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The soil-water characteristic curve (SWCC) is the basis for describing seepage, strength, and constitutive model of unsaturated soil.
The existing SWCC models do not work accurately for evaluating loess, because they do not consider the pore deformation that is
induced by wetting. The present study develops a new SWCC model for unsaturated loess. The model considers the effect of
wetting-induced pore deformation (WIPD) on the SWCC. The new model includes 6 parameters, which could be confirmed by
laboratory tests. The pore volume function (PVF) was described by the WIPD. The shift factor £,; and the compression factor
&,; were introduced into the model. The relationship between the void ratio e and &,; and &,; was established using the average
pore radius. The new SWCC model for saturated loess was improved based on the classical van Genuchten (V-G) model. If the
WIPD had not been considered, the new model would regress into the classical V-G model. SWCC tests of unsaturated loess
with different void ratios were carried out to verify the new model. The model parameters were calibrated in the original state,
and the SWCCs of different void ratios were predicted by the new model and found to be in good agreement with the test results.

1. Introduction

Loess covers a considerable part of China, especially in
northern China’s Loess Plateau, where thick, unsaturated,
and collapsible loess abounds. The properties of unsaturated
loess are sensitive to water content [1]. The inner pores of
this material are obviously influenced by wetting. Wetting-
induced pore deformation (WIPD) is the main reason for
changes in the hydraulic characteristics of loess [2-5]. The
loess material used in construction work is mostly in an
unsaturated state. The unique solid-liquid-gas state of unsat-
urated loess complicates its mechanical properties. The soil-
water characteristic curve (SWCC) is the basis of the study
of loess mechanics, which is a field of study that describes
the relationship between saturation (S,) or volumetric mois-
ture content (6) and suction (s). The hydromechanical prop-
erties of unsaturated soil, such as permeability [6, 7], strength
[8-12], and deformation [13-19], are closely related to the
SWCC. The constitutive model often involves the SWCC

[20-28]; therefore, some scholars have pointed out that the
SWCC has the same status in unsaturated soil mechanics as
the compression curve has in saturated soil mechanics [29-
33]. Measurement of the SWCC by laboratory and field
methods is time-consuming and expensive; therefore, it is
helpful to establish a mathematical SWCC model for predict-
ing the hydraulic characteristics of soil [34-36].

Much research has been conducted on the theoretical
model of the SWCC. According to some studies, the SWCC
is influenced by multiple factors, including temperature
[37], drying and watering cycles [38-40], stress history [41,
42], and initial density [43-45], in which the pore structure
of the soil has a decisive influence on the SWCC [46-49].
Early SWCC models used the pore distribution coefficient
to reflect the influence of the pore structure. In these models,
the pore structure was usually assumed to consist of rigid
pores that were unaffected by deformation [50-53]. This
assumption is applicable to conventional soils. However, if
pore deformation is not considered in the case of highly
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collapsible and unsaturated loess with large pores, the predic-
tions will have significant errors.

In follow-up studies, scholars have gradually realized this
limitation [54-56], and they have begun to explore the
SWCC model with consideration of the influence of pore
change. Researchers have conducted tests to obtain the
SWCC with different void ratios, and some have established
empirical models based on test results. For example, Sun
et al. [57, 58] conducted an SWCC test of red clay, analyzing
the variation law of the SWCC and the characteristics of
wetting-drying hysteresis for different types of pores.
Rahardjo et al. [59] carried out a complete dehumidification
test of expansive soil, analyzing changes in the SWCC of dif-
ferent initial void ratios; Zhou et al. [45] analyzed the incre-
mental relationship between saturation and initial density,
introducing an initial density influence factor to build an
SWCC model. Simms and Yanful gauged the variation pat-
tern of pores in a clay dehumidification test, establishing a
causality relationship between pore distribution and the
SWCC [60]. Zhang and Chen [61] introduced the average
pore, pore distribution index, and porosity, combining these
factors with the Brooks and Corey model to construct an
SWCC model for deformed soil. Other scholars introduced
a variety of parameters (void ratio, dry density, etc.) into
the existing classical model through a series of assumptions,
to reflect the influence of the pore change on the SWCC.
For instance, considering the influence of the void ratio on
parameters such as the suction intake value and pore distri-
bution index, Huang et al. [7] established an SWCC model
based on the Brooks and Corey model. Gallipoli [31] defined
the relationship between the parameters of the suction intake
value and the void ratio and established an SWCC model.
Nuth and Laloui [62] defined the influence pattern of soil
compression deformation on soil pores and established a
cooperative relationship between soil compression and the
SWCC. Hu et al. [49] assumed that pore functions remain
unchanged during compression deformation and established
an SWCC model that considered deformation. Scholars have
carried out much research on soil-water characteristics using
experimental tests [39, 57, 58], theories [2, 3, 8, 10, 28, 31],
and numerical modeling methods [63, 64]; however, studies
on the impact of wetting-induced pore deformation (WIPD)
on the SWCC of unsaturated loess are limited.

