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Abstract: The soil sorptive potential (SSP) has been recently theorized as the physical source for matric potential and local pore-water
pressure. It consists of four distinct physicochemical potentials with electromagnetic nature: van der Waals, electrical, cation and surface
hydration, and osmosis. A general framework is developed to link the SSP, soil water density (SWD), specific surface area, and soil water
retention curve (SWRC), providing an experimental way to determine the SSP and SWD functions. The experimentally determined SSP and
SWD functions for different clays accord well with the theoretical SSP and measured SWD data, validating the framework. The parameters
governing the SSP, i.e., Hamaker constant and structural parameters, are identified through inverse modeling of the water sorption isotherms
(SWRC) of different clays, falling within the ranges reported in the literature and thus further confirming the validity of the SSP concept
and its determination framework. The variability analysis of different clays, i.e., Georgia kaolinite, Wyoming montmorillonite, Denver clay-
stone, and Denver bentonite, indicates that the SSP can vary up to 6 orders of magnitude, resulting in the same orders of magnitude change in
compressive pore-water pressure and abnormal 1.3 g=cm3 in soil water density. DOI: 10.1061/(ASCE)GT.1943-5606.0002188. © 2019
American Society of Civil Engineers.

Author keywords: Soil sorptive potential; Matric potential; Pore-water pressure; Soil water density; Unsaturated soils; Soil water retention;
Soil physics.

Introduction

The widely used concept of water potential or soil suction does
not possess a spatially varying nature at the intermolecular scale,
leading to some inabilities in describing some important soil phe-
nomena and properties. For example, even though the pore-water
pressure has been inferred as spatially varying in soil at the inter-
molecular scale (e.g., Bolt and Miller 1958; Mitchell 1960; Iwata
et al. 1995), it is commonly defined as a constant at a much larger
representative elementary volume (REV) scale for matric potential
[Fig. 1(a)]. Pore-water pressure, together with temperature, is a
basic state variable defining the thermodynamic state of soil water.
As illustrated in Fig. 1(a), defining the pore-water pressure at
the matric potential REV level further leads to other inabilities,
e.g., why and how soil water density varies with water content
(e.g., Martin 1960; Zhang and Lu 2018a, b), and how supercooling
and depressed cavitation phenomena of adsorbed water can be
quantified. These inabilities highlight that matric potential is only
suitable to describe soil behavior at scales greater than the matric
potential REV and thus is not sufficiently fundamental to describe
local physical properties of soil water.

To overcome the aforementioned inabilities, the soil sorptive
potential (SSP) was coined by Lu and Zhang (2019) as the free
energy change in a unit volume of soil water generated by soil solid

matter. In soil, the SSP includes the electromagnetic fields pro-
duced by van der Waals, electrical double layer, surface hydroxyl,
and exchangeable cation, providing a physical mechanism for
retaining water beside capillarity. The strength of SSP generally
decays rapidly with the distance to the source within a few to tens
of water molecular layers but can provide a dominating water-
retention mechanism in clayey soil with large specific surface area
(SSA). This decay nature of the SSP concept allows it to well cap-
ture spatially varying soil properties of pore-water pressure, soil
water density, and phase transitions (Lu and Zhang 2019; Zhang
and Lu 2019).

The objectives of this article are threefold: (1) to develop a
general framework to determine the SSP curve from the experimen-
tally measured soil water retention curve (SWRC); (2) to provide a
scaling law linking the pore-scale SSP to soil properties of soil
water density (SWD) and specific surface area; and (3) to determine
the SWD curve concurrently with the SSP. These objectives are
accomplished as follows. First, two inherent physical characteris-
tics of the SSP are reasoned, yielding the physical basis for deter-
mining the SSP from the SWRC. Thereafter, the relations between
soil sorptive potential, matric potential, and soil water density
are identified, providing the quantitative basis for determining the
SSP and SWD curves from SWRC. An iterative algorithm is pro-
posed to delineate the SWD and SSP curves. Subsequently, the
proposed method is validated using experimentally measured sorp-
tion isotherms and SWD curves, followed by results and implica-
tions of the determined SSP and SWD curves for a variety of clayey
soils.

