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Due to frequent changes in the humid and hot environment, the residual soil with a particle-size distribution (PSD) from gravel to
clay experiences multiple drying-wetting cycles. The pressure plate test and nuclear magnetic resonance (NMR) spectroscopy
were used to investigate the influence of drying-wetting cycles on the soil-water characteristic curve (SWCC) and pore-size
distribution (POSD) of undisturbed residual soil. The results showed that the water-holding capacity of the residual soil
decreased as the number of drying-wetting cycles increased and gradually stablilized, and then the van Genuchten (VG) model
was found to perform well on the SWCC during the drying-wetting processes. The NMR results indicated a double-pore
structure, and the porosity of the residual soil as well as the internal water content increased smoothly with more drying-
wetting cycles. The obtained POSD curve of soil implied that drying-wetting cycles had a more obvious effect on small pores
and macro-pores than on micro-pores and meso-pores. Theoretical calculations evinced that the product of the matric suction
and relaxation time should be constant at a constant temperature. However, the experimental results did not effectively reflect
such a relation between the matric suction and relaxation time. A modified VG model based on the cumulative pore volume
was utilized to describe the POSD under drying-wetting cycles. Subsequently, the proposed Rational2D surface equation was
used to accurately reflect the internal relationship between the SWCC and POSD curve under different numbers of drying-
wetting cycles. Moreover, the fractal model for the SWCC derived from the capillary theory confirmed that the matric suction
had a strong linear relationship with the relative volumetric water content in the log-log scale. Also, the fractal dimension can
be approximated as a constant, because its attenuation is small with more drying-wetting cycles.

1. Introduction

Residual soils are widely distributed in the world, whose
weathering degree of the parent rock is closely related to
the hot and humid climate. Hence, a thick layer of residual
soil commonly forms in the subtropical and tropical marine
climates [1]. The seasonal climatic variability, namely, the
drying-wetting cycle, causes significant changes to the resid-
ual soil’s physicochemical properties, such as the fabric,
particle cementation characteristic, water content, and
porosity. These structural changes to the residual soil seri-
ously affect the engineering performance of the rock and soil
mass [2, 3]. The microstructure and formation of micro-

cracks increase the compressibility and hydraulic conductiv-
ity of the soil, reducing its structural strength and stability.
Therefore, research on the evolution of the micro-pore
structure and water-holding capacity of residual soil in
drying-wetting environments is important for ensuring the
stability of slopes and for preventing and controlling land-
slide disasters.

The soil-water characteristic curve (SWCC) describes
the relationship between the water content (or saturation)
and matric suction, and the mechanical properties of soil,
such as permeability, strength, and deformation, are closely
related to the water-holding curve [4-6]. Most experimental
methods for determining the soil SWCC are based on
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porous clay plates and axis translation, including the tensi-
ometers, pressure plate technique, filter paper method, and
thermal conductivity sensors. Nevertheless, all of these
methods are laborious, so numerous studies predicted the
SWCC using other indirect approaches. Currently, methods
for predicting the SWCC can be mainly divided into three
categories: the first category is established the correlation
relationship connecting fitting parameters in the SWCC
equations with soil basic characteristics (Table 1 summarizes
four representative equations of this method in the litera-
ture); the second category is to establish the statistical corre-
lation between matric suction and water content based upon
the regression analysis of functional parameters [7-9]; the
third category is to use a physical empirical model con-
structed from the pore-size distribution (POSD) curve for
estimation [10-14].

In consideration of the cumulative POSD curve of the
soil is similar to the SWCC in shape, it is more acceptable
to use the POSD curve to predict the SWCC. Due to differ-
ent pore structures in soil samples, a typical SWCC can be
either unimodal or bimodal [19]. For well-graded soils, the
internal POSD and SWCC usually show a unimodal charac-
teristic, that is, a continuous S-shaped curve. However, soils
with dual porosity structure (such as residual and colluvial
soils) composed of macro-pores (inter-agglomerate pores)
and micro-pores (intra-agglomerate pores) are usually
associated with the POSD and SWCC showing a bimodal
characteristics (i.e., it contains two continuous S-shaped
curves). Although the traditional unimodal SWCC equation
cannot be directly used to describe the bimodal SWCC, the
continuous bimodal SWCC equation can be considered the
superposition of two unimodal SWCC equations. The com-
mon practice is to modify the classical unimodal SWCC
model (i.e., the four formulas given in Table 1) to predict
the bimodal SWCC [13, 20, 21].

