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Abstract: This study evaluates the impact of compaction on the soil–water characteristic curve of
unsaturated remodeled weakly expansive soils by assessing changes in soil pore structure resulting
from variations in compaction. The remodeled weakly expansive soil in the Xinjiang Hami area is
taken as the research subject to investigate how compaction affects microscopic pore structure using
mercury intrusion testing. Subsequently, mercury intrusion porosimetry is employed to examine
pore structure and distribution patterns at different dry densities. Based on the capillary principle
and experimental methods (filter paper method and pressure plate method test), modified soil–water
characteristic curves are obtained by fitting them with a three-parameter model law. The results
indicate that higher dry density leads to an increased air intake value and significantly reduces
the total volume of large pores within samples. Both the Fredlund and Xing model and the three-
parameter model effectively capture the influence of initial dry density on the development pattern
of the soil–water characteristic curve.

Keywords: expansive soil; soil–water characteristic curve; matric suction; pore struct

1. Introduction

Expansive soil, widely distributed worldwide, is a type of disastrous soil composed
mainly of strong hydrophilic minerals in its clay composition. It exhibits significant charac-
teristics such as “water absorption expansion and water loss shrinkage” and “reciprocating
deformation” [1]. This poses a threat to various construction projects and their operations,
with damages that are difficult to repair. As one of the crucial issues in the geotechnical engi-
neering and geological engineering fields, expansive soil has caused severe problems during
the early debugging stage of the Lanzhou–Xinjiang high-speed railway because of arch
deformation caused by expansion and shrinkage, cracks, and over-consolidation [2], which
seriously hindered its operation and development. Therefore, studying the soil–water
characteristics of expansive soil is essential for providing technical support for designing
new high-speed railways.

At present, many scholars have studied soil–water characteristics. Wang [3] studied
the influence of dry density and sample water content on the macroscopic soil–water
characteristics of loess. Ma [4] measured the soil–water characteristic curve of expansive
soil under different concentrations of a NaCl solution in pores. Zhu [5] established a new
model to predict the constitutive relationship between matric suction and water content in
unsaturated soils. Chen [6] analyzed the influence of the initial void ratio on soil–water
characteristics under high suction conditions through the soil–water characteristics test of
compacted silt samples. Li [7] measured the soil–water characteristic curve of compacted
loess silt with filter paper. The soil–water characteristic curve (SWCC) characterizes the
relationship between matric suction and soil water content. It is widely used to describe
the water state of soil according to the matrix suction of soil [8]. Some researchers used
the SWCC to establish a thermodynamic frost heave model, which helped to evaluate the
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mechanical properties of frozen soil [9,10]. It is very important to measure and calculate the
SWCC accurately and efficiently when studying the characteristics of unsaturated soil and
solving engineering problems. Zhou [11], Li [12], Hu [13], Ren [14], and others provided
guidance for practical engineering by conducting indoor and outdoor test calculations and
predicting soil–water characteristic curves. The change in influence suction is reflected
in the strength and deformation characteristics of soil, and the strength and deformation
characteristics of soil are reflected in the microscopic pore structure of soil. The suction in
the pore matrix is generated by the pore water and air pressure on both sides of the curved
liquid surface adsorbed on the soil particle skeleton [15–18]. However, previous studies
have been limited to the macro factors affecting the soil–water characteristic curve. Studies
on the hydraulic properties of soil should not ignore the influence of the microstructure,
but it is difficult to meet the needs of scientific research and engineering because of the lack
of micro-mechanism support.

The microstructure of soil plays a decisive role in all aspects of the properties of soil.
The mechanical properties of soil can be understood as the macroscopic performance of
the microstructure. Therefore, to solve the above problems, this paper will analyze the
influence of compaction degree change on the microscopic pore volume content, pore size
distribution, and pore shape of expansive soil through a mercury intrusion test. In summary,
we used a pressure plate instrument (0–0.5 MPa) and the filter paper method (0–40 MPa)
to generate the soil–water characteristic curve. Then, we applied the mercury intrusion
method (capillary principle) to determine the theoretical calculation value of the soil–water
characteristic curve and determined the reason why the theoretical calculation value of
the soil–water characteristic curve was too small. Finally, the soil–water characteristic
curve correction model of the mercury intrusion method (capillary principle) was proposed.
Based on the soil–water characteristic curve, the model aims to analyze and evaluate the
microscopic characteristics of soil and soil–water characteristics at the same time only
through mercury intrusion technology, so as to simplify the test operation and shorten the
test time.

