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Effect of mineral composition on soil-water characteristics of red soil
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Abstract: Mineral composition is one of the critical factors regulating the soil-water characteristic curve (SWCC) and micro-pore structure in red soil.
The purpose of this study is to analyze the mechanism of mineral composition on the soil-water characteristics of red soil from the microstructural
level. The response curve method was employed to systematically evaluate the effects of different mineral compositions on matrix suction, with three
key ratios selected for investigation. Using the contact filter paper method, SWCCs were obtained for humidified soil samples with three distinct
mineral proportions. Additionally, scanning electron microscopy and mercury intrusion porosimetry were utilized to reveal pore microstructure and
distribution characteristics. The results indicate that the regression model constructed using Box-Behnken design demonstrates significant effects of
kaolinite and illite on matric suction during variance fitting analysis, whereas montmorillonite exhibits no significant influence. The interaction
between kaolinite and illite has a much greater impact on matric suction than the interaction between kaolinite and montmorillonite when a specific
variable is fixed. Furthermore, the influence of mineral composition on the SWCC is minimal in the near-saturation and residual regions, where the
curve remains relatively flat. In the transition region, the slope of the SWCC increases significantly for samples with high kaolinite content, while the
slope is relatively small for samples rich in the other two mineral components. Regarding microstructure, samples with high kaolinite and illite
content exhibit uneven sand particle boundaries, large flocculated structures with cross-distribution, and a rich macroporous structure. In contrast, the
other two groups of samples display a relatively loose dispersed structure. Moreover, there is a strong correspondence between the dominant pore size
range in the pore size distribution curve and the transition region of the SWCC, further validating the profound influence of mineral composition on
the soil-water characteristics of red soil.
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factors on soil-water characteristic curves has been

1 Introduction extensively investigated by scholars globally. Tang et al.[!

The soil-water characteristic curve (SWCC) is a
fundamental curve that delineates the relationship between
suction and water content (or saturation) in unsaturated
soilst2, It serves not only as a basic constitutive
relationship in unsaturated soil mechanics but also
profoundly illustrates the critical influence of soil pore
structure on mechanical properties®4. This curve is
intrinsically linked to key properties of unsaturated soils,
including permeability, strength, and volumetric changes.
Furthermore, it acts as an essential bridge connecting
theoretical frameworks, experimental testing, and predictive
methodologies, playing an indispensable role in
understanding and forecasting the coupled hydro-
mechanical-chemical processes in unsaturated soilstl.

The soil-water characteristic curve is influenced by a
multitude of factors that can be categorized into intrinsic
and extrinsic factors (see Fig.1). Intrinsic factors encompass
mineral composition, pore structure, particle size

distribution, dry density, initial water content, and soil fabric.

Extrinsic factors include stress history, confining pressure,
dry-wet cycles, freeze-thaw effects, and temperature
variations, among others®7l, The influence of various
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demonstrated that particle size gradation has a significant
influence on the soil-water characteristic curve. Specifically,
larger particle sizes exhibit a linear "stepped™ distribution,
whereas smaller particle sizes tend to display a more linear
pattern. Furthermore, particle size composition is closely
associated with the hysteresis and intake values of the
soil-water characteristic curve®9. In well-graded soils,
particles of varying sizes interlock with one another,
forming a complex pore structure. This results in the
soil-water characteristic curve presenting a more intricate
morphology™!l. The macroscopic physical and mechanical
properties of soil reflect, to some extent, the external
manifestation of its internal microstructure™, Chen et al.l*?!
revealed that variations in initial compaction conditions
markedly affect the mechanical and hydraulic
characteristics of in-situ granite residual soil subgrade,
fundamentally due to changes in pore structure and
soil-water characteristics. Furthermore, microstructural
analysis reveals that soil-water characteristics are
predominantly governed by pore distribution. Specifically,
larger pores facilitate easier water discharge during drainage,
resulting in a lower air intake value and a flatter soil-water
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characteristic curvel™l, Consequently, there exists a
corresponding relationship between the pore distribution
curve and the soil-water characteristic curvel*®], enabling the
prediction of distinct soil-water characteristic curves under
varying pore conditions via the proposed model*s%7], Wang
et al.l*8l and Cui et al.* examined the effects of dry-wet and
freeze-thaw cycles on SWCCs, finding that increased cycle
numbers reduce water retention capacity, leading to
noticeable differences in SWCCs across different cycle
counts. Luo et al.l®l experimentally determined that the
intake air value of sandy gravel soil exhibits a linear
correlation with vertical stress but a hyperbolic relationship
with the slope of the SWCC. Moreover, beyond a certain
level of vertical stress, its impact on the intake air value
becomes negligible?. Pham et al.?>Zlexplored the effect
of temperature on SWCCs, revealing that rising
temperatures weaken matrix suction and decrease water
retention. However, although there have been many studies
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involving the influencing factors of the soil-water
characteristic curve, as an important component of soil, the
research on the influence of mineral components on the
soil-water characteristic curve of red soil lags behind
relatively. Due to the small particle size and relatively large
specific surface area of mineral components, they exhibit
complex dispersion, ion exchange, plasticity and expansion
and contraction when interacting with water molecules.
Coupled with the strict requirements of research methods
and the high consumption of quantitative analysis resources,
the current exploration of the influence of mineral
components on the soil-water characteristic curve of laterite
is still scarce, and the existing research is only limited to the
influence of a single mineral component. This provides an
opportunity for further studying the influence of mineral
composition on the soil-water characteristic curve of laterite.
The exploration carried out in this aspect in this study has
certain academic value and reference significance.
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Fig.1

In this study, red soil samples containing diverse mineral
types and varying contents were prepared. The response
surface methodology was employed to examine the impact
of different mineral ratios on the matric suction of red soil,
with three critical ratios being identified. By utilizing
soil-water characteristic curve fitting, mercury intrusion
porosimetry, and scanning electron microscopy analysis, the
effects of varying mineral compositions on the soil-water
characteristics and pore structure of red soil were
comprehensively investigated. This research elucidates the
influence mechanism of mineral composition on red soil
properties from the perspectives of mineralogy and
microstructure. The technical approach adopted in this study

Influence of various factors on soil-water characteristic curves

is illustrated in Fig.2.

