a higher capillary barrier is formed, requiring greater suction 
to drain. Furthermore, the increase in independent bubbles occupies 
the pores, making it harder for the water in the humidification 
process to break through the air-water interface and be expelled.

The microscopic structure of WY dam seepage control soil is 
clearly the densest among the three. The maximum pore size is 
much smaller than that of the other two soils, which is why the 
air-entry value of WY is much higher than that of the other dam 
impervious soils. With more contact points between particles, the 
compaction effect caused by the compaction process is weakened. 
From 85% to 95% compaction, the change in the number, area, 
and size of pores is minimal, which explains why the soil-water 
characteristic curve of WY dam seepage control soil is less sensitive 
to compaction changes, and the rate of increase in air-entry 
value with compaction is slow. The pores formed by the small 
clay particles in dam impervious soils are very tiny, and since 
capillary negative pressure (suction) is inversely proportional to 
pore radius, the matrix suction rises significantly, giving it the 
best water retention capacity. These findings align with recent 
studies on soil thermal behavior under energy infrastructure, where 
pore-scale features controlled heat–moisture transport dynamics 
(Ahmad et al., 2021; Ahmad et al., 2025b). 

4 Conclusion

The filter paper method was used to measure the Soil 
Water Characteristic Curves (SWCCs) during drying-wetting cycles 
for three types of dam core impervious soil materials under 
varying compaction degrees. The obtained SWCCs were fitted 
using the VG model and the FX model. The water retention 
characteristics of the three materials were evaluated based on the 
fitted parameters. Furthermore, the differences in water retention 
behavior and compaction response among the three soil materials 
were analyzed from a microstructural perspective, based on particle 
size distribution curves and SEM images. The main findings are 
as follows. 

1. The fitting accuracy of the VG and FX models varied across 
the SWCCs. Overall, the VG model showed better agreement 
with the measured values, outperforming the FX model 
significantly, with all R2 values exceeding 0.95.

2. The AEV of the HZ dam core material was the lowest, 
while that of the WY material was the highest. In terms 
of water retention capacity, the ranking from highest to 
lowest was: WY > ZJ > HZ. This is attributed to the high 
sand content and relatively low clay and silt content in HZ 
soil, leading to the formation of larger interparticle pores. 
As a result, water is easily lost under low suction, and the 
capillary forces provided by the small pores at high suction 
are also weak. In contrast, ZJ and WY soils contain a greater 
proportion of clay and silt particles and exhibit a denser 
structure, making them more resistant to water loss under 
low suction and exhibiting stronger water retention under
high suction.

3. The influence of compaction degree on the water retention 
capacity of HZ soil was more pronounced than that of 
the other two soils. With increasing compaction, the AEV 
of HZ soil decreased significantly, and the area of the 
hysteresis loop gradually increased. In contrast, WY and 
ZJ soils showed relatively minor changes. This is because 
HZ soil has fewer particle contact points, making structural 
rearrangement more likely during compaction. On the 
other hand, WY and ZJ soils have more interparticle 
contacts and limited deformation space during compaction, 
rendering their water retention less sensitive to changes in
compaction.

4. This study enhances the understanding of how compaction 
affects SWCCs and microstructure in dam impervious 
soils, offering practical guidance for field compaction 
control. The results also lay a foundation for future research 
on unsaturated soil behavior under varying compaction
conditions.
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