Physical Characteristics of Soil Sorptive Potential

The SSP exhibits two profound physical characteristics: the inher-
ent properties of the soil matrix and the nonlinear decay function of
local distance to particle or cation surface, providing the physical
basis for the proposed framework.
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Inherent Properties of Soil Matrix

Physically, SSP originates from the electromagnetic fields associ-
ated with van der Waals, negative particle charge, and exchangeable
cation charge. The magnitudes of these electromagnetic fields
are rooted in the physical properties of soil matrix, e.g., Hamaker
constant, surface potential, and cation exchange capacity. The pore-
water properties, e.g., ion concentration and dielectric constant,
constrain SSP as boundary conditions (Lu and Zhang 2019). There-
fore, for given pore-water properties, SSP can be treated as an in-
herent property of the soil matrix, and its magnitude is dominated
by the spatial distance from soil particle or exchangeable cation
surface and the physical properties of soil minerals.

Nonlinear Decay with Local Distance

SSP has been rigorously derived from thermodynamics by Lu and
Zhang (2019). The components of SSP are unfailingly nonlinear
decay functions of the local distance to particle surface. Idealizing
clayey soil as platy particles, the local distance can be further sim-
plified as the minimum distance to adjacent particle surface (x),
shown in Fig. 1(a). Therefore, SSP is a highly nonlinear function
of the minimum distance to particle surface and independent of
total water content and pore shape and structure. The rapidly decay
nature of SSP suggests that SSP vanishes at a certain distance from
the particle surface.

Framework for Determining Soil Sorptive Potential
and Soil Water Density

With the aid of the aforementioned two physical characteristics
of SSP, a physically based framework to concurrently determine
the SSP and SWD curves from which SWRC is developed. Two
physical links, namely between SSP and SWRC and between SSP
and SWD, are established, leading to an interrelation among SSP,
SWRC, SWD, and SSA. This interrelation is utilized in an iterative
algorithm to use SWRC and SSA data to yield SSP and SWD.

Link between Soil Sorptive Potential and
Soil Water Retention Curves

The physical link between the SSP and SWRC can be established
via the equivalence between SSP and adsorptive part of matric
potential at the water–air interface, as described subsequently.

Soil Water Retention Sequence
Soil water retention (SWR) describes the capacity of the soil in
attracting water molecules. It is well recognized that the physical
mechanism underlying SWR varies with the water content range
(McQueen and Miller 1974; Lu and Likos 2004; Lu 2016). The
SWR sequence is unique due to the distinct free energy levels
of each physical mechanism (Zhang and Lu 2018b). Generally,
water molecules are first attracted to the soil matrix by intense ad-
sorptive energies due to the relatively low hydration free energy
(ΔF) (Zhang and Lu 2018b), e.g., cation and surface hydration
energy (ΔF < −12.5 kJ=mol) and van der Waals energy (ΔF <
−1.0 kJ=mol). When the adsorptive water film fully coats the par-
ticle surface, adsorptive water films get connected as a meniscus at
the contact area of particles, and thereafter capillarity starts to take
over the dominant role in retaining water molecules.

This SWR sequence of switching between adsorption and capil-
larity has been mathematically incorporated in the generalized
SWRC model proposed by Lu (2016). The total water content (wt)
is expressed as follows (Revil and Lu 2013; Lu 2016):

wtðψmÞ ¼ waðψmÞ þ wcðψmÞ ð1Þ
where wa = adsorptive water content; wc = capillary water content;
and ψm = matric potential. Both adsorptive and capillary water
contents can be further expressed as a function of matric potential
(Lu 2016)

waðψmÞ ¼ wa;max

�
1 −

�
exp

�
ψm − ψmin

ψm

��
m
�

ð2Þ

wcðψmÞ ¼
1

2

�
1 − erf

� ffiffiffi
2

p ψm − ψcav

ψcav

��

× ½wsat − waðψmÞ�½1þ ðαψmÞn�1=n−1 ð3Þ
where wa;max = maximum adsorptive water content; ψmin =
minimum or most negative matric potential; m = adsorptive
strength; ψcav= mean cavitation matric potential; wsat = saturated
gravimetric water content; n is related to the capillary pore-size
distribution; and 1=α is related to the air-entry matric potential.