2 Materials and methods

2.1 Determination of sand content

The soil samples for testing were collected from
Chenggong District, Kunming City, and laboratory analysis
confirmed the soil type as red clay. During the soil sample
collection stage, the extracted soil samples were dried,
crushed, and passed through a 2 mm sieve to prepare them
for subsequent experiments. Additionally, the clay mineral
content was further analyzed. During sample preparation,
the sand content in the clay minerals was increased from 0
to 70%, and the configuration was carried out at intervals of
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5%, with standard quartz sand used. The soil samples were
prepared with a dry density of 1.7 g/lcm<moisture content
of 17%, and compaction degree of 95%. Loose soil samples
were compacted into cutting ring specimens measuring 5
cm in diameter and 2 cm in height using the static pressure
method, with two parallel specimens prepared for each sand

content level. Subsequently, the matrix suction of the soil
samples with varying sand contents was measured using the
contact filter paper method (see Fig.3). The filter paper used
in this experiment was domestic "Double Circle" brand No.
203 quantitative filter paper, characterized by a slow filtration
rate, a diameter of 70 mm, and an ash content of 0.01%.
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Fig.3 Test device schematic diagram

The procedures for conducting a matrix suction test are
outlined as follows:

(1) Place the filter paper in a high-temperature oven for
12 h to determine the matrix suction of the soil sample
under varying sand content conditions. Three pieces of
dried filter paper were carefully retrieved with tweezers and
positioned between two cutting ring soil samples. The upper
and lower layers served as protective filter paper with a
width of 5 cm, while the middle layer functioned as the test
filter paper with a width of 4.5 cm, ensuring direct contact
between the filter paper and the soil sample. The dry weight
of the middle filter paper was measured using an analytical
balance with one-thousandth accuracy. The two soil
samples were securely sealed with waterproof tape and
subsequently wrapped layer by layer with plastic film.

(2) Place the wrapped soil sample in a sealed glass
container and subsequently transfer the sealed container to a
25 T incubator for a period of 10 d. After the incubation

period, retrieve the sample and use tweezers to carefully
extract the centrally positioned test filter paper (to minimize
exposure to ambient moisture, this procedure should be
completed within 30 s). The wet weight of the filter paper
was then measured using a balance with a precision of
0.001 g. The moisture content of the filter paper was
calculated according to Eq. (1) , and the matrix suction of
the excavated sample was determined using Eq. (2) .

wfz[ﬂ_ ]xlOO% (1)

m,

where m; represents the dry weight of the filter paper (g);

m; denotes the wet weight of the filter paper (g); and ws

signifies the moisture content of the filter paper (%).
The governing equationf?! is:

IgS =5.493-0.076w,, wW,<<47% }

(2)
lgS =2.470-0.012w,, W, =47%
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where S refers to matrix suction (kPa).

Based on the matrix suction test, the relationship curve
between the sand content of the soil sample and the matrix
suction is illustrated in Fig.4(a). As observed from the
figure, as the sand content increases, the overall matric
suction of the soil sample exhibits a downward trend, with
a clear change pattern. Specifically, when the sand content
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ranges from 40% to 45%, further increases in sand content
have minimal impact on the matric suction of the soil
sample, to the extent that such changes can be considered
negligible. Therefore, to minimize the influence of sand
content on subsequent tests and control experimental
variables, the sand content for this experiment was set at
40%.
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Fig.4 Pre-experimental data

2.2 Response surface methodology (RSM)

Response surface methodology (RSM) is an advanced
approach that integrates experimental design and
mathematical modeling to optimize processes. By testing
representative local points, RSM enables regression fitting
of the functional relationship between factors and outcomes
across the entire range, thereby determining the optimal
levels for each factor. The quantitative analysis of kaolinite,
montmorillonite, and illite in red soil was conducted using
X-ray diffraction (see Fig.4(b)). In conjunction with a
selected sand content of 40%, the final determined contents
of kaolinite, montmorillonite, and illite were 30% to 42%,
0% to 12%, and 12% to 24%, respectively. For this
experiment, the independent variables included the content
of kaolinite powder (factor A), montmorillonite powder
(factor B), and illite powder (factor C), each at three levels.
To comprehensively analyze the influence of sample
moisture content on matrix suction force, the matrix suction
force at sample moisture contents of 10%, 15%, and 20%
was selected as the response variable. A moisture content of
10% approximates the condition of red soil in a dry state,
20% corresponds to its saturated state, and 15% represents
an intermediate condition. These three moisture levels
effectively encompass the potential range of moisture
content that red soil may experience under actual
engineering conditions, thereby providing a more thorough
understanding of how mineral composition affects matrix
suction force. The test factors and their corresponding levels
are presented in Table 1. The response surface analysis was
performed using Design-Expert 10 software to investigate
the impact of mineral composition on the suction force of
the laterite matrix. In this study, the Box-Behnken design
method was employed for experimental design within the
software. The significance level of the model was

established at 0.05. A quadratic polynomial model was
utilized for regression fitting, and the model was
subsequently validated and optimized through analysis of
variance.

