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Abstract

The water retention and permeability characteristics of loess are core factors governing
geological disaster prevention and engineering stability in the loess regions of northwest
China. This study focuses on Yangling loess, systematically conducting soil water character-
istic curve (SWCC) measurements and saturated permeability tests under different initial
compaction degrees and water contents using a pressure plate apparatus and a TST-55
permeameter. By combining fitting analyses of the Gardner, Fredlund–Xing, and Van
Genuchten SWCC models, the study reveals the influence mechanism of initial conditions
on the water retention properties of Yangling loess. Furthermore, the unsaturated hydraulic
conductivity of loess was predicted using the Van Genuchten–Mualem model. Finally,
a quantitative relationship model between hydraulic conductivity and multiple factors
(initial compaction degree, water content, and matric suction) was constructed using the
response surface methodology. The results indicate the following: (1) A higher initial
compaction degree and water content lead to a higher air entry value of loess, resulting
in stronger water retention capacity. Among the three models, the Van Genuchten model
exhibits the optimal fitting effect for the SWCC of Yangling loess. Its parameter a (related
to the air entry value) decreases significantly with increasing compaction degree, while
parameter n (pore size distribution index) increases linearly. The SWCC model, considering
compaction degree, established based on these findings, can accurately predict the water
retention characteristics in the high suction range (0~1200 kPa). This model’s precision
in the high-suction segment is particularly valuable, as it addresses a critical range for
engineering applications where soil behavior transitions from near-saturated to highly
unsaturated states. (2) When loess transitions from a saturated to an unsaturated state, the
hydraulic conductivity decreases up to 104 times. Both increased initial compaction degree
and water content lead to a significant reduction in hydraulic conductivity. This drastic
reduction highlights the sensitivity of loess permeability to saturation changes, which is
attributed to the rapid reduction in interconnected pore channels as soil suction increases
and pore spaces are filled or compressed under higher compaction. (3) The response
surface prediction model quantitatively reveals the influence weights of various factors on
hydraulic conductivity in the order of matric suction > initial compaction degree > initial
water content. The model exhibits a high coefficient of determination (R2 = 0.9861), enabling
rapid and accurate prediction of the hydraulic conductivity of Yangling loess. This high
precision confirms that the model effectively captures the complex interactions between
the factors, providing a reliable tool for practical engineering calculations. This study pro-
vides a new model and experimental basis for the accurate prediction of unsaturated loess
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hydraulic properties. The proposed SWCC model, considering compaction degree and the
response surface model for hydraulic conductivity, offers practical tools for engineers and
researchers, facilitating more precise design and risk assessment in collapsible loess areas.

Keywords: Yangling loess; different initial conditions; soil water characteristic curve;
unsaturated infiltration coefficient; response surface prediction model

1. Introduction
Collapsible loess is widely distributed in the northwestern region of China [1], and it

plays a crucial role in infrastructure development and agricultural production [2]. However,
under the influence of global climate change, extreme rainfall events have occurred fre-
quently in this region in recent years. Additionally, due to hydraulic erosion, the soil mass
exhibits characteristics such as low erosion resistance and loose structure, making it more
prone to geological hazards (e.g., landslides and subgrade collapse). These hazards pose a
significant threat to soil and water conservation, ecological security, and even the safety of
human lives and property in the northwestern region [3]. Meanwhile, water-related prop-
erties inherent to loess, such as collapsibility and water sensitivity, often induce significant
damage to the soil mass, which in turn leads to more severe engineering accidents.

Therefore, in engineering practices (e.g., foundation treatment and stability mitigation)
and agricultural production activities within collapsible loess regions, research focused on
the water retention and permeability characteristics of loess holds significant theoretical
significance and practical application value. The soil water characteristic curve (SWCC) is a
core tool for characterizing the water retention properties of unsaturated loess. It describes
the relationship between soil water content and matric suction within the soil and serves as a
critical parameter that must be considered in the study of unsaturated soils [4–7]. Currently,
the soil water characteristic curve (SWCC) has emerged as a primary focus of research
among numerous scholars, and related studies have also been extensively conducted.
Wang Jinwei et al. [8] conducted fitting analyses on unsaturated loess from the Longdong
region of Gansu Province using the Gardner, Van Genuchten, and Fredlund–Xing models.
Their results indicated that the Van Genuchten model exhibited the optimal overall fitting
performance. Specifically, the influence of initial dry density on the SWCC was primarily
observed in parameter θr (residual volumetric water content) and parameter a (associated
with the air entry value), whereas parameter n was less affected by initial dry density. Zhang
Lu et al. [9] investigated the soil water characteristic curves (SWCCs) of undisturbed loess
from the northwestern Shanxi region and the Fenhe River Basin. Their findings revealed
that the four-parameter Fredlund–Xing model exhibited the optimal fitting performance,
followed by the three-parameter Gardner model (which featured simpler parameters),
while the two-parameter Williams model performed the poorest. The first two models
were found to be more suitable for the northwestern Shanxi region, whereas the latter was
better suited for the Fenhe River Basin—this discrepancy was attributed to differences in
the properties of soil samples between the two regions. Ye Tao et al. [10] performed fitting
analyses on low liquid limit silty loess from the Yili region of Xinjiang using the Gardner
and Van Genuchten models. Their results showed that the Gardner model exhibited
high fitting accuracy only in the low suction range, whereas the Van Genuchten model
achieved better overall fitting performance. Additionally, matrix suction was found to be
rapidly derivable using mass water content. Cai Guoqing et al. [11] conducted soil water
characteristic curve (SWCC) fitting analyses on sandy loess samples obtained from the
Yangcheng Tunnel of the Haoji Railway. Their study revealed that, among three commonly
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used models, the Gardner model exhibited poor fitting performance, whereas both the
Fredlund–Xing and Van Genuchten models achieved relatively satisfactory fitting results.
Although the correlation coefficient from the Fredlund–Xing model fitting was slightly
higher, the Van Genuchten model performed better in fitting the high-suction segment of
the sandy loess SWCC. Additionally, dry density was found to exert a significant influence
on the parameters of each model. Zhang Yaguo et al. [12] performed fitting analyses on
loess samples from the southern tableland of the Jing River in Jingyang County, Shanxi
Province using the Fredlund–Xing model. Their findings indicated that as the dry density
of the loess increased, the values of parameters a and n in the model also increased, whereas
the value of parameter m decreased. Wei Xiaoqi et al. [13] performed fitting analyses
on loess samples from Heimugou, Luochuan (Yan’an, Shanxi Province) using the Van
Genuchten model. Their results showed that initial water content exhibited a negative
correlation with air entry value (AEV)-related parameters, and residual water content
was indirectly influenced by changes in pore structure induced by initial water content.
Ehsan Badakhshan et al. [14] proposed a hysteretic water retention model that accounts for
soil deformability. By modifying the van Genuchten model, they established a boundary
surface that defines the state of soil void ratio, suction, and saturation. This model can
accurately capture the hysteretic water retention characteristics (including main curves and
scanning paths) and was embedded into the finite element program Code Bright to verify
its applicability to different types of soils and its performance in simulating rainfall-induced
landslides.Mathieu Nuth et al. [15] focused on the research progress of hysteretic water
retention curve modeling for deformable soils, and pointed out the limitation of most
existing models that only consider either capillary hysteresis or void ratio dependence.
Based on literature and their own experimental data, they constructed a water retention
sub-model that simultaneously couples the effects of capillary hysteresis and mechanical
strain through an elasto-plastic analogy (kinematic hardening). This sub-model clarifies
the inherent shape of the water retention curve and the relationship between the air entry
value and the void ratio, and its ability to predict complex water retention processes has
been verified.