2. Test Soil Samples

The expansive soil samples used in the test were taken from the 8-13 m drill core of a
typical expansive arch section in the Hami area. The geological section is shown in Figure 1,
and the expansive soil before and after encountering water is shown in Figure 2. The
expansive soil used in the test is a typical Jurassic sedimentary rock, which is a mud-like
structure with argillaceous cementation, poor diagenesis, and disintegration. It is a soft
rock that is easy to soften in water and belongs to fully weathered–strongly weathered
expansive soil. The basic characteristics of the soil samples are shown in Table 1. The soil
sampling area is adjacent to the Tianshan Mountains. According to the nearby vegetation
and groundwater seepage, there are abundant groundwater sources in this area, which
provides the necessary conditions for the expansion deformation of expansive soil.
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Figure 2. Comparison of expansive soil before and after encountering water.

Table 1. Basic physical and physical indicators.

Index Property Value

Specific gravity 2.74
Montmorillonite content 2.80%

Illite content 3.70%
Free expansion rate 57.00%

Cation exchange capacity 221.47 mmol·kg−1

Liquid limit 40.87%
Plastic limit 20.02%

Plasticity index 20.85%
Note: According to the test results, the expansion grade is defined by the “Railway Engineering Geotechnical
Classification Standard” (TB10077-2019), while the result is weak expansion soil.

The X-ray diffraction test, cation exchange capacity, free expansion rate, and liquid and
plastic limit tests were carried out on the expansive soil taken from the site with reference
to E.C.Childs and N.Collis George [19], Railway Engineering Geotechnical Test Procedure
(TB10102-2023), and Railway Engineering Geotechnical Analysis Procedure (TB10103-2008).

3. Test Process
3.1. Mercury Intrusion Porosimetry Test

Mercury intrusion porosimetry (MIP) was first proposed by H.L. Ritter and L.C.
Drake [20], while the mercury pressure test is based on mercury’s non-moistness to solid
surfaces. In this paper, it is assumed that the porous material is composed of cylindrical
capillaries of various sizes. According to the lifting principle of liquid in the capillary, the
microporous structure of the material is measured. Based on the Washburn Equation, the
relationship between pressure P and capillary radius R for mercury is calculated as follows:

P = −2σcosθ

R
(1)

where P is the pressure of the intruded mercury (N·m2), σ represents the surface tension
of mercury (σ = 0.485 N·m−1), θ is the wetting angle between the measured porous ma-
terial and mercury, and R denotes the pore radius (nm). (The symbols appearing in this
manuscript are re-annotated in Appendix A).

The test preparation had a dry density of 1.4~1.8 g/cm3, and the expansion soil sam-
ples with equal intervals of 0.1 g/cm3 were divided into five groups. Next, the specimens
were cut into small pieces and put into a test tube filled with isopropyl. Each sample’s
internal moisture was converted into crystalline sublimation by vacuuming for 24 h. The
samples were dried via lyophilization in liquid nitrogen to avoid changes in pore structure
caused by water loss. Next, the dried samples were loaded into a dilatometer for low-
pressure and high-pressure mercury intrusion tests, and then pore volume accumulation
was generated.
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3.2. Pressure Plate Method Test

In this experiment, the SWCC-150 Fredlund-type soil–water characteristic pressure
gauge developed by the GCTS company in the United States was used. The water variable
tube was calibrated before the test, and a clay plate with an air intake value of 5 bar was
selected to measure the soil matric suction in the range of 0–0.5 MPa as a supplement to the
low suction range of the filter paper method.

The pressure plate method test used hydraulic jacks to prepare ring knife samples
with initial dry densities of 1.4, 1.5, 1.6, 1.7, and 1.8 g·cm−3, respectively, while the clay
plate with an intake value of 5 bar was selected for the test. The samples and clay plates
were saturated. The suction path was 20→40→60→80→100→200→400 kPa, during which
uninterrupted readings were performed. Before each reading, the bubbles were removed
with a wash ear ball. After the water bodies on both sides were stabilized, step-by-step
pressurization was performed. It took about 10 days to balance the suction value of each
stage, and a set of parallel samples was prepared for the test.

3.3. Filter Paper Method Test

The paper filtration method followed the principle of thermodynamic equilibrium.
The contact test method realized the equilibrium measurement of material suction through
the water transfer between the filter paper and the soil. The non-contact test method
measured the total suction through the balance between the filter paper and the water in
the air. The test schematic is shown in Figure 3.
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Figure 3. Profile of the principle of the filter paper test: 1 and 7 are filter paper, of which 1 is non-
contact filter paper and 7 is contact filter paper; 2 is the sealing device; 3 is the gaseous migration of
water molecules in the air; 4 is the air in the sealing device; 5 is the water molecule in the soil sample;
6 is the sample soil sample.

