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Abstract: Total soil water potential 1, is conventionally defined as the sum of matric potential v),, and osmotic potential 1), i.e., Y, =
Ym + ¥, when gravitational potential is ignored. Soil water isotherm (SWI) is the constitutive relationship between 1 and soil water content
w, i.e., P (w) = (W) + 1b,, where 1, (w) is called soil water retention curve (SWRC) or soil water characteristic curve. SWI and SWRC
are arguably the two most important soil constitutive relationships because they govern virtually all phenomena in soil such as flow, stress
and deformation, and biological activities. A closed-form SWI, recast from a generalized SWRC equation for adsorption and capillarity, is
experimentally validated for its generality in representing SWI. Adsorption isotherms of 49 soils, covering all spectrum of soil types with
plasticity index up to 185% and specific surface area up to 600 m?/g, are used to validate the SWI equation. It is shown that the SWI equation
can nearly perfectly represent the isotherms of these soils with almost all of the coefficients of determination R*> > 0.99, validating the
generality of the SWI equation. Comparative analysis is also conducted by using two existing SWI equations, namely, the Brunauer—
Emmett—Teller (BET) equation and the augmented BET (A-BET) equation. It is demonstrated that the SWI equation is superior to the
BET and A-BET equations in representing soil-water interactions by adsorption and capillarity, and in the full relative humidity range.
DOI: 10.1061/(ASCE)GT.1943-5606.0002681. © 2021 American Society of Civil Engineers.
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Introduction

Total soil water potential is the energy per unit mass of pore water
in soil with respect to that of pure water under standard ambient air
pressure and temperature (e.g., Iwata et al. 1995; Lu and Zhang
2019). As the result of an energy deficit between soil water and
pure water, total soil water potential is designated as negative
by convention. The total potential of soil water mainly consists
of three forms of energy: gravitational, osmotic, and matric poten-
tials (e.g., Hillel 1998; Lu and Likos 2004; Or et al. 2005; Osman
2013). Among these three potentials, matric potential is often dom-
inant; thus, it can be practically considered as the total potential in
most geotechnical engineering problems.

Intuitively, matric suction, a positive quantity defined as the
negative of matric potential, is often used for soil under unsaturated
conditions. When a soil-water system reaches equilibrium at a
certain matric suction, the amount of water that can be retained
by the soil is a definite value. The functional relationship between
matric suction and soil water content is generally termed the soil
water retention curve (SWRC). Considering that each soil has a
unique mineralogical composition and pore-size distribution,
SWRC is recognized as the constitutive function of a soil that
fundamentally dictates basic soil properties such as swelling
potential (e.g., McKeen 1992; Likos 2008), hydraulic conductivity
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(e.g., Mualem 1976; van Genuchten 1980), soil water density
(e.g., Zhang and Lu 2018, 2020), soil water freezing (e.g., Koopmans
and Miller 1966; Kurylyk and Watanabe 2013), and cavitation of soil
water (Or and Tuller 2002; Frydman and Baker 2009; Lu 2019a). As
such, characterizing the SWRC accurately is of vital importance for
better understanding the behaviors of unsaturated soil (e.g., flow,
stress and deformation, and biological activities).

Under natural and laboratory conditions, the matric suction of a
soil can vary over 6 orders of magnitude from 0 kPa (commonly for
saturation below water table) to 1.6 x 10 kPa (commonly for oven
dryness) (Khorshidi and Lu 2017a, b). Two distinct physical mech-
anisms, i.e., adsorption and capillarity, are independently involved
and are dominant at different stages of the soil water retention
(SWR) processes (e.g., McQueen and Miller 1974; Tuller and Or
2005; Frydman and Baker 2009; Lu and Khorshidi 2015). Adsorp-
tion occurs at relatively high matric suction where soil water con-
tent is low, whereas capillarity starts to play more important roles at
relatively low matric suction as the water content increases. The
phenomenon of cavitation or capillary condensation bridges these
two mechanisms. As a result of historically poor representation
in adsorption, the most commonly used SWRC models such as
the van Genuchten (VG) model (van Genuchten 1980) and the
Fredlund and Xing (FX) model (Fredlund and Xing 1994) can usu-
ally fit the discrete SWR measurements well only for matric suction
less than 1.5 x 10® kPa, and they have rarely been experimentally
validated for matric suction greater than 1.5 x 10° kPa. Recently,
Revil and Lu (2013) developed a first equation to explicitly incor-
porate both adsorption and capillarity into the definitions of SWR
model parameters, which makes the model applicable to fit SWRC
at full range of matric suction. Lu (2016) further improved the Revil
and Lu (RL) model by introducing a cavitation function, enabling
a drastic yet smooth transition on an SWRC from adsorptive- to
capillary-dominated regimes.
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Over the past decade, a new hygrometer-based technique known
as dynamic dew point or vapor sorption analyzer (VSA) (Likos
et al. 2011; Lu 2020) has emerged as a feasible and time-saving
tool for measuring high-resolution soil water isotherm (SWI),
which unveils the relationship between relative humidity (i.e., par-
tial vapor pressure) and pertinent soil water content equilibrated at
a given temperature (i.e., isothermal condition). The relative hu-
midity (RH) can be linked to the soil matric suction via Kelvin’s
equation (e.g., Lu and Likos 2004). Because SWI measured by
VSA can typically offer several hundreds of SWR data points at the
very high matric suction where adsorption is prevailing, it has been
demonstrated as a promising way to characterize some fundamental
soil properties such as specific surface area (SSA) (e.g., Akin and
Likos 2014, 2016; Zhang and Lu 2019a) and cation exchange
capacity (CEC) (Khorshidi and Lu 2017a, b).

In this study, a closed-form SWI equation recast from an SWRC
model developed by Lu (2016) is adapted to model SWI data. The
objectives are mainly threefold: (1) to adapt and validate the gen-
erality of the proposed SWI model for accurately representing the
experimental data of all soil types; (2) to examine the applicability
of the SWI model to the full RH range of measurements; and (3) to
explicitly separate the SWI into two SWIs, i.e., the adsorptive SWI
and capillary SWIL

Soil Water Retention Mechanisms and Models

Three distinct mechanisms for soil-water interactions, i.e., adsorp-
tion, capillarity, and cavitation/condensation, will serve as the theo-
retical basis for the proposed SWI model. As such, three relevant
SWRC and SWI models, including Lu’s (2016) generalized SWRC
model, the Brunauer—-Emmet-Teller (BET) equation (Brunauer et al.
1938), and the augmented BET equation (Zhang and Lu 2019a), will
be briefly introduced in the following together with the illustrations
of the three SWR mechanisms.