Table 1 Test factor and level of response surface method

Level Factor A/% Factor B/% Factor C/%
-1 30 0 12
0 36 6 18
1 12 12 24

2.3 Measurement of soil water characteristic curve

Based on the content ranges of three mineral
components established through the response surface
methodology, soil samples with varying proportions of
kaolinite powder, montmorillonite powder, illite powder,
and sand particles were prepared. Water was added to the
soil samples using a dropwise method to achieve moisture
contents ranging from 5% to 23%, with increment of 1%.
The water-soil mixtures were then sealed in bags for 24 h to
ensure thorough contact and homogeneous mixing,
preventing particle agglomeration. Static soil samples were
subsequently molded into ring cutter specimens according
to the parameters outlined in Section 2.1. Matrix suction
tests were conducted following the specified procedure,
evaluating the effects of different mineral component
compositions.

To develop the soil-water characteristic curve model, the
gravimetric water content of the soil sample was converted
to volumetric water content using Eq. (3) .

o= (3
Pu

where 6 is the volumetric moisture content of the soil
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sample (%); w is the mass moisture content of the soil
sample (%); pq is the dry density of the soil sample (g/cm3
and pw is the density of water (g/cm3

Based on the data of water content and matric suction,
the Gardner (GA), Van Genuchten (VG) [, Fredlund &
Xing (FX)#1, and the three-parameter Van Genuchten!?!
models were utilized to fit the data. The corresponding
fitting equations are as follows:

GA model:

9r+M
1+(S/a)

VG model:

(4)

95 _er
g+ 5%
[1+(S/a)"]"
1

m=1-—
n

FX model:

(5)

0 A
{In[e+(S/a)"}"

Three-parameter Van Genuchten model

(6

Hs _er
R e
[1+(Sa)"]"

where 6; denotes the residual volumetric water content (%6);
6s indicates the saturated volumetric moisture content (%); a
is the parameter associated with the air entry value; n is the
model parameter related to pore size distribution; and m is a
model parameter associated with the overall symmetry of
the curve.

2.4 Mercury injection testing

The mercury injection test, grounded in capillary
action principles, quantifies the volume of mercury
intruded into soil pores under varying external pressures.
As external pressure increases, mercury can penetrate
progressively smaller pore radii, eventually filling all
accessible pores at sufficiently high pressures. The
experiment involves measuring and recording the
volume of mercury intruded at different pressures, from
which pore diameters are calculated using Egs. (2) and
(3) . This process yields a curve representing the
relationship between pore diameter and mercury volume.
This curve can determine the situation that pores of
different sizes are filled as pressure increases, thereby
providing insights into the soil's pore size distribution.
For the test, soil samples with optimal moisture content
at each level were selected, ensuring that their
dimensions (length, width, and height) did not exceed 15
mm. After undergoing drying and freezing, these
samples were analyzed using a high-performance
automatic mercury injection instrument (model:
AutoPore 1V 9510). The testing pressure range was set
from 1.4 kPa to 206 kPa for low-pressure measurements

(7

and from 138 kPa to 413 640 kPa for high-pressure
measurements.

2.5 Scanning electron microscopy analysis

Soil samples with dimensions (length, width, and height)
less than 5 mm were selected from the cutting ring samples
exhibiting optimal moisture content at each level for SEM
analysis. The selected soil samples were subsequently dried
and subjected to adhesive treatment, grinding, profiling,
and gold sputtering. Finally, the prepared samples were
analyzed under a scanning electron microscope (SEM,
instrument model Regulus 8100) for imaging.

2.6 Extraction of feature parameters for pore structure

characteristics

In the SEM test, to achieve a clearer image of soil
particles, the darkest and brightest points in the image do
not correspond to the extreme gray values. Therefore,
Image Pro Plus (IPP) was utilized to process the gray value
distribution of the SEM images obtained from the test using
normal distribution (square equalization). A binary threshold
was selected, resulting in a binarized image. The Pores and
Cracks Analysis System (PCAS) was then employed to
analyze the binarized image, extracting fundamental
parameters such as porosity, perimeter, area, and orientation
characteristics of the soil microstructure. Based on these
basic parameters, equivalent parameters (average area,
average perimeter, average major axis, average minor axis),
dimensionless parameters (aspect ratio, roundness, shape
coefficient), angular distribution, and probabilistic entropy
were calculated.

3 Results and analysis

3.1 Response surface methodology analysis

Based on the test factors of the response surface
methodology (see Table 1), a total of 17 experimental
groups were designed using the Box-Behnken design.
The experimental design is presented in Table 2, which
includes five zero-point repetition test groups. These
groups are uniformly distributed near the center point of
the experimental design to minimize experimental errors.