Previous research has shown that the size distribution of
soil pores evolves with changes in the hydraulic path and
stress history [2, 18, 39, 47]. The description of a pore distri-
bution index has involved different analytical methods in dif-
ferent models. A reasonable pore evolution law can simulate
the evolution of aggregate pore structures and the hydraulic
changes of compact loess [47, 49, 52, 54, 65]. In this paper,
the authors took the pore volume function (PVF) as the basis,
considered the evolutionary characteristics of immersed pore
structures, and assumed the influence law of WIPD on the
PVE. The compression factor and the shift factor were intro-
duced into PVF under the impact of WIPD. Based on the
classical V-G model [66], a new SWCC model of loess that
considers the effect of WIPD was established in this paper.
There are six parameters (6,, 0,, m, a, e), and b) in the new
model, all of which could be calibrated by simple laboratory
tests. Finally, results from the SWCC tests of the
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reconstructed unsaturated loess with different void ratios
are used to verify the capability of the new model. The influ-
ence of each parameter on the new model was discussed in
detail. The research results of this paper can provide a new
simplified and accurate method for predicting the SWCC of
loess resulting from WIPD.

2. Evolution Characteristics of WIPD in Loess

2.1. Pore Distribution Function. Unsaturated loess could be
taken as a porous medium composed of pores and particles
with different sizes. The radius of the pores is r, and the
PVF of the porous medium is f(r). So when the radius of
the pores changes from r to r + dr and the percentage taken
up of the pores is f(r)dr, the pore volume in the soil can be
expressed as

|| syar. 1)

0

Given the assumption that the radius of all pores in the
loess falls in the range between the minimum radius r;,
and the maximum radius r,,,,, and according to the definition
of volumetric moisture content and the assumption of local
equilibrium, pores with a radius that is smaller than that of
a certain value R will be filled by water. Therefore, the rela-
tionship between the volumetric moisture content and the
PVF can be expressed as follows

w$=j f(ryr. 2)

min

When the definition of the soil water-holing capacity
curve (capillary pressure distribution function) is taken into
consideration [20],

a= 7 =107 ®)

The study of Zhou et al. [22, 44] holds that water in soil
pores may be classified into two categories, one being the free
water inside the pores with significant capillarity and the
other being the water that is attached to solid particles. By
means of the impact of chemical bonding, the latter kind of
water is considered to be unchanged and thus equal to resid-
ual saturation S*°. It corresponds to the residual volumetric
moisture content 0,. Since the saturation of soils was
regarded as the sum of microsaturation S} and macrosatura-
tion Slrw ,then S, = 8" + Slrw . Volumetric moisture content can
also be regarded as being composed of the residual volumet-
ric moisture content and the volumetric moisture content of
the changing part. Therefore, the relationship between the
volumetric moisture content and the PVF meets the follow-
ing conditions:

0(s) = J f(r)dr+90,. (4)
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The water-holding capacity curve function in equation
(3) is expressed in the following way:

0(s) = Js g(s)ds+0,. (5)

+00

When the soil suction is infinite (s — +00), the volumet-
ric moisture content of soils is the residual volumetric mois-
ture content (6(s) = 6,), and the soil saturation is the residual
saturation (S, =S = /). When the soil suction is zero (s
=0), the volumetric moisture content is 6(s) = ﬁoog(s)ds
+0,, and the saturation is 1, S, =S, = 1.

Effective saturation is defined as [22]

and is expressed using the PVF thusly

R
j, - S0 )

[ f ()
And it is expressed using the water-holding capacity
curve function thusly

_ [ 9(x)dx

S, == :
Jicog(x)x

e

(8)

Judging from equations (7) and (8), we can find that to
deduce the SWCC, the PVF or the water-holding capacity
curve function must be known. The PVF can be also
expressed by the pore density function. In this paper, the
method proposed by Della Vecchia et al. [47] is used to
deduce the pore density function psd(r), and F°(R) is
denoted as the contribution of pores with a radius less
than R to the overall void ratio. Variable F¢(R) is defined
as follows:

FE(R) =~ F(R) = ¢, (R). (9)

According to the local equilibrium assumption raised
by Mualem [6], water inside soil first fills up small pores
due to the higher capillarity. The pore radius integral
function F(R) at this time can be linked with the satura-
tion of soils:

S,(R) = F(R). (10)
And psd(r) is defined as the pore size density function
of the porous medium, such that when the pore radius

changes from r to r+dr, the percentage occupied by the
pores is psd(r)dr. Hence,

J:Opsd(r)drz 1. (11)

The radius of all pores in the soil falls between the
minimum radius r.;, and the maximum radius r,,,, and
thus,

min

erpsd(r)dr =1. (12)

T'min

F(R) is denoted as the probability of pores with less-
than R radius, and the number of pores with radius that
is smaller than R is

F(R)= J psd(r)dr. (13)

T'min

The typical diagram of pore distribution is shown in
Figure 1. A specific suction s corresponds to a specific
pore radius r. Pores with a radius that is larger than r in
the soil are filled up by air, while those with less-than r
radius are filled up by water. According to the definition
of soil saturation, the relationship between saturation and
pore distribution is as follows:

S,(R)=F(R) = J | psd(r)dr. (14)

"tmin

The moisture content ratio is gained by the following:
e,(R) = F*(R) =eF(R) = ¢S, (R). (15)

Based on the definition of PVF from the research of
Della Vecchia et al. [47],

dF*(r) _ e-dS.(R)

din () ~ d0n () (16)

fr)=

Moreover, according to the Young-Laplace equation,
the relationship between pore radius and suction is as
follows:

2T cos
s= , (17)
r

where s is the suction, T is the surface tension of pore
water, « is the contact angle between pore water and particles,
and r is the pore radius. For a specific soil, the mineral com-
position and pore liquid composition remain unchanged.
Therefore, 2T cos « is considered the constant C.

The function of the relationship between saturation and
suction satisfies the following:

R

sm)= [ psatryar=[ ped (5 )ar- a9, ()

T T,

min mi

where G(s) represents the SWCC model. As seen, we could
derive the PVF from the existing SWCC model.
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FIGURE 1: Typical diagram of pore distribution.

The classical V-G model was used for the derivation. The
SWCC function of the V-G model is represented as [66]

1

S,(s) = 1+ (o))" (19)

The derivation process involves the following: based on
the definition of the volumetric moisture content, the follow-
ing is obtained thusly:

1 1

F'(R)y=e-S,(R)=e :e(1+(ocC/r)”)m'

(1+ (as)")" (20)

The pore density function that takes volumetric moisture
content into consideration is as follows:

e/ AF°(R) _ aCmne aC\ "1™ rac\ "
- (6] )

(21)

The PVF is
(22)

In equation (22), f(r) is the expression of the PVF of the
soil when the V-G model is selected.

After the PVF of the soil is obtained, the description of
the influence of WIPD on the SWCC must be preceded by
establishing how the PVF changes with variations in WIPD.
This means that the influence of WIPD on the PVF should
be determined first. In the next section, we will consider the

patterns in the influence exerted by WIPD on the PVF of
the loess.

2.2. Influence of WIPD on PVF. Much research has been con-
ducted on the influence of processes like loading [25, 41],
humidification [20, 40], and drying-and-watering cycles
[12, 38, 39] on the pore structure of loess. These studies have
made important discoveries that pores between the aggre-
gates are sensitive to the process of loading and humidifica-
tion; the pore radius decreases significantly with the
increase of the consolidation pressure; the pattern of the
deformation of pores between the aggregates is complex
and closely related to the soil type and stress history; and
the pores in the aggregates will be destroyed after the pores
between the aggregates are destroyed under the influence of
the disturbing action. Tanaka et al. [65] carried out mercury
injection tests on soil samples compressed differently (shown
in Figure 2) and studied the changes in soil pore structure
under deformation conditions. Monroy et al. [52] conducted
mercury injection tests and electron microscopy tests on
London clay in the conditions of humidification and
analyzed the microstructure evolution law. Lloret et al. [51]
carried out mercury injection tests of silt under different
compression saturation conditions (shown in Figure 3) and
discussed the influence of compression deformation on
microscopic pores. Hu et al. [49] summarized the mercury
injection test results of various soil samples conducted by
Tanaka et al. [65] and went on to argue that the general form
of pore distribution did not undergo significantly during
compression. It is further assumed that the pore distribution
function can be obtained by shifting and scaling in semi-
logarithmic coordinates, and that amount of shifting and
scaling is related to the pore structure indicator. Considering
that during the process of loess immersion, the macropores
(interaggregate pores) collapse first, the micropores (intra-
aggregate pores) are relatively stable, and the WIPD can be
simplified into a single-peak regular change [49]. Therefore,
the above concept is also used to establish the causal
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FIGURE 2: MIP results of dromedary soil [63].
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FiGUure 3: MIP results of bimodal soil [51].