A Generalized Model for SWRC

Considering local energy equilibrium in soil water at any gravimet-
ric water content w (or volumetric water content 6), recently syn-
thesized soil sorptive potential (SSP) enables a unitary definition of
matric suction ¥)(w) as follows (Lu 2019b; Zhang and Lu 2019b):

1/J(W) = Uy — uw(x’ W) - d}sorp(x) (])

where u, = pore air pressure (kPa); u,,(x,w) = local pore water
pressure at a statistical distance x to the soil particle surface (kPa);
and sy (x) = SSP at the distance x (kPa).

For modeling SWRC, adsorption and capillarity can be de-
scribed separately but be cast in one universal formula based on
the preceding definition. In Lu’s (2016) model, the total water
content under an equilibrium matric suction is expressed as a math-
ematical sum of adsorptive and capillary components:

w(t)) = wa(1h) + we(¥) (2)

where w, (1)) = adsorbed water content (g/g); and w, (1)) = capillary
water content (g/g). The adsorptive water can be expressed as:

W) = wm{l - {exp (%)} M} 3)

where w,,, = gravimetric adsorption capacity (hereafter adsorption
capacity) reflecting the maximum amount of water that can be re-
tained by soil in the form of adsorption (g/g); Yyax = Maximum suc-
tion (kPa); and M = adsorption strength. The description of capillary
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water content w, (1)) in Eq. (2) is adapted from the VG model, and a
cumulative distribution function (CDF) of standard-normal distribu-
tion (probability varying between O and 1) is introduced to consider
the cavitation or condensation of capillary water in soil:

) = 5 [1 =t (22| b= )1 + (s

(4)

where erf() = error function; 1), = mean cavitation suction (kPa);
0. = standard deviation of the cavitation CDF (kPa); w, = gravimetric
water content at saturated state of soil (g/g); a = air-entry suction
(kPa); and n = parameter of pore-size distribution. In Lu (2016),
to simplify the fitting process, a fixed relationship of o, = 0.5¢,
was suggested and used.

Fig. 1 shows a schematic of SWRC and its two constituent water
retention curves. Three regimes can be identified on an SWRC
in the order of decreasing suction or increasing water content,
which are tightly adsorbed, adsorbed film, and capillary regimes
(McQueen and Miller 1974; Lu and Likos 2004). For a soil with
approximate oven dryness, the highest suction ), defined in the
LU model ensures a maximum limit for matric suction, below
which the adsorption occurs. Depending on mineralogy and cation
type of the soil, this maximum matric suction has been found to
vary greatly from 3.0 x 10° to 1.6 x 10° kPa (e.g., Jensen et al.
2015; Lu and Khorshidi 2015; Zhang et al. 2017). It can also be
observed from Fig. 1 that the total water content is equal to the
adsorptive water content in the suction range greater than ap-
proximately 10 kPa, where water molecules are strongly bonded
to the soil particle surface by short-ranged adsorptive forces
(e.g., Derjaguin et al. 1987; Revil and Lu 2013). Specific

Key characteristic states/stages of SWRC

Saturated water content: 6,
P
Air-entry suction: a—" /0y

Capillary pore-size distribution: n
Mean cavitation suction: y
Adsorption capacity: 0;max

Highest matric
suction: y..

Volumetric water content &
(scale depends on soil type)

Adsorption
strength: M
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Fig. 1. Conceptual illustrations for soil water retention regimes,
key characteristic states, and stages along an SWRC. (Adapted from
Lu 2016.)
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mechanisms contributing to water adsorption at this regime will be
discussed in detail in the following sections.

In the range of matric suction lower than approximately 10° kPa,
water vapor starts to condense in capillary form at the corners of
micrometer-sized particles (Fig. 1), where an air—water interface is
formed by connecting the water films absorbed on nearby particle sur-
faces. The adsorbed film regime is a transition state on an SWRC from
the adsorptive- to the capillary-dominated regimes, and the capillary
water content in this process is described in the LU model by using the
mean cavitation suction v, (i.e., reverse process of capillary conden-
sation). In the adsorbed film regime, both adsorbed water and capillary
water contribute to the increase of total water content. However, as the
water content further increases, the adsorptive water content will even-
tually reach the adsorption capacity wyy., Which is the maximum
water content ascribed to the adsorptive forces. The strength to reach
this maximum is controlled by the adsorption strength M.

When the matric suction is lower than approximately 10* kPa,
any further increase in total water content is solely attributed to
capillary water. SWRC in the capillary regime is primarily gov-
erned by the pore-size distribution of the soil. For water content
close to the saturated state, the transition from unsaturated to sa-
turated state generally takes place smoothly but abruptly across

Key characteristic states/stages of SWRC

the air-entry suction a, which allows the soil to remain saturated
at positive matric suction.

Previous SWI Models

As previously mentioned, RH and matric suction ) are intercon-
nected via Kelvin’s equation (e.g., Lu and Likos 2004):

= —Eln (RH)

. 5)
where R = universal gas constant (8.3145 x 1073 kJ - mol~! - K~1);
T = temperature (K); and »,, = molar volume of water (1.8 x
10 m?/mol at 100 kPa and 25°C). Based on the preceding equa-
tion, the isotherm represents an SWRC at medium to high suction
range [Figs. 2(a and b)], where three types of adsorption have been
identified and quantified, i.e., cation hydration, surface hydration,
and hydration of interlayer complexes (e.g., Khorshidi et al. 2016;
Zhang and Lu 2018).

The concept of SSP clearly demonstrates that these adsorption
mechanisms are all electromagnetic in nature (Lu and Zhang 2019).
Water molecules with strong polarity are attracted to the soil

Soil-water isotherm (high suction of SWRC)

Y I
_ (6,0) i
RH = 0.00-0.99 ,,,\_ s~ (RHe,we) [ 1
. ) I
E g (6 €< I
) g !
- = c = i
53 S 8 |
o c o C I
o © i) 8 ‘ I
0 o w(RH)
=g =2 (RHamae Wama -
'_g 3 (&, ve) g A / //
o ’ g7o wa(RH
g [) (eamaXs l//amax) ! g @ M al ) ,/
= ® / 8 /
(o] - o O .
N a— &5 o | Rimin0) o
// (v W°(§/H,) y
107 108 105 10* 10 102 10" 10° 0.0 0.2 04 0.6 0.8 1.0
Matric suction  (kPa) Relative humidity RH
(a) (b)
Matric suction y (kPa)
108 108 104 103 10? 107
| | 1 1 | | 1 1 111111 1 1 I N 1 1 I N | 1 1 |
>4— »
\\\ < >
External surface/cation hydration ™ Internal surface/cation hydration \
:.‘ FRO) 'i®" -5@6- ,.,.,.,‘ Water
$ 8 VY¥YVY L PET 8.8.8.0.
ﬁ SECEIEICEN | |1-1ayer exchangeable 2-layers exchangeable | [inininiaiiniel Capillary
Cation hydration Hydrogen bound cation hydration cation hydration Multilayer adsorption cond?nsation
\ / Pl »

