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Expansive soils, known for their significant volume change with variations in
moisture content, are widely distributed around the globe. Due to their swelling
properties, expansive soils pose significant engineering challenges, especially
in rapidly developing countries like China. This study aims to investigate
the swelling mechanisms of expansive soils, focusing on the influence of
crack characteristics on swelling behavior. The research methodology includes
field investigations, laboratory experiments, and theoretical modeling. By
comprehensively considering crack rate, dry density, initial moisture content,
and overburden load, a nonlinear regression swelling model is proposed in this
research. The degree of crack development in expansive soils is quantitatively
characterized by the content of filling materials, leading to the establishment of
a crack rate model for expansive soils. Swelling tests on expansive soils with
different crack contents were conducted. The results show that the swelling
rate is negatively correlated with the initial moisture content and positively
correlated with dry density and crack rate. Additionally, the larger the crack
rate, the more significant the change in the swelling rate. Furthermore, model
validation confirms that this nonlinear regression model accurately describes
the relationship between swelling rate and influencing factors. It offers a more
precise prediction tool for infrastructure design and maintenance in expansive
soil areas, advancing geotechnical engineering practices.
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1 Introduction

Expansive soils, also known as swelling clays, are a type of soil that undergo
significant volume changes with variations in moisture content (Dai et al., 2024a). These
soils are primarily composed of hydrophilic clay minerals, such as montmorillonite,
and are characterized by their unique swelling-shrinkage properties, crack features,
and overconsolidation, which have garnered extensive attention in geotechnical
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FIGURE 1
Study area and expansive soil filled cracks: (A) Geographical location, (B) Study area, (C) Expansive soil filled cracks.

TABLE 1 The physical properties of cracked expansive soil samples.

Type Moisture
content

(%)

Density
(g/cm³)

Particle composition (%) Liquid
limit (%)

Plastic
limit (%)

Free
swelling
rate (%)<0.05 <0.005 <0.002

Crack Matrix 29.54 1.92 92 41 15 93.51 32.76 112

Soil Matrix 24.87 1.93 87 30 12 55.42 27.45 68

engineering (Uppal and Chadda, 1967; Rui et al., 2017; Leng et al.,
2018; Dai et al., 2020). The swelling and shrinkage properties
of expansive soils pose severe challenges to infrastructure, such
as buildings, roads, and foundations (Mokhtari and Dehghani,
2012). With the rapid expansion of infrastructure, including
highways and railways, driven by China’s economic growth and the
Yangtze River Economic Belt development plan (Chen et al., 2019),
construction in expansive soil areas is inevitable (Shang et al., 2020).
Consequently, the stability and deformation issues associated with
expansive soils have become significant challenges in engineering
practice (Su et al., 2020; Huang et al., 2023a). Understanding
and accurately predicting the swelling behavior of expansive
soils is crucial for designing safe and durable infrastructure
(Dai et al., 2021; Huang et al., 2024).

The swelling mechanism of expansive soils is complex
and influenced by multiple coupled factors (Robert, 1999).

These factors include soil properties, environmental conditions
(Bai et al., 2020), and soil stress states (Dai et al., 2024c).
For example, once expansive soils reach certain engineering
properties, their swelling potential is significantly affected by
moisture content, dry density, and external loads (Rahimi and
Baroothoob, 2002; Dai et al., 2023). When compacted at higher
density or lower moisture content, expansive soils may generate
higher swelling pressures, exhibiting notable swelling behavior;
however, swelling deformation decreases under higher vertical
pressures (Ömür et al., 2012). Current mature theories divide
the swelling process into two stages: crystal layer swelling and
double-layer swelling. The former is primarily controlled by the
crystal layer swelling of clay minerals such as montmorillonite
and illite (Jia, 2010). As moisture increases, the bonding
forces between crystal layers weaken, and swelling behavior
transitions to being controlled by the double layer, particularly
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TABLE 2 Test results of swelling rate for cracked expansive soil.

