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Taking unsaturated clay foundation soil of an airport project in Hefei as the research object, the effects of particle gradation
and mineral composition on the unsaturated soil properties were analyzed through two kinds of tests. The results show that
there is a good correlation between the residual water content and the clay fraction or silt fraction content in the grading, and
the residual water content has a significant positive linear correlation with the clay fraction content, but a negative linear
correlation with the silt fraction content. Residual matric suction has a nonlinear correlation with clay fraction or silt
fraction content in gradation, which has a significant nonlinear negative correlation with clay fraction content and a
positive nonlinear correlation with silt fraction content. The residual water content and the residual matric suction have
obvious linear relationship with the content of montmorillonite but have no obvious correlation with the content of illite.
The water-storage coefficient of unsaturated airfield foundation soil decreases exponentially with the increase of clay
content and montmorillonite content.

1. Introduction

For clay soil, the difference in physical and chemical prop-
erties such as particle size distribution and mineral com-
position is often an important factor affecting the
selection of macroscopic mechanical parameters. Liu
et al. used three kinds of soil particles with different grada-
tions to conduct large-scale indoor direct shear tests with
geogrid and geotextiles, respectively, and the study showed
that the soil particle gradations would affect the shear
characteristics of the interface between soil particles and
geosynthetic materials and then affect the dilatation coeffi-
cient of the interface [1]. Fan et al. has carried on the cor-
responding research, which showed that the clayey soil

total mineral composition, chemical composition deter-
mines the dispersivity of the soil mass.; the difference
between soil will affect the macroscopic mechanical
parameters [2]. For unsaturated soil, Zhi-qing et al., Lu
et al., Liu et al., Feng et al., Liang et al., and Zheng carried
out a series of related tests using unsaturated soil triaxial
apparatus [3–10]. The influence of mineral composition,
plasticity index, pore structure, water content, and stress
state on the soil-water characteristic curve of unsaturated
expansive soil is systematically analyzed. Their research
shows that there is a kind of residual matric suction in
unsaturated soil, and there is a certain correlation between
the residual matric suction and the residual water content
of the soil, and the unsaturated characteristics of the soil

Hindawi
Geofluids
Volume 2021, Article ID 5475391, 10 pages
https://doi.org/10.1155/2021/5475391

https://orcid.org/0000-0002-9790-5353
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5475391


are affected by the residual matric suction and residual
water content. Zhang et al. pointed out through experi-
ments that, under high suction, matric suction was not
only affected by water content but also affected by clay
content and mineral composition [11]. Wen and Hu
found through research that particle size had a weak influ-
ence on residual matric suction, and there was a certain
correlation between residual matric suction and the ratio
of coarse and fine clay content [12]. It can be seen from
the above researches that the physical and chemical prop-
erties of soils play an important role in the macro- and
microengineering characteristics of unsaturated soils.

It can be seen from the current researches that most
of the researches tend to be on unsaturated soils under
static load, and there are relatively few researches on
unsaturated soils under dynamic and static load of air-
craft wheel load. Therefore, the study of unsaturated soil
in airport engineering has important engineering applica-
tion value to the design and construction of an airport.

In view of this, the clay foundation soil of an airport pro-
ject in Hefei is taken as the research object, and the effects of
particle gradation and mineral composition on the unsatu-
rated soil properties are analyzed, respectively, through two
kinds of tests.

2. Data and Method

2.1. Soil Samples and Experiment Preparation. Particle size
distribution mainly affects the change of matric suction
inside soil and then affects its macroscopic engineering char-
acteristics. Figure 1 shows the sampling diagram of the
undisturbed soil sample on-site.

Three different gradations of remolded soil samples were
prepared according to the content of clay particles and silt
particles, and ring cutter samples with a diameter of
61.8mm and a height of 20mm were made. The soil-water
characteristic curves were analyzed by an unsaturated soil
pressure plate (Figure 2), and then, the influence character-
istics of clay and silt contents on the internal matric suction
were studied. The basic physical properties of remolded soil
samples after preparation are shown in Table 1, and the soil-
water characteristic curves of the three graded foundation
soils are shown in Figure 3.