relationship between WIPD and the PVF. Since the PVF’s
shape remains unchanged during the process of WIPD, the
compression factor and the shift factor are introduced to
characterize the influence of water immersion on the PVFE.
Based on the assumed pattern of the influence of WIPD
of unsaturated loess on the PVF, the soil simplification may
be regarded as a dromedary structure without considering
the pore variation in the aggregate. The influence of WIPD
on the PVF of the loess can be obtained by shifting and scal-
ing from an initial state. This means that the PVF of any pore
deformation state can be obtained through the PVF of the
initial state. By introducing the shift factor &,; and the com-
pression factor &,; and by establishing the relationships of
the pore indicator e and shift factor and compression factor
through average pore radius, the PVF under any state of

f@)
(o fo(ro))
O e B b SN
1
I
L ol / i Initial reference state
N 1
fo)p------=-=- |
(ra For)/ ) i
Wetting-inducédd | | i
pore deformation/| , |
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I 1 !
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: 3% i
0 r, 1 ro r

F1GURE 4: Influence of pore deformation on PVFE.

WIPD can be expressed. As shown in Figure 4, the shift fac-
tor &,; and the compression factor &,; can be expressed as

§1i= (23)

A
5 futn) .

It can be imagined that so long as the relationships
between the indicator of the soil pores (such as void ratio,
porosity factor, etc.) and the shift factor and the compression
factor are established, the PVF of any state under different
pore indicators can be obtained, based on which the SWCC
under any pore deformation state can be obtained by integra-
tion from equation (7).

3. SWCC Model considering WIPD

3.1. Deduction of PVF at the Initial State. Taking the V-G
model as the basis and assuming an initial state in which
the void ratio of any pore is proposed as ¢,, the PVF at the
initial state is denoted as f,(r), and the expression of which
is as follows:

fo(r) = mne, {1 + (?) q o (?) | (25)

First, to obtain the peak value f(r,) at the initial reference
state, we take the derivative of the PVF, as follows:

[<m+ - (1 + (C>> (C>
6 -((9)”
(9

9fy(r)

=7

Jdlnr



Assume that ((0fy(r))/01Inr)=0 and r, can be gained
through further simplification:

ro = aCy/m. (27)

Substitute r,, into the PVF, and obtain the following:

fo(rs) = mne, <1 . %) " (28)

In the same way, the PVF at any state can be gained as

F.(r,) = mne, (1 " 1) o (29)

m

3.2. Shift Factor &,; and Compression Factor &,;. Combining
the PVF with the definition of the compression factor &,;,
we obtain

_ mne;(1+ (1/m))™ " g
mney(1 + (1/m))_m_1 €

Then, we solve for the shift factor &;;.
According to the definition in equation (23), the average
pore radius at a certain pore state is

&1 = (31)

S

It can be found that to solve and obtain the shift factor £,;,
the expression of the soil average pore radius should first be
obtained. The relationship between the shift factor £;; and
the pore indicator can be obtained by deduction from the
average pore radius. According to the aforesaid definition
of the PVF f(r), we use the pore volume proportion as the
weight and combine it with the PVF to obtain the expression
of the average pore radius, as follows:

et (r)dr

iy 2

?’:

We associate this with the Young-Laplace equation in
equation (17) and substitute the volumetric moisture content
to obtain the following:

C[% (1/5)d0

33
[%1de (33)

;’:

To simplify the derivation process, we select the B-C
model with relatively few model parameters to solve 7. The
relational expression (expressed by volumetric moisture con-
tent and suction) is as follows:

0=0,+(0,-0,) - (5?)A s>, (34)
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We convert it into
1 1/6-6\"
Ly -
s s, \0,-0,

We substitute this into the above equation and obtain
(% |co-o N\ c/ A
r= —_ — _— = — | — = C . ru,
Jer Sa Gs—er A+1 S, A+1

(36)
where r, is the average pore radius indicator. We obtain the
relational expression between the average pore radius and
void ratio:

b _ b
1, 3 r,/C e
"= <a+ra> - <(a+7’,»)/C> T l+e (37)

Further, we obtain the average pore radius:

aC(e,/(1+¢;))""

= 38
- (ed(re))” o
We substitute it into equation (31) and obtain
17y _ aCley/(1+ )’ 1-(e/(1+e)"” (39)
Ei i 1-(ep/(1+¢))"" aCled(1+¢))"""
We simplify and dispose it and get:
1 (eol(1+e)) ™ [1= (ef(1 + €)™ w0
S 1 (@f(1+ )] (e/(1 €)™