The filter paper method test adopted the domestic “double circle” brand NO. 203-type
slow filter paper to measure the matric suction. The test steps were as follows: The filter
paper was dried in the oven for 12 h and set aside. The soil sample was finely milled, passed
through a 2 mm geo sieve, and then dried for 8 h in an oven at a constant temperature of
105 ◦C. Using a ring knife sampler and a hydraulic jack, five sets of standard ring knife
samples with a diameter of 61.8 mm and a height of 20 mm were prepared. The samples
had dry densities of 1.4 g·cm−3, 1.5 g·cm−3, 1.6 g·cm−3, 1.7 g·cm−3, and 1.8 g·cm−3,
with an initial moisture content of 4% and a gradient of 2%. A total of 10 groups of soil
samples, with different moisture content, were prepared. An additional 2 groups of parallel
specimens were prepared separately.

A circular sealing box was used as a test container. Notably, 3 pieces of filter paper
were placed at the bottom of the box, with those on both sides acting as protective material.
The protective filter paper had a slightly larger diameter than that of the ring knife. The
middle filter paper was the test filter paper, and its diameter was the same as the diameter
of the ring knife.

The matching sealing gasket was used for sealing treatment. It was placed in a test
chamber maintained at a constant temperature of 25–27 ◦C for 10 days.
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An electronic balance with an accuracy of 0.0001 g was used to measure the moisture
content of filter paper quickly. Based on the filter paper method test, the soil–water
characteristic curves of expansive soils with different densities in the high suction range
(0.5–40 MPa) were obtained.

4. Analysis and Evaluation of the Pore Structure

The structural characteristics of the soil skeleton comprise the internal factors affecting
the physical and mechanical properties of the soil and the soil–water characteristics. All
kinds of soils generally develop micropores and microcracks, forming their own special
microstructure [21]. Therefore, it is necessary to analyze the pore structure and pore
distribution law of expansive soil under different degrees of compactness and study the
fractal characteristics of pores. Based on the MIP test data, the pore distribution curves
under different dry densities were obtained, as shown in Figure 4.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 16 
 

middle filter paper was the test filter paper, and its diameter was the same as the diameter 
of the ring knife. 

The matching sealing gasket was used for sealing treatment. It was placed in a test 
chamber maintained at a constant temperature of 25–27 °C for 10 days. 

An electronic balance with an accuracy of 0.0001 g was used to measure the moisture 
content of filter paper quickly. Based on the filter paper method test, the soil–water 
characteristic curves of expansive soils with different densities in the high suction range 
(0.5–40 MPa) were obtained. 

4. Analysis and Evaluation of the Pore Structure 
The structural characteristics of the soil skeleton comprise the internal factors 

affecting the physical and mechanical properties of the soil and the soil–water 
characteristics. All kinds of soils generally develop micropores and microcracks, forming 
their own special microstructure [21]. Therefore, it is necessary to analyze the pore 
structure and pore distribution law of expansive soil under different degrees of compactness 
and study the fractal characteristics of pores. Based on the MIP test data, the pore distribution 
curves under different dry densities were obtained, as shown in Figure 4.  

10 100 1000 10000 100000
0.00

0.05

0.10

0.15

0.20

Cu
m

ul
at

iv
e 

m
er

cu
ry

 in
tru

sio
n 

vo
lu

m
e,

 m
l·g

-1

Pore diameter, nm

 1.4g/cm3   1.5g/cm3

 1.6g/cm3   1.7g/cm3

 1.8g/cm3  

 
10 100 1000 10000 100000 1000000

0.000

0.025

0.050

0.075

0.100

9.06

Po
re

 si
ze

 d
is

tri
bu

tio
n 

de
ns

ity
, m

l·g
-1

Pore diameter, nm

 1.4g/cm3   1.5g/cm3

 1.6g/cm3   1.7g/cm3

 1.8g/cm3  

91,683

21,400

2520

 
(a) (b) 

Figure 4. Pore distribution graphs at different dry densities. (a) Pore volume accumulation curve. 
(b) Pore distribution curve. 

The sample’s pore diameter ranges between 6 and 106 nm (Figure 4). The overall 
aperture distribution curve of the sample revealed three peaks (trimodal) distribution, 
corresponding to the aperture ranges of 6 to 77nm (peak I), 550 to 3900 nm (peak II), and 
6800 to 91,683 nm (peak III) (Figure 2 b).  

An increase in the dry density of the sample does not significantly influence the 
position and slope of the small pore part of the curve, while the peak and peak width 
fluctuations are small. The cumulative decrease is 86.25% within the ml·g−1 (1.4g·cm−3) to 
0.0114 mL·g−1 (1.9 g·cm−3) range. Notably, there is a significant peak decrease with a 
marked left shift, which is accompanied by a slight decrease in peak width, and a pore 
size distribution curve (PSD curve) that gradually tends to a double peak. 