The fractal theory has become an important method in
microscopic analysis of unsaturated soils due to its simple
thinking, few parameters, and strong effectiveness [22].
The structures of the soil, such as surface characteristics
and pore distribution characteristics, can be represented by
fractal models [23]. Soldi et al. [24] proposed a constitutive
model of unsaturated soils based on the fractal theory. Tao
et al. [25] established a SWCC prediction model considering
fractal characteristics of pores based on the fractal theory. Jin
et al. [26] proposed a fractal SWCC model of soil in the full
suction range, which can reflect the film flow in the high
suction section under dry conditions. The internal pore
structure and POSD of the soil are sensitive to the drying-
wetting history, which in turn affects the shape of the
SWCC. Previous studies have shown that the internal struc-
ture and POSD of the soil are most affected by the first
drying-wetting cycle and that the soil structure gradual sta-
bilizes with further drying-wetting cycles [27-30]. Seeing
that the range of the POSD directly reflects the permeability
and water-holding capacity of the soil, several approaches
are developed to quantify the soil POSD from porous mate-
rials, including mercury intrusion porosimetry (MIP), the
water vapor or nitrogen adsorption method, X-ray com-
puted tomography (CT), and scanning electron microscopy
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(SEM). However, these methods are limited in applicability
and test conditions [31-33]. For example, MIP often needs
to use high pressure to measure the small pores of the struc-
ture, but this can easily fracture cementation bonds and frag-
ment grains, degrading the accuracy of the measurement
results. The nitrogen adsorption method can only measure
the distribution of small pores of soil. CT and SEM are imag-
ing technologies, and they are time-consuming to restore the
pore structure distribution inside the soil with the help of a
large quantity of image information. Obviously, the above
methods are not applicable to this prespecified study due
to the tested soil is low-density residual soil with particle-
size distributions from gravel to clay; similar descriptions
were also obtained by Kong et al. [34], Pires et al. [35], Wang
et al. [36] and Wen et al. [33].

Nuclear magnetic resonance (NMR) spectroscopy was
developed in the mid-1940s, and it takes advantage of the
physical interaction between low-energy electromagnetic
waves (i.e., radio waves) and matter. Since NMR technology
can overcome abovementioned shortcomings, it is gradually
applied in the field of geotechnical engineering from the
medical, chemical, and industrial fields to evaluate soil
moisture migration, porosity, and POSD [36-40]. Numer-
ous researchers have studied the water-holding capacity,
strength and deformation characteristics, permeability—
strength characteristics, and crack evolution law of soil
under drying-wetting cycles. At the same time, the relation-
ship between the macro-mechanical characteristics and
microstructural characteristics of expansive soil [41-43],
unsaturated sand [44], sliding zone soil [45, 46], compacted
loess [47-50], and clay soil [51-53] was evaluated to reveal
the intrinsic nature of soil strength attenuation at the
microscale. We can also conclude that most of the previous
investigations on the SWCC under multiple drying-wetting
cycles have focused on slope stability analysis or pollutant
migration. However, the effect of multiple drying-wetting
cycles on the SWCCs of undisturbed residual soil, especially
the applicability of three typical SWCC models, the internal
relationship between the SWCC and POSD and fractal
dimension D, is still far from being clearly understood and
need further discussion. In this study, undisturbed residual
soil from Fujian Province was used to study the relationship
between the water-holding capacity, internal microstructure,
and POSD under multiple drying-wetting cycles. A pressure
plate test and NMR spectroscopy were used to evaluate the
evolution of the soil microstructure under periodic drying—
wetting cycles and its relationship with the SWCC. Such
studies will be expected to serve as a reference for evaluating
possible changes in the microstructure of residual soil that
undergoes periodic drying and wetting processes.

2. Material and Methods

2.1. Illustrative Descriptions of Soil Specimens. Soil samples
were taken from Fuzhou City in Fujian Province at a depth
of 3m. The soil was reddish brown. X-ray diffraction showed
that the soil comprised quartz, feldspar, kaolinite, montmo-
rillonite, palygorskite, and other minerals. Table 2 presents
the basic physical properties of the residual soil, and the
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TasLE 1: Typical SWCC equations for the first category of methods from the literature.

Refs Equations

Notations
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where 0 is volumetric water content; 6, is saturated volumetric
water content; 6, is residual volumetric water content;
® is normalized water content; v, is air entry value or air
expulsion value of soil; y is the matric suction; A is pore size
distribution index.

Where a is soil parameters related to the air entry value or air

expulsion value of soil; b is the soil parameters connected with

the water outflow (or water inflow) in the soil when the matric
suction exceeds the air entry value (or air expulsion value).

Where « is soil parameters related to the inverse of the air entry
value or air expulsion value of soil; 7 is the fitting parameters
connected with the pore size distribution of the soil; m is fitting
parameter allied to the asymmetry of the model, and m=1-1/n.
Where a is soil parameters related to the air entry value or air
expulsion value of soil; b is the soil parameters connected with
the water extraction (or water insert) rate in the soil when the

¢ matric suction exceeds the air entry value (or air expulsion value);

In (1+ (10°/ b
model [18] (L+ (10°,)) {ln [e +(v/a) ] } c is the soil parameters allied to the rate of residual water content;
v, is the matric suction in residual state; C(y) is the correction
factor corresponding to residual matric suction.
TaBLE 2: Physical and mechanical properties of residual soil.
TR - ; e

Specific Water content ~ Void Liquid limit ~ Plastic limit . Particle-size characteristics of th.e residual soil/%

ravity G w (%) ratio ¢ w, (%) w, (%) Fine gravel Sand Silt Clay
gravity G ’ L% PP >2mm  0.075~2mm  0.005~0.075mm  <0.005mm
2.68 26.5 1.06 45 26 3.7 30.3 39.6 254

dry density (p,) of the residual soil is 1.3 g/cm’, which is a
low-density soil. Figure 1 shows the cumulative PSD curve
of the residual soil, which contained 3.7% gravel, 30.3%
sand, 39.6% silt, and 25.4% clay.