3.3. Model Establishing. The PVF f,(r) in any state can be
found after combining the initial reference-state PVF f,(r)
(obtained on the basis of the V-G model), the shift factor
&,;» and the compression factor &,;:

fi(ri) = &ifo(§1imo) = §amney [1 ' (%) n] - <%fo> .
(41)

The SWCC (equation (3)) of any pore state is

fi(r)dr. (42)

We introduce the SWCC of any state into the SWCC
integration function (equation (8)) to obtain the SWCC at
any pore state:
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S ) d
s = Jrco8i®)dx

© [0 gi(x)dx

[’ oo Gaimne;n) (1 + (as/Ey)") "ds
J?—w(EZimnei/n)(l + (us/gli)n)—mds-

(43)

We simplify this and obtain

S, = <1+ (ﬁ) ) . (44)
§ii
We introduce &;; (equation (40)) into equation (44)

and obtain

n -m

(eo/ (1 + eo))”" {1 — (e/(1+ ei))l/b} S
[1 — (eo/ (1 + eo))llb} (ed(1+ ei)>1/h

Se=|1+ [«

(45)

Thus, we find that the SWCC at any pore state is
expressed as the function between the suction and void
ratio. The SWCC changes with the void ratio changes.
This can be construed as the three-dimensional space
curve composed of saturation degree, suction, and void
ratio. When the void ratio is not taken into consideration,
we take the reference state e; = ¢,. At this point, the SWCC
regresses into the classical V-G model. Hence, we deem
that the V-G model is just a special form of the model
in this paper.

4. Model Verification
4.1. SWCC Tests of Unsaturated Loess

4.1.1. Test Instrument. The SWCC test methods [35, 55]
include primarily the pressure plate extractor method, salt
solution method, filter paper method, Tempe instrument
method, tension meter method, shaft shifting technique
method, dew-point potentiometer method, and TDR matrix
suction test method. The tests in this paper used the 15bar
(Ibar=100kPa) pressure membrane meter produced by
the American Soil Moisture Instrument Company. As shown
in Figure 5, the test system consists of an air booster pump,
control valve, pressure chamber, and water collecting system.
The air booster pump provides pressure, and the control
valve controls the pressure during the test process. The pres-
sure chamber is a cylindrical steel cylinder, which has a
pressure-maintaining effect. The lower part of the chamber
is a ceramic plate, sealed by kaolin roasting. Once the water
is saturated, air cannot pass through the ceramic plate, due
to the film shrinkage effect. When the pressure chamber
reaches an equilibrium, the suction value of the soil is equal
in value to the applied pressure value; that is, the suction
value in any state of the soil can be directly read out by the
pressure control system. The water collecting system collects
the water discharged under different pressures, and it can
monitor the corresponding displacement under different

FIGURE 5: 15 bar pressure membrane.

pressures at any time and then calculate the volumetric mois-
ture content of the soil.

The working mechanism of the pressure membrane
meter is as follows: it blocks the air from entering the pres-
sure chamber through the ceramic plate; the membrane will
produce surface tension as the pores of the ceramic plate
shrink; the shrunk membrane covers the small hole of the
whole ceramic plate; the difference between the gas pressure
above the shrunk membrane and the water pressure below
it is equal to the suction value; and the maximal suction value
that can be maintained by the ceramic plate is s;=
(u, —uy,);=2T /R, In this equation, s; represents the
ceramic plate inlet value, T is the surface tension caused by
the shrunk membrane; and R, is the radius of the curvature
of the shrunk membrane between the pores or the maximum
pore radius. The liquid phase water in the soil passes through
the porous ceramic plate under pressure, and it reaches an
equilibrium in the reverse pressure state. Then, the pressure
boost value of the pressure control system is the suction
value, and the saturation of the soil can be calculated by the
amount of discharged water. The SWCC of the tested soil is
obtained ultimately.

4.1.2. Test Plan and Process. In this work, we set out to con-
duct tests of the SWCC of loess during the loess drying pro-
cess. Remolded loess samples with different void ratios were
prepared in the process that took the impact of the WIPD
of unsaturated loess into consideration. The samples were
prepared by fully disturbing the undisturbed soil, which
was directly obtained from a construction site, packaged,
and transported to the laboratory. The fundamental parame-
ters of the undisturbed soil were tested and recorded, as
shown in Table 1. The void ratios of different remolded soil
samples were considered to be 0.85, 0.8, 0.75, 0.7, 0.65, and
0.6, and the corresponding dry densities were 1.47 g/cm’,
1.51g/cm’, 1.55g/em’, 1.60g/cm’®, 1.65g/cm’, and 1.70 g/
cm?, respectively. The pressure boost values during the test
process were set, respectively, at 0.1bar, 0.2bar, 0.4bar,
0.6bar, 0.8bar, 1bar, 1.5bar, 2bar, 2.5bar, 3bar, 3.5bar,
4bar, 4.5bar, and 5bar; the corresponding suction values
were, respectively, 10kPa, 20kPa, 40kPa, 60kPa, 80kPa,
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TABLE 1: Parameters of undisturbed loess.