Equivalence between Sorptive Potential and
Matric Potential at Water–Air Interface
In soil, the SSP can convert into either matric potential or water
pressure, depending on the prevailing ambient conditions. At the
water–air interface, the thermodynamic equilibrium links matric
potential (ψm) to either sorptive potential (ψsorp) or pressure
potential (ψspre)

ψm½wðx ¼ hÞ� ¼ ψsorpðxÞ þ ψpreðxÞ ð4Þ
where wðxÞ = the total water content encompassed by the water-air
interface with a statistically average distance of x to the particle
surface, shown in Fig. 1(a); and h = the statistically average dis-
tance x at the water-air interface. Eq. (4) indicates that wðxÞ and
ψpreðxÞ are two unknowns involved in linking the SSP to SWRC.

(a)

(b)

Fig. 1. Scaling from distance to the particle surface (local pressure or
sorptive potential REV) to gravimetric water content (matric potential
REV): (a) conceptual illustration of matric potential REV and sorptive
potential REV; and (b) scaled water content for different soils.
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The extent to which the SSP is converted to pressure potential
ψpreðxÞ is dictated by the thermodynamic equilibrium at the water–
air interface. As reasoned in the SWR sequence, with increasing
water content, the dominating water potential switches from ad-
sorption to capillarity at the wetting or hydrating front of the soil,
i.e., water–air interface. In the tightly adsorptive regime, the water–
air interface is governed by adsorption, and thereby the retained
water behaves as adsorptive water films, exhibiting an almost plane
water–air interface, suggesting zero curvature and thereby zero-
pressure potential (i.e., water pressure equal to ambient air pres-
sure), illustrated in Fig. 2(a). That is, the SSP is fully converted
or equal to matric potential at the water–air interface.

In addition, the SWRC is fully dominated by the adsorptive part
[Eq. (2)] in the tightly adsorptive regime [see Figs. 2(b and c)],
Therefore, Eqs. (2) and (4) can be rearranged to calculate the SSP

ψsorpðx ¼ hÞ ¼ ψm;ads½wðx ¼ hÞ� ¼ ψmin

1 − 1
m ln

h
1 − wðx¼hÞ

wa;max

i ð5Þ

where ψm;ads = adsorptive part of SWR, shown in Eq. (2).
The rapidly decay nature of SSP suggests that beyond the tightly

adsorptive regime, the water–air interface is controlled by the pres-
sure potential rather than the SSP. Therefore, it can be approximated
that the applicability of Eq. (5) extends to the entire water content
range, providing a seamless physical equation. Eq. (5) indicates
that the SSP can be determined from SWRC with the information
of wðxÞ. Given the inherence of the SSP in soil matrix, this SSP

determined from water–air interface is transferable to the SSP at
any total water content or local distance.

Scaling from Local Distance to Soil Water Content
The formulation of wðxÞ is provided in this subsection. The adsorp-
tive water film can be interpreted as a water layer with a uniform
thickness coating particle surfaces. The uniform thickness implies a
unique local distance (x) to the particle surface, suggesting a unique
value of SSP over the entire water–air interface. Because of this
uniqueness of SSP, the local distance (x) can be scaled to the gravi-
metric water content (w) of adsorptive film water.