2.2. Testing Procedure Using the Pressure Plate Extractor and
NMR System. The geo-expert stress-related SWCC pressure
plate instrument system was used to obtain the SWCC of
the soil samples, by dint of the MesoMR23-060H-I NMR
analysis and imaging system, the obtained NMR signal was
subjected to inversion to get the T, spectrum and porosity
of the soil at different drying-wetting cycles, then the
NMR imaging results were used to generate a cross-
sectional pseudo-color image of the saturated soil samples.
The water content of natural soil varies considerably at
shallow depths. Field surveys showed that the residual soil
had a minimum mass water content as low as about 17%
and a maximum mass water content close to saturation.
Therefore, the change in water content during the drying—
wetting cycle test was controlled between 17% and satura-
tion. To determine the SWCC of the residual soil, undis-
turbed residual soil with a water content of about 17% was
pressurized by vacuum saturation to 1000 kPa and was then
drained. The air pressure was then gradually reduced, and
the soil sample gradually absorbed water. This comprised a
drying-wetting cycle. The above steps were repeated until
the target number of cycles (one, two, three, five, and seven)
was completed. The main steps of the SWCC test were

reported by Xu and Jian [54]. Data were recorded every
12h throughout the test. The suction balance standard was
as follows: the volume of the sample absorbed or discharged
within 24 h did not exceed 0.05% of the soil sample volume.
For the NMR test, the saturated sample was first dried in
an oven at 40°C for 72h. The water content was measured
every 2 h until the sample reached 15%. The sample was then
cooled to room temperature of 25°C. Vacuum saturation was
performed for 48 h, which completed a drying-wetting cycle.
This was repeated for a predetermined number of cycles
(two, three, five, and seven). Considering the NMR test is
nondestructive and repeatable, both the drying-wetting
cycles and NMR tests were performed on one sample.

3. Analysis and Results

3.1. Analysis of the Soil-Water Characteristic Curve (SWCC).
To better analyze and compare the applicability of different
SWCC equations, it is useful to reflect the evolution of lim-
ited experimental data points over the full suction range in
the form of a continuity equation. Due to the discontinuity
of the Brooks-Corey equation in the near-saturated state, it
cannot effectively predict the water-holding capacity of the
soil, and many fitting parameters can provide stronger pre-
diction correlations. The three-parameter Gardner model
and Van Genuchten (VG) model and the four-parameter
VG model and the Fredlund-Xing (FX) model were used
to fit the SWCC curves of the residual soil under different
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Figure 1: Cumulative curve of soil particle-size distribution.
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numbers of drying-wetting cycles obtained from the pres-
sure plate test. By assuming that there is a certain causal
relationship between the matric suction and saturation, the
correlation coefficient R*(6) is used as a quantitative index
to characterize the fitting effect. The closer the correlation
coefficient is to 1, the smaller the error between the water
content calculated by different SWCC equations and the
measured value is. Figure 2 shows the variation in the mass
water content of the residual soil with the matric suction
under different numbers of drying-wetting cycles. When
the number of drying-wetting cycles was 0, 1, 2, 3, 5, and
7, the saturated volumetric water content of the soil was

0.5148, 0.4913, 0.4808, 0.4716, 0.4653, and 0.4596, respec-
tively. The SWCCs and best-fitting parameters of the undis-
turbed residual soil obtained by using the nonlinear equation
in drying-wetting cycles are presented in Tables 3 and 4 and
Figures 3 and 4. On the whole, the correlation coefficients of
the four models were all greater than 0.9955, implying that
the three-parameter or four-parameter equations match well
with the calculated data of the residual soil. It should also be
noted that the three-parameter VG model is better than the
Gardner model, while the four-parameter FX model has
slightly better fitting performance than the VG model. Com-
bined with the fitting effect and the simplicity of the formula,
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TABLE 3: Best-fit parameters and R? values for the Gardner and VG model (three-parameter).

Three-parameter equations

Drying-wetting cycles N 0, Fitting parameters of Gardner model Fitting parameters of VG model; m=1-1/n
0, a b R? 0, o n R?
0 0.5148 0.2551 0.0109 0.9204 0.9955 0.1122 0.0361 1.2311 0.9964
1 0.4913 0.2393 0.0137 0.8787 0.9958 0.0840 0.0426 1.2045 0.9966
2 0.4808 0.2231 0.0161 0.8592 0.9968 0.0616 0.0493 1.1961 0.9972
3 0.4716 0.2104 0.0216 0.8092 0.9972 0.0556 0.0646 1.1871 0.9973
5 0.4653 0.1917 0.0279 0.7632 0.9980 0.0471 0.0749 1.1822 0.9980
7 0.4596 0.1898 0.0305 0.7518 0.9990 0.0315 0.0834 1.1736 0.9992

TABLE 4: Best-fit parameters and R? values for the VG and FX model (four-parameter).