Specific gravity (G,) Density (g/cm3) Water content (%) ¢ (kPa) Void ratio ¢ () Compression modulus (MPa)
2.72 1.52 14.1 30.66 0.82 21 12.6
100kPa, 150kPa, 200kPa, 250kPa, 300kPa, 350kPa,  corresponding to the level of maximum suction; m,,; is the

400 kPa, 450 kPa, and 500 kPa.

The remolded soil sample was prepared by fully disturb-
ing the undisturbed soil, and the remolded samples with dif-
ferent void ratios were prepared using the sampler (Figure 6).
The test principle for preparing the remolded soil samples of
different void ratios is as follows: the small ring cutter had a
volume of V = 7tr2h = 59.99 cm?. According to the definition
of dry density p,; = m,/V, the amount of dry soil m, required
for different dry densities p, was obtained. The water content
was set to be the same as that of the undisturbed soil. The
amount of water used for a small ring cutter sample could
then be calculated. The amount of dry soil m, and the
required amount of water were weighed, before they were
thoroughly mixed and simmered for 48 hours. Two 4cm
sample-pressure blocks were placed in the pressure cylinder,
and the prepared soil material was placed in the pressure cyl-
inder. A 2 cm pressure piece was placed on top of the mate-
rial, and the material was finally compressed by a 4cm
pressure piece to reach the brim of the pressure cylinder.
The pressed sample was pushed out and placed in a small
ring cutter to obtain the desired sample of the void ratio.
Remolded loess samples with different void ratios were pre-
pared using the method above in turn.

According to the requirements of the tests, samples were
saturated by the capillary saturation method. The saturation
of the ring cutter sample was measured after saturation for 72
hours. The samples were deemed to meet the requirements if
the saturation was greater than 95%. We wet the ceramic
plate to a saturated state before the test. We weighed and
recorded the total weight of the ring cutter plus the soil and
then sealed the pressure chamber and exerted pressure step
by step. After each stage of pressure balance, we read and
recorded the reading of the water-collecting tube and used
the difference between the two balance readings to determine
the drainage weight that corresponded to each stage of pres-

sure m,; = a- Ah, where « is the calibration parameter of the

water-collecting tube with the unit being g/mm and A is the
difference between the readings of the water-collecting tube
after the two balances with the unit being mm. When the
maximum pressure was applied to the soil and stabilized,
we took out the ring cutter sample and weighed it and then
dried and weighed it again. Thus, the moisture content
weight at the maximum level of suction stability was gained
and is denoted as m,,;. Then, the weight of the water at each

level of suction was calculated backward m,; = m,,; + Z;’zi "

m,,inw;0, and then the gravity moisture content at each level

of suction could be inferred w; = m,,;/m,. Based on the con-
version relationship between the volumetric moisture con-
tent and the gravity moisture content, we obtained equation
0; = w;p,/p,,» in which the parameters have the following cor-
responding meaning: m, is the weight of the water

weight of the water content at each stage of suction; # is the
loading level; w; is the moisture content of the weight at each
level of suction; 0 is the volumetric moisture content corre-
sponding to each level of suction; p, is the dry density of
the sample; and p,, is the density of water at 4°C. By repeating
the above test process, the SWCC of remolded loess with dif-
ferent void ratios was obtained.

4.2. Model Verification

4.2.1. Calibration of Model Parameters. The test results of the
SWCC of remolded loess with different void ratios were used
to verify the reliability of the new model. To calculate the
SWCC at different void ratios, a certain void ratio was used
as the initial void ratio to calibrate the parameters. This paper
adopts an initial void ratio of e, = 0.85 for model parameter
calibration. After the parameters were obtained, the new
model could be applied to predict the hydraulic characteristic
of loess with different pores. Based on equation (6), we
obtained the effective saturation based on the V-G model
and combined it with the definition of effective saturation:

m

0=0,+(6.-0,) <1+ <(x(e°/(l+e°))”b Lo tettren” s) ) :