The hydraulic conductivity of soil serves as a fundamental parameter for investigating
the permeability properties of unsaturated soil. Particularly in water-related engineering
projects, the hydraulic conductivity of soilhas become an indispensable component of un-
saturated soil research, primarily due to the concealment and severity of seepage-induced
damage. Currently, two primary approaches are used for determining the unsaturated
hydraulic conductivity: indirect methods and direct measurement methods. Direct mea-
surement methods are not only complex to operate, time-consuming, and labor-intensive,
but also suffer from limitations: the operability of existing measurement instruments still
requires improvement, and their measurement accuracy has not yet been validated. In
contrast, indirect methods for determining unsaturated hydraulic conductivity are based
on the soil water characteristic curve (SWCC), with which functional relationships between
hydraulic conductivity and either matric suction or water content are derived. Therefore,
scholars generally prioritize the use of indirect methods for investigating unsaturated
hydraulic conductivity. Among these studies, Hu Mengling et al. [16] predicted the unsatu-
rated hydraulic conductivity of loess in the Xi’an region using the Childs-Collis-George
model. Their findings revealed that unsaturated hydraulic conductivity increased with
increasing volumetric water content, decreased with increasing matric suction, and also
decreased with increasing dry density. Fan Jiangwen et al. [17] performed fitting analyses
on the unsaturated hydraulic conductivity of loess from the Yan’an New District using
the two-parameter Gardner model. Their findings revealed that, for the unsaturated per-
meability curves of loess with varying dry densities, significant differences in hydraulic
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conductivity were observed among samples with different dry densities when matric suc-
tion was less than 100 kPa. In contrast, when matric suction exceeded 100 kPa, hydraulic
conductivity values showed almost no variation across the different dry density samples.
Gao Junyang et al. [18] utilized the experimental principle of the wetting front advance
method to calculate the unsaturated hydraulic conductivity. This calculation was based
on volumetric water content, matric suction, wetting front movement velocity, and the
time interval of data collected by soil moisture sensors. Their results indicated that as dry
density and salt content increased, the unsaturated hydraulic conductivity of loess-like
sulfate saline soil gradually decreased, with this trend being most pronounced in the low
suction range. Studies by Wang et al. [19] have shown that the Kunze method and Fredlund
method—both of which are based on statistical models and used to predict the unsaturated
hydraulic conductivity of soils from the soil water characteristic curve (SWCC)—are inher-
ently identical. The only distinctions between the two methods lie in the form of integral
limits and integral variables. In simplified calculations, a segment count (m) ranging from
15 to 50 is considered reasonable. Due to the specific setting of integral limits, the Fredlund
method is theoretically prone to overestimating results. Furthermore, the unsaturated
hydraulic conductivity is highly sensitive to changes in water content when approaching
saturated water content. In contrast, when approaching residual water content, the rate of
change in hydraulic conductivity is small, with no significant differences observed. Arezoo
Rahimi et al. [20] pointed out that the measurement range of SWCC has a significant impact
on the estimated permeability function. It was also found that the influence of the SWCC
measurement range is more significant than that of the selected optimal fitting SWCC
equation. In conclusion, scholars at home and abroad have conducted extensive research
on the water-holding characteristics and permeability characteristics of unsaturated soil.
However, there are still deficiencies in systematic research on the high-suction section,
quantitative analysis of the influence of initial conditions on the permeability coefficient,
prediction of permeability coefficient under multi-factor coupling, and model adaptability
for the characteristics of Yangling loess.

In summary, extensive research has been conducted by scholars worldwide on the
water retention and permeability properties of unsaturated soils. However, gaps remain
in several key areas: systematic investigations into the high suction range, quantitative
analysis of how initial conditions influence hydraulic conductivity, prediction of hydraulic
conductivity under multi-factor coupling effects, and the adaptability of models to the
specific properties of Yangling loess.