Crack rate Kr (%) Dry density ρd (g/cm³) Initial moisture content w0 (%) Swelling rate δep (%)

At 0 kPa At 25 kPa At 50 kPa

35

1.45

20 13.05 3.17 0.76

25 10.87 1.88 0.40

30 5.39 1.19 0.20

1.50

20 13.52 3.67 1.60

25 11.37 2.24 0.93

30 6.18 1.50 0.36

1.55

20 13.85 4.01 3.00

25 11.91 2.57 1.65

30 7.30 1.82 0.84

50

1.45

20 14.18 4.25 1.97

25 12.09 2.98 1.56

30 6.55 2.31 1.02

1.50

20 14.52 4.62 2.73

25 12.37 3.39 2.04

30 7.19 2.64 1.43

1.55

20 14.96 5.21 4.07

25 13.05 3.67 2.70

30 8.47 2.99 1.93

65

1.45

20 16.42 6.25 3.97

25 14.27 5.33 3.51

30 8.70 4.43 3.19

1.50

20 16.82 6.74 4.80

25 14.55 5.75 4.07

30 9.46 4.85 3.54

1.55

20 17.22 7.54 6.32

25 15.23 5.90 5.22

30 10.81 5.16 4.31

changes in the thickness of the diffuse layer (Chijioke and
Donald, 2019; Bai et al., 2023).

In recent decades, studies on expansive soils have involved
extensive modeling work. Early models mainly relied on empirical
correlations, using parameters such as initial moisture content,

dry density, and overburden pressure to predict swelling potential.
Among these, the loaded swelling model, widely applied in
oedometers, considers the soil mass as a semi-infinite body,
with no lateral deformation and only vertical one-dimensional
swelling deformation. Although simple and easy to operate
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FIGURE 2
Correlation between swelling rate and crack rate (Legend “1.50,20%” stands for “dry density, initial moisture content”): (A) σ = 0 kPa, (B) σ = 25 kPa, (C)
σ = 50 kPa.

with a wide range of applications, this model exhibits certain
discrepancies between fitting forms and experimental data
(Huang et al., 2014; Liu et al., 2016).

As early as the 1970s, Huder-Amberg et al. conducted uniaxial
swelling strain tests on marl using conventional oedometers,
proposing an empirical formula for swelling models under confined
conditions, indicating that axial swelling strain of soil samples
is linearly related to the logarithm of pressure (Einstein, 1989).
Weston (1980) proposed an exponential relationship linking
linear swelling with initial moisture content and overburden
pressure. Miao et al. (1999) obtained similar results when studying
unsaturated expansive soils using a lightweight oedometer,
suggesting a linear relationship between swelling rate and these
factors. Xu and Lei (2003) studied the loaded swelling deformation
test of weak expansive soils, proposing empirical relationships
between swelling rate and the initial physical state and mechanical
factors of the soil mass. Miao et al. (2008) further revealed that the
swelling rate of expansive soils is linearly negatively correlated with
initial moisture content and overburden pressure, and positively
correlated with initial dry density. Zhang et al. (2010) proposed
the concept of a normalization coefficient through loaded swelling
tests to describe the relationship between sample compaction and
loaded swelling rate, establishing empirical formulas. Huang et al.
(2011) conducted loaded swelling rate tests on different types of
expansive soils, finding a linear relationship between swelling

rate and the logarithm of load. Shen et al. (2015) believed that
compaction degree had little effect on swelling rate. Although these
models are applicable under certain conditions, they often fail to
comprehensively explain the complex interactions between different
soil properties and environmental factors. In recent years, with
the application of unsaturated soil mechanics and microstructure
analysis techniques, researchers are adopting more sophisticated
methods to deeply understand swelling mechanisms.

A crucial aspect of expansive soils is the presence of micropores
and cracks, which have increasingly gained attention (Huang et al.,
2023b). Although existing studies have revealed the deformation
laws of expansive soils to some extent, most models have not fully
considered the characteristics of cracks in expansive soils. The
presence of cracks significantly impacts the moisture absorption
and retention characteristics of the soil mass, thereby altering its
swelling behavior (Dai et al., 2024b). Therefore, developing swelling
models that accurately capture the influence of cracks is essential for
improving prediction accuracy and reliability in engineering design.