Design-Expert 13 software was utilized to conduct
comprehensive model fitting analyses on the relationship
between matric suction at moisture contents of 10%, 15%,
and 20% and the three influencing factors. The most
appropriate model was selected based on the model
synthesis coefficients. Taking the matric suction at 10%
moisture content as an example, fitting analyses were
performed for the linear model, two-factor interaction
model (2FI), and quadratic polynomial model. The
corresponding comprehensive coefficient outputs are
illustrated in Fig.5. As shown in the figure, among the
three models, only the quadratic polynomial model
exhibits a coefficient of determination (R3greater than 0.9,
indicating high fitting reliability and minimal test errort3,
Additionally, the coefficients of variation (Cv) were all
below 10%, further confirming the reliability and
precision of the test results. The F-score measures a
model's ability to interpret data variation; the higher the
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valueis, the more significant the model is. The P-value
assesses the statistical reliability of this significance, and a
value below 0.05 is generally considered significant. In the

Table 2 Test scheme
No. FactorA% FactorB% Factor C% No. FactorA% Factor B% Factor C%

1 30 12 18 10 36 6 18
figure, the F-value of the quadratic polynomial model is > p 0 8 1 3% 0 1
the highest, indicating that it can capture more changes in 3 3% 6 B8 12 3% 0 2
matrix suction caused by influencing factors. Combined 4 3 6 8 13 0 18
with the P-value, it can be seen that the high F-value 5 6 2 1 % 12 12
d_lregt!y leads to a P_—value less than 0.05, and its model is 6 30 6 w15 3% 6 18
S|gn|f|cant_[31]._ '!'he linear model and the twc_)-factor mod_el s o " 8 16 @ 6 ”
are not_ significant. The_refore, a qqadrath polynomial s 3 6 s 17 6 1
model is selected for fitting the matrix suction values of s 3 " w _ B
samples with different moisture contents.
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Fig.5 Fitted data of different models

As illustrated in Fig. 6, the analysis of variance for
the matric suction fitting model of the sample indicates
that factors A and C are significant, whereas factor B is
not. The significance level of factor A exceeds that of
factor C, resulting in a hierarchy of significance as
follows: A > C > B. The matric suction values at 10%,
15%, and 20% moisture content are influenced not only
by individual factors but also by the interactions between
factors, specifically the AC and AB interactions, which
are significant. In contrast, the interactions between AB

and BC are not significant. Given that the magnitude of
the F-value reflects the influence of various factors on
the sample's matric suction, a larger F-value signifies a
greater impact(®2. Consequently, under this model, both
factors A and C exert substantial influence on the results,
with the degree of influence being A > C > B. In
summary, kaolinite powder exerts the most significant
influence on the matric suction of samples with moisture
contents of 10%, 15%, and 20%, followed by illite
powder and montmorillonite powder.
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Fig.6 Analysis of variance of different models

3.2 Analysis of soil-water characteristic curve
According to the response surface analysis, the
matric suction of red soil is influenced by the interaction

among kaolinite powder (factor A), montmorillonite
powder (factor B), and illite powder (factor C). Therefore,
a series of experiments was designed to test the matrix
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suction at the highest and lowest values for each pair of
additives (denoted as AC+, AC—; AB+, AB—; BC+,
BC-). The specific content of the three mineral
components is illustrated in Fig.7.

The soil-water characteristic curves (SWCCs) of the
six sample groups were fitted using the GA model, VG
model, FX model, and the three-parameter VG model.
The fitting equations are presented in Eq. (4) — (7) ,and
the fitting parameters are summarized in Table 3. Based on

the fitting parameters and Fig.8, it can be observed that the
four fitting models exhibit similar curve performance in
the near-saturation and transition regions, while significant
differences are noted in the residual region. All models
provide satisfactory fitting results with correlation
coefficients exceeding 0.95. After comprehensive analysis
and comparison, the VG model demonstrates the best
fitting performance, and thus it was selected for parameter
fitting in this study.
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Fig.7 Mineral composition content
Table 3 Parameter fitting for various samples
Source GAmodel VG model FX model Three-parameter VG model
factors g n m R? a n m R2 a n m R2 a n m R2

AC+ 279 6.11 — 0.976 269 6.50 — 0.983 269 6.28 210 0.979 0.38 6.25 0.77 0978
AC- 274 495 — 0.982 258 526 — 0.999 249 502 178 0.995 041 513 0.68 0.998
BC+ 297 488 —_ 0.998 2.79 539 — 0.999 2.79 450 430 0.996 0.26 450 248 0974
BC- 313 6.17 — 0979 298 6.18 — 0.998 298 5.99 204 0.997 0.35 5.72 0.64 0977
AB+ 295 5.36 — 0.953 280 558 — 0.999 269 520 173 0.990 0.36 505 0.75 0.998
AB- 276 492 —_ 0.985 2.60 523 — 0.999 250 5.01 176 0.995 0.40 4.86 0.74 0.997

Figure 8 illustrates the soil-water characteristic curves of
compacted samples with varying mineral compositions.
During the evolution of the humidification process, the
soil-water characteristic curve can be distinctly categorized
into three characteristic regions based on the quantitative
threshold of substrate suction force. Specifically, when the
substrate suction force is less than 100 kPa, it corresponds to
the near-saturation region; the range from 100 kPa to 10 000
kPa represents the transition region, and the range
exceeding 10 000 kPa pertains to the residual region. In
summary, the soil-water characteristic curves derived from
the experiments can be systematically classified into three
stages: the near-saturation stage, the transition stage, and the
residual stage. In the near-saturation region, where pores are
predominantly filled with water and samples approach full
saturation, the variation in suction is relatively limited.
Consequently, the influence of different mineral
components on this region is minimal, and the curves for all
samples exhibit similar characteristics. As suction increases,
the sample transitions into the transition region. Here, the
curve's slope becomes significantly steeper, indicating an
accelerated rate of water loss and a gradual decrease in
saturation. At this stage, the impact of mineral composition
on the curve's slope becomes apparent. Specifically,
samples with higher kaolinite content exhibit a steeper slope