Drying-wetting cycles N 0

N

Four-parameter equations
Fitting parameters of VG model; m is free

Fitting parameters of FX model

. o n m R? v, o n m R?
0 0.5148 0.1171 0.0354 1.2233 0.1934 09964 70378.4 352289 1.0711 0.4413 0.9964
1 0.4913 0.1092 0.0382 1.1635 0.1992  0.9967 94590.7 32.7317 1.0175 0.4561  0.9966
2 0.4808 0.1039 0.0398 1.1097 0.2199 09974 99779.1  30.4296 0.9853 0.4914 0.9974
3 04716  0.1028 0.0434 1.0312 0.2412 0.9977 101301.1 26.3695 0.9339 0.5122 0.9977
5 0.4653 0.1016 0.0437 09396 0.2767 0.9984 1110869 249481 0.8585 0.5635 0.9985
7 0.4596 0.1006 0.0463 0.9274 0.2853 0.9995 123237.1 243699 0.8302 0.5928 0.9996

the four-parameter VG model can be preferentially used to
simulate the SWCC of the undisturbed residual soil under
different numbers of drying-wetting cycles.

The initial saturated volumetric water content and resid-
ual volumetric water content decreased as the number of
drying-wetting cycles increased; in other words, the water-
holding capacity decreased. This was caused by the destruc-
tion of the internal bonding structure of the soil and increase
in pore volume during the drying-wetting cycles. This can
also be related to crack propagation. During dehumidifica-
tion, the water in the soil flowed out of the large and small
pores successively, which caused the soil to gradually shrink
and crack [55, 56]. While in the process of humidification,
the water first entered the small pores and then entered the
macro-pores. Hydrolysis reduced the initial and solidified
cohesion between particles, and the loss of fine particles in
the soil and the expansion of clay particles during water
migration further aggravated the development of the initial
cracks in the soil [52, 57, 58]. The internal microstructure
of the soil was irreversibly deformed by the repeated changes
in the suction path. The micro-cracks in the soil propagated
and expanded, which gradually formed a water transport
channel. The number of meso-pores and macro-pores in
the soil gradually increased; this decreased the water absorp-
tion rate of the soil during the wetting part of the cycle,
which lowered the saturation point [46, 59].

Table 2 implies that the first drying—wetting cycle had an
obvious effect on the SWCC. According to the fitting param-
eters of the VG model, both & and m increased with more
drying-wetting cycles, while n gradually decreased. The air
expulsion value (AExV) at zero, one, two, three, five, and
seven drying-wetting cycles were 28.3, 26.2, 25.1, 23.0,

22.9, and 21.6 kPa, respectively. Thus, the AExVs decreased
as the number of drying-wetting cycles increased. At more
than five drying-wetting cycles, n increased to an average
value of 1.1319. At fewer than five drying—wetting cycles, n
decreased to an average value of 0.9335. This shows that
more drying-wetting cycles increased the range of the
pore-size distribution inside the soil. The parameter m
reflects the degree of curvature of the transition curve from
the SWCC boundary zone to the transition zone. At more
than five drying-wetting cycles, m decreased to an average
value of 0.2134. At more than five drying-wetting cycles
(i.e, N=7), m was relatively large with an average value of
0.2810. A larger m means a steeper curve and a smaller
negative pressure corresponding to the same water content;
similar results of fitting parameters change with the dry-
ing-wetting cycles can be obtained in other models. It is
worth noting that increasing the number of drying-wetting
cycles shifted the SWCC to the left, and a stable state was
reached after five drying-wetting cycles. At this time, the
internal structure of the soil tended to stabilize.

3.2. Microstructure Analysis. The NMR test results were used
to analyze the effect of the number of drying-wetting cycles
on the SWCC of the residual soil at the microscale. The
transverse relaxation time T, spectrum, POSD, and mag-
netic resonance imaging (MRI) of the soil samples during
the drying-wetting cycles were evaluated.

3.2.1. T, Spectral Distribution. Figure 5 shows the T, spec-
tral distribution curves of the residual soil at different num-
bers of drying-wetting cycles. The abscissa and ordinate
represent the transverse relaxation time 7', and NMR signal
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FiGure 3: SWCC trend diagram of residual soil simulated by Gardner and VG model (three-parameter).

amplitude (dimensionless), respectively. At a zero drying-
wetting cycle, two peaks in the T, spectrum had the mini-
mum values, and the distribution interval was the smallest.
Increasing the number of drying-wetting cycles tended to
move the spectrum to the right and increased the values of
both the primary and secondary peaks. At zero, one, two,
three, five, and seven cycles, the main/secondary peaks of
the soil mass had values of 390/18, 426/26, 449/36, 471/44,
496/48, and 515/55, respectively. The total area of the T,
spectrum increased with an increase in the number of dry-
ing-wetting cycles N (11383, 12539, 13481, 14560, 15673,
and 16389, respectively). The area of the T, spectrum
reached a maximum value of 16389 during the seventh cycle.

The T, spectral distribution curve of the cohesive resid-
ual soil exhibited the same trend at different numbers of dry-
ing-wetting cycles with an obvious bimodal structure,
indicating that the soil had a double-pore structure. The
main peak was on the left with a short relaxation time but
high signal amplitude, representing the microscopic pores
inside the aggregate. The secondary peak was on the right
with a long relaxation time but considerably lower signal
amplitude, indicating the presence of macroscopic voids

between aggregates. The bimodal POSD included pores
between aggregates and the pores formed by particles con-
necting within aggregates. The pores between aggregates
were relatively unstable, and they were easily affected by
water immersion, pressure, and the number of drying-wet-
ting cycles. However, the connections between the internal
particles were relatively stable, and changes to the internal
structure lagged behind the external conditions. The above
analysis shows that the SWCC measured using the soil with
bimodal POSD should present two sections: one with
descending slopes and the other with a transition zone.