The influence of matric suction on the soil-water char-
acteristic curve is mainly manifested in two aspects,
namely, residual water content and residual matric suc-
tion. According to the method of Fredlund and Xing
[13–15], the residual water content and residual matric
suction of foundation soil with different gradations can
be obtained according to soil-water characteristic curves.
Residual water content is a measure of the amount of
“immovable” water contained in the medium. These small
amounts of residual water are tightly attached to the sur-
face of the medium particles in the form of thin films or
independent water rings and can no longer actually move.
It is related to the fine pore distribution of medium, min-
eral composition, and chemical composition of pore water.
The values in the table are calculated from the eigenvalues

of the curves and then plugged into the relevant theoreti-
cal formulas. It has been shown in Table 2.

2.2. Theoretical Analysis Method. The van Genuchten model
is the most popular empirical model for fitting the SWCC.
This was proposed by van Genuchten in 1980, which
adopted the association of the efficient saturation level with
pressure head according to initial Mualem’s equation [16].
At the same time, Song and colleagues assessed those wel-
come SWCC models, and according to their results, the
van Genuchten (1980) model represented the optimal
method for estimating SWCC [17]. Therefore, in the present
study, the SWCC was estimated through van Genuchten’s
equation (1980) by adopting water flow and matric suction
results. Based on the van Genuchten SWCC model (1980),
the effective volumetric water content θe and matric suction
can be described, as follows:

θe =
1

1 + α ua − uwð Þf gn
� �1−1/n

, ð1Þ

where θe represents the effective volumetric water content;
α = 1/ub, ub represents the air-entry pressure, and n repre-
sents the pore-size spectrum number. In general, the larger
the value of n, the wider the range of pore sizes. Depending

Figure 1: Sampling diagram of undisturbed soil sample on-site.

Figure 2: Unsaturated soil pressure plate.
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on the geologic conditions and climatic conditions of soil
formation, soils with a wide range of particle sizes may lead
to a wide range of pore sizes, such as those typical for loess
soils and expansive soils.

Since the SWCC curve of the studied soil presents an
atypical “S” shape, the problem it faces is that the residual
water content cannot be accurately obtained through the
curve. Residual moisture content represents the moisture
content that can be held by the soil at very high matric suc-
tion. In the extreme case, when the soil is nearly completely
dry, the water content is 0 and the residual matric suction is
close to infinity. Based on the above analysis, the residual
water content of the cohesive foundation soil in the test sec-
tion was considered 0 and the residual matric suction ∞,

and then, the modified three-parameter van Genuchten
model was obtained:

θ = θs
1 + αψð Þn½ �m , ð2Þ

where a, n, andm are the parameters of the modified model,
respectively. The modified van Genuchten model was used
to fit the experimental results, and the fitting results are
shown in Figure 4.

3. Results

3.1. Effect of Particle Size on Unsaturated Properties

3.1.1. Influence Characteristics on Residual Water Content.
Table 2 can be obtained in unsaturated residual moisture
content with the grading of foundation soil and the changes
of clay or silt content as shown in Figure 5; it can be seen
that the residual moisture content and gradation of clay or
silt content have a good correlation, which shows a signifi-
cant linear positive correlation with the clay content and
the present linear negative correlation with silt content.
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Figure 3: SWCC of three kinds of soil with different gradations.

Table 2: Characteristic parameter of SWCC.

Serial
number

Residual moisture
content (%)

Residual matric suction
(kPa)

A# 15.70 42.38

B# 17.98 38.24

C# 14.24 50.36

Table 1: Physical properties of remolded unsaturated soils.