This study proposes an improved nonlinear regression
swelling model, predicting the swelling rate of expansive soils
by comprehensively considering crack rate, dry density, initial
moisture content, and overburden load. By incorporating crack
characteristics, the model aims to enhance understanding of how
crack networks interact with the soil matrix and affect overall
swelling behavior. Compared to existing models, the proposed
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FIGURE 3
Correlation between swelling rate and dry density (Legend “35,20%” stands for “crack rate, initial moisture content”): (A) σ = 0 kPa, (B) σ = 25 kPa, (C)
σ = 50 kPa.

model offers the following advantages: it provides a more accurate
representation of soil microstructure by considering crack effects,
thereby improving the predictive capability of swelling models; it
captures the nonlinear characteristics of swelling behavior, which
traditional linear models struggle to represent; and it has been
validated by experimental data, demonstrating its applicability and
reliability under a wide range of expansive soil conditions. This
research contributes to the design andmaintenance of infrastructure
in expansive soil regions by providing a more accurate prediction
tool, advancing related geotechnical engineering practices.

2 Engineering geological
characteristics of cracked expansive
soils

The expansive soil samples used in this study were collected
from the Nanyang Basin area in Henan Province, China (Figure 1).
According to the Chinese standard (2013) GB 50112-2013 for the
classification of expansive soil subgrade swelling-shrinkage grade,
geological surveys indicate that the expansive soil in this region is
characterized by strong expansive soil (90 ≤ δef). The expansive soil
has a moisture content of 27.5%, a density of 1.94 g/cm³, a liquid
limit of 89%, and a plastic limit of 29%.Themineral content includes
8.5%montmorillonite and 12.8% illite-smectite mixed-layer. One of

the most notable macroscopic features of these soils is the extensive
development of cracks filled with various materials. These strong
expansive soils, with their pronounced cracking, pose significant
challenges for engineering design and construction.

Cracks in strong expansive soils are widespread. Based on their
origin and morphological characteristics, cracks can be categorized
into primary and secondary cracks. Primary cracks are inherent
structural features formed due to uneven shrinkage stress within the
soil mass. The magnitude of shrinkage stress is proportional to the
degree of moisture loss, decreasing from the surface downwards,
causing primary cracks to be wider at the top and narrower at the
bottom, often filled with secondary clay. Secondary cracks, formed
due to tensile or shear stresses, are more pervasive and denser.These
cracks are typically smooth and filled with highly expansive gray-
green or gray-white clay, which has poorer engineering properties
than the primary clay (Figure 1C).

The cracks in strong expansive soils are primarily filled cracks.
Even at depths exceeding 15 m in some excavation slopes, these
cracks are fully developed and filled with gray-white or gray-green
clay, rich in hydrophilic minerals and colloidal particles. These
filling materials form through ion exchange or mineral deposition
as groundwater moves through the cracks, interacting with clay
minerals like montmorillonite and illite. The filling material often
forms irregular, net-like patterns within the soil, with thicknesses
typically ranging from 5 to 10 mm, though some can be as thin
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FIGURE 4
Correlation between swelling rate and initial moisture content (Legend “35,1.45”stands for “crack rate, dry density”): (A) σ = 0 kPa, (B) σ = 25 kPa, (C)
σ = 50 kPa.

TABLE 3 Summary of regression models.

Model (%) R √R2 √R
2

Standard error of
estimate

K r = 35 0.984 0.967 0.963 1.24124

K r = 50 0.987 0.975 0.972 1.22369

K r = 65 0.992 0.984 0.982 1.23744

as 2 mm or exceed 10 mm in localized areas. The clay filling is
extremely fine and has a high natural moisture content.

To analyze the swelling characteristics of expansive soils with
numerous cracks, tests were conducted on both the soil matrix and
the crack-filling materials. The filling material is usually gray-white
clay, while the soil matrix is generally yellow-brown expansive soil.
The physical properties of these materials are shown in Table 1.
Groundwater activity is frequent in the Nanyang expansive soil
area, significantly influencing the composition of the crack-filling
materials, which are predominantly gray-green clay. Other filling
materials include calcareous and iron-manganese compounds, with
a minimal presence of unfilled cracks. Gray-green clay-filled cracks
constitute 64.3%–83.9% of the total cracks in weak expansive soils.