3.2.2. Pore-Size Distribution (POSD). The relaxation time
T, of pore water in the soil is related to the pore structure
as follows:

1 S
—_— = > 1
T, PzV (1)

where p, is the transverse relaxation rate and S/V is the
ratio of the pore surface area to fluid volume (S/V =a/r
where r is the pore radius and « is the pore shape factor).



Geofluids

0.28

Volumetric water content, 6 (cm?®- cm™3)

0.24

0.20 —

0.1 1

10 100 1000

Matric suction, y (kPa)

—— VG model fitting curve of N = 0
------ FX model fitting curve of N = 0

VG model fitting curve of N = 1

—————— FX model fitting curve of N = 1

VG model fitting curve of N = 2

—————— FX model fitting curve of N = 2

VG model fitting curve of N = 3

—————— FX model fitting curve of N = 3

VG model fitting curve of N =5

—————— FX model fitting curve of N = 5

VG model fitting curve of N = 7

—————— FX model fitting curve of N = 7

m  Measured data of N =0
® Measured data of N =1
A Measured data of N =2
Vv  Measured data of N =3
& Measured dataof N =5
4 Measured dataof N =5

FIGURE 4: SWCC trend diagram of residual soil simulated by VG and FX model (four-parameter).

When the pores in the soil have a cylindrical shape, Equation
((1)) can be rewritten as

1
T_Z—Pz_‘ (2)

SN

Equation (2) shows that T, is proportional to the pore
radius. Figure 6 shows the distribution of internal pores in
the soil after drying-wetting cycles. Based on the test results
and literature [21, 29, 34, 55, 56], the pores were divided
into four categories according to the pore radius r.
Micro-pores (r <1 yum) were present within particles. Small
pores (1 ym <r <2.5 ym) were pores between particles. Meso-
pores (2.5um<r<10um) were pores in the aggregates.
Macro-pores (r>10 ym) were pores between aggregates.

Figure 6 indicates that the soil in the natural state mainly
comprised small pores and meso-pores (35% and 39%,
respectively), followed by micro-pores (22%), and macro-
pores (4%). With more drying-wetting cycles, the internal
pores of the soil changed dynamically. The proportion of
micro-pores and small pores decreased, while the proportion

of meso-pores and macro-pores increased. In the first three
drying-wetting cycles, the micro-pores and meso-pores
decreased by 3.6% and 3.7%, respectively, on average and
decreased by a maximum of 6.5% and 5.2%, respectively,
during the second cycle. Meanwhile, the macro-pores
increased by 36.3% on average and increased by 42.2% after
the first cycle. In the fifth cycle, the micro-pores and small
pores decreased by 0.3% and 4.8%, respectively, compared
with the third cycle, while the meso-pores and macro-
pores increased by 2.1% and 7.7%, respectively. In the final
and seventh cycle, the micro-pores and micro-pores
decreased by 1.1% and 0.9%, respectively, while the meso-
pores and macro-pores increased slightly by 0.8% and
1.5%, respectively. These results demonstrate that the num-
ber of drying-wetting cycles had a more obvious effect on
the small pores and macro-pores than on the micro-pores
and meso-pores.

During the hygroscopic process, the internal pores and
cracks of the soil were gradually filled with water. The
increased water content promoted the dissolution of soluble
minerals and cementitious materials, which weakened the
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FiGure 6: Distribution of various pore contents of samples under
different drying-wetting cycles.

connection between soil particles. At the same time, the
expansion pressure of the clay minerals increased due to
water absorption, which led to cement fracture. Because of
electrostatic attraction on the surface of the clay particles,
polar water molecules were easily adsorbed during the wet-
ting part of the cycle. This increased the thickness of the
water film bonded to the soil particles, and thus, the pressure
of water film wedging decreased the molecular attraction by
increasing the distance between particles, resulting in the

dispersion of aggregates into sub-aggregates. During the
process of dehumidification, the drying kinetics caused
water molecules to escape. This strengthened the connection
between aggregates, and some sub-aggregates recombined,
causing the expansion of shrunk micro-cracks and further
water loss inside the soil. Regardless of whether the clay
mineral particles expanded with water or shrank without
water, irreversible deformation and failure would occur
within and between the clay particles and aggregates, and
new cracks would be derived. With more drying-wetting
cycles, the micro-cracks in the soil further developed and
connected (see Figure 7), which eventually led to the
destruction of the soil microstructure.