In light of these gaps, Yangling loess was selected as the research material in this
study. Systematic experiments were conducted to elucidate the mechanism by which
initial compaction degree and water content affect its water retention properties within the
high suction range. Additionally, the Van Genuchten model was modified to establish a
compaction degree-dependent soil water characteristic curve (SWCC) prediction model.
Concurrently, the correlation between initial conditions and hydraulic conductivity was
quantitatively analyzed, and a multi-factor hydraulic conductivity prediction model was
developed via the response surface methodology (RSM) to identify the influence weights
of individual factors. Ultimately, this study provides theoretical basis and experimental
support for the accurate prediction of the hydraulic properties of unsaturated loess and the
mitigation of engineering hazards in collapsible loess regions.

2. Materials and Solutions
2.1. Test Material

The soil samples used in this study were collected from the loess of a slope in the
Yangling Demonstration Zone, Shaanxi Province, at a depth of 3.0~4.0 m below the ground



Appl. Sci. 2025, 15, 11039 5 of 21

surface. Under extreme rainfall conditions, the loess in this region is prone to inducing
hazards such as landslides and subgrade collapse. Therefore, investigating its hydraulic
properties holds direct practical significance for safeguarding the safety of regional en-
gineering projects. The physical properties of the soil sample were as follows: optimal
water content (weight ratio) = 17.2%, maximum dry density = 1.72 g/cm3, liquid limit
(wL) = 32.7%, natural water content = 9.4%, plastic limit (wp) = 18.4%, plasticity index
(Ip) = 14.3%, and specific gravity (Gs) = 2.72. The particle size distribution curve was deter-
mined using a Bettersize 2000 laser particle size analyzer, as presented in Figure 1; the soil
was classified as silty clay. Mineral composition analysis of the soil sample was performed
using an intelligent multi-functional X-ray diffractometer (Rigaku, Tokyo, Japan), with the
results presented in Figure 2.

 

Figure 1. Particle grading curve.

Figure 2. Mineral composition analysis.

X-ray diffraction analysis revealed that the mineral composition of Yangling loess
(e.g., clay mineral content, cement type) differs significantly from that of loess in regions
such as Longdong (Gansu Province) [8] and northwestern Shanxi [9]. Notably, its pore
distribution is more refined, which results in a more pronounced influence of compaction
degree on its properties. Additionally, when compared to low liquid limit silty loess
from Yili (Xinjiang Uygur Autonomous Region) [10] or undisturbed loess from Shanxi
Province [9], Yangling loess exhibits a higher plasticity index (14.3). Its water retention
capacity is more sensitive to initial conditions (i.e., compaction degree, water content),
which necessitates the development of tailored models for this specific loess type.

2.2. Test Method

The soil water characteristic curve (SWCC) serves as a core link in investigating the
mechanical properties of unsaturated soils, as it exhibits strong correlations with soil
strength, hydraulic conductivity, and deformation behavior. In this study, investigations
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were conducted based on SWCC tests to systematically evaluate the applicability of SWCC
equations for unsaturated loess. Building on these findings, research was further carried
out to predict the hydraulic conductivity of unsaturated loess. Methods for obtaining
the soil water characteristic curve (SWCC) are categorized into two main types: direct
measurement methods and indirect measurement methods. Direct measurement methods
primarily include techniques such as the tensiometer method, pressure plate method,
and hygrometer method. Indirect measurement methods, on the other hand, mainly
consist of approaches like the filter paper method and salt solution method. Currently,
numerous methods are available for measuring matric suction. Studies by Wang et al. [21]
have indicated that the pressure plate method does not disrupt soil structure, with a
typical maximum measurable suction value of 15 bar. Furthermore, this method exhibits
relatively reliable and stable performance. Chen Zhenghan et al. [22] pointed out that the
suction of common fill, loess, expansive soil and red clay in engineering under working
environment generally does not exceed 1500 kPa. Based on a comprehensive comparison
of the applicability of various methods and the practical characteristics of the research
material, the use of a pressure plate apparatus (suction range: 0–1500 kPa) was determined
to be appropriate for measuring the matric suction of the loess in this study. Based on
the basic physical properties of the loess, the test samples were classified as fine-grained
soils. In accordance with the Standard for Soil Test Methods (GB/T 50123-2019) [23], the
variable-head permeability test was employed.

Key factors influencing the soil water characteristic curve (SWCC) include soil min-
eral composition, particle gradation, dry density, shrinkage behavior, stress state, and
temperature. Research has demonstrated that, aside from mineral composition, all other
factors influence the SWCC by altering the soil’s pore size characteristics. This influence
is ultimately manifested in the shape of the curve. Analysis revealed that the mineral
composition of the soil samples used in this study was relatively consistent. The focus of
this research was placed on the influence of pore size. Initial water content and dry density
were selected as key variables because they are important factors affecting pore size and
can be measured using simple, efficient methods. Therefore, a comparative analysis of
drying curves was conducted in this study based on these two initial conditions.