and a more pronounced reduction in water content as
suction increases. Conversely, samples rich in
montmorillonite and illite display a gentler slope, resulting
in a broader range of suction changes. Upon entering the
residual region, the remaining water content is minimal, and
further increases in matrix suction induce only minor
variations in water content. As such, the curves for all
samples flatten out in this region. Through the graphical
method, the intake air value (AOV) and residual value for
each group of samples were determined. The detailed
operational steps are as follows: First, on the soil-water
characteristic ~ curve, identify the suction value
corresponding to the point where the curve's slope begins to
increase significantly; this value represents the intake air
value (AQOV). Subsequently, in the residual region,
determine the moisture content value corresponding to the
point where the curve tends to plateau; this value represents
the residual value. When all three mineral components are
present in high concentrations, the AOV of the AC+ group
is notably higher than that of the other two groups.
Additionally, the AOV and residual values of the AC+ and
AB+ groups exceed those of the AC— and AB— groups,
while the AOV and residual values of the BC+ group are
considerably lower than those of the BC— group, with the
residual values showing an inverse relationship.
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Fig.8 Soil-water characteristic curves of compacted samples with different mineral compositions

3.3 Characteristics of pore structure and pore distribution
Among the six groups of soil-water characteristic curve
test samples, three combinations (AC+, AB+, BC+) with
the highest pairwise component content were selected for
scanning electron microscope (SEM) analysis. Their
microstructures are illustrated in Fig.9. In samples with
higher kaolinite and illite contents (see Fig. 9(a)), upon
hydration, the fine clay particles exhibit hydrophilic
behavior, absorbing water and expanding, thereby
becoming more viscous. Due to the high concentration of
both minerals, a significant number of clay particles adhere
to the surface of sand grains through physical adsorption
and chemical bonding. This process forms a dense coating
layer on the sand grain surfaces, rendering their original
boundaries irregular and promoting the formation of
flocculated structures. These flocculated structures are
voluminous and interwoven, leading to the development of
macroporous structures within the sample. Within this
structure, the predominant particle contact mode is
ball-to-ball contact. Conversely, when the kaolinite and
montmorillonite contents are substantial (see Fig. 9(b)), the
interaction between kaolinite particles is relatively weak, and
the montmorillonite content is insufficient to form extensive
flocculated connections. As a result, fewer aggregated
flocculated structures are observed in the sample. The sand
grain boundaries remain relatively smooth, with some fine
clay particles filling the pores, forming a relatively loose
dispersed structure. By contrast, in samples with elevated
montmorillonite and illite contents (see Fig. 9(c)), no
prominent flocculated structure is evident. Instead, a large

number of clay particles are tightly packed within the pores,
forming a dispersed structure characterized by tighter
arrangements and smaller pore diameters. Here, the particle
contact modes shift to surface-to-surface and angle-to-edge
contacts.

The pore volume accumulation and density
distribution curve of compacted soil samples, as measured
by the mercury injection test, are collectively referred to as
the pore size distribution curve (PSDC). This is commonly
represented as the cumulative pore volume and size
distribution curvel®l, Using the mercury injection test, the
porosity and pore distribution curves for compacted
samples with varying mineral compositions are presented
in Figs.10 and 11. In samples with higher montmorillonite
and illite content, the porosity, total pore area, and total
pore volume are relatively high, while the average pore
diameter is comparatively small. Conversely, the
combination of high kaolinite and illite contents exhibits
the largest average pore diameter among the three types
(Fig.10). These findings from the porosity analysis align
with observations made using scanning electron
microscopy.

By analyzing the pore distribution curves, it is evident that
the cumulative mercury intrusion volume and area exhibit a
unimodal pattern (see Fig.11(a), 11(c), and 11(e)). Specifically,
the cumulative mercury intrusion volume curve demonstrates
an initial rapid increase followed by a gradual decrease,
whereas the mercury intrusion area curve shows the opposite
trend. The peak values of both curves occur within the
micropore and small pore ranges, indicating that these pore
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sizes dominate the sample. In contrast, the incremental
mercury intrusion volume of the sample displays a bimodal
pattern (see Fig.11(b), 11(d)). The minor peaks correspond to
intragranular pores form by clay particles, while the major
peaks represent intergranular pores between skeletal particles.
Both peaks fall within the mesopore range, and the presence
of low valleys suggests significant variations in pore size and
distribution. Additionally, the peak point in the pore volume
increment distribution curve for samples with higher kaolinite
and illite contents is relatively higher due to their larger pore
volumes. The logarithmic difference mercury intake curves of
different samples show obvious peaks in the mesopore range
(see Fig.11(f), indicating that the mesopore is the main

Original SEM

Particles and pores

contribution pore size range for mercury intake, which echoes
the bimodal characteristics of the incremental mercury intake
volume and further confirms the important position of the
mesopore in the pore structure. The sample with the highest
content of kaolinite and illite has a relatively higher peak
value of mercury intake in logarithmic difference. Combined
with the previous analysis of pore volume, this is because the
pore volume of this sample is large, and the rate of change of
mercury intake in key pore size intervals such as mesopoids is
also greater, indicating that its pore structure is more "active™
during the mercury intake process. It also reflects the
significant influence of different mineral compositions on
pore structure and mercury intrusion behavior.
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Fig.10 Porosities of compacted samples with different mineral compositions