In moderately expansive soils, these cracks display vertical zoning
characteristics, with about 80% occurring within a depth of 6 m. In
strong expansive soils, which are found at greater depths, gray-green
filled cracks are even more prominent, accounting for over 90% of
the total cracks.

Considering the typical clay-filled cracks in strong expansive
soils, this study proposes using the content of filling materials to
assess the degree of crack development. Based on statistical results,
we assume that cracks in strong expansive soils are completely filled
with gray-green clay. The crack rate, K r, defined as the volume of
cracks to the volume of soil outside the cracks, can be indirectly
described by the ratio of the content of gray-white clay filling to
the yellow-brown matrix clay. This allows for the establishment of
a quantitative indicator of crack content in strong expansive soils.

3 Swelling test of cracked expansive
soil and influencing factors

Using the quantified indicator of crack rate as a key factor,
the study incorporates crackiness into the deformation model of
expansive soil due to moisture absorption. Indoor experiments were
conducted using remolded expansive soil samples with varying
proportions of gray-white and yellow-brown clays to simulate crack
rates of 35%, 50%, and 65%. In this study, the crack rates were
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TABLE 4 Analysis of variance (ANOVA) table.

Model (%) Sum of squares (SS) Degrees of freedom (df) Mean square (MS) F-value Significance (sig.)

K r = 35

Regression 1096.249 3 365.416

237.178 0.000Residual 36.976 24 1.541

Total 1133.225 27

K r = 50

Regression 1405.826 3 468.609

312.944 0.000Residual 35.938 24 1.497

Total 1441.764 27

K r = 65

Regression 2225.190 3 741.730

484.393 0.000Residual 36.750 24 1.531

Total 2261.940 27

TABLE 5 Regression coefficients.

Model and
influencing
factors (%)

Non-standardized
coefficients

T-
value

Sig

B Standard
error

K r =
35

ρd 12.757 0.998 12.782 0.000

w0 −0.351 0.058 −6.085 0.000

ln(1+σ) −2.386 0.139 −17.160 0.000

K r =
50

ρd 13.500 0.984 13.721 0.000

w0 −0.352 0.057 −6.179 0.000

ln(1+σ) −2.389 0.137 −17.428 0.000

K r =
65

ρd 14.933 0.995 15.009 0.000

w0 −0.348 0.058 −6.050 0.000

ln(1+σ) −2.403 0.139 −17.339 0.000

TABLE 6 Relationship between Crack Rate Kr and Parameters a, b, c.

Kr a b c

0.35 12.757 0.351 2.386

0.50 13.500 0.352 2.389

0.65 14.933 0.348 2.403

chosen based on typical field observations and empirical evidence
fromprevious studies.This approachwas chosen due to the practical
difficulties associated with directly creating and controlling specific

FIGURE 5
Relationship curve between crack rate Kr and parameters a, b, c.

crack rates in soil samples. By using this rate, we can indirectly reflect
the crack characteristics within the soil, allowing for a consistent
and controlled examination of their effects on swelling behavior.
This method provides an effective and accurate means of simulating
and studying the impact of cracks on expansive soils. These samples
were prepared with gray-white clay contents of 35%, 50%, and 65%,
respectively.The study aimed to investigate the swelling deformation
of expansive soils under different crack rates through moisture
absorption tests under both unloaded and loaded conditions.

Three levels of dry density (1.45 g/cm³, 1.50 g/cm³, 1.55 g/cm³),
three levels of initial moisture content (20%, 25%, 30%), and three
levels of load (0 kPa, 25 kPa, 50 kPa) were applied to each crack
rate sample.This experimental design allowed for the analysis of the
swelling behavior and influencing factors of strong expansive soils
under varying conditions. Results are shown in Table 2.
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TABLE 7 Parameter estimates.

Parameter Estimate Standard error 95% confidence interval

Lower limit Upper limit

a 0.225 0.431 −0.634 1.084

b 4.580 2.520 −0.440 9.600

c 12.054 1.005 10.051 14.056

d −0.353 0.032 −0.417 −0.289

e −2.394 0.078 −2.549 −2.240

TABLE 8 Analysis of variance for regression equation.

Source Sum of squares Degrees of freedom (df) Mean square

Regression 4727.682 5 945.536

Residual 109.247 76 1.437

Uncorrected Total 4836.929 81

Corrected Total 1818.281 80

TABLE 9 Parameter correlation.