The soil skeleton inside the soil body is destroyed or recombined because of the 
increase in dry density of the expansive soil. This phenomenon causes significant changes 
in the pore structure, where some of the pore structure is destroyed, compacted, filled, or 
converted into other smaller diameter pores. Its impact on the pore volume content of the 
soil is shown in Figure 5. The total volume of the accumulated pores inside the expansive 
soil was reduced by 28.09%, while the cumulative reduction in total volume in large, 

Figure 4. Pore distribution graphs at different dry densities. (a) Pore volume accumulation curve.
(b) Pore distribution curve.

The sample’s pore diameter ranges between 6 and 106 nm (Figure 4). The overall
aperture distribution curve of the sample revealed three peaks (trimodal) distribution,
corresponding to the aperture ranges of 6 to 77 nm (peak I), 550 to 3900 nm (peak II), and
6800 to 91,683 nm (peak III) (Figure 4b).

An increase in the dry density of the sample does not significantly influence the
position and slope of the small pore part of the curve, while the peak and peak width
fluctuations are small. The cumulative decrease is 86.25% within the mL·g−1 (1.4 g·cm−3)
to 0.0114 mL·g−1 (1.9 g·cm−3) range. Notably, there is a significant peak decrease with a
marked left shift, which is accompanied by a slight decrease in peak width, and a pore size
distribution curve (PSD curve) that gradually tends to a double peak.

The soil skeleton inside the soil body is destroyed or recombined because of the
increase in dry density of the expansive soil. This phenomenon causes significant changes
in the pore structure, where some of the pore structure is destroyed, compacted, filled,
or converted into other smaller diameter pores. Its impact on the pore volume content
of the soil is shown in Figure 5. The total volume of the accumulated pores inside the
expansive soil was reduced by 28.09%, while the cumulative reduction in total volume in
large, medium, and small pores were 60.00, 12.36, and −3.16%, respectively. The volume
of large pores decreased approximately linearly, which was obvious, while that of small
pores increased. The destruction and reorganization of pore structure caused by the change
in dry density of expansive soil significantly impacted the internal pore distribution and
proportion of expansive soil.
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The above results indicated that an increase in the dry density of the sample generates
a relatively linear content of the pores inside the mud rock. Notably, the sample’s dry
density had no significant effect on the pore content or particle size distribution of the small
aperture (6 to 300 nm), while the total volume basically remained unchanged. Moreover,
the sample’s dry density had little effect on the pore content and particle size distribution of
the mid-hole (300-6800 nm). The dry density of sample preparation had a significant impact
on large pores (>6800 nm), while the volume content of large pores decreased significantly.
Particularly, 6800~105 nm pores were most significantly affected by the dry density of
the sample

5. Analysis of Soil–Water Characteristic Curves

Considering the known pore structure of the soil, the relationship between the matric
suction and the pore diameter D can be obtained by the capillary principle, as shown in
Equation (2). Then, the soil–water characteristic curve of rock and soil can be derived.

ψ =
4Tcosθ

D
(2)

where ψ is the matric suction of the soil (kPa), T is the unit of surface tension of the water
(72.25 × 10−3 N·m−1), θ is the contact angle between water and soil, and D is the pore
diameter (nm).

The filter paper method test uses domestic “double-circle” brand NO. 203-type slow
filter paper to measure substring suction and total suction force. This can be achieved using
the filter curve equation in Equations (3) and (4).

The matric suction filter equation is as follows:

lgψ =

{
−0.0767w + 5.493, w ≤ 47%
−0.0120w + 2.470, w > 47%

}
(3)

The total suction filter equation is as follows:

lgs =
{

−0.0700w + 5.257, w ≤ 41%
−1.1940w + 51.321, w > 41%

}
(4)

where s and w are the total suction force of the soil body (kPa) and the moisture content of
the filter paper quality (%), respectively.

Considering that the results of the filter paper method are obviously affected by the
environment in the low suction range, the suction value of 0–0.5 MPa is measured by the
pressure plate method as a supplement. The characteristic curve of expansive soil water,
obtained by the test method, is shown in Figure 6.
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Based on the characteristic curve of the expansive soil and soil water (Figure 6), it is
evident that the soil matric suction exhibits a non-linear decrease, with varying degrees of
increase with increasing dry density under the same volumetric water content conditions.
When combined with the PSD curve, it can be considered that the increase in the initial
dry density of the soil sample changes the pore structure and its distribution law, and the
pore structure of the sample determines the suction force and is reflected in the soil–water
characteristic curve. The increase in the sample’s initial dry density results in a correspond-
ing increase in the number and proportion of small pores. Notably, the sample as a whole
exhibits a higher suction value, reflecting the pore structure characteristics of the soil.

In order to further verify the accuracy of the test results, three widely accepted typical
SWCC models, namely, the Vangenuchten function (V-G), the Fredlund and Xing model
(F-X), and the Gardner model, were used to fit the soil–water characteristic curve obtained
by the test method.