3.4 Pore structure characteristic parameters

In order to quantitatively analyze the pore structure
characteristics of the three samples, images acquired via
scanning electron microscopy (as depicted in Fig.9) were
utilized in conjunction with the PCAS image analysis
software for detailed processing. Using this software,
several key parameters characterizing the pore structures
of the three sample groups were successfully extracted,

including average area, average perimeter, porosity, fractal
dimension, and probability entropy. The specific results
are presented in Fig.12. Among the samples, those in the
AC+ group exhibited characteristics of large pore sizes but
relatively low porosity. This could potentially be attributed
to the relatively loose flocculent structure formed by clay
minerals within the AC+ group samples. Despite the
presence of larger individual pores, the poor connectivity
between these pores led to a lower overall porosity.
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Conversely, the samples in the BC+ group demonstrated
an opposite trend (as shown in Figs. 8(c)—8(e)). This may
have resulted from the close packing of viscous particles
within the pores of the BC+ group samples. Although the
pore sizes were smaller, the higher number of pores
contributed to a relatively greater owverall porosity.
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Additionally, the AC+ group had a smaller average shape
factor, indicating smoother particle morphology.
Simultaneously, its average circumference was the largest,
suggesting relatively longer particle boundaries (see
Fig.12(b)). These findings align with the descriptions
provided in Section 3.3.
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Fig.11 Pore distribution curves of compacted samples with different mineral compositions

The area probability distribution index of the three
sample groups exhibited a certain correlation with the
average area (see Fig.12(a)). Specifically, the AC+ group
demonstrated the lowest area probability distribution index,
which corresponded to a relatively smaller average area,
whereas the BC+ group displayed an opposite trend. This
suggests that a higher area probability distribution index is
associated with greater heterogeneity in the particle or
pore area distribution within the soil, potentially leading to
a higher proportion of large-area particles or pores and
consequently increasing the average area. Additionally, it
is noteworthy that the AC+ group exhibits a larger fractal
dimension but a relatively smaller probabilistic entropy
(see Fig.12(f), 12(i)). This phenomenon can primarily be
attributed to the flocculent structure formed by the AC+
group particles, where individual particle surfaces are
smooth, yet the overall distribution of particles and pores
remains highly irregular and complex. Despite this
complexity, the spatial arrangement of these particles and
pores maintains a certain degree of order. This
characteristic aligns with the results of the ordering
coefficient, consistency coefficient, curvature coefficient,
and porosity fractal dimension of the samples (see
Fig.12(g), 12(h)), further validating the unique pore

structure features of the AC+ group samples.

4 Discussion

4.1 Influence of interaction of two factors on matrix

suction

The test data were systematically analyzed and
organized. Based on the actual recorded data and the fitted
regression equation, a correlation diagram was constructed
to illustrate the relationship between the residuals and the
predicted values of the equation, as depicted in
Figs.13(a)-13(c). As evident from the figures, the scatter
distribution of residuals versus predicted values exhibits
an irregular pattern. The color points representing the
values are randomly distributed within a specific interval
without any discernible trend or pattern. This indicates that
the regression model maintains consistent error
distribution characteristics across different predicted
values, thereby further enhancing the robustness and
reliability of the model. Additionally, using the regression
model, the influence of the interaction between two factors
on the matric suction of red soil was investigated.

When the content of illite powder (factor C) is fixed at
18%, the contour plots illustrating the interaction between
kaolinite-montmorillonite powder and matrix suction are
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presented in Figs.13(d)-13(f). As observed from these
figures, an overall upward trend in matrix suction is
evident with increasing kaolinite powder content.
Although montmorillonite powder content has some
influence, this effect is not pronounced. The matrix suction
reaches its peak when the kaolinite powder content is
approximately 36% and the montmorillonite powder
content is around 6%. As the water content of the sample
increases, the contours become more concentrated, and the
midline area gradually assumes an elliptical shape,
indicating that the interaction between kaolinite and

montmorillonite powders becomes increasingly significant.

This suggests that the interaction has the greatest impact
on samples with 20% water content and the least impact
on those with 10% water content. When the content of
montmorillonite powder (factor B) is fixed at 6%, the

contour diagrams depicting the interaction between
kaolinite-illite powder and matrix suction are shown in
Figs.13(g)—13(i). With a constant montmorillonite powder
content, matrix suction increases as the kaolinite and illite
powder contents rise. Notably, the curve for kaolinite
powder is steeper than that for illite powder, indicating a
more substantial effect of kaolinite powder on matrix
suction. The matrix suction peaks when the kaolinite
powder content is approximately 36% and the illite
powder content is around 18%. The contours are relatively
dense, and the central region forms an ellipse, signifying a
relatively significant interaction between the two factors.
As water content increases, the curvature of the ellipse
also increases, suggesting a greater influence on samples
with 20% water content and the least influence on those
with 10% water content.
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Fig.12 Pore characteristic parameters of compacted samples with different mineral compositions

Longitudinal comparison reveals that, under identical
sample water content conditions, the influence of
kaolinite-illite powder on matrix suction is significantly
greater than that of kaolinite-montmorillonite powder. The
results of response surface analysis align with the variance
analysis depicted in Fig.6, allowing for mutual validation
between the two methods. This phenomenon can be
attributed to the fact that, despite montmorillonite's strong
hydrophilic properties and its non-negligible contribution

to matrix suction, its relative abundance in the mixture is
comparatively low®4, Consequently, while the interaction
between kaolinite and montmorillonite does exert some
influence on matrix suction, this effect is considerably
weaker compared to that of kaolinite-illite powder.