The drying-wetting cycles caused the clay minerals in
the soil to expand and contract as the microscopic pore
water migrated back and forth. The fatigue damage caused
by the changing internal microstructure of the soil mani-
fested with the hydrolysis of cement particles, coarsening
of pores, and crack formation [56, 59]. Meanwhile, the
connection between aggregates was continuously destroyed,
causing the dispersion of aggregates, coarsening of the orig-
inal pores, formation of voids, and transformation of smaller
pores into larger pores. Then, the connections between soil
particles and aggregates were also destroyed, transforming
the original closed pores (mainly micro-pores and small
pores) into open pores. This caused the pores to connect
and coarsen into large first-order pores (meso-pores or
macro-pores). The tensile stress generated by uneven expan-
sion and contraction resulted in the formation of new cracks
(micro-pores), indicating that the number of micro-pores
stayed constant with more drying-wetting cycles, while the
proportion of small pores decreased and the proportions of
meso-pores and macro-pores increased (see Figure 5). The
alternating drying and wetting steps increased the number
and volume of internal pores in the soil, which increased
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FiGure 7: Cracks development photo of specimen after seven
drying-wetting cycles.

the porosity. After zero, one, two, three, five, and seven dry-
ing-wetting cycles, the porosity changed to 51.5%, 54.2%,
57.6%, 59.1%, 61.5%, and 62.6%, respectively. The above
analysis further shows that increasing porosity accelerated
the channels in the soil to gradually connect and facilitated
water migration. Consequently, the increasing range of the
spectral area porosity gradually decreased.

3.2.3. MRI Analysis. Figure 8 shows MRI results of the resid-
ual soil at different numbers of drying-wetting cycles. The
dark blue part in the pseudo-color map represents the back-
ground, and the bright area represents the location of water
molecules and indicates the water content in the rock and
soil. Thus, higher brightness revealed a greater water content
and larger pores. The pore-water signal is uneven (see
Figure 8), indicating that the structure of the cohesive resid-
ual soil had obvious heterogeneity and anisotropy. At the
zero cycle, several bright areas can be observed in the middle
of the image. This indicates a strong pore-water signal, and
the soil mainly contained small pores and meso-pores. After
three cycles, the soil pore structure changed significantly; the
light-colored area in the lower right corner and middle part
expanded, and the water signal increased. After seven cycles,
the light-colored areas in the lower and middle of the image
gradually expanded and connected. The bottom-left light-
colored area formed an upside-down crescent. The above-
mentioned phenomena well indicate that the water signal
gradually increased and the soil porosity continuously con-
nected as the number of drying-wetting cycle increased. In
consequence, the original pore structure changed to form
larger pores and the cracks expanded. Figure 8 directly rep-
resents the evolution of the internal pores of the soil during
the drying-wetting cycles, and the change in the water signal
is generally consistent with the T, spectral distribution
curve, spectral area, and porosity of the residual soil.

4. Discussion

4.1. Derivation of the Empirical Equation. According to the
Young-Laplace theory, the relationship between the matric

suction ¥ and effective pore radius r can be expressed as
follows:

_ 2T cosa

, (3)

r

where T, is the surface tension and « is the contact angle
between the water-air interface and solid phase. The
relationship between the relaxation time and matric suction
can be obtained by combining Equations (1) and (2):

T, cos

, (4)

Py T,
where T cos a/p, is a constant under the condition of a
constant temperature of 25°C. Theoretically, this means
that the product of the matric suction and relaxation time
should be a constant. Figure 9 shows the relationship
between the cumulative pore-water mass per unit volume
of soil and the relaxation time. The test data presented in
Figure 2 were used to calculate the corresponding soil mass
water content at different matric suctions according to
Equation (1) and the fitting parameters presented in
Table 4. The results were used with Equation (4) to evaluate
whether the product of the matric suction and relaxation
time (yT,) was constant at a constant temperature. The
results showed that yT, was not a fixed value for the
residual soil. At T, =0-9ms, yT, gradually decreased. At
T,=9-90ms, yT, gradually increased. At T,>90ms, yT,
gradually decreased. Overall, yT, fluctuated considerably.
This shows that the theoretical variation law of yT, is
difficult to describe owing to the influence of the drying-
wetting cycles and different pore sizes.

4.2. Modified VG Model in Terms of Cumulative Pore
Volume. The VG model reflects the relationship between
the internal water content of the soil and the matric suction.
The water content only reflects the overall amount of water,
and it cannot reflect the detailed distribution characteristics
of the pore water (i.e., the POSD). Therefore, the VG model
and POSD curve for different numbers of drying-wetting
cycles can be used to replace the matric suction with the pore
radius to describe the change law of the cumulative pore
volume per unit mass of soil. Then, the POSD law of soil
under drying-wetting cycles is as follows:

Vs_ VO

V.=Vo+ ——,
[1 + (ar)_h}

(5)

where V, is the cumulative volume of pores (cm?/g) smaller
than the pore radius r and V and V, are the residual pore
volume (cm’/g) and saturated cumulative pore volume
(cm®/g), respectively. In addition, a, b, and ¢ are empirical
constants related to the solid phase characteristics of the soil.
Equation (1) reflects the ratio of pore water to pore volume,
while Equation (5) describes the pore-water distribution
for different pore sizes. Figure 10 shows the relationship
between the cumulative pore volume and pore radius, which
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Ficure 8: NMR images of residual soil under different drying-wetting cycles.
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FIGURE 9: Relationships between cumulative pore volume and T, relaxation time.

has a typical S-shaped distribution. Therefore, the residual
pore volume V; can be set to zero, and Equation (5) can be
corrected as follows:

A (6)