Among them, the Fredlund and Xing fitting coefficient R2 is above 0.980, which is not
only better than both van Genuchten and Gardner models but is also more suitable for
suction fit analysis of weakly expansive soil. The fitting parameters are shown in Table 2.

(a) The Fredlund and Xing model is as follows:

θ = C(ψ)
θs{

ln
[
e + (ψ/a)n]}m (5)

where θ denotes the actual volume water content (%), θs is the saturated volumetric water
content (%), a represents the fitting parameter related to the air-entry value of the soil (kPa),
n is the fitting parameter related to the slope of the SWCC, m denotes the fitting parameter
related to the residual water content of the soil, and e is the Euler number, 2.71828.

C(ψ) =
[

1 − ln(1 + ψ/Cr)

ln(1 + 106/Cr)

]
(6)

where C(ψ) is a correction factor, and Cr is the residual matric suction (kPa).

(b) Van Genuchten model is as follows:

θ =
θs − θr[( s
b
)n

+ 1
]m + θr (7)

where b, n, and m are fitting parameters.

(c) The Gardner model is as follows:
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θ =
θs − θr

( S
b )

n + 1
+ θr (8)

where b and n are fitting parameters.

Table 2. SWCC model fitting SWCC parameters.

Initial Dry Density
/g·cm−3

F-X Model V-G Model
R2

Gardner
R2θs Cr/kPa a n m R2

1.4 48.33 9900 26.75 0.872 0.686 0.980 0.988 0.946
1.5 45.16 11,960 70.23 0.582 0.915 0.992 0.961 0.948
1.6 40.82 16,693 205.74 0.623 0.936 0.994 0.978 0.966
1.7 38.93 19,902 1131.91 0.451 1.489 0.963 0.944 0.954
1.8 33.99 22,634 1564.89 0.736 1.012 0.992 0.985 0.964

6. Correction of the Soil–Water Characteristic Curve by the Mercury Intrusion Test
6.1. SWCC Three-Parameter Model Fitting

The movement of the water phase in unsaturated soil depends on soil particle size,
mineral composition, pore distribution characteristics, temperature, and embossing degree.
In some cases, for example, when soil moisture is affected by one or more factors, the
SWCC is the only curve of soil moisture-base suction. However, it cannot be deduced
from theoretical analysis according to the basic properties of soil. The movement of the
water phase in unsaturated soil depends on soil particle size, mineral composition, pore
distribution characteristics, temperature, and compaction degree.

Considering the existing typical SWCC equations, including V-G, F-X, the Gardner
model, etc., the formula is complex, and there are many parameters. In order to explore the
influence of mudstone compaction degree (dry density) on the SWCC, based on the test data
obtained by filter paper method, the nonlinear fitting analysis of soil water characteristic
test results was carried out by using origin software. Through multiple model selection
attempts, it was found that the three-parameter model can express the data more accurately:

θ = α + βln(ψ + γ) (9)

6.1.1. Fitting Analysis of the Three-Parameter Model by Test Method

The soil–water characteristic curve, obtained by the pressure plate method (0~0.5 MPa)
and the filter paper method (0~40 MPa), was fitted and analyzed using the three-parameter
model shown in Equation (9), while the fitting information of each parameter under
different dry densities was obtained, as shown in Table 3.

Table 3. Model fitting results.

ρd/(g·cm−3)
Fitting Parameters

R2
α β γ

1.4 52.292 −4.173 1.043 0.974
1.5 52.688 −4.158 4.206 0.993
1.6 54.396 −4.284 19.769 0.996
1.7 56.912 −4.418 109.112 0.961
1.8 63.966 −4.646 411.742 0.991

The three-parameter logarithmic model has a fitting coefficient (R2) that ranges be-
tween 0.974 and 0.996. Notably, the fitting parameters are significantly affected by dry
density and are strongly correlated, indicating that the soil–water characteristic curve
model has excellent applicability to the expansive soil in the Hami region of Xinjiang.



Appl. Sci. 2024, 14, 7498 9 of 15

In order to analyze the influence of soil dry density on the soil–water characteristic
curve, the linear/nonlinear fitting analysis of dry density was carried out on the fitting
parameters α, β, and γ. The results are shown in Figure 7.
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The relationships between α, β, and γ and the three-parameter model of the filter
paper method are as follows:

α = 11.936 + 27.572ρd (10)

β = −2.406 − 1.206ρd (11)

γ = 1.034 × 10−8 · e13.56ρd (12)

where ρd is the initial dry density of the soil.
Equations (10)–(12) were substituted into Equation (9), and a mathematical model of

the soil–water characteristic curve containing only the initial dry density ρd of the expansive
soil was obtained. Equation (13), which can predict and calculate the suction of the soil
matrix under the condition of known soil volume moisture content and dry density, can be
used for other characteristic analyses of rock and soil.