2.2.1. Test Device and Procedure

Soil Water Characteristic Test: test data were acquired using Model—1600F1 and
Model—1500F2 pressure plate apparatuses manufactured by SOILMOISTURE Equipment
Corp. These apparatuses primarily consist of a metal pressure vessel and a saturated
ceramic plate with a high air entry value (AEV) of 15 bar, and offer a measurement range
of 0.0~1.5 MPa. The steady-state multi-step outflow method is typically employed for
measuring SWCCs using pressure plate apparatuses. After applying air pressure to a soil
sample, the system is allowed to equilibrate until no further changes in drainage volume
are observed over a specified period. Once equilibrium is achieved, the next increment of
air pressure is applied. The detailed test procedure is outlined below: (1) Saturation was
performed on the prepared soil samples and high air entry value (AEV) ceramic plates.
Specifically, the soil samples were saturated using a vacuum saturation method, whereas
the AEV ceramic plates were saturated with degassed pressurized water. (2) Saturated
ceramic plates were placed on the test stand, and drainage pipes leading to the exterior
were connected. Saturated soil samples were then removed, and their mass was measured
first. Immediately afterward, the soil samples were placed on the ceramic plates, with
care taken to ensure intimate contact between the samples and the ceramic plate surfaces.
After the top cover of the pressure vessel was secured, the pressure was adjusted to the
predetermined value using a pressure regulating valve. (3) The mass of water-containing
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volumetric flasks was measured using a precision electronic balance. Equilibrium of the
soil sample under the current suction level was indicated by the cessation of water outflow
from the sample. At this point, the suction was reduced to zero, and the top cover of the
pressure vessel was opened. The mass of each soil sample was then weighed, after which
the samples were returned to their original positions and the cover was resecured. The
mass of water displaced from the soil sample was calculated from the difference between
the mass of the saturated sample and its mass at equilibrium under the current suction
level. This mass of displaced water was then converted to determine the volumetric water
content of the sample. The above steps were repeated, with the next increment of suction
applied sequentially until the entire test was completed. A flowchart of the test procedure
is presented in Figure 3.

 

Figure 3. Pressure plate test flow chart.

Saturated Permeability Test: The variable-head method was employed to determine
the hydraulic conductivity of soil samples in a saturated state. To prevent water leakage
through the gap between the soil sample and the permeameter (which would compromise
test accuracy), petroleum jelly was applied to the inner surface of the cutting ring prior to
sample preparation. Additionally, petroleum jelly was applied to the inner surface of the
permeation cell (in contact with the cutting ring) and the rubber gaskets before testing. The
experiment was conducted by using the static pressure method to prepare specimens with
different initial moisture contents and compaction degrees, with a diameter of 61.8 mm
and a height of 40 mm, and then placing them in a stack-type saturation device. These
samples (with varying initial water contents and compaction degrees) were placed into
stacked saturators. Stacked saturators containing the samples were then placed into a
vacuum chamber. The chamber was evacuated using a vacuum pump for at least 1 h, after
which water was added to the chamber. Water addition was stopped once the water level
completely submerged the top of the stacked saturators, and the samples were allowed
to stand for a minimum of 24 h before testing. It is important to note that, prior to testing,
stacked saturators containing samples should not be removed from the water bath (used
for water immersion saturation) or the vacuum chamber (used for vacuum saturation).
Removal would cause moisture evaporation from the samples, which would reduce sample
saturation and thereby compromise the accuracy of saturated hydraulic conductivity
measurements. During formal testing, samples were quickly removed from the stacked
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saturators and placed into the permeation cells of the TST-55 permeameters. Additional
saturation was maintained for 5–10 min before the test was initiated, as presented in
Figure 4.

Figure 4. Permeation test flowchart.

The test process is as follows:
(1) A thin, uniform layer of petroleum jelly was applied to the inner surface of the

permeation cell sleeve. The cutting ring containing the soil sample was then slowly inserted
into the sleeve, with care taken to ensure the water-stop gasket was properly seated and
secure. After carefully removing any excess petroleum jelly that had been extruded, the
upper and lower cover plates (equipped with porous stones) were installed and secured
using bolts. This step was critical to ensuring a tight seal and preventing water leakage.
(2) The permeation assembly (with the soil sample already installed) was connected to
the head assembly. The inlet pipe was filled with water via the water supply tank. The
height of the applied water head was adjusted based on the degree of compaction of the
soil sample, with a maximum limit of 2 m. Once the water head had stabilized, water was
injected into the permeation cylinder. The air release valve was opened, and the assembly
was tilted to purge air from the bottom. This process was continued until no air bubbles
were observed in the discharged water. Subsequently, the air release valve was closed, and
the assembly was returned to a horizontal orientation. (3) The system was allowed to stand
for a specified duration under the preset head condition. Formal permeability testing was
initiated only after a continuous flow of water was observed from the outlet. The head tube
was filled with water to the required height, after which the stopcock was closed. At the
initiation of the test, the initial head height and start time in the variable-head tube were
recorded. Changes in head height and corresponding times were measured and recorded at
predetermined intervals, with concurrent recording of the water temperature at the outlet.
After six consecutive sets of measurements, the water level in the head tube was raised
back to the required height, and additional consecutive measurements were taken. This
test sequence was repeated a total of 5 to 6 times.

The saturated hydraulic conductivity of the soil samples was calculated using the
following formula:

kT = 2.3
aL
At

lg
Hb1
Hb2

(1)
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where a = cross-sectional area of the variable-head tube, with units of cm2; L = seepage
path length (in cm), which is equivalent to the soil sample height; A = the cross-sectional
area of the sample (in cm2); t = the penetration time(in s); Hb1 = initial hydraulic head (in
cm); Hb2 = final hydraulic head (in cm).

k20 = kT
ηT
η20

(2)

where k20 = saturated hydraulic conductivity of the soil sample at standard temperature
(20 ◦C), with units of cm/s; ηT = dynamic viscosity of water at temperature T (◦C), expressed
in units of 1 × 10−6 kPa·s; η20 = dynamic viscosity of water at 20 ◦C, also with units of
1 × 10−6 kPa·s.