4.2 Effect of microstructure on soil-water characteristic

curve
The Young-Laplace equation correlates the pore size of
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soil with matric suction, thereby bridging the micro-pore
structure of soil to its macroscopic soil-water characteristics.
This relationship is expressed as follows:
_ 4T coso

D
where U, is the pore gas pressure (kPa); uwis the pore water

p=u,—u, (8

pressure (kPa); the difference between the two, Ui—Uw,
represents matrix suction; Ts is the surface tension of water
(At 20 <, the value of 0.727 Nm? is adopted); 0
represents the contact angle between soil particles and water,
which is generally assumed to be 0; and D denotes the pore
diameter in nanometers (nm).

e 6 - mColor points dispI%ed by value 2 6 - m Color points displayed by value 2 6 1 m Color points displayed by value
> > >
% 4 47315 . % 4 47315 = m O g 4147315
3 2r B g 3 2r g 2r m Yo
N N
£ 0 o LI 2o mEgl pog £ o LI = I
3] 5] D ]
E . u a P Ep B
= = = L. > =
E4r g-4r 0 e =
g | -47315 o g —47315 5 -47315
L)Ij 46 1 1 1 1 1 1 1 |_|>j ‘6 1 1 1 1 1 1 1 }%3 46 1 1 1 1 1 1
1074 1076 1078 10%0 1032 10%¢ 10%€ 10%¢ 104 107 1072 107 10%¢ 1078 10%¢ 10%? W10t 1018 1020 1072 102 10%¢ 1078 10%¢
Predicted /kPa Predicted/kPa Predicted /kPa
(a) 10% moisture content matrix suction residual (b) 15% moisture content matrix suction residual (c) 20% moisture content matrix suction residual
S/kPa S/kPa
2 1 e T
(=2
g 10 10'&$ g 103159 :2" 102761
b= 2 f
§ g 103M £ 10306 % 1076%
b5 10% ° 10%%3 ° 1075
5 6o - g 1
= 103120 = 102747 = 1286
5 4 e S 02644 = 102
§ 10750 § 10751 S 1079
0 10784 0 10748 = 10190
30 32 34 36 38 40 42 30 32 34 36 38 40 42 30 32 34 36 38 40 42

Kaolinite content/g

(d) Matrix suction with 10% moisture content
S/kPa
1034
10'&342
1032
1030 =20
102975
10782
1077
102607
1074

Illite content/g
Illite conten

12 L
30 32 34 36 38 40 42
Kaolinite content/g

(g)Matrix suction with 10% moisture content

Kaolinite content/g

(e) Matrix suction with 15% moisture content

12 >
30 32 34 36 38 40 42
Kaolinite content/g

(h)Matrix suction with 15% moisture content

Kaolinite content/g

(f) Matrix suction with 20% moisture content

S/kPa S/kPa
1032% | y 102910
103078 = 10278
102910 o - YL 1075
o e
10257 5 10220
1020 @ 102058
10220 = 10195
10207% 1| 10+
1019 ° l-101610

30 32 34 36 38 40 4
Kaolinite content/g

(i)Matrix suction with 20% moisture content

Fig.13 Residual matric suction and contours of interaction effects between two factors on the matric suction of red soil

The horizontal aperture data obtained from the mercury
injection test were converted into matrix suction values
using Eq. (8) . Subsequently, the influence of pore size
distribution curves (PSDC) on soil-water characteristic
curves (SWCC) was analyzed and correlated, as illustrated
in Fig.14.

As evident from the figure, there is a strong correlation
between SWCC and PSDC curves. In the three compacted
soil samples with varying mineral compositions, pores with
dominant sizes serve as the primary water storage spaces.
The quantity and range of these pores significantly affect the
sample's water content, with even minor changes causing
substantial fluctuations. Consequently, the dominant
aperture range in the PSDC aligns well with the transition
region of the SWCC. When the pore diameter distribution
density is high, the number of pores is large and

concentrated within this range, leading to a steep slope in
the soil-water characteristic curve. Conversely, when the
pore diameter distribution density is low, the slope becomes
relatively gentle. Due to the limited water storage capacity
associated with low pore diameter distribution density,
variations in pore number and range have minimal impact
on soil water content, resulting in a more gradual trend in
the soil-water characteristic curve. Analysis and comparison
of the three samples with different mineral compositions
reveal that those with higher kaolinite and illite contents
exhibit larger predominant pore sizes and steeper slopes in
the transition zone. This is primarily attributed to the
dominant role of capillary action in this region, which
influences water distribution and flow. Increased kaolinite
and illite contents lead to larger pore sizes, thereby
weakening capillary action to some extent. Additionally, the
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other two groups of samples have smaller pore sizes,
enhancing capillary effects within the soil, improving water
retention capacity, and resulting in a relatively gentle slope
in the soil-water characteristic curve. In conjunction with
the pore microstructure characteristics illustrated in Fig.9, it
is evident that samples containing higher proportions of
kaolinite and illite exhibit a relatively larger pore structure
due to the formation of flocculated structures within.
Results in an increased number of flow channels for water,

thereby enhancing soil permeability. However, the presence
of larger pores also diminishes the soil's water retention
capacity, leading to a steeper slope in the transition section
of the soil-water characteristic curve. Conversely, the other
two sample groups display a dispersed and tightly arranged
pore structure with smaller pore diameters, which restricts
water flow and significantly intensifies the capillary effect,
thus resulting in a more gradual slope in the transition
region of the soil-water characteristic curve.
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Fig.14 Corresponding relationship between pore distribution in compacted samples with varying mineral compositions and
soil-water characteristic curves