θ1 = 11.936 + 27.572ρd − (2.406 + 1.206ρd)ln(ψ1 + 1.034 × 10−8e13.56ρd) (13)

where θ1 is the volumetric moisture content of the filter paper method (%), and ψ1 is matric
suction measured for the filter paper method test (kPa).

6.1.2. Three-Parameter Model Fitting Analysis by the Mercury Intrusion Test

Based on the known pore structure of the soil in the mercury intrusion test, the suction
force of the soil was calculated by the capillary principle in Equation (5). The fit analysis of
the results was carried out by the three-parameter model of Equation (10), and the resulting
fitting information of each parameter under different dry densities is shown in Table 4.

Table 4. Model fitting results.

ρd/(g·cm−1)
Fitting Parameters

R2
α β γ

1.4 45.517 −4.182 −0.412 0.980
1.5 46.665 −4.124 0.524 0.993
1.6 43.783 −3.912 0.729 0.992
1.7 43.347 −3.860 3.887 0.995
1.8 39.131 −3.423 4.197 0.993
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The three-parameter logarithmic model has a fitting coefficient (R2) that ranges be-
tween 0.980 and 0.995, with a good fitting effect. The linear fitting analysis of the fitting
parameters α, β, and γ for the dry density ρd was performed, and the results are shown in
Figure 8.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 10 of 15 
 

6.1.2. Three-Parameter Model Fitting Analysis by the Mercury Intrusion Test 
Based on the known pore structure of the soil in the mercury intrusion test, the 

suction force of the soil was calculated by the capillary principle in Equation (5). The fit 
analysis of the results was carried out by the three-parameter model of Equation (10), and 
the resulting fitting information of each parameter under different dry densities is shown 
in Table 4. 

Table 4. Model fitting results. 

ρd/(g·cm−1) 
Fitting Parameters 

R2 
α β γ 

1.4 45.517 −4.182 −0.412 0.980 
1.5 46.665 −4.124 0.524 0.993 
1.6 43.783 −3.912 0.729 0.992 
1.7 43.347 −3.860 3.887 0.995 
1.8 39.131 −3.423 4.197 0.993 

The three-parameter logarithmic model has a fitting coefficient (R2) that ranges 
between 0.980 and 0.995, with a good fitting effect. The linear fitting analysis of the fitting 
parameters α, β, and γ for the dry density ρd was performed, and the results are shown in 
Figure 8. 

1.4 1.5 1.6 1.7 1.8

36

39

42

45

48

β = -6.751 + 1.782ρd

R2 = 0.885

γ = -18.345 + 12.581ρd

R2 = 0.891

α

ρd/(g·cm-3)

 Fitting parameter α
 Fitting parameter β
 Fitting parameter γ

α = 69.433 - 16.09ρd

R2 = 0.782

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

β

-9

-6

-3

0

3

6

9

γ

 
Figure 8. Profile of the fitting parameters on dry density. 

The relationships between α, β, γ, and ρd of the three-parameter model of the mercury 
intrusion test are as follows: 𝛼 =  69.433 − 16.09𝜌ௗ (14)𝛽 =  −6.751 + 1.782𝜌ௗ (15)𝛾 =  −18.345 + 12.581𝜌ௗ (16)

Substituting Equations (14)–(16) into Equation (9) results in a mathematical model of 
the soil–water characteristic curve containing only the dry density of the expanding soil, 
as shown in Equation (17). Combined Equation (2) can be based on the known dry density 
and pore diameter of the soil, and the suction–volume moisture content curve of the soil 
matrix can be predicted and calculated as follows: 𝜃ଶ  =  69.433 − 16.09𝜌ௗ − (6.751 − 1.782𝜌ௗ) 𝑙𝑛( 𝜓ଶ − 18.345 + 12.581𝜌ௗ) (17)

Commented [M5]: 

 
The colors in the picture don't match, please fix it 
 
This error has been corrected. 

Commented [yl6R5]:  

Figure 8. Profile of the fitting parameters on dry density.

The relationships between α, β, γ, and ρd of the three-parameter model of the mercury
intrusion test are as follows:

α = 69.433 − 16.09ρd (14)

β = −6.751 + 1.782ρd (15)

γ = −18.345 + 12.581ρd (16)

Substituting Equations (14)–(16) into Equation (9) results in a mathematical model of
the soil–water characteristic curve containing only the dry density of the expanding soil, as
shown in Equation (17). Combined Equation (2) can be based on the known dry density
and pore diameter of the soil, and the suction–volume moisture content curve of the soil
matrix can be predicted and calculated as follows:

θ2 = 69.433 − 16.09ρd − (6.751 − 1.782ρd) ln(ψ2 − 18.345 + 12.581ρd) (17)

where θ2 is the volumetric moisture content of the mercury intrusion test (%), and ψ2 is
the matric suction calculated based on the capillary principle for the mercury intrusion
test (kPa).

It can be seen from Equation (17) that the soil–water characteristic curve of expansive
soil is not a simple linear relationship with dry density, but the three parameters in the
three-parameter model can be expressed by ρd. The correlation is high, indicating that
the distribution of pore structure and pore size in expansive soil are closely related to the
soil–water characteristic curve. Under the same volume of water content, the greater the
dry density of mudstone, the more internal small pores, and the greater the matrix suction
because of the presence of capillary force.

6.2. Correction of Soil–Water Characteristic Curves by the Capillary Principle

According to the above analyses, SWCC test values were obtained, based on the pres-
sure plate method and the filter paper method, as well as the SWCC theoretical calculation
value based on mercury intrusion porosimetry, as shown in Figure 9. There is consistency
in the theoretical calculation and test values of the expansive soil–water characteristics
obtained using mercury intrusion porosimetry and the filter paper method, respectively.
The soil–water characteristic curve corresponding to the area with high pore size distribu-
tion density is steep, while the soil–water characteristic curve corresponding to the area
with low pore size distribution density is slow. Moreover, the SWCC trend has a step-like
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distribution under semi-logarithmic coordinates. The development trend in the soil–water
characteristic curves, obtained by the two methods, is basically the same. However, the
theoretical calculation values of matric suction under the same volumetric moisture con-
tent are less than the experimental values and increase with the increase in soil sample
dry density.
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This phenomenon is attributed to the following reasons: Firstly, the MIP test does not
generate all the pore volume of the expansive soil. In addition, the minimum equivalent
pore size that can be measured is 6 nm, while the minimum pore size that the geotechnical
test water molecules can fill is 0.3 nm. From Equation (2), it is evident that the soil’s suction
force of is inversely proportional to the pore size, that is, the suction value generated by
this part of the pore itself is very large. Secondly, the pore shape of the soil body is not
completely in line with the spherical pore hypothesis, and the pores in the actual cohesive
soil often have complex flat shapes (rhomboid-shaped). Notably, an increase in mercury
pressure causes a continuous increase in the pore mercury medium, although it cannot be
filled (the mercury pressure P cannot be infinitely increased). Zhang et al. [22] analyzed the
fractal dimension of a soil body and found that an increase in the dry density of the sample
resulted in a more complex spatial distribution morphology of the pores of the mudstone,
and the farther the morphological characteristics of the pore surface of the material in space
deviated from the smooth surface. Consequently, the two curves deviate, and the degree of
deviation increases with the increase in dry density.

In order to realize the simultaneous analysis and evaluation of the microscopic prop-
erties and soil–water properties of soil using the mercury intrusion technique alone, the
theoretical calculation of the SWCC was modified based on the filter paper method test
value. Particularly, when the moisture content is θ1 = θ2, the theory should have ψ = ψ1.
Therefore, the corrected matric suction ψ can be obtained as follows:

ψ = ψ1 = e

57.497 − 43.662ρd − (6.751 − 1.782ρd)ln(ψ2 − 18.348 + 12.581ρd)

−2.406 − 1.206ρd


−1.034 × 10−8 × e13.56ρd

(18)

The suction correction model of the mercury pressure method (capillary principle),
based on the filter paper method, was obtained, as shown in Equation (18), while the
correction curve is shown in Figure 8. This model allows efficient calculation and prediction
of the suction of the soil matrix based on the microscopic pore structure, density state, and
moisture content of a soil body

6.3. Correction Result Verification

To verify the correctness and applicability of the correction results of Equation (18), the
results were verified using instruments proposed by Wang Xiaoqi et al. [23] and Ye Weimin
et al. [24]. Wang Xiaoqi et al. used a stress-related soil–water characteristic curve pressure
plate instrument (SDSWCC-H) to analyze the soil and water characteristics of Nanyang
expansion soil in a certain stress state. Ye Weimin et al. studied the SWCC of weakly
expansive soil on a slope of a highway in Hubei Province using the gas phase method
and dialysis (liquid phase) method and predicted its relative permeability coefficient. The
results are shown in Figure 10.

The Pearson correlation coefficient analysis values for testing and predicting matric
suction were 0.955 [23] and 0.999 [24], respectively. The characteristic curve of expanding
soil and soil water in the full suction range can be obtained by adopting the gas phase
method and dialysis method (0.01–309 MPa). The soil–water characteristic curve of typ-
ical unsaturated soil is divided into boundary effect segments, transition segments, and
unsaturated residual segments based on the intake value and residual suction value. The
data shown in Figure 9 indicate that the suction force gap in the expansive soil matrix is
nearly five quantitative intervals. The correction curve coincides with the test curve in
the transition section, and the prediction result in the boundary effect segment is slightly
higher than the measured value. Because of the experimental range limitation of the filter
paper method, the non-saturated residual suction section cannot be predicted. Therefore,
it is inferred that the prediction model proposed in this paper can better reflect the devel-
opment law of the soil–water characteristic curve of the expansive soil transition section.
Considering that there are few studies on expansive soils in this region, and differences
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in soil properties across regions affect the model results, the universality of the modified
model needs to be further verified.
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the results were verified using instruments proposed by Wang Xiaoqi et al. [23] and Ye 
Weimin et al. [24]. Wang Xiaoqi et al. used a stress-related soil–water characteristic curve 
pressure plate instrument (SDSWCC-H) to analyze the soil and water characteristics of 
Nanyang expansion soil in a certain stress state. Ye Weimin et al. studied the SWCC of 
weakly expansive soil on a slope of a highway in Hubei Province using the gas phase 
method and dialysis (liquid phase) method and predicted its relative permeability 
coefficient. The results are shown in Figure 10. 
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Figure 10. MIP-SWCC correction result validation. 

The Pearson correlation coefficient analysis values for testing and predicting matric 
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nearly five quantitative intervals. The correction curve coincides with the test curve in the 
transition section, and the prediction result in the boundary effect segment is slightly 
higher than the measured value. Because of the experimental range limitation of the filter 
paper method, the non-saturated residual suction section cannot be predicted. Therefore, 
it is inferred that the prediction model proposed in this paper can better reflect the 
development law of the soil–water characteristic curve of the expansive soil transition 
section. Considering that there are few studies on expansive soils in this region, and 
differences in soil properties across regions affect the model results, the universality of the 
modified model needs to be further verified. 

Figure 10. MIP-SWCC correction result validation [23,24].

7. Conclusions

In this paper, indoor experiments were performed to investigate the pore distribution,
soil–water characteristic curve development, and change law of weakly expansive soil of
high-speed rail foundations under different dry initial densities. The soil–water charac-
teristic curves were verified and fitted using the F-X model and a three-parameter model.
Based on the results, the soil–water characteristic curve correction model of the mercury
intrusion test (capillary principle) was proposed. The main conclusions are as follows:

(1) As the dry density increased, the total volume of pores in the swelling soil decreased
by about 28.09%, the total volume of large pores became obvious and decreased by
60%, the volume content of small pores increased, and the PSD curve of expansive
soil gradually changed from trimodal to bimodal.

(2) The soil–water characteristic curve obtained by the capillary principle was always
lower than the soil–water characteristic curve obtained by the test method. Four mod-
els were used to fit the soil–water characteristic curve law, and the three-parameter
model with a better fitting effect was chosen to analyze the influence law of different
dry densities with the soil–water characteristic curve. Based on the test method and
the fitting curve of the pressure measurement method (capillary principle), a soil–
water characteristic curve model that can describe the influence of soil dry density
change was proposed.

(3) Based on the capillary principle, the soil–water characteristic curve correction model
can better reflect the development law of the soil–water characteristic curve in the tran-
sition section. In actual engineering, soil pore structure and distribution characteristics
and the soil–water characteristic curve can be obtained only through mercury intru-
sion porosimetry, which can simplify the test and shorten the time-consuming analysis.

(4) The modified soil–water characteristic curve model was tested using the experimen-
tal results obtained by previous researchers, and the correctness of the model was
determined. However, because of the limitation of the test range, the model cannot
predict the soil–water characteristic curve of the unsaturated residual suction section
of expansive soil. In addition, expansive soil is widely distributed throughout the
world, and the expansive soil used in this paper is specifically expansive mudstone,
so the universality of the modified model must still be verified.
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Appendix A

P is the pressure of the intruded mercury.
σ is the surface tension of the mercury.
θ(1) is the wetting angle between the measured porous material and mercury.
R is the pore radius.
ψ is the matric suction of the soil.
T is the unit of the surface tension of water.
θ(2) is the contact angle between the water and soil.
D is the pore diameter.
s is the total suction force of the soil body.
ω is the moisture content of the filter paper quality.
θ(5) is the actual volumetric water content.
θs is the saturated volumetric water content.
a, b, and m are fitting parameters.
n is the Euler number.
e is a correction factor.
C(ψ) is the residual matrix suction.
Cr is the fitting parameter.
α, β, and γ are the initial dry densities of the soil.
ρd is the dry density.
θ1 is matric suction measured using the filter paper method test.
ψ1 is the volumetric moisture content of the mercury intrusion test.
θ2 is the matric suction calculated based on the capillary principle for the mercury intru-
sion test.
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