Parameter a b c d e

a 1.000 −0.999 −0.824 −0.043 −0.010

b −0.999 1.000 0.817 0.042 0.010

c −0.824 0.817 1.000 −0.496 −0.112

d −0.043 0.042 −0.496 1.000 −0.006

e −0.010 0.010 −0.112 −0.006 1.000

Numerous studies have demonstrated a logarithmic-linear
relationship between swelling rate and overburden load. Here, the
study specifically analyzes the correlation between swelling rate
of strong expansive soils and crack rate, dry density, and initial
moisture content.

3.1 Relationship between swelling rate and
crack rate

The relationship between swelling rate and crack rate under
varying loads, dry densities, and initial moisture contents
is shown in Figure 2.

Across different levels of initial moisture content, dry density,
and load, the relationship between swelling rate and crack rate
exhibits a consistent exponential trend, as depicted in the figure.
Higher crack rates correspond to stronger crack development in

expansive soils, characterized by higher proportions of crack fillings.
Consequently, higher crack fillings lead to increased swelling rates,
with greater variability in swelling rates observed as the number of
filled cracks increases.

3.2 Relationship between swelling rate and
dry density

The relationship between swelling rate and dry density
under varying loads, crack rates, and initial moisture contents
is shown in Figure 3.

Across different levels of initial moisture content, crack rate, and
load, the relationship between swelling rate anddry density generally
shows a linear correlation, as illustrated in Figure 3. Particularly
at lower initial moisture contents, swelling rate is significantly
influenced by dry density, showing faster growth with increasing
dry density.

3.3 Relationship between swelling rate and
initial moisture content

The relationship between swelling rate and initial moisture
content under different loads, crack rates, and dry densities
is shown in Figure 4.

Across varying dry densities, crack rates, and loads, swelling
rate exhibits a basic negative linear correlation with initial moisture
content.When other conditions are constant and dry density is high,
initial moisture content has a significant impact on swelling rate,
decreasing noticeably as initial moisture content increases.
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FIGURE 6
Typical regression surfaces of nonlinear expansion model: (A) w0 = 30%, σ = 0 kPa, (B) ρd = 1.5 g/cm³, σ = 0 kPa.

FIGURE 7
Comparison between predicted and measured swelling rates.

4 Swelling models and sensitivity
analysis of different crack rate
expansive soils

Based on the swelling test results, the swelling rate of expansive
soils is jointly influenced by initial moisture content w0, dry
density ρd, load σ, and crack rate K r. These factors exhibit linear
relationships with swelling rate, where w0, ρd, ln(1+σ) show linear
relationships, while K r demonstrates an exponential relationship.
Statistical analysis using SPSS software was employed to conduct
regression analysis on the swelling rate of strong expansive soils,
establishing sensitivity analysis indices for each influencing factor,
and subsequently developing multivariate linear and nonlinear
swelling models.

Under constant crack rate K r, the relationship between swelling
rate and influencing factors w0, ρd, ln(1+σ) is linear. Different

multivariate linear regression models were considered for various
crack rates K r. Regression analysis methods in SPSS include forced
entry, elimination, forward selection, backward elimination, and
stepwise entry. In this analysis, swelling rate was taken as the
dependent variable, with w0, ρd, and ln(1+σ) as independent
variables. The relationships and significant impacts of each
independent variable on the dependent variable were theoretically
analyzed. To ensure model integrity and comprehensiveness, forced
entry was used for variable selection, where all selected independent
variables were included in the regression model.

Significance testing of the multiple regression equation and
regression coefficients is essential. The significance of the regression
equation is typically assessed using goodness of fit and analysis
of variance, considering the overall linear correlation between
the dependent and independent variables. Goodness of fit tests
were conducted using multiple correlation coefficients √R2 and

adjusted coefficients√R2 of determination.The null hypothesis was
introduced into the analysis of variance (Equation 1):

H0:β1 = β2 = ... = βp = 0 (1)

Using the F-test for verification (Equation 2):

F = R2

1−R2

n− p− 1
p
∼ F(p,n− p− 1) (2)

From the regression analysis, the obtained p-value is judged.
If p < 0.05, the null hypothesis in the analysis of variance holds
true, indicating the regression equation is significant. If p ≥ 0.05, the
regression equation is not significant.