4.3 Effect of mineral composition on microscopic
mechanism of red soil

The microscopic mechanism of red soil is significantly
influenced by the hydrophilic and hydrophobic
characteristics of its mineral composition, as illustrated in
Fig.15. These properties are typically associated with the
surface structure and chemical composition of the minerals.
Montmorillonite, for instance, has a surface enriched with
polar hydroxyl groups (—OH). Upon contact with water,
these hydroxyl groups dissociate or ionize, releasing
hydrogen ions or radicals that form hydrogen bonds with
oxygen atoms in adjacent water molecules. Simultaneously,
negatively charged oxygen ions or hydroxyl radicals
interact with hydrogen atoms in water molecules, forming
extensive hydrogen-bond networks. This strong interaction
enhances the adsorption and retention of water molecules
on the mineral surface. Furthermore, the high degree of
hydroxyl dissociation on montmorillonite  surfaces
facilitates numerous hydrogen bonds with water molecules,
contributing to its pronounced hydrophilicity (see Figs.
15(b), 15(c)). Additionally, the rough surface texture
reduces surface energy, promoting water molecule
spreading and adsorption (see Fig.15(d)). Conversely,

hydrophobic minerals such as kaolinite exhibit opposing
characteristics (see Figs. 15(f), 15(g)). Moreover, van der
Waals forces universally act as weak intermolecular forces
between both hydrophilic and hydrophobic mineral
surfaces and water molecules, enhancing water molecule
adsorption and infiltration (see Fig.15(e)). Hydrolysis and
ion exchange reactions also occur among mineral
components. Hydrolysis reactions transform kaolinite into
kaolinite-hydrate upon water contact, increasing layer
spacing and influencing pore connectivity and size. lon
exchange reactions alter the surface charge distribution and
interlayer structure of illite, such as the replacement of K*,
Ca?*, and Na* with dissolved Fe**, thereby affecting pore
morphology and stability (see Fig.15(h)).

The disparity in mineral hydrophilicity serves as the
central mechanism governing the microstructural evolution of
red soil. The hydroxyl-containing functional groups within
kaolinite exhibit moderate hydrophilicity, which results in
controlled hydration expansion and an interlayer domain
structure that restrains excessive swelling. In contrast, the
permanent negative charges generated by lattice substitution
in montmorillonite possess strong hydrophilic properties,
leading to a marked increase in particle spacing. Moreover,
the synergistic interaction between mineral surface
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characteristics and chemical reactions dictates the mode of
particle connectivity. The smooth basal surface structure of
kaolinite restricts mechanical interlocking, while weak
chemical bonds between minerals struggle to sustain stable
connections. Although montmorillonite can facilitate the

formation of micro-aggregates through its high charge density;

it fails to construct an effective flocculent network framework
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5 Conclusions

In this paper, the impact of mineral composition ratios
on matrix suction of red soil is systematically examined
using the response curve method. Laboratory experiments
yielded soil-water characteristic curves, microscopic plane
images, and pore distribution curves for key proportions.
Comparative analysis of these results led to the following
conclusions:

(1) The quadratic polynomial regression model, designed
and constructed based on the Box-Behnken methodology,
successfully quantified the nonlinear relationship between the
contents of kaolinite, montmorillonite, and illite and the
matrix suction under moisture content conditions of 10%,
15%, and 20%. Analysis of variance revealed that the content
of kaolinite was the predominant factor influencing matrix
suction, followed by illite, with montmorillonite having the
least impact.

(2) The analysis of the interaction between the two
factors reveals that moisture content exerts a regulatory
influence on mineral interaction effects. Specifically, under
conditions of high moisture content (20%), the interaction
effects of kaolinite with montmorillonite and illite on matrix
suction are significantly enhanced. Notably, the impact of
the kaolinite-illite interaction is considerably greater than
that of the kaolinite-montmorillonite interaction.

(3) The influence of mineral composition on the
soil-water characteristic curve exhibits regional specificity.
In the transition zone, samples predominantly composed of
kaolinite display a steeply rising curve characteristic,
whereas samples dominated by montmorillonite or illite

Illite ;, water flow directioh
1 I
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when present in insufficient quantities. In the combined
system of these two minerals, the water film lubrication effect
induced by strongly hydrophilic minerals and the reduced
frictional resistance due to the smooth surface mutually
reinforce each other, substantially diminishing particle
connection strength and ultimately driving the soil's evolution
toward a loose and dispersed structure.

/" Partial infiltration Complete infiltration »

I Y ! il [
H0 _
3% (b) Water adsorption =
- Hydrogenbond . | High density ™~
~ Hydro- ! 0 5@ —Hz0" of negatlv

o
@2 ©

f—oﬁ phl|lCI[y: L

’

. < N
' s J \
i : e

-
The surface is rough, low surface energy
(d) Surface energy and wetness

Influence of varied mineral compositions on the micromechanical properties of red soil

exhibit a gentle curve. When kaolinite and illite coexist, the
air intake value of the sample is significantly higher
compared to other combinations, suggesting that this
mineral combination can substantially enhance the water
retention capacity of the sail.

(4) Microstructural characterization reveals that the
kaolinite-illite composite system forms a multi-level pore
network predominantly consisting of large pores through the
promotion of flocculent structure development. The
probability distribution index of the pore area exhibits a
negative correlation with the average pore diameter. This
pore characteristic is in complete correspondence with the
range of the transition zone in the soil-water characteristic
curve, thereby elucidating the mineralogical dependence of
macroscopic hydraulic properties at the microscopic scale.
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