I<I T T T T T T T ;I4l T T T T T T T T T T T T T I‘I T T T T T T T T T T T T T T ;l _ ;
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative humidity RH
(c)

Fig. 2. Tllustrations of physicochemical mechanisms for soil-water interactions at different ranges of matric suction and relative humidity. [Part (c)

adapted from Lu and Zhang 2020.]
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particle surface or interlamellar surface by various intermolecular
forces. Fig. 2(c) illustrates the range of different adsorptive mech-
anisms in terms of both matric suction and RH. The wetting of an
initially dry soil commences with hydration of cation retained on
the external surface by Coulomb electric attractive force at the
atomic scale (Khorshidi et al. 2016). Hydrogen bonds between
oxygen/hydroxyl anions exposed on the external surface and water
molecules are then formed by van der Waals attraction (Zhang and
Lu 2019a), which is the intermolecular force also responsible for
the subsequent multilayer adsorption. For expansive soils, the van
der Waals attraction and Coulomb attraction between clay’s inter-
lamellar layers would produce an energy barrier that retards the
water hydration of interlayer complexes (i.e., interlayer exchange-
able cation and surface).

The Brunauer—Emmet-Teller (BET) equation (Brunauer et al.
1938) is a commonly used SWI model to describe the multilayer
adsorption of water molecules on soil particle surface. The sorption
isotherm of a soil can be fitted by the BET equation as follows:

wncRH

"= (1—RH)(1 —RH + cRH) ©)

where w = gravimetric water content (g/g); RH = relative humidity;
wy, = monolayer water content (g/g); and ¢ = constant related to the
enthalpy of adsorption.

However, it has long been recognized that the BET equation is
not applicable to the entire RH range for soil but merely functions
between about 0.05 and 0.35 (e.g., Mooney et al. 1952; Yamanaka
et al. 1990), mainly due to the following two reasons: (1) assuming
a homogeneous adsorbent surface in the original theory; and (2) ne-
glecting the long-ranged capillary mechanism that depends on the
pore structure. To overcome the first unrealistic assumption, Zhang
and Lu (2019a) proposed an augmented BET (A-BET) equation for
soil to separate the heterogeneous adsorption process into two sub-
processes with distinct ranges of matric suction (Fig. 2): external
and internal surface adsorptions. Assuming that each of these two
components can be individually described by the original BET
equation, the total adsorbed water content w(RH) is thus described
by the following equation:

Win—extCextRH

WRH) = 4R (1 — RH + e R
Wmfintcint(RH - RHO)
(1 (RH = RH)][I — (RH — RHy) + ¢ (RH — RHy ]

(7)

where wp,_o; and wp,;, = monolayer water contents adsorbed on the
external and internal surfaces, respectively (2/2); Cm-ext and Cpping =
constants related to the enthalpy of adsorption on external and
internal surfaces, respectively; and RH,, = relative humidity where
the energy barrier is overcome and adsorption on the internal
surface initiates. The onset RH of capillary condensation, which
constrains the maximum applied range of the A-BET equation,
is identified based on the sharp decline in local ¢ (enthalpy of
adsorption) value (Pomonis et al. 2004; Zhang and Lu 2019a).

A Generalized SWI Model

Formulation of the Proposed SWI Model

Given that the LU model was originally developed to fit the entire
SWRC, especially outperforming the other SWRC models in high
suction range (Lu 2016; Dong and Lu 2020; Zhang and Lu 2020;
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Zhou and Lu 2021b), a closed-form equation is recast and adapted
for SWI over the full range of RH by preserving the general ex-
pressions of the LU model. This is first done by casting Eqs. (2)—
(4) in terms of RH through Kelvin’s Eq. (5):

w(RH) = w, (RH) + w, (RH) (8)

s ®11) = e {1~ exp (1= ) [T 0)

we(RH) = % {1 —erf <%)} [, — w,(RH)]
ORH
s

where w,(RH) and w.(RH) = adsorptive and capillary isotherms,
respectively; RH,;, = minimum relative humidity corresponding to
the maximum matric suction; and pry and ogry = mean and stan-
dard deviation of the cavitation function, respectively, defined in
terms of relative humidity.

The major adaptation in the proposed SWI equations comes
from the cavitation function inside the first square brackets of
Eq. (10), where a physically realistic CDF of a skew-normal dis-
tribution, instead of a standard-normal distribution, is used:

CDF(RH) = ® (RHW_ f) +2T (RHw_ ¢, a) (11)

The new cavitation function consists of two individual functions,
i.e., CDF of a normal distribution ®() and Owen’s T function T(),
and is defined by three cavitation parameters: onset relative humid-
ity & cavitation humidity range w, and CDF shape parameter o

Considering that the phenomenon of soil-water cavitation
mostly occurs in the capillary regime with RH greater than 0.8
(e.g., Tuller and Or 2005), Fig. 3 illustrates the CDF of four skew-
normal distributions with the same £ and w of 1.0 and 0.1 but differ-
ent « values varying from —5 to 0, showing that normal distribution
is a special case of skew-normal distribution with v = 0. The
physical basis for using a skew-normal distribution to represent
the cavitation function is to avoid the unrealistically low CDF value
(i.e., 0.5) of standard-normal distribution when the onset relative
humidity ¢ is close to 1.0 (Fig. 3). In other words, the water

1.2
—Skew-normal distribution
(¢=1w=01a=-5)
1.0 { ----Skew-normal distribution =
] (6=1,=01,a=-3) 4 /./
— - Skew-normal distribution o
0.8 1 (¢E=1w=01a=-1) o,
| — -Standard-normal distribution / /
w (¢=1w=01a=0) N /
Q 0.6 - /
O /
0.4 -
0.2
0.0 T

0.6 0.7 0.8 0.9 1.0 1.1
Relative humidity RH

Fig. 3. Illustration of cavitation distribution functions of skew- and
standard-normal distributions.
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contents near saturation can be significantly underestimated with-
out using a new cavitation function. Experimental evidence indi-
cates that the probability of acoustic cavitation in water does
not always follow a standard-normal distribution but exhibits cer-
tain skewness (Herbert et al. 2006). Fig. 3 also demonstrates that
the CDF will not change significantly once the « value is reduced to
—5. As such, Eq. (11) is proposed, and a constant value of —5 is
used for the CDF shape parameter « in this study.