The significance testing of regression coefficients assesses the
significance of each independent variable’s impact on the dependent
variable. Initially, the null hypothesis is set for each independent
variable X j (Equation 3):

H0:βj = 0, j = 1,2, ...,p (3)
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Subsequently, the T-test is used for verification (Equation 4),
with the test statistic:

Tj =
β̂j/√ljj

√
n

∑
t=1
(Yt − Ŷt)

2/(n− p− 1)

∼ t(p,n− p− 1) (4)

Similarly, if the null hypothesis holds true, the regression
coefficient is significant; otherwise, it is not significant.

Regression analysis is conducted accordingly. Firstly, for
different crack rates K r, multivariate linear regression analysis of
swelling rate with initial moisture content w0, dry density ρd, and
load condition ln(1+σ) is performed.

The results of the regression analysis are shown in Tables 3–5.
When K r = 35%, the model’s coefficient of determination is

the square root of 0.984, R2 = 0.967, the adjusted R2 is 0.963, and
the standard error is 1.24. These values indicate a high covariance
ratio between the independent variables w0, ρd, ln(1+σ), and the
dependent variable δep, suggesting a good fit between the model
and the data. The analysis of variance (ANOVA) table includes
sources of variation, degrees of freedom, mean squares, F-values,
and significance tests for F. With Sig. < 0.05, the regression equation
is effective and highly significant.

The regression coefficients table presents the values of the
regression coefficients, with significance levels forw0, ρd, ln(1+σ) all
at Sig. = 0.000, indicating significance levels below 0.05.This implies
that w0, ρd, ln(1+σ) each have a significant impact on δep.

Thus, forK r = 35%, the regression Equation 5 of swelling rate δep
on initial moisture content w0, dry density ρd, and load condition
ln(1+σ) is:

δep = 12.757ρd − 0.351w0 − 2.386 ln (1+ σ) (5)

This indicates that dry density has the most significant impact
on swelling rate, followed by load condition, with initial moisture
content having the least influence.

When K r = 50%, the model’s coefficient of determination is the
square root of 0.987, R2 = 0.975, the adjusted R2 is 0.972, and the
standard error is 1.22. With a high R value, the model exhibits a
strong fit.The significance level of the regression equation, Sig.<0.05,
indicates that the regression equation is effective. Additionally, the
coefficients w0, ρd, ln(1+σ) all have significance levels Sig. = 0.000,
which are below 0.05, implying that w0, ρd, ln(1+σ) each have a
significant impact on δep.

Therefore, for K r = 50%, the regression Equation 6 of swelling
rate δep on initial moisture content w0, dry density ρd, and load
condition ln(1+σ) is:

δep = 13.500ρd − 0.352w0 − 2.389 ln (1+ σ) (6)

This indicates that dry density has the highest impact on swelling
rate, followed by load condition, with initialmoisture content having
the least influence.

When K r = 65%, similar to the cases of K r = 35% and K r =
50%, the regression equation shows a high R value, indicating a
strong fit.The regression equation’s significance level with respect to
the variables Sig.<0.05 confirms the effectiveness of the regression
equation and the significant impact of the parameters.

For K r = 65%, the sensitivity coefficients of swelling rate
δep to dry density ρd, initial moisture content w0, and load
condition ln(1+σ) are 14.933, −0.348, and −2.403 respectively. The
regression Equation 7 is:

δep = 14.933ρd − 0.348w0 − 2.403 ln (1+ σ) (7)

Thus, the regression equation for swelling rate δep with respect
to dry density ρd, initial moisture content w0, and load condition
ln(1+σ) can be uniformly expressed as Equation 8:

δep = aρd − bw0 − c ln (1+ σ) (8)

where a, b, and c are empirical parameters. The values of a,
b, and c for different K r are listed in Table 6, and their fitting
is shown in Figure 5 using an exponential curve fitting approach.