2.2.2. Test Plan

All soil samples used in this study were remolded loess. Three initial water contents
(9.4%, 13.0%, 17.2%) and five initial compaction degrees were selected as test variables.
Compaction degrees were defined relative to the maximum dry density obtained from
laboratory compaction tests, with samples prepared at 80%, 84%, 88%, 92%, and 96%
compaction. The applied suction path was 0 → 30 → 60 → 100 → 150 → 200 → 300 →
400 → 500 → 600 → 800 → 1000 → 1200 kPa. For the SWCC tests, the samples were
prepared using cutting rings with dimensions of 53 mm in diameter and 10 mm in height.
For the saturated permeability tests, samples were prepared using a standard cutting ring
sampler, with the corresponding cutting rings having dimensions of 61.8 mm in diameter
and 40 mm in height. The detailed test protocol is provided in Table 1.

Table 1. Testing Program.

Sample Number Compactness/% Initial Water Content/%

CS88-9.4
88

9.4
CS88-13 13.0

CS88-17.2 17.2
CS80-17.2 80

17.2
CS84-17.2 84
CS92-17.2 92
CS96-17.2 96

3. Analysis of the Water-Holding Capacity of Unsaturated Loess
The soil water characteristic curve (SWCC) describes the relationship between a soil’s

water retention capacity and matric suction, serving as a critical tool for characterizing soil
water retention behavior. To date, dozens of models have been developed for describing
the SWCC of unsaturated soils. For the purpose of this study, three representative models—
widely applied both domestically and internationally—were selected for analysis.

Gardner equation [24]:

θ(ψ) = θr +
θs − θr

1 + (a · ψ)n (3)

where θ is the volumetric water content, %; ψ is suction, kPa; θs is saturated volumetric
water content, %; θr is the residual volume water content, %; a is the soil parameter related
to the air entry value ψAEV, kPa−1; n is a dimensionless soil parameter related to the soil
dehumidification rate when ψ > ψAEV.

FX equation [25]:

θ(ψ) =
θs{

ln
(

exp(1) +
(

ψ
a

)n)}m (4)
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where ψ is the suction corresponding to the residual water content, kPa. m is a dimen-
sionless soil parameter related to residual water content. The meaning of the remaining
symbols is the same as above.

VG equation [26]:

θ(ψ) = θr +
θs − θr(

1 + (a · ψ)n)1− 1
n

(5)

where n is the soil parameter related to the residual water content, dimensionless. The rest
of the symbols mean the same type (3).

3.1. Influence of Initial Compaction Degree on Soil Water Curve

Figure 5 presents the fitting results of the three models for the SWCC desorption
curves of soil samples with varying compaction degrees. As analyzed in conjunction with
Table 2, all three models exhibited good fitting performance, with the VG model being
most appropriate for the Yangling loess investigated in this study. The SWCCs of samples
with varying compaction degrees exhibited a consistent overall trend: the drainage rate
decreased as compaction degree increased. Specifically, for the same increment in matric
suction, samples with higher compaction showed a more gradual decrease in volumetric
water content as matric suction increased, compared to samples with lower compaction.
Additionally, higher compaction degrees corresponded to higher air entry values. For
lower compaction degrees, the SWCC exhibited a steeper slope, indicating a higher rate
of water loss and weaker water retention capacity as matric suction increased. For higher
compaction degrees, the SWCC was more gradual with a smaller slope, reflecting a slower
water loss rate and stronger water retention capacity as matric suction increased. This
phenomenon can be attributed to the fact that in highly compacted samples, soil particles
were more densely packed, resulting in smaller interparticle pores. In the saturated state
(where all pores are water-filled), the internal pores of highly compacted samples were
smaller and fewer in number compared to those of less compacted samples. As matric
suction increased, pore water within the soil was expelled. Consequently, the rate of
decrease in volumetric water content with increasing matric suction was relatively slower
for highly compacted samples.

   

(a) (b) (c) 

Figure 5. Fitting of soil water characteristic dehumidification curves by three models. (a) Gardner
model fitting curve; (b) FX model fitting curve; (c) VG model fitting curve.

The most suitable VG model was employed in this study for parameter analysis.
Figure 6 illustrates the variation trends of the VG model’s fitting parameters with increasing
compaction degree.
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Table 2. Parameter Table of Three Models.

Number
Parameter

Gardner Model FX Model VG Model

CS80-17.2 a = 0.050 n = 1.200
AdjR2 = 0.95

a = 7.2770 n = 1.200 m
= 0.800 AdjR2 = 0.94

a = 0.183 n = 1.4853
AdjR2 = 0.99

CS84-17.2 a = 0.034 n = 1.207
AdjR2 = 0.94

a = 15.0479 n = 1.205 m
= 0.8569 AdjR2 = 0.95

a = 0.110 n = 1.5515
AdjR2 = 0.98

CS88-17.2 a = 0.025 n = 1.249
AdjR2 = 0.93

a = 23.7696 n = 1.245 m
= 0.9239 AdjR2 = 0.95

a = 0.051 n = 1.721
AdjR2 = 0.97

CS96-17.2 a = 0.018 n = 1.409
AdjR2 = 0.93

a = 43.8724 n = 1.2608
m = 1.200 AdjR2 = 0.95

a = 0.037 n = 1.8607
AdjR2 = 0.98

  
(a) (b) 

Figure 6. VG Parameter Model. (a) Parameter variation law; (b) Parametric model prediction.