To minimize uncertainties due to multiple-parameter identifica-
tions, further simplifications can be made to the proposed SWI
equation. For most soils, the air-entry suction a is generally less
than 10 kPa (e.g., Lu 2016), which corresponds to RH greater
than 0.99. Since SWI data from the VSA techniques are generally
available at RH less than 0.95, the parameter a is set to be 1 kPa,
i.e., RH = 0.99999. Moreover, a simplified relationship (M = 1 —
1/n) similar to that commonly assumed in using the VG model is
used for adsorption strength M and pore-size distribution parameter
n, due to their strong correlation revealed by a preliminary sensi-
tivity study. Substituting these adaptations and simplifications into
Egs. (9) and (10) leads to the final equations for the proposed SWI:

)] e
. (RH) = {cp (RHW_ f) LT (RHW_ £ —5)] [, — w,y (RH)]

y {1 i [w}}/ (13)

Uy

wo(RH) = wamax{l - [exp(l

Model Fitting Procedure

The proposed SWI model, i.e., Egs. (8), (12), and (13), is com-
pletely controlled by six parameters, namely the minimum relative
humidity RH,;,, adsorption capacity wypm.x, onset of cavitation hu-
midity &, extent of cavitation humidity w, pore-size distribution n,
and saturated water content wy. Generally speaking, the saturated
water content wy is directly linked to a soil’s porosity ¢ and specific
gravity G, by

_ ¢
Gs(l - ¢)

A constant value G of 2.65 is assumed if the measurement is
not available. Similarly, a porosity ¢ of 0.5 is assigned to soils when
it is not reported.

Because the saturated water content wy is known for each soil,
the remaining five parameters are determined iteratively by using
an R package developed for nonlinear regression, minpack.lm
(Elzhov et al. 2016). According to the classical nucleation theory
for water cavitation (e.g., Caupin and Herbert 2006; Debenedetti
1996), capillary water under negative pressure (i.e., lower than
the pore air pressure) is unlikely to exist at matric suction higher
than 1.9 x 10° kPa (equivalent to RH = 0.25). Therefore, capillary
water [Eq. (13)] at RH lower than 0.25 is manually set as zero for
each iteration. Also, to minimize the effect of parameter initializa-
tion on the fitting output, the five fitted parameters of each soil are
randomly initialized 100 times to identify the best set of model
parameters with the highest coefficient of determination, R”.

(14)

Wy =

SWI Database for Model Validation

Experimental isotherm data for a suite of 49 soils from the litera-
ture, i.e., 20 from Akin and Likos (2014), 17 from Khorshidi et al.
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(2017), and 12 from Zhou and Lu (2021a), are employed to assess
the performance of the proposed SWI model. The basic soil physi-
cal and geotechnical index properties of these soils are summarized
in Table 1. According to the Atterberg limits (ASTM 2017) and the
Unified Soil Classification System (USCS), these soils cover a
wide variety of soil types from sandy soil to swelling clay with
plasticity index (PI) varying considerably from 4 to 185. The SSA
and CEC range up to 600 m?/g and 169.0 cmol/kg, respectively,
giving a full coverage of swelling potential from low to medium, to
high, and to very high (Table 1). In addition, both natural soils and
mixed clays are used to examine the generality of the proposed SWI
model, and the latter includes cation-exchanged bentonites as well
as kaolinite and bentonite clay mixtures.

Based on the soil type and mineralogy, these soils are grouped
into six categories (Table 1): sandy soil (I), silty soil (II), nonswel-
ling clay (IIT), swelling clay (IV), cation-exchanged bentonite (V),
and clay mixture (VI). Some of the listed soils were collected from
the same general location but with different soil compositions, and
some isotherms of the same soil were measured independently by
different investigators. The water vapor isotherms were measured
by the VSA (Meter Group, Pullman, Washington) at room temper-
ature (~25°C). A complete wetting-drying loop of isotherm typi-
cally includes approximately 200 discrete data points. For most
soils, the adsorption isotherms (wetting path) were used to fit
the model parameters, except for the kaolinite/bentonite mixtures
for which only the desorption isotherms (drying path) were
available.

SWI Model Performance

The model performance will be assessed in three aspects: fitness
to model the measured SWI data of various soil types, capability
to separate adsorptive SWI and capillary SWI, and comparison
with other SWI models. The isotherms of 44 different soils will
be visually and fully exhibited herein. To inclusively demonstrate
the generality of the proposed SWI model, all of these isotherms
will not be displayed twice.

Overall Fitting Assessment

The best-fit parameters and the corresponding coefficient of deter-
mination R? for all soils are listed in Table 2. It can be observed
that the proposed SWI equation can nearly perfectly model the iso-
therm data for all types of soils, as evidenced by the very high R>
(all greater than 0.99). The only two exceptions are Kaifeng sand
(R? = 0.91) and commercial kaolin (R? = 0.72), whose isotherm
data fluctuate at RH < 0.1 as the VSA approaches its resolution in
water content measurement.

The predicted adsorption capacity, as summarized in Table 2,
ranges from 0.01 g/g for sandy and silty soils (e.g., Kaifeng sand
and Heifangtai silt) as well as up to 0.2 g/g for swelling clays
(e.g., Wyoming bentonite I and Denver bentonite II). Among them,
the values identified for Georgia kaolinite and Wyoming bentonite
are 0.02 g/g and 0.2 g/g. These two adsorption capacities are very
close to the water contents of two clays respectively corresponding
to mono-layer hydration (0.01 g/g) and three-layers hydration
(0.2 g/g) reported in the literature (Keren and Shainberg 1979;
Likos and Lu 2002), indicating the accuracy of the SWI model
for parameter identification. Furthermore, based on the available
adsorption studies in the literature (Dong and Lu 2016, 2020;
Lu 2016; Zhou and Lu 2021b), predictions of the adsorption capac-
ity in terms of SWRC are also gathered independently for 11 of
the studied soils, and the volumetric water contents are converted
to the gravimetric ones by using Eq. (14). Comparisons of the
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Table 1. Geotechnical properties of the studied 49 soils