The relationship between the parameters a, b, c and the crack
rate K r is given by Equations 9, 10 and 11:

a = 10.537e0.5251Kr (9)

b = 0.3555e‐0.0296Kr (10)

c = 2.3637e0.0244Kr (11)

Therefore, the swelling rate model for cracked expansive soil
based on crack rate K r can be expressed as Equation 12:

δep = 10.537 ⁢e
0.5251Kr ⁢ρd − 0.3555⁢e

−0.0296Kr

⁢w0 − 2.3637⁢e
0.0244Kr ln (1+ σ) (12)

This model describes how the swelling rate varies with dry
density, initial moisture content, and load condition as functions of
the crack rate K r.

5 Nonlinear regression swelling model
for cracked expansive soil

Due to the linear relationship between swelling rate in cracked
expansive soil with initial moisture content, dry density, and
load, and the exponential relationship with crack rate K r, further
coupling K r directly into the model is conducted for nonlinear
regression analysis of swelling rate with K r, w0, ρd, and ln(1+σ).The
regression Equation 13 used is as follows:

δep = aebKr + cρd + dw0 + e ln (1+ σ) (13)

Regression analysis results are shown in Tables 7–9.
The residual sum of squares (RSS) for the regression model

is 109.247, and the total sum of squares (TSS) for the dependent
variable is calculated as 1818.281. Therefore, the coefficient of
determination R2 for the nonlinear regressionmodel is computed as
R2 = 1−RSS/TSS = 0.9399, indicating a high correlation. This high
R2 suggests a good fit of the regression equation to the data.

In terms of parameter correlations, a, b, and c show strong
correlations, indicating that a change in any one of these parameters
significantly affects the others. a has negative correlations
with the other parameters, meaning an increase in a leads to
decreases in the others, while b correlates positively with the
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other parameters. d, e, and c exhibit low correlations with each other
and with b, indicating their effects are relatively independent.

Based on the parameter values, the nonlinear regressionEquation
14 for swelling rate in relation to K r, w0, ρd, and ln(1+σ) is given by:

δep = 0.225e4.580Kr + 12.054ρd − 0.353w0 − 2.394 ln (1+ σ) (14)

The typical regression surface derived from the nonlinear
swelling model for cracked expansive soil is shown in Figure 6.

A total of 81 samples were utilized for predicting the swelling rate
of cracked expansive soils. The crack rates for these samples ranged
from 10% to 65%, covering a broader range than that in this study.
This extensive rangeallows for amorecomprehensive evaluationof the
swelling characteristics and enhances the robustness of the predictive
model.The predictions of the swelling rate δep1 for cracked expansive
soil based on measured crack rate K r, initial moisture content w0,
dry density ρd, and load ln(1+σ) were made. These predictions were
compared with actual measurements δep2 and shown in Figure 7.
The results show a high degree of agreement between predicted and
actual values, displaying a nearly linear relationship with a slope k
approximating1.Therefore, thisnonlinearregressionmodeleffectively
describes the relationship between swelling rate and crack rate, initial
moisture content, dry density, and load. It serves well as a predictive
model for the swelling characteristics of cracked expansive soils.

6 Conclusions

This study proposes a nonlinear regression swelling model that
predicts the swelling rate of expansive soils by considering crack
rate, dry density, initial moisture content, and overburden load
comprehensively. By incorporating crack characteristics, the model
aims to enhance understanding of how crack networks interact
with soil matrix, thereby influencing overall swelling behavior. The
conclusions of the paper are as follows.

(1) A crack rate model for expansive soils was established based
on the ratio of gray-white filling clay to yellow-brown matrix
clay content, serving as a quantitative indicator to determine
the degree of crack development.

(2) The swelling rate decreases linearly with increasing initial
moisture content, showing a negative correlation. Conversely,
swelling rate significantly increaseswith increasing dry density,
exhibiting a positive correlation. The relationship between
swelling rate and crack rate is exponential: higher crack rates
correspond to higher swelling rates, and greater variability in
swelling rate is observed with more filled cracks.

(3) A nonlinear regression model for swelling rate was established
based on crack rate, dry density, initial moisture content,
and load. This nonlinear model effectively describes the
relationship between swelling rate and crack rate, initial
moisture content, dry density, and load, serving as a

predictive model for the swelling characteristics of cracked
expansive soils.
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