As observed in Figure 6a, the parameter a (associated with the air entry value) de-
creases with increasing compaction degree, while the value of n increases with the increase
in compaction degree. The specific correlation equations are given as follows:{

a = 0.028 + 475280e−18.66K

n = −0.56 + 2.55K
(6)

Based on the VG model, the soil water curve model considering initial compaction
degree can be established by substituting Equation (6):

θ(ψ) = θr +
θs−θr

[1+(a·ψ)n]
1− 1

n

a = 0.028 + 475280e−18.66K

n = −0.56 + 2.55K

(7)

The aforementioned model was used to predict the SWCC of Yangling loess with an
initial water content of 17.2% and a compaction degree of 92%. Predicted results were
compared with measured values, with the findings presented in Figure 6b. As shown in the
figure, the measured values are generally distributed around the model curve, indicating
good predictive performance. The SWCC model developed in this study based on the
VG model, which incorporates soil compaction degree, provides a simple and feasible
approach for determining the SWCC of loess in the Yangling region.
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3.2. Influence of Initial Water Content on Soil Water Curve

Figure 7 presents the SWCC desorption curves fitted by the three models for soil
samples with varying initial water contents. As analyzed in conjunction with Table 3, and
consistent with observations for initial compaction degree, the VG model was again found
to be most suitable for the Yangling loess. As observed in the figure, under constant dry
density, the SWCC of samples with higher initial water content lay above those of samples
with lower initial water content, with corresponding higher air entry values. Specifically,
lower initial water content corresponded to more pronounced changes in SWCC slope
and lower air entry values. This was attributed to reduced plasticity in soils with low
initial water content, which resulted in smaller air entry values. In contrast, higher initial
water content enhanced soil plasticity and promoted more uniform pore distribution,
thereby improving the samples’ water retention capacity. Air entry values also increased
accordingly. Furthermore, with respect to SWCC morphology, once matric suction exceeded
the air entry value, the sensitivity of curve slope to initial water content was reduced.

   
(a) (b) (c) 

Figure 7. Fitting of soil water characteristic drying curves by three models. (a) Gardner model fitting
curve. (b) FX model fitting curve. (c) VG model fitting curve.

Table 3. Parameters of the Three Models’ Fit.

Number
Parameter

Gardner Model FX Model VG Model

CS80-17.2 a = 0.050 n = 1.200
AdjR2 = 0.95

a = 7.2770 n = 1.200 m
= 0.800 AdjR2 = 0.94

a = 0.183 n = 1.4853
AdjR2 = 0.99

CS84-17.2 a = 0.034 n = 1.207
AdjR2 = 0.94

a = 15.0479 n = 1.205 m
= 0.8569 AdjR2 = 0.95

a = 0.110 n = 1.5515
AdjR2 = 0.98

CS88-17.2 a = 0.025 n = 1.249
AdjR2 = 0.93

a = 23.7696 n = 1.245 m
= 0.9239 AdjR2 = 0.95

a = 0.051 n = 1.721
AdjR2 = 0.97

CS96-17.2 a = 0.018 n = 1.409
AdjR2 = 0.93

a = 43.8724 n = 1.2608
m = 1.200 AdjR2 = 0.95

a = 0.037 n = 1.8607
AdjR2 = 0.98

As observed in Figure 8, the parameter a decreased with increasing initial water con-
tent, and the relationship between these two variables was well described by a correlation
equation. In contrast, the parameter n exhibited minimal variation, and the correlation
equation derived from its data had a low coefficient of determination. Consequently, no
predictive model for the parameter n with respect to initial water content was developed in
this study at this time.
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Figure 8. The relationship between parameters and the initial moisture content.

4. Prediction Model of Permeability Coefficient of Unsaturated Loess
The functional relationship between volumetric water content and matric suction

can be derived from a known SWCC. The widely used VG-M model [26] for hydraulic
conductivity prediction was employed in this study to estimate the hydraulic conductivity
of Yangling loess. The VG-M model is mathematically expressed as follows:

K(Se) = Ks

{
Sl

e

[
1 −

(
1 − Se

nl(n−l)
)1−1/n

]2
}

(8)

where a, m, and n are the same as the meaning of the VG model, which are soil sample
parameters, where m = 1 − 1/n. Ks denotes the saturated permeability coefficient. Se is the
effective saturation, and its expression is as follows:

Se =
θ − θr

θs − θr
=

[
1 + (aψ)n]−c (9)

where a, c, n have the meaning of the VG model, ψ is matric suction, kPa.

4.1. Influence of Different Initial Conditions on the Permeability Coefficient

Figures 9 and 10 are, respectively, the relationship curves between different initial
compaction degrees, water contents and permeability coefficients. The following can be
observed in the figures: (1) The hydraulic conductivity of unsaturated loess was extremely
low, and it exhibited significant variability with changes in matric suction. When matric
suction increased from 1 kPa to 1000 kPa, the hydraulic conductivity varied by up to
four orders of magnitude (i.e., 10,000 times). (2) The trend of hydraulic conductivity with
matric suction was opposite to that with volumetric water content: hydraulic conductivity
decreased consistently as matric suction increased and increased consistently as volumetric
water content increased. (3) Initial compaction degree and initial water content were both in-
versely related to hydraulic conductivity. Specifically, as initial compaction degree or water
content increased, the hydraulic conductivity of unsaturated loess decreased consistently.
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(a) (b) 

Figure 9. Relationship curve between initial compaction degree and permeability coefficient. (a) Rela-
tionship between Matric Suction and Permeability Coefficient. (b) Relationship between volumetric
water content and permeability coefficient.

  
(a) (b) 

Figure 10. Relationship curve between initial water content and permeability coefficient. (a) Relation-
ship between matrix suction and permeability coefficient (b) Relationship between volumetric water
content and permeability coefficient.

4.2. Response Surface Model of Permeability Coefficient
4.2.1. Experimental Design

A Box–Behnken Design (BBD) was employed to develop the experimental protocol.
Initial compaction degree (A), initial water content (B), and matric suction (C) were desig-
nated as the input variables, while hydraulic conductivity (Y) was defined as the response
variable for regression model development. The value ranges for these three input variables
are provided in Table 4. The experimental design matrix and corresponding results are
presented in Table 5.