Group No. Soil name and reference LL (%) PL (%) PI USCS Total SSA (m2/g)*®  CEC (cmol/kg)>®  Swelling potential®
I Balt silt II° 28 23 5 SM 47 24.0 Low
Commercial kaolin® 42 35 7 ML 21 0.4 High
Hopi silt I° 26 19 7 SC-SM 61 20.0 Low
Albany red sandy clay’ 30 16 14 SC 55 7.6 Medium
New Orleans sandy clayf 30 12 18 CL sandy 22 8.0 Medium
Kaifeng sand” 37 5 32 SC 25 1.6 —
I Bonny silt® 25 21 4 ML 67 21.0 Low
Heifangtai silt® 26 21 5 ML 28 7.0 Low
Balt silt I° 26 19 7  CL-ML 54 20.0 Low
Towa silt® 33 24 9 ML 62 22.0 Medium
Albl silty clay’ 28 17 11 CL 41 8.5 Low
Zhengzhou silt® 26 15 11 CL 26 5.0 Low
Atlanta, Georgia silt’ 50 36 14 MH — — Medium
Denver silty clay’ 49 23 26 CH — — High
Hopi silt II° — — — ML 57 22.0 —
I Mon 2 clay’ 31 17 14 CL 56 15.2 Medium
Sanmenxia silty clay® 35 19 16 CL 110 14.9 Medium
Sacramento clay’ 39 22 17 CL 202 27.8 Medium
Georgia kaolinite® 44 26 18 CL 26 9.0 High
KF1 clay’ 42 23 19 CL 189 35.6 High
Denver claystone II° 44 23 21 CL 67 35.0 High
Jingmen brown soil® 42 21 21 CL 144 254 High
Wuhan clay® 40 18 22 CL 94 15.4 High
Denver claystone I° 46 23 23 CL 90 16.0 High
Xinyang clay® 42 19 23 CL 114 20.6 High
KF2 clay’ 41 15 26 CL 148 23.4 High
Kamm clay’ 49 21 28 CL 134 26.3 High
Wes Andrew clay’ 50 18 32 CH 83 17.6 High
v AlIb2 clay’ 36 14 22 CL 24 8.1 Medium
Houston brown clay’ 41 16 25 CH 157 322 High
Jingmen yellowish-brown soil® 63 26 37 CH 251 30.9 Very high
Denver bentonite 1° 104 48 56 MH 566 97.6 Very high
Denver bentonite IT° 118 45 73 CH 591 169.0 Very high
Ningming expansive soil® 165 38 127 CH 375 50.8 Very high
Wyoming bentonite 1T° 485 353 132 CH 594 75.0 Very high
Wyoming bentonite I° 218 33 185 CH 600 62.1 Very high
\Y Nat /Ca?*-bentonite® — — — — — 74.0 —
Na*-bentonite® — — — — — — —
Ca’>*-bentonite® — — — — 547 — —
Mg?*-bentonite® — — — — 453 — —
Li"-bentonite® — — — — — — —
K™ -bentonite® — — — — 196 — —
VI 100%kaolinite’ — — — — — — —

80%kaolinite/20%bentonite" — — —
50%kaolinite/50%bentonite’ — — —
30%kaolinite /70%bentonite’ — — —
20%kaolinite/80%bentonite" — — —
10%kaolinite/90%bentonite’ — — —

100% bentonite’ — — —

Note: PI = plasticity index; LL = liquid limit; PL = plastic limit; and USCS = unified soil classification system.

“Lu and Zhang (2020).
"Zhou and Lu (2021b).
“Akin and Likos (2016).
dChen (1988).
“Khorshidi et al. (2017).
fAkin and Likos (2014).

adsorption capacity between the isotherm with the proposed model
and the SWRC with Lu’s (2016) model indicate that the adsorption
capacity predicted from this study and the literature are statistically
similar and well correlated (R? = 0.91), as shown in Fig. 4. For
some soils, the adsorption capacity from the SWRC modeling
may seem to be slightly higher than that from the SWI, i.e., data
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points located above the line of perfect match. This can potentially
be attributed to the effect of hysteresis if the SWR data were mea-
sured from the drying path.

Furthermore, the model performance for the fitness to the iso-
therm data is visually exhibited in Fig. 5, which samples 20 soils
representing the four main categories of sandy soil, silty soil,
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Table 2. Results of the fitted parameters for the SWI model

Group no. Soil name G, [} RH,;, Wamax (&/8) n 13 w R?
I Balt silt II 2.65 0.50 0.00492 0.02 1.30 1.00 0.22 1.00
Commercial kaolin 2.75 0.50 0.00001 0.01 1.47 1.00 0.20 0.72

Hopi silt I 2.65 0.50 0.00011 0.03 1.29 1.00 0.37 1.00

Albany red sandy clay 2.65 0.50 0.00001 0.03 1.15 0.98 0.09 0.99

New Orleans sandy clay 2.65 0.50 0.02185 0.01 1.27 1.00 0.15 1.00

Kaifeng sand 2.68 0.40 0.00001 0.01 1.44 1.00 0.62 0.91

I Bonny silt 2.65 0.50 0.00033 0.02 1.28 1.00 0.35 1.00
Heifangtai silt 2.65 0.50 0.00001 0.01 1.40 0.95 0.42 1.00

Balt silt I 2.65 0.50 0.00157 0.02 1.30 1.00 0.26 1.00

Towa silt 2.65 0.50 0.00205 0.03 1.27 1.00 0.21 1.00

Albl silty clay 2.65 0.50 0.00861 0.03 1.11 1.00 0.07 1.00

Zhengzhou silt 2.70 0.50 0.00026 0.01 1.35 1.00 0.46 0.99

Atlanta, Georgia silt 2.65 0.50 0.00120 0.03 1.17 1.00 0.12 1.00

Denver silty clay 2.65 0.50 0.01391 0.04 1.27 0.95 0.12 1.00

Hopi silt 11 2.65 0.50 0.00015 0.02 1.27 1.00 0.34 1.00

I Mon 2 clay 2.65 0.50 0.00219 0.03 1.28 1.00 0.25 1.00
Sanmenxia silty clay 2.72 0.50 0.00642 0.03 1.25 1.00 0.18 1.00

Sacramento clay 2.65 0.50 0.01457 0.06 1.24 0.95 0.12 1.00

Georgia kaolinite 2.65 0.57 0.03071 0.02 1.24 1.00 0.10 1.00

KF1 clay 2.65 0.50 0.00909 0.08 1.22 0.94 0.10 1.00

Denver claystone 11 2.65 0.50 0.00383 0.04 1.22 1.00 0.20 1.00

Jingmen brown soil 2.72 0.50 0.00030 0.05 1.18 1.00 0.20 1.00

Wuhan clay 2.73 0.50 0.00473 0.03 1.20 1.00 0.16 1.00

Denver claystone I 2.72 0.50 0.00135 0.04 1.24 1.00 0.19 1.00

Xinyang clay 2.72 0.50 0.00037 0.05 1.20 1.00 0.21 1.00

KF2 clay 2.65 0.50 0.01727 0.04 1.29 0.94 0.12 1.00

Kamm clay 2.65 0.50 0.00001 0.05 1.24 0.95 0.26 0.99

Wes Andrew clay 2.65 0.50 0.00035 0.04 1.20 1.00 0.20 1.00

v Alb2 clay 2.65 0.50 0.03220 0.03 1.10 1.00 0.06 1.00
Houston brown clay 2.65 0.50 0.01603 0.04 1.27 0.95 0.13 1.00