Serial
number

Dry density
ρd (g/cm3)

Void ratio
e

Liquid limit
(%)

Plastic limit
(%)

Plasticity
index

Grain composition (mm) and its content (%)
Clay fraction (<

0.005)
Silt fraction
(0.005~0.075)

A# 1.62 0.74 37 18 19 21.46 76.32

B# 1.48 0.82 38 18 20 27.78 67.24

C# 1.78 0.65 36 18 18 18.22 78.92
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Figure 4: SWCC curves of different clay fraction contents.
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Figure 5: Relationship between residual water content and gradation.
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3.1.2. Influence Characteristics on Residual Matric Suction.
Figure 6 shows the relationship between the residual matric
suction in unsaturated foundation soil and the content of
clay or silt in gradation. It can be seen that the residual
matric suction has a nonlinear change relationship with
the content of clay or silt in gradation, showing a nonlinear
negative correlation with clay content and a nonlinear posi-
tive correlation with the content of silt.

3.2. Influence of Mineral Composition on Unsaturated
Characteristics. Table 3 shows the content distribution of
montmorillonite and illite in remolded samples. Since clay
minerals have the greatest influence on the unsaturated engi-
neering characteristics of clay foundation soil, this paper
mainly analyzes the composition of clay minerals in founda-
tion soil.

As can be seen from Table 3, among the clay minerals,
the content of montmorillonite is the most abundant,
followed by illite, and chlorite can only be detected in three
depth ranges, and the content is very low. Therefore, this
paper only studies the effects of montmorillonite and illite
on the characteristics of unsaturated soils. Figure 7 shows
the vertical distribution of montmorillonite and illite in
foundation soil.

Three depths of foundation soil with greatly different
clay mineral compositions in the test site were selected as
the test objects. The foundation soil at each depth was dried
and prepared into samples with the same initial water con-
tent (18%) and dry density (1.65 g/cm3). The soil-water
characteristic curves of each remolded sample were ana-

lyzed, as shown in Figure 8. The corresponding parameters
were obtained by the van Genuchten model, as shown in
Table 4.

3.2.1. Influence Characteristics on Residual Water Content.
According to Table 5, the relationship between the con-
tent of clay minerals and residual water content in unsat-
urated foundation soil can be obtained, as shown in
Figure 9. As can be seen from Figure 7, residual water
content is significantly positively correlated with the con-
tent of montmorillonite, while there is no significant cor-
relation with the change of illite content. Due to the large
distance between adjacent crystal cells, weak connection,
and easy infiltration of water molecules, montmorillonite
can easily form fine clay particles, which increases the
specific surface area and enhances hydrophilicity. When
the content of montmorillonite is high in the clay soil,
the corresponding residual water content increases
accordingly.

3.2.2. Influence Characteristics of Residual Matric Suction.
Figure 10 shows the influence of clay mineral content on
the residual matric suction. It can be seen from the figure
that the residual matric suction also presents a significant
positive correlation with the content of montmorillonite,
while there is no significant correlation with the change of
illite content.

3.3. Influence on Soil-Water Characteristic Curve

3.3.1. Influence of Clay Content on Soil-Water Characteristic
Curve. Figure 9 shows the unsaturated SWCC curve of air-
port foundation soil considering different clay contents. As
can be seen from the figure, when the matric suction is the
same, the soil moisture content decreases with the increase
of clay particle content. Although the moisture content of
soil decreases with the increase of matric suction under dif-
ferent clay content conditions, the curve is slightly different
due to the different clay contents. The van Genuchten model
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Figure 6: Relationship between residual metric suction and gradation.

Table 3: Soil sample with different clay mineral contents.

Serial number Montmorillonite (%) Illite (%) Chlorite (%)

1# 45 4 2

2# 26 7 0

3# 15 2 0
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Figure 8: SWCC of three kinds of foundation soil.
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Figure 7: Distribution of montmorillonite and illite along foundation depth.

Table 4: Characteristic parameter of SWCC.