Accordingly, a scaling law similar to that of Tuller and Or
(2005) can be formulated

wðx ¼ hÞ ¼ ðh − x0Þ × SSA × ρavew ðwÞ ð6Þ

where w = gravimetric water content; ρavew ðwÞ = average density of
soil water retained in soil at a water content of w, i.e., SWD curve;
and x0 ¼ 0.14 nm represents the dimension of half water molecule
(e.g., Mitchell and Soga 2005), marking the minimum physically
possible distance to the particle surface. As a first theory, both the
stern layer and intercrystalline hydration are not explicitly consid-
ered here. Substitution of Eq. (6) in Eq. (5) leads to

ψsorpðx ¼ hÞ ¼ ψmin

1 − 1
m ln

h
1 − ðh−x0Þ×SSA×ρavew ðwÞ

wa;max

i ð7Þ

(a) (b)

(c)

Fig. 2. Soil water retention regimes and corresponding spatial distribution of soil sorptive potential, water pressure, and matric potential: (a) tightly
adsorptive regime; (b) capillary regime (shaded area indicates a local water pressure lower than the ambient air pressure); and (c) scaled matric
potential REV and corresponding position in soil water retention curve.
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Eq. (7) suggests that the SSA and SWD are required to deter-
mine the SSP from SWRC. The SSA is a common variable attain-
able from conventional geotechnical tests (e.g., Khorshidi et al.
2017), whereas SWD is intrinsically related to the SSP and can
be determined from SWRC, as discussed in the next section.

Link between Soil Sorptive Potential and
Soil Water Density

The link between SSP and SWD is established by considering how
SSP induces water pressure and thereby changes SWD.

Local Pore-Water Pressure
Following the local thermodynamic equilibrium principle, the local
water pressure can be expressed as a function of matric potential,
SSP, and ambient air pressure (Lu and Zhang 2019; Zhang and Lu
2019)

uwðx;wÞ ¼ ψmðwÞ − ψsorpðxÞ þ ua ð8Þ
where uwðxÞ = local water pressure at a distance of x to the particle
surface; and ua = ambient air pressure.

Given the spatially varying nature of SSP, the local water pres-
sure depends on not only the soil water content but also the distance
to the particle surface, as indicated in Eq. (8). Fig. 2 conceptualizes
the local pressure profiles in different SWR regimes. The SSP ex-
hibits a minimum adjacent to the particle surface, i.e., most neg-
ative. According to Eq. (8), this local difference between sorptive
and matric potentials results in a local water pressure much higher
than the ambient air pressure. In Fig. 2(a), the local water pressure
starts from a maximum adjacent to the particle surface and gradu-
ally decays to the ambient air pressure as it approaches the water–
air interface. In the capillary regime, the capillary pressure defined
at the water–air interface can potentially drag the local water pres-
sure below the ambient air pressure, shown in Fig. 2(b).

For the extreme case of SWR, the lowest matric potential oc-
curs when water molecules are hydrated in the first hydration shell
around the exchangeable cations or surface hydroxyls (Lu and
Khorshidi 2015; Zhang et al. 2017; Zhang and Lu 2018b). This
monolayer coverage on the exchangeable cations or surface hydrox-
yls is already the water–air interface, suggesting a zero local pore–
water pressure according to Eq. (8). That is, the pore-water pressure
concept breaks at the monolayer coverage, but instead the intermo-
lecular forces between surface hydroxyls or cations and water mol-
ecules should be interpreted as the interfacial pressure between soil
matrix and water molecule. Herein, this interfacial pressure is incor-
porated in the proposed framework by assuming it is equal to the
negative local sorptive potential.

Soil Water Density
The local pore-water pressure will alter the intermolecular distance
among water molecules and thereby change SWD. In addition to this
pressure effect, the structural change induced by surface or cation
hydration serves as another physical mechanism changing SWD,
as identified by Zhang and Lu (2018b). As a first theory, this paper
only focuses on the pressure-effect in the proposed framework.

The water density’s dependency on local pore pressure can be
quantified by Tait equation. The local density of water is expressed
as a function of the local pore-water pressure (Hayward 1967)

ρlocw ½uwðx;wÞ�

¼ ρw0

�
1 − uwðx;wÞ − u0

k−10 þmv½uwðx;wÞ − u0� þ nv½uwðx;wÞ − u0�2
�−1

ð9Þ

where uw = local water pressure (kPa); k0 = isothermal compress-
ibility at T ¼ 298.15 K, i.e., 4.50 × 10−5 kPa−1; u0 = atmosphere
pressure, i.e., 1.01 kPa; ρw0 = free water density under the atmos-
phere pressure, i.e., 0.997 g=cm3; and mv ¼ 3.32 and nv ¼−4.54 × 10−7 are fitting parameters calibrated by Cho et al. (2002).