Jingmen yellowish-brown soil 2.75 0.50 0.00033 0.07 1.14 1.00 0.15 1.00

Denver bentonite I 2.73 0.65 0.00011 0.16 1.20 1.00 0.15 1.00

Denver bentonite IT 2.65 0.65 0.00011 0.18 1.17 1.00 0.16 1.00

Ningming expansive soil 2.73 0.70 0.03240 0.16 1.11 1.00 0.04 1.00

Wyoming bentonite II 2.65 0.70 0.05193 0.19 1.12 1.00 0.04 1.00

Wyoming bentonite I 2.70 0.70 0.03750 0.20 1.09 0.99 0.02 0.99

\Y% Na*/Ca’*-bentonite 2.65 0.70 0.00853 0.18 1.09 1.00 0.04 1.00
Na™-bentonite 2.65 0.70 0.02945 0.18 1.11 1.00 0.04 1.00

Ca’*-bentonite 2.65 0.70 0.00290 0.15 1.29 0.94 0.09 0.99

Mg?*-bentonite 2.65 0.70 0.00076 0.13 1.23 0.99 0.15 1.00

Li*-bentonite 2.65 0.70 0.00001 0.19 1.05 1.00 0.06 0.99

K™ -bentonite 2.65 0.70 0.03412 0.08 1.25 0.99 0.08 1.00

VI 100% kaolinite 2.65 0.57 0.04570 0.01 1.33 1.00 0.12 1.00
80% kaolinite/20% bentonite 2.65 0.60 0.03340 0.03 1.26 1.00 0.12 1.00

50% kaolinite/50% bentonite 2.65 0.04 0.04090 0.08 1.20 1.00 0.07 1.00

30% kaolinite/70% bentonite 2.65 0.66 0.03740 0.11 1.19 1.00 0.07 1.00

20% kaolinite/80% bentonite 2.65 0.67 0.03150 0.12 1.17 1.00 0.07 1.00

10% kaolinite/90% bentonite 2.65 0.69 0.03220 0.14 1.16 1.00 0.06 1.00

100% bentonite 2.65 0.70 0.03580 0.15 1.18 0.99 0.07 1.00

nonswelling clay, and swelling clay (i.e., Groups I-IV in Table 1).
The ranges of maximum water content of the measured isotherm
data in these four plots are in an increasing order: 0.01-0.05
[Fig. 5(a)], 0.02-0.08 [Fig. 5(b)], 0.05-0.12 [Fig. 5(c)], and 0.09—
0.23 [Fig. 5(d)]. As demonstrated, the fitted SWI closely follows
the experimental data points (about 100 for each isotherm) over the
entire measured range of RH from 0.03 to 0.95. The coefficients of
determination R? are very high, nearly all equal to 1.00. In general,
the isotherms show a clear increasing trend in water content as a
soil becomes finer and finer. For instance, Denver bentonite I, with
an SSA of 566 m?/g and a CEC of 97.6 cmol/kg, has higher water
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content in the initial tightly adsorbed regime (RH < 0.5) than other
soils with less SSA and CEC. A soil’s ability to adsorb water be-
comes weaker and weaker as the soil becomes coarser and coarser
like those sandy and silty soils with low PIs [e.g., commercial kao-
lin, Kaifeng sand, Heifangtai silt, and Zhengzhou silt shown in
Figs. 5(a and b)]. The low adsorptive water contents for these soils
are attributable to the fact that their SWR mechanism is mostly
governed by the capillarity. Thus, a relatively flat shape can be
observed on the isotherms of these soils in the RH range of
0.03-0.90, followed by a drastic increase at RH > 0.90 due to the
onset of capillary water retention mechanism [Figs. 5(a and b)].
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Fig. 4. Comparisons of adsorption capacity determined respectively
using SWI and SWRC for 11 soils.

Therefore, it is concluded that the proposed SWI model can be used
to accurately represent soil water isotherms of all types of soil at the
full range of RH, ascribing to the explicit conceptualization and
quantification of adsorptive, capillary, and cavitation mechanisms
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by providing clear physical interpretation for each model
parameter.

Separation of Adsorptive and Capillary Isotherms

The proposed SWI model is further assessed by examining both the
fitted isotherm and its constituent adsorptive and capillary iso-
therms from several aspects, including for (1) a variety of soil types;
(2) cation-exchanged bentonites; and (3) kaolinite-bentonite clay
mixtures. Fig. 6 first shows the model fitting for six selective
soils from Groups I-1V, including two silty soils [Figs. 6(a and b)]
and four widely studied clays with diverse swelling potentials
[Figs. 6(c—f)]. As shown, the proposed SWI model performs well
for fitting these isotherms, with a minimum R? value of 0.99. The
total water content is physically decomposed into the adsorptive
and capillary components. The adsorptive water exists over the
entire range of RH, but the capillary water can only exist at high
RH. For instance, the capillary isotherm of Bonny silt [Fig. 6(a)] is
only present when RH is greater than approximately 0.37, before
which the fitted isotherm is totally attributed to the adsorptive iso-
therm. A similar limit of approximately 0.39 can be found for Hopi
silt IT [Fig. 6(b)]. Whereas the capillary isotherms of the four clays
[Figs. 6(c—f)] do not occur until RH is approximately equal to 0.6.
This capillary onset can even shift to as high as 0.93 for clayey soil,
such as that observed for Wyoming bentonite I [Fig. 6(e)]. Such
difference in the onset of capillary condensation is largely caused
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Fig. 5. Fitted isotherms for four types of soil: (a) sandy soil; (b) silty soil; (c) nonswelling clay; and (d) swelling clays.
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Fig. 6. Fitted isotherms and separated adsorptive and capillary isotherms for different types of soils.

by the discrepancy in soil particle sizes and ability to retain water in
the form of adsorption, because capillary isotherm often appears
while the adsorptive isotherm gradually approaches the adsorption
capacity wypnax (i-e., the total adsorptive water content). In general,
the lower a soil’s sorptive potential (i.e., combined effect of van der
Waals, electric double layer, and exchangeable cation) is, the higher
adsorption capacity can be expected. As shown in Fig. 6 from (a) to
(f), the predicted adsorption capacity gradually increases as the ad-
sorption on the soil particle surface becomes stronger from silty
soils to bentonite clays, qualitatively confirming the capability

© ASCE

04021138-9

of the proposed SWI to reflect soil’s adsorption capacity in different
soil types.