Table 4. Parameter Levels and Ranges.

Influence Factor
Level

(−1) (0) (+1)

Initial compaction (A) 80 88 96
Initial water content (B) 9.4 13 17.2

Matric suction (C) 0 600 1200
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Table 5. Response surface test design and results.

Serial Number
Influence Factor

Permeability
Coefficient/cm·s−1Initial Compaction

Degree K/%
Initial Water

Content W0/%
Matric Suction

Ψ/kPa

1 80 17.2 600 4.11 × 10−6

2 88 13 600 8.34 × 10−7

3 88 13 600 8.34 × 10−7

4 96 13 1200 1.74 × 10−10

5 88 13 600 8.34 × 10−7

6 88 9.4 0 4.40 × 10−5

7 80 13 1200 2.65 × 10−8

8 88 13 600 8.34 × 10−7

9 80 13 0 6.52 × 10−5

10 96 9.4 600 4.72 × 10−8

11 96 13 0 8.59 × 10−6

12 88 13 600 8.34 × 10−7

13 80 9.4 600 2.62 × 10−5

14 88 17.2 1200 3.34 × 10−9

15 96 17.2 600 2.10 × 10−9

16 88 9.4 1200 6.56 × 10−9

17 88 17.2 0 2.35 × 10−5

4.2.2. Variance Analysis and Equation Fitting of the Response Surface Model

The test results were analyzed by multiple regression analysis using Design Expert 13.0
data analysis software to determine the degree of influence of different influencing factors
on Loess permeability. The coefficient and significance test results of the characteristic
index regression function are shown in Table 6.

Table 6. Variance Analysis of Regression Model.

Factor
Permeability Coefficient/cm·s−1

Coefficient p-Value F-Value

Model − <0.0001 ** 55.35
Constant term +0.001095 − −

A −0.000017 <0.0001 ** 80.04
B −0.000024 0.0028 ** 20.14
C −3.62665 × 10−7 <0.0001 ** 215.42

AB +1.84225 × 10−7 0.0110 * 11.75
AC +2.94707 × 10−9 <0.0001 ** 70.93
BC +2.20907 × 10−9 0.0178 * 9.50
A2 +6.50978 × 10−8 0.0384 * 6.48
B2 +1.98383 × 10−7 0.1100 3.35
C2 +3.73720 × 10−11 <0.0001 ** 67.54

R2 0.9861
Adj R2 0.9683
R2

pre 0.7786
‘**’ Indicates that the item is extremely significant (p < 0.01), ‘*’ Indicates that the item is significant (p < 0.05).

It can be seen from the analysis in Table 6 that the p value of the permeability coeffi-
cient regression model is less than 0.0001, indicating that the regression model is extremely
significant, indicating that the actual situation is highly consistent with the situation re-
flected by the regression model, and the establishment of the model is true and reliable,
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which can be used for the prediction and result analysis of the permeability coefficient.
At the same time, the determination coefficient R2 in the table is 0.9861, and corrected
determination coefficient R2

adj is 0.9683, indicating that the reliability of the regression
function is high. The prediction coefficient R2

pre is 0.7786, and the difference between it
and corrected coefficient R2

adj is less than 0.20, which belongs to the reasonable data range.
Through analysis and calculations performed via software, a fitting equation de-

scribing the relationship between initial compaction degree (%), initial water content
(%), matric suction (kPa), and hydraulic conductivity was derived for the range of this
experimental study:

Y = 0.001095 − 1.7E-05A − 2.4E-05B − 3.62665E-07C
+1.84225E-07AB + 2.94707E-09AC + 2.20907E-09BC
+6.50978E-08A2 + 1.98383E-07B2 + 3.73720E-11C2

(10)

A comparison of the predicted values (derived from the aforementioned equation)
and measured values for all experimental points is presented in Figure 11. As observed,
the predicted and measured values for all experimental points were generally distributed
along a straight line. This distribution indicates a high degree of agreement between the
experimental results and model predictions, confirming that the hydraulic conductivity
prediction model developed via the response surface methodology (RSM) is reliable.

 

Figure 11. Comparison of Predicted Values and Experimental Values.

4.2.3. Response Surface Analysis

Figure 12 presents the interaction plots for all pairwise combinations of initial com-
paction degree (A), initial water content (B), and matric suction (C). A response surface is
a three-dimensional (3D) plot of predicted values within the experimental range, which
clearly and intuitively illustrates how factors influence the predicted response. A steeper
slope of the response surface in a specific direction indicates a more significant influence
of the corresponding factor on the predicted response [27]. Furthermore, contour plots
intuitively reflect the significance of interactions between factors. Contours that are closer
to a perfect circle indicate less significant interactions between the corresponding factors,
whereas contours that are closer to an ellipse indicate more significant interactions. Analysis
revealed that interaction terms AB and BC exerted a significant influence on the response
Y (hydraulic conductivity) (p < 0.05). In contrast, factors A (initial compaction degree), B
(initial water content), C (matric suction), and the AC interaction term all exerted a highly
significant influence on Y (p < 0.01). The order of influence magnitude of the factors on the
response Y was determined to be C > A > B.
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(a) (b) (c) 

Figure 12. Response surface of the permeability coefficient. (a) The response surface of AB. (b) The
response surface of BC. (c) The response surface of AC.