Fig. 3 illustrates the Tait equation expressing the water density
as a function of pressure. In general, the water density increases
with increasing water pressure. With the maximum in the order
of gigapascals, the local water pressure can potentially increase the
water density up to 1.3 g=cm3.

The average SWD can be calculated from the local SWD

ρavew ðwÞ ¼ 1

h − x0

Z
h

x0

ρlocw ðx;wÞdx ð10Þ

where wi = water content of interest; and xi = corresponding local
distance. Eqs. (8)–(10) provide a tool to predict SWD curves from
the SSP and SWRC.

Iterative Algorithm

In the preceding subsections, the SWR sequence and rapidly de-
caying nature of the SSP leads to the fact that the SSP and adsorptive
part of SWR are equivalent at the water–air interface [Eq. (5)]. Then,
the scaling law [Eq. (6)] and inherence of the SSP in the soil matrix
facilitate the extraction of the SSP from SWRC with the information
of SWD and SSA [Eq. (7)]. In return, the extracted SSP can be used
to calculate the local pore-water pressure [Eq. (8)] and thereby SWD
curves [Eqs. (9) and (10)]. These processes are coupled due to the
undetermined SWD curves. Precisely, SSP, SWD, SWRC, and SSA
are interrelated via Eqs. (7)–(10). Knowing two of them, the other
two can be iteratively determined. Here, an iterative algorithm is
developed to decouple the interrelation and offer a tool to determine
the SSP and SWD with given SWRC and SSA.

The proposed iterative algorithm is illustrated in Fig. 4 and im-
plemented in MATLAB version 2016b. Only SWRC and SSA of
soil are required as the input information. Initially, the minimum
local distance of 0.01þ 0.14 nm is considered. Then, a guess value
of average soil water density is set to 0.997 g=cm3, and thereby
local soil sorptive potential and water pressure profile can be cal-
culated using Eqs. (7) and (8). Subsequently, the local soil water
density can be calculated using Eq. (9), resulting in a new average
soil water density using Eq. (10). If the difference between the new
and old average soil water density values is below 0.001 g=cm3,
this iterative loop can be considered converged, and the process
can move to the next local distance value of i×0.01nmþ0.14nm.

Fig. 3. Change of water density with pressure by Tait equation.

© ASCE 04019118-4 J. Geotech. Geoenviron. Eng.
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If not, the new average soil water density is used for the next loop
until the iterative criteria are satisfied. Once the scaled water content
reaches the saturated water content, the iteration is terminated, and
the SWD and SSP curves are determined.

Experimental Data Set

Four representative clayey soils, i.e., Georgia kaolinite (kaolinite),
Wyoming montmorillonite, Denver bentonite (montmorillonite),
and Denver claystone (illite), are selected to illustrate the proposed
framework. Table 1 summarizes the geotechnical properties of the
selected clayey soils. The SSA of the selected soils varies from 31
to 668 m2=g (Khorshidi et al. 2017), and the cation exchange
capacity (CEC) varies from 0.09 to 1.02 meq=g (Akin 2014).

Fig. 1(b) illustrates the scaling of local distance (x) to gravimet-
ric water content (w) for the selected soils. In general, the scaling
curve is slightly nonlinear due to SWD variation (e.g., Martin 1960;
Zhang and Lu 2018a, b). In addition, the scaled water content dem-
onstrates a strong dependence on the SSA of soil. For clayey soils
with large SSA, a nanoscale distance to particle surface can retain a
considerable amount of water. Specifically, a monomolecular water
layer, x ¼ 0.28 nm, indicates a scaled water content of 0.07 and
0.10 g=g for Wyoming montmorillonite and Denver bentonite, re-
spectively. The ends of scaling curves mark the saturated water con