The fitted SWI results of a natural Na*/Ca?*-bentonite and its
other cation-exchanged forms are illustrated in Fig. 7, giving a com-
parison of water sorption behavior among soils with the same
mineralogy but different types and valencies of exchangeable cat-
ion. As shown, the proposed model can well represent the isotherms
of six bentonites, showing all R?> values greater than or equal to
0.99. Fig. 7 also demonstrates that the types of exchangeable cation
can impose a significant effect on the water sorption behaviors of
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Fig. 7. Fitted isotherms and separated adsorptive and capillary isotherms for cation-exchanged bentonites.

swelling bentonite clays, consistent with the findings in the litera-
ture (e.g., Villar and Lloret 2008; Schanz and Tripathy 2009;
Du et al. 2021). The water content at 0.95 RH varies from 0.22
for the untreated Na*/Ca?*-bentonite to a much lower value of
0.13 for K"-bentonite and to a much higher value of 0.34 for
Li"-bentonite. The adsorption capacities identified for the five
mono-cation bentonites are 0.08 (K*), 0.18 (Na®), 0.19 (Li"),
0.15 (Ca?*), and 0.13 (Mg?"). In general, the hydration energy
of exchangeable cations can have an appreciable effect on the
amount of water adsorbed by the bentonite clay (e.g., Montes-H

et al. 2003; Akin and Likos 2014). According to Bohn et al.
(2001), the enthalpy of hydration (i.e., hydration heat) for the
aforementioned five cation types are K (=314 kJ/mol) < Na™
(=397 kJ/mol) < Li* (—=506 kJ/mol) < Ca’>* (—1,580 kJ/mol) <
Mg?* (—1,910 kJ/mol). Despite the subtle change in two divalent
bentonites, the adsorption capacities of the three bentonites with
monovalent exchangeable cations consistently increase with the
increasing enthalpy of hydration, verifying the soundness of the
proposed SWI model to probe the water sorption behavior of ben-
tonite clays with diverse types of exchangeable cation.
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As illustrated in Fig. 2(a), the non-expansive and expansive
clays have very different hydration sequence, leading to some
distinction in the water sorption behavior. Fig. 8 exhibits both
the experimental and fitted isotherms for a series of clay samples
prepared by mixing the nonswelling kaolinite and highly swelling
bentonite at various mass ratios. Such a mixing can provide a series
of clay samples with intermediate water adsorption capability
proportionally distributed between the two end members. Will the
proposed SWI model be able to predict the adsorption capability of
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such mixtures? As shown in Fig. 8, the proposed SWI model gives
a statistically perfect fitting (R?> = 1.00) for the isotherm data of the
mixtures, including the two end members.

Furthermore, the maximum water content retained by these
soils at 0.95 RH ranges from 0.026 to 0.230 g/g, which increases
almost linearly with the increasing dry-mass ratio of bentonite to
kaolinite. The adsorption capacity varies from 0.01 to 0.15 g/g
as the mixing ratio changes from 100% kaolinite to 100% ben-
tonite. The adsorption capacities of the clay mixtures can also be
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proposed SWI model and the end-member calculations for kaolinite-
bentonite mixture.

calculated proportionately based on the adsorption capacities of the
two end members (i.e., pure kaolinite and bentonite) and mass ratio.
The adsorption capacities determined by the proposed SWI model
compare very well (R? = 1.00) with that calculated from the two
end members, as shown in Fig. 9, demonstrating the robustness of
the proposed SWI model to identify a soil’s adsorption capacity.

Comparison with Other SWI Models

The separation of adsorptive and capillary isotherms (Figs. 6-8)
demonstrates that the transition process from adsorption to capil-
larity on a soil isotherm does not occur suddenly at one specific
RH point but takes place gradually within a certain range of RH.
The multilayer adsorption will continue after the onset of capillary
condensation until it reaches the adsorption capacity, giving the
transition regime a lower bound defined by the onset of capillary
condensation and an upper bound defined by the completion of ad-
sorption. However, neither the BET equation nor the A-BET equa-
tion functions in or beyond this transition regime (i.e., adsorbed
film regime) due to their overlooking of capillarity. Fig. 10 facil-
itates such comparisons between the proposed SWI model, the
A-BET equation, and the popular BET equation through the iso-
therms of six soils ranging from silt to swelling clay. As shown,
these three SWI models have very different ranges suitable for
representing the soil isotherm, and the proposed SWI model is ob-
served to be the best one, showing R? = 1.00 for all six soils in
Fig. 10. In general, the BET equation fits the isotherm well only
at the RH less than approximately 0.3. Although the A-BET equa-
tion remarkably widens the range of BET, especially for swelling
clay, by differentiating the adsorptions on external and internal clay
surfaces (Lu and Zhang 2020), it is still far from the full coverage of
RH. Isotherms determined from both BET and A-BET deviate from
the experimental data prior to the completion of adsorption for
most soils and are significantly overpredicted at the high RH range,
owing to the absence of a capillary mechanism in these two models.
The outperformance of the proposed SWI model in the transition
and the subsequent capillary regimes demonstrates its capability
to pinpoint the onset of capillary condensation, which further high-
lights the strength of the new model in representing soil water
isotherms over the full range of RH.
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Practical Implications

The proposed SWI opens a new horizon for understanding many
fundamental properties of soil that are practically useful for geo-
technical engineering, such as specific surface area, cation ex-
change capacity, water cavitation, soil freezing curve, soil water
density, soil sorptive potential, Atterberg limits, elastic modulus,
shear wave velocity, thermal conductivity, and hydraulic conduc-
tivity. For example, the capability of separating and quantifying
a soil’s adsorptive SWI and capillary SWI enables better character-
izations of soil’s intrinsic properties such as specific surface area
(SSA) and pore-size distribution (PSD). The proposed adsorptive
SWI provides a direct physical link between a soil’s SSA and ad-
sorptive water. While utilizing the Young—Laplace equation, the
proposed capillary SWI can be directly used to determine a soil’s
PSD. This isotherm-based approach differs fundamentally from the
mercury intrusion porosimetry (MIP) commonly used for PSD of
fine-grained soil, because the PSD characterization from the SWI is
attained on the basis of soil-water interactions whereas the MIP
completely ignores the effect of soil swelling on PSD.