[1- oo/ (1+ ) "] (e (1 + )™

(46)

where ¢; = ¢, = 0.85, ;; = 1, and the above equation regresses
into the V-G model. The model parameters were calibrated
according to the test value of the SWCC test at a void ratio
of 0.85. Judging from the above equation, when considering
the void ratio, the SWCC model contains seven parameters,
namely, 0, 0,, m, n, &, e;, and b. Of these, m=1—1/n. The
model can be simplified into 6 parameters. Parameters 0,,
0,, n, and « are calibrated as follows: 6, can be obtained by
converting the saturation level of the saturated soil in the ini-
tial state; 0, is determined by the volumetric moisture con-
tent in the unsaturated, remaining state proposed by
Mualem; and soil parameters n and « can be determined by
fitting the test curve. In addition, e, is a certain initial void
ratio that has the value of 0.85 in this paper, and b is cali-
brated by the relationship between the pore and the average
pore radius. For different void ratios, b varies. Through fit-
ting, the following pairs are gained: when the void ratio is
0.8, b=0.15; when the void ratio is 0.75, b= 0.2; when the
void ratio is 0.7, b=0.25; when the void ratio is 0.65, b=
0.3; and when the void ratio is 0.6, b = 0.35. The calibration
curve of the model parameters can be seen in Figure 7, and
the final model parameters are shown in Table 2.

4.2.2. Prediction of SWCC Model. Under the condition that
the calibrated model parameters are obtained, the SWCC of
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FiGure 7: Calibration curve of the model.
TaBLE 2: Calibration of model parameters.
Item 0, 0, n o
Parameter values 0.455 0.095 2.0 0.015

loess that at any void ratio can be predicted according to
equation (46). Figures 8-12 show the comparison between
the model prediction results and the test results for different
void ratios. We can see that the closer the void ratio is to 0.85,
the more accurate the prediction results are; the farther it is
from 0.85, the more the prediction results of the model in
the initial suction section gradually deviate from the test
results. When the suction is greater than 100 kPa, the predic-
tion results are still in good agreement with the test results,
indicating that the model proposed by this paper can be used
to predict the SWCC of unsaturated loess considering pore
deformation. Meanwhile, when the void ratio is far from
the reference calibration, the model prediction results will
gradually show some deviation. The model parameters are
obtained by calibration with the reference void ratio. There-
fore, the closer the void ratio is to the reference void ratio,
the more accurate the model prediction results are. Although

the SWCC model considering pore deformation can predict
overall changes in soil-water characteristics of the soil at dif-
ferent void ratios, the model is based on the V-G model and
therefore inherits some of its inherent shortcomings. The
imitative effect of the curve section before the air suction at
the low-suction section is not significant. This is especially
the case when the difference from the basic calibration void
ratio is significant. The more obvious errors in the predic-
tions occur in the low-suction section. When applying this
model, we choose the intermediate void ratio to calibrate
the model parameters, and we then obtained predictions of
the SWCC under different pore conditions on both sides. In
addition, if a considerable amount of the soil-water test data
of the unsaturated loess was accumulated later, the average
value of all data calibration parameters were considered the
model parameter values, which we used to predict the soil-
water characteristic changes of similar soils under different
pore deformation conditions.

4.3. Discussion of Model Parameters. The pore deformation
has an obvious influence on the SWCC of the unsaturated
loess. After introducing the void ratio parameter, we found
that the model prediction results were closely related to
parameters e, 7, and a. In the next section of this paper, we
will discuss the effects of different e, n, and « values on the
model results. When analyzing the influence of e, we
assumed that # equals 2 and « equals 0.015. When analyzing
the influence of n, we assumed that ¢ is 0.85, e; is 0.8, and « is
0.015. When analyzing the influence of &, we assumed that e,
is 0.85, ¢; is 0.8, and n takes 2.

Figure 13 shows the influence of different values of soil
parameter e on the SWCC of unsaturated loess. It can be seen
from the figure that the change in the void ratio has an obvi-
ous influence on the change of the SWCC. With the increase
of the void ratio, the sensitivity of the suction change and vol-
umetric moisture content increases, which heightens espe-
cially when the suction exceeds the suction value of intake
air. This indicates that pore deformation induced by factors
such as loading and water immersion has obvious influence
on the soil-water characteristics of the soil and must be con-
sidered in practice. The model in this paper can accurately
describe the variation of the SWCC under different pore con-
ditions. In fact, the volumetric moisture content-suction-
void ratio can be considered the soil-water characteristic
surface in a three-dimensional space. A set of soil-water
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FIGURE 9: Result comparison at the void ratio of 0.75.

characteristic test parameters can be calibrated based on
experience when there is no test data, predicting the evolu-
tion law of the SWCC under different pore conditions on
the three-dimensional surface. When sufficient test data
was accumulated, the average value of the calibrated param-
eters can be used to predict the variation law of the SWCC
under different pore conditions on the three-dimensional
curved surface.