Serial
number

Residual moisture
content wr (%)

Residual matric suction
ua − uwð Þr (kPa)

1# 16.325 69.364

2# 14.723 64.762

3# 13.635 57.865

Table 5: Modified van Genuchten model fitting parameters for
different clay fraction contents.

Clay fraction content w′ (%) 1/a n m

10 25.02 6.440 0.832

20 35.50 6.100 0.824

40 41.88 5.126 0.802

50 41.56 3.764 0.638
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was used to fit each SWCC curve, as shown in Figure 4. At
the same time, Table 5 shows the corresponding fitting
parameters, and the variation curve of each parameter with
the net vertical stress is shown in Figure 11.

As can be seen from Figure 11, parameter 1/a increases
exponentially with the change of clay fraction content. Both
n and m decrease with the increase of clay fraction content,
and n decreases linearly with the increase of clay fraction
content, indicating that the water storage coefficient of soil
decreases in an exponential form. m decreases in the form
of a negative exponential with the increase of clay fraction
content, and it can be seen that when the clay fraction con-
tent exceeds a certain value, the rate of decrease increases
significantly.

3.3.2. Influence of Montmorillonite Content on Soil-Water
Characteristic Curve. Figure 12 is the SWCC curve of unsat-
urated clay foundation soil with different montmorillonite
contents in the test section. It can be seen from the figure
that the water content of soil decreases with the increase of
matric suction under the effect of the same montmorillonite
content. When the suction is constant, the moisture content
of soil decreases with the increase of the content of montmo-
rillonite. At the same time, the V-G model can also be used
for a good description. The fitting parameters of the modi-
fied van Genuchten model under different montmorillonite
content conditions are shown in Table 6, and the variation
curves of each parameter with montmorillonite content are
shown in Figure 13.
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Figure 9: Relationship between residual water content and content of clay fraction.
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As can be seen from Figure 13, parameter 1/a increases
exponentially with the change of montmorillonite content.
n decreases linearly with the increase of montmorillonite
content, while m decreases exponentially with the increase
of montmorillonite content. Parameter n is related to the
pore distribution size of unsaturated soil. Meanwhile,
parameter n reflects the slope of a straight line segment in
SWCC, and the slope of a straight line segment in SWCC
reflects the water storage coefficient of unsaturated soil.
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Figure 11: van Genuchten model parameters vary with clay fraction content.
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Table 6: Fitting parameters of the van Genuchten model modified
with different montmorillonite contents.

Content of montmorillonite w″ (%) 1/a n m

10 24.78 6.524 0.842

20 38.64 5.680 0.826

40 40.30 2.241 0.576

50 44.22 1.224 0.192
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Therefore, it can be seen that the water storage coefficient of
soil decreases exponentially with the increase of the content
of montmorillonite. Parameter m is related to the asymme-
try of the model. With the increase of montmorillonite con-
tent in unsaturated soil, the macroscopic pores of the soil
will decrease, while the microscopic pores will increase
accordingly, and the average pore size of the soil will
decrease.

4. Conclusions

In this paper, the effects of mineral composition on unsatu-
rated properties of foundation soil in the test section are
analyzed by two kinds of laboratory tests. Through the
research, the following conclusions are obtained.

(1) The residual water content of soil has a good corre-
lation with the clayey or silt content in gradation
and has a significant positive linear correlation with
the clayey content, while a negative linear correlation
with the silt content

(2) Residual matric suction has a nonlinear correlation
with clay or silt content in gradation, in which it
has a significant negative nonlinear correlation with
clay content and a positive nonlinear correlation
with silt content

(3) The residual water content and the residual matric
suction have an obvious linear relationship with the
content of montmorillonite in the foundation soil
but have no obvious correlation with the content of
illite

(4) The water-storage coefficient of unsaturated airfield
foundation soil decreases exponentially with the
increase of clay content and montmorillonite
content

Data Availability

The figures presenting the test data analysis were all drawn
in AutoCAD 2019, Origin 8.0, and Midas/GTS. The data
are available and explained in this article. Readers can access
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