Historically, SWRC has been used to quantify PSD (e.g., Lowell
and Shields 1984; Lu and Likos 2004), which can generalize the
Kozeny—Carman (Kozeny 1927; Carman 1937) equation to formu-
late soil’s hydraulic conductivity function (e.g., Marshall 1958;
Jackson 1972). However, PSD in those formulations is only related
to capillary pores through the Young-Laplace equation. Thus,
hydraulic conductivity models based on the Kozeny—Carman equa-
tion are mostly suitable for capillary flow in coarse-grained soil.
For fine-grained soil, recent studies have shown that adsorptive
water is important in film flow (e.g., Tuller and Or 2001; Lebeau
and Konrad 2010). However, to date, only a few SWRC or SWI
models can quantify both capillary water and adsorptive water. The
proposed SWI model is the first able to accurately separate SWI
into capillary SWI and adsorptive SWI, opening a new window
to better formulate hydraulic conductivity functions of fine-grained
soils.

To further illustrate the aforementioned practical implications,
the authors exemplify the linkage between the adsorption capacity
and the Atterberg limits. Considering that coarse-grained soil with
little adsorptive ability has nondefinable Atterberg limits, Zhou and
Lu (2021b) have recently suggested that the Atterberg limits can be
correlated with the adsorption mechanism in fine-grained soil, spe-
cifically demonstrated by the relationship between the Atterberg
limits (i.e., liquid limit, plastic limit, and plasticity index) and
the adsorption capacity determined from the SWI modeling. Fig. 11
shows the plots of liquid limit, plastic limit, and plasticity index of
32 soils, for which Atterberg limits are available (Table 1), versus
their corresponding adsorption capacities determined here based on
the SWI modeling. Because the adsorption capacity can reflect
soil’s total SSA, which is one of the governing factors for Atterberg
limits and plays a key role in resisting external loadings, i.e., rolling
and shaking (Zhou and Lu 2021a), positive correlations are found
in the three plots of Fig. 11 with the corresponding R> = 0.84,
0.52, and 0.82. Such correlations offer a potential pathway to
classify soil based on soil physical properties.

Summary and Conclusions

SWI and SWRC are arguably the two most important soil constit-
utive relationships because they govern virtually all phenomena
in soil such as flow, stress and deformation, and biological activ-
ities. These two functions can be connected via Kelvin’s equation.
SWI usually represents SWRC at medium to high suction range,
i.e., > 10° kPa or RH < 0.99. Here, a closed-form SWI equation,
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Fig. 10. Comparisons among the proposed model, BET equation, and A-BET equation.

recast from a generalized SWRC equation previously established
based on physical water-retention mechanisms of adsorption and
capillarity, is experimentally validated for its generality in repre-
senting SWI. The SWI equation can be decomposed into adsorptive
and capillary isotherms, and the total water content under an equi-
librium RH is a superposition of these two constituent parts. The
newly proposed SWI model is fully defined by Egs. (8), (12), and
(13) with five model parameters; two for adsorptive water, namely
the minimum relative humidity RH,;, and adsorption capacity

Wamax 2

three for capillary water, namely the onset cavitation humid-

ity &, extent of cavitation humidity w, and pore-size distribution n.
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A skew-normal distribution is adapted in the SWI model to better
describe the cavitation/condensation phenomenon that occurred in
capillary water.

Water sorption isotherms of 49 soils, covering all spectrum of
soil types with plasticity index (PI) from 4% to 185%, specific sur-
face area (SSA) from 21 up to 600 m?>/g, and cation exchange
capacity (CEC) from 0.4 up to 169.0 cmol/kg, are used to validate
the generality of the SWI equation. The 49 soils include natural
soils, cation-exchanged bentonites, and mixtures of kaolinite and
bentonite. It is shown that the SWI equation can nearly perfectly
represent the isotherms of sandy, silty, nonswelling, and swelling
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Fig. 11. Relationships between the Atterberg limits and adsorption
capacity for 33 soils: (a) liquid limit versus adsorption capacity;
(b) plastic limit versus adsorption capacity; and (c) plasticity index
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soils with the coefficient of determination R? > 0.99, validating the
generality of the SWI equation. Comparative analysis is also con-
ducted for these soils by comparing the proposed SWI model with
the other two existing SWI equations, namely, the BET equation
and the augmented BET equation. It is demonstrated that the
SWI equation is superior to the BET and A-BET equations in rep-
resenting the measured soil water isotherm at the full range of RH,
mainly due to the explicit inclusion of both adsorptive and capillary
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water with clearly defined parameters based on soil water-retention
mechanisms.

The adsorption capacities of soils identified by the new SWI
model is comparable to the published data in the literature, showing
a high correlation (R?> = 0.91) with the results determined from the
SWRC measurements by using the Lu’s (2016) SWRC model.
The demonstrated correlation between the adsorption capacity and
the Atterberg limits further indicates that while the former is a con-
trolling factor for the latter, other factors such as pore-size distri-
bution, particle structure, and pore chemistry also play important
roles in governing the Atterberg limits.

It is concluded that the proposed SWI model can accurately re-
present SWI, adsorptive SWI, and capillary SWI for all types of soil
in the full relative humidity range. The proposed SWI model will
open a new horizon for understanding many fundamental proper-
ties of soil practically useful for geotechnical engineering such
as specific surface area, cation exchange capacity, water cavitation,
soil freezing curve, soil water density, soil sorptive potential,
Atterberg limits, elastic modulus, shear wave velocity, thermal con-
ductivity, and hydraulic conductivity.
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Notation

The following symbols are used in this paper:
a = air-entry suction;
c =constant of adsorption enthalpy;
Cme-ext = constant of adsorption enthalpy on external surface;
Cm-int = constant of adsorption enthalpy on internal surface;
G, = specific gravity;
M = adsorption strength;
n = parameter of pore-size distribution;
R =universal gas constant;
RH =relative humidity;
RH,, =initiation RH for internal adsorption;
RH,,;, = minimum RH;
T = temperature;
I, = pore air pressure;
u,, = pore water pressure;
v,, = molar volume of water;
w = total water content;
w, = adsorptive water content;
Wamax = adsorption capacity;
w, = capillary water content;
wy, = monolayer water content;
Wh.ext = Monolayer water content on external surface;
Wi.ine = Monolayer water content on internal surface;
w, = saturated water content;
x = statistical distance to soil particle surface;
« = shape parameter of a skew-normal distribution;

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2021, 147(12): 04021138



o, =standard deviation of the cavitation CDF;
ogry = standard deviation of a normal distribution;
pry =mean of a normal distribution;

&=RH onset for cavitation;
¢ = porosity;

9) = matric suction;

1), =mean cavitation suction;
Pmax = Maximum suction;

Psorp = s0il sorptive potential; and
w=RH range for cavitation.
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