It can be seen from Figure 12a that when the initial water content is at a low level, the
permeability coefficient decreases rapidly with the increase in compaction degree; At a
higher level, the permeability coefficient still shows a downward trend with the increase in
compaction degree, but the decline rate is significantly slowed down, and the difference
between the two trends is significant. When the compaction degree is at a low level, the
permeability coefficient gradually decreases with the increase in initial water content; When
the compaction degree is at a high level, the permeability coefficient shows a relatively
gentle change with the increase in initial water content. Based on the above change rules,
the response surface graph is steep as a whole, indicating that the interaction degree of
the two factors is high and has a great impact on the results, which is consistent with the
results of variance analysis.

As shown in Figure 12b, the response surface diagram is very steep. With the increase
in initial water content, the permeability coefficient shows a downward trend as a whole,
while with the increase in matrix suction, the permeability coefficient decreases faster. In
contrast, matrix suction has a greater impact on the results, which is consistent with the
significance order of the two factors. It can be seen from Figure 12c that the permeability
coefficient shows a downward trend with the increase in compactness, and the rate of
decline continues to decrease with the increase in matrix suction.

5. Discussion
Taking Yangling loess as the research object, this paper systematically explores the

influence of initial compaction degree and water content on its water-holding and per-
meability characteristics. The results not only reveal the variation law of loess hydraulic
characteristics under specific conditions, but also provide a valuable reference for the study
of unsaturated loess engineering characteristics.

It should be noted that loess is widely distributed in China, and there are significant
differences in geological origin, mineral composition, and particle size distribution of
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loess in different regions, resulting in regional differentiation in the applicability of the
soil water characteristic curve and permeability coefficient model. The Van Genuchten
model and response surface permeability coefficient prediction model established in this
study for the Yangling loess need to be further discussed and tested in combination with
the characteristics of loess in different regions. From the perspective of the influence of
different characteristics on the applicability of the model, the core of water-holding and
permeability characteristics of loess is controlled by pore structure, mineral composition,
and plasticity index. Yangling loess has a high plasticity index (14.3), fine pore distribution,
and significant differences in clay mineral content and cement type compared with loess
in Eastern Gansu and Northwestern Shanxi, resulting in its water-holding capacity being
more sensitive to initial compaction and water content.

Combined with existing studies, the adaptability of loess in different regions to the
SWCC model can be summarized as shown in Table 7:

Table 7. Adaptability of Loess from Different Regions to the SWCC Model.

Major Regions Loess Type Best Fit Model (SWCC) Key Differentiators

Longdong, Gansu [8] Typical Malan Loess VG

The model parameter n is less affected by
dry density, and the parameter n of

Yangling loess increases linearly with
compaction degree

Northwest Shanxi [9] Undisturbed loess FX FX model is better fitted, and Yangling VG
model is better (related to pore uniformity)

ILI, Xinjiang [10] Low liquid limit silty
loess

VG (overall), Gardner (low
suction section)

Gardner in low suction section is better,
and VG in Yangling section is the best

Jingyang, Shaanxi [12] Loess from the south of
Jinghe River FX

FX parameter a increases with dry density,
while Yangling VG parameter a decreases

with compactness

Yangcheng tunnel of
Haoji Railway [11] Sandy loess VG (high-suction section),

FX

The permeability coefficient of sandy loess
is low sensitive to suction, and the VG-M

model needs to be modified

Adventdalen Svalbard
[28] Silt loam VG

The variation in parameter α is more
concerned with the influence of pore

sorting on the freezing suction and ice
stratification

The southern part of the
Netherlands [29] Fine siltstone VG

The model parameter α varies based on the
differences in the surface structure (such as

crops and farming practices)

For the test of the universality of the model, it can be verified by cross-regional
model. Based on the parameter equation of the Van Genuchten model of Yangling loess,
the soil water characteristic curve of loess in other regions can be predicted, and the
deviation can be tested by comparing the measured values. For the permeability coefficient
response surface model, the “regional characteristic factors” (such as plasticity index Ip

and clay mineral content) can be introduced; It can also analyze the correlation between
the parameters a and n of the Van Genuchten model and soil index in loess of different
regions. It is inferred that for high plasticity loess with Ip > 12, the linear correlation
between parameters a and n and compactness is stronger. For low plasticity loess with
Ip < 10, the particle uniformity coefficient should be introduced as a correction term. In
terms of regional adaptability correction, for the Van Genuchten model, the sand content
correction factor can be introduced into the parameter n for sandy loess; For the response
surface permeability coefficient model, the weight coefficient of matrix suction can be
increased for loess in the northwest arid area.

In general, this study deepens the understanding of the mechanism of initial conditions
affecting the hydraulic characteristics of loess through the combination of test and models.
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The established prediction model can provide important theoretical basis and technical
support for the disaster prevention and control of collapsible loess projects in Yangling and
similar areas, such as landslide and subgrade collapse prevention and control.

6. Conclusions
With the increase in initial compactness and water content, the higher the air entry

value of soil, the stronger the water-holding capacity, and the corresponding residual water
content is also higher. Among the selected models, the VG model has the best fitting
effect on the soil water characteristic curve of Yangling loess. Its parameter a (related
to air entry value) decreases significantly with the increase in compaction degree, and
parameter n (pore distribution index) increases linearly. Based on this, the SWCC model
considering compaction degree can accurately predict the water-holding characteristics of
the high-suction section (0~1200 kPa).

When loess transits from a saturated state to an unsaturated state, the permeability
coefficient decreases 104 times. The increase in initial compaction degree and water content
will lead to a significant decrease in permeability coefficient, which is closely related to the
densification of pore structure and the complexity of water migration path.

The permeability coefficient prediction model based on the response surface method
has a determination coefficient R2 of 0.9861, which can quickly and accurately predict the
permeability coefficient of Yangling loess. The order of influence weight of each factor on
the permeability coefficient is matrix suction > initial compaction > initial water content.
The dominant influencing factors of permeability characteristics under the coupling effect
of multiple factors were identified.
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