' [1 + (ar)‘b} ‘

Table 5 presents the fitting results of the soil POSD at
different numbers of drying-wetting cycles. The coefficient
of determination R* was used to judge the goodness of fit.
The fitting results showed that R? was greater than 0.999, rep-
resenting a good fit. The POSD curve of the soil is closely
related to the SWCC, which reflects the distribution charac-
teristics of pores in the soil to some extent. Therefore, the fit-
ting parameters of the SWCC and POSD curve have similar
physical meanings. The fitting parameter a (Table 5) for the
POSD curve describes the threshold pore size at the inflection

point of the curve, which is inversely proportional to the
AExV. The shape and variation trend of the SWCC and
POSD curve are very similar. Therefore, the fitting parame-
ters in Tables 4 and 5 can be used to establish a relationship
between the SWCC and POSD curve under different num-
bers of drying-wetting cycles. Figure 11 shows the relation-
ship between the SWCC and POSD curve corresponding to
fitting parameters under different numbers of drying-wet-
ting cycles. The surface comprises three curves: the number
of drying-wetting cycles N in relation to the parameters «
and a, N in relation to the parameters n and b, and N in rela-
tion to the parameters m and c. It can be seen from the fitting
effect of Figure 11 that the surface satisfies the Rational2D
function, and the specific equation is as follows:

_ zy+A;x+By+By’ + By’
1+ Ax+ A2+ A3 + By + Bsy?’

(7)
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TaBLE 5: Pore-size distribution fitting parameters of drying-
wetting cycle samples.
Drying-wetting cycles NV a b c R? 26
0 0.2858 0.6037 1.7245 1.2835 24
1 0.3103 0.6979 1.5783 1.5389 22
2 0.3319 0.8176 1.4233 1.9199 ° 20
0.9998 %
3 0.3569 0.9651 1.2659 2.2256 <
5 0.3725 1.0161 1.2513 2.4131 (‘%
7 0.3838 1.0403 1.2105 2.5208 ea
&
where the z-axis is the parameter a (or b or ¢), the y-axis is the e D
parameter « (or n or m), and the x-axis is the number of dry- - Suffé:cé equation: Rational2D function - h
ing-wetting cycles N. Table 5 presents the fitting results of - Decisive factor R*=0.9902. ; -~ 12
the surface equation, and R? =0.9958. This demonstrates that 09?, N ‘ ‘
the Rational2D function accurately reflects the internal rela- %,
. . . [$
tionship between the SWCC and POSD curve at different ”f«?‘?
drying-wetting cycles. Although the SWCC is influenced by
. . . . (%
various factors, Figure 11 and Table 5 indicate that the o 100

SWCC of residual soil is significantly affected by the soil
POSD at different drying-wetting cycles. The NMR test
results showed that the T, relaxation method, which is a
quick and simple way to determine the POSD, can be com-
bined with Equation (7) to predict the water-holding capacity
of residual soil at different drying-wetting cycles.

Table 6 presents the fitting results of the surface equa-
tion, and R? = 0.9902. This demonstrates that the Rational2D
function accurately reflects the internal relationship between
the SWCC and POSD curve under different numbers of
drying-wetting cycles. Although the SWCC is influenced
by various factors, Figure 11 and Table 6 indicate that the
SWCC of residual soil is significantly affected by the soil
POSD under different numbers of drying-wetting cycles.

@ Drying-wetting cycles N~Parameter a~Parameter a
@ Drying-wetting cycles N~Parameter n~Parameter b

@ Drying-wetting cycles N~Parameter m~Parameter ¢

FIGURE 11: Relationship between SWCC curve parameters and
POSD parameters under different drying—wetting cycles.

The NMR test results showed that the T', relaxation method,
which is a quick and simple way to determine the POSD, can
be combined with Equation (7) to predict the water-holding
capacity of residual soil under different numbers of drying-
wetting cycles.



12

TaBLE 6: Fitting results of Rational2D function.

Parameters Fitting results Parameters Fitting results
Zy 0.4571 B, 3.8210

Ay 0.0393 B, -12.2976
A, -0.1059 B, 9.5222

A; 0.0212 B, -2.2712
A, -0.0013 By 2.5426

4.3. Fractal-Based SWCC Model in Terms of Capillary Flow.
The pore distribution of the soil satisfies the fractal model.
Therefore, the fractal theory has a unique advantage in
studying the water-holding capacity of unsaturated soil,
which can reduce the empirical parameters in the existing
complex SWCC model. As Mandelbrot [60] proposed, the
relationship between the cumulative volume V(<r) of pores
with a pore diameter r less than or equal to r and the fractal
dimension D can be expressed as

V(sr)=CrP, (8)

where C is a constant. For determining the form of pore
water in unsaturated soil, it is assumed that when the water
content is less than the residual water content, the pore water
is adsorbed around the soil particles and cannot move freely,
which can be regarded as a part of solid particles. Once the
pores less than or equal to r are filled with water, the relative
volumetric moisture content 8’ can be regarded as

0'=cr b, (9)

where 6 is the difference between the volumetric water con-
tent 0 and the residual volumetric water content 0,. Similarly,
the relative volumetric water content at saturation can be
generated by substituting r for r,, in Equation (9),

6,=Cry.2, (10)
where 0! is equal to the volumetric water content at satura-
tion 6, minus the volumetric water content at residual 0,.
Combined with the Young-Laplace theory, the fractal-based
SWCC model in terms of capillary flow can be obtained

3-D
/ A"
0 =01 . 11

S(V’) an

The intercept p and slope k of the straight line of
In (0-6,) and —In ¥ can be used to determine the fractal
dimension D and v, (air entry value or air expulsion value),
that is

In (0-6,)=In (6,-6,) + (3-D) Iny, - (3-D) Iny.
(12)
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— Linear fitting of N =3y = 0.2270x - 0.3635 R* = 0.9895
—— Linear fittingof N =5y =0.2353x - 0.3699 R* = 0.9955

—— Linear fittingof N =7y = 0.2446x - 0.3557 R* = 0.9972

Ficure 12: Fitting results of In (6 —6,) against -In y for residual
soil.