Figure 14 shows the influence of different values of soil
parameter n on the SWCC. It can be seen from the figure that
the SWCC is sensitive to the value of n. When the suction
value exceeds 10kPa, the impact is even more obvious; in
the low suction section, the value of # has a relatively weak
influence on the curve. As the value of n increases, the suc-
tion variation corresponding to changes in water content

Geofluids

0.40
0.35
0.30

0.25

Volumetric water content (%)

0.20

0.15 4

T 1
1 10 100 1000
Suction (kPa)

—— Modeling value
® Testing value

FIGURE 10: Result comparison at the void ratio of 0.7.
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FIGURE 11: Result comparison at the void ratio of 0.65.

per unit volume is small, indicating that the relationship
between soil suction and water content sensitivity decreases.
When # increases to a certain value, its influence on the
SWCC gradually weakens with further increases in the »
value. Therefore, the value of # reflects the sensitivity of soil
moisture content and suction change [7, 24], and it is critical
to the accuracy of the model’s predictions for the value of # to
be reasonably determined through test data.

Figure 15 shows the influence of different values of soil
parameter « on the SWCC. It can be seen from the figure
that the influence of « on the curve is significant, whether
it is in the low-suction section or the high-suction section.
When the « value is small, the suction value of the soil
intake is relatively large, and the influence of soil immer-
sion and humidification on the curve is relatively small.
As the « value increases, the soil suction value decreases,
the influence of soil immersion and humidification on the



Geofluids

Volumetric water content (%)
(=]
»
(=)
1 "

.
,,,,,,,,, s
|
I
| i
|
0.25 - Deviation section !
4 I
0.20 - l
I
i | X
0.15 |
I
I
0.10 ——ry — ey —————
1 10 100 1000

Suction (kPa)

—— Modeling value
® Testing value

FIGURE 12: Result comparison at the void ratio of 0.6.

0.50
_S;Increase |
0.45
(S
= 0.40
=
o
g 0.35
© . C
§ 030_,9; 7777777777 LlllL R
s 0. 0 CO i e increase
z 6 o 1 7
£ 025 - ol
© e.=0.85 o I
g n=2 Rt |
g ] =
S %07 a=oos
| Fer I
0.15 - .
| [ I
0.10 S| s,54s)sd IS¢ sl
1 10 100 1000
Suction (kPa)
— e=0.85 — e=0.70
— e=0.80 — e=0.65
— e=0.75 — e=0.60

FiGure 13: Influence of e on the SWCC.

SWCC becomes increasingly obvious, the suction change
corresponding to the change in soil moisture content per
unit volume is small, and the relationship between soil suc-
tion and moisture content sensitivity decreases. However,
when the value of « reaches a certain value, its influence
on the SWCC gradually weakens with further increases in
the n value.

Figure 16 shows the relationship between the volumetric
water content and void ratio when the suction value is the
same. As can be seen from the figure, the curve can be divided
into sensitivity change section, transition section, and stable
section. When the suction is kept constant, the decrease of
the void ratio will lead to an increase in volumetric water
content. For the same void ratio, the smaller the suction,
the larger the volumetric water content. For the same volu-
metric water content, the larger the suction, the smaller the
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void ratio. This shows that under the condition of isotropic
compression, even if the soil suction remains unchanged,
the compaction of the pores in the soil will lead to an increase
in saturation.

5. Conclusions

In this paper, we established a new SWCC for predicting
the hydraulic characteristics of unsaturated loess with dif-
ferent pore states, and we conducted tests of remolded
loess to validate the capability of the new model. The con-
clusions are as follows:

(1) Based on the assumption of local equilibrium, we
defined the expression of the pore density function,
discussed the pore distribution of the porous soil
medium, and provided the PVF of any WIPD state
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(2) By introducing the compression factor and shift fac-
tor, we provided a description of the variation law
of the pore distribution curve caused by the WIPD
of unsaturated loess, and we inferred the relationship
between pore indicator e and the compression and
shift factors

(3) Based on the PVF, we introduced the pore indicator
into the classical V-G model, and we built an SWCC
model of unsaturated loess considering the influence
of WIPD. The model contains six parameters. When
the pore deformation was not considered, the model
regressed into a classical V-G model

(4) We carried out the soil-water characteristics tests of
unsaturated loess under different pore conditions.
The model parameters were calibrated, and the
model results were verified under different pore con-
ditions. The results showed that the model has good
simulation ability and can accurately predict the evo-
lution of the SWCC of loess under different pore
deformation conditions

(5) The impact of parameters of #, e, and « on the model
were investigated. The relationship between the volu-
metric water content and the void ratio at the same
suction was discussed in detail, and it was found that
the WIPD has the most obvious effect on the SWCC
of loess
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