The residual volumetric water content 8, can be obtained
by the four-parameter VG model (Table 4). When the value
of the residual volumetric water content rate is ignored, the
fractal-based SWCC model considering capillary flow can
be transformed into the same equation reported by Jin et al.
[26] and Xu [61]. Obviously, the SWCC with a matric suction
range of y, to v, is affected by capillary force, which is asso-
ciated with micro-pore structure of soils and its POSD curve
follows the geometric fractal theory. As can be seen from the
fitting results in Figure 12, the linear correlation coefficient
between In (0 — 0,) and —In v is above 0.9882, and the fractal
dimensions are all between 2 and 3, indicating that the
fractal-based SWCC model clearly describes the residual soil
water retention performance under different numbers of dry-
ing-wetting cycles and consistent with the fractal theoretical
value. Furthermore, it can be seen that the fractal dimension
D gradually decreases with the increase in the number of dry-
ing-wetting cycles. However, the magnitude of the decrease
is small, so the average fractal dimension D in the entire dry-
ing-wetting period can be regarded as a constant, which can
be taken as 2.7735 (Table 7). At the same time, it is also noted
that the air expulsion value determined by the VG and
fractal-based SWCC models are different; the value obtained
by the former is larger than that of the latter, which is mainly
because the air expulsion value decreases significantly with
the increase in the number of macro-pores caused by the
drying-wetting cycles.
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TaBLE 7: Determination of the values of fractal dimension of drying-wetting cycle samples.

Drying-wetting cycles N k=3-D p D R? The mean value of D
0 0.2168 -0.2635 2.7832 0.9852
1 0.2128 -0.3353 2.7872 0.9882
2 0.2207 -0.3454 2.7793 0.9879
2.7735
3 0.2270 -0.3635 2.7730 0.9895
5 0.2353 -0.370 2.7647 0.9955
7 0.2466 -0.3557 2.7534 0.9972

Notably, the above formula is only applicable to the
estimation of water content in the capillary flow. When the
soil is in dry or high suction condition, the water in the soil
exists in the form of membrane water and suction water. The
pore water in the absorbed film segment is influenced by the
solid-liquid interaction mechanism, while the pore water in
the tightly absorbed segment is maintained by the molecular
bond mechanism. The POSD curve of residual soil obtained
via the NMR test shows that the soil has a double-porous
structure; however, the SWCC obtained using the pressure
plate test cannot effectively and comprehensively reflect the
water-holding performance of the double-pore structure.
Therefore, it is necessary to measure the water content of
undisturbed residual soil in different high suction ranges
by combining the filter paper method and saturated salt
solution vapor balance method to achieve the goal of deeply
revealing the fractal model for SWCC and the evolution law
of POSD of residual soil over the entire range of matric suc-
tion under drying-wetting cycles.

5. Conclusions

(1) The water-holding capacity of residual soil decreases
with an increase in the number of drying-wetting
cycles and gradually becomes stable after five cycles.
The four-parameter VG model has proved to be
strongly applicable to the prediction of SWCC of
undisturbed residual soil under different numbers
of drying-wetting cycles

The T, spectral distribution curve of the residual soil
presents an obvious bimodal pattern, in which the
main peak reflects the micro-pores between particles
in the soil aggregates, and the secondary peak repre-
sents the macro-pores between aggregates. With an
increase in the number of drying-wetting cycles,
not only the peaks gradually increased and shifted
to the right but also the T, spectral area and porosity
of the residual soil, bright area in the MRIs, and
water signal of the soil sample gradually increased.
These results indicate that the internal double-pore
structure continues to evolve in number and size.
An increase in the number of drying-wetting cycles
decreases the proportions of micro-pores and small
pores in the soil and increases the proportions of
meso-pores and macro-pores. Overall, the number
of drying-wetting cycles has a greater effect on the

small pores and macro-pores than on the micro-
pores and meso-pores

The POSD curve of the soil is related to the SWCC.
Theoretically, the product of the matric suction
and relaxation time T, should be constant at a con-
stant temperature, but the measured data show that
T, fluctuates considerably. A modified VG model
based on the cumulative pore volume is proposed
that can well reflect the POSD of soil subjected to
drying-wetting cycles. Then, a Rational2D surface
equation, which can comprehensively reflect the
internal relationship between the number of dry-
ing-wetting cycles N, SWCC parameters («, n, m)
and POSD curve parameters (g, b, ¢), is constructed
to predict the change in the water-holding capacity
of residual soil

(2) The fractal-based SWCC model based on capillary
flow proves that the matric suction has a good linear
correlation with the relative volumetric water con-
tent in the log-log scale. Although the fractal dimen-
sion decreases with the increase of the number of
drying-wetting cycles, the magnitude of the decrease
is limited, and it can be regarded as a constant
during the entire drying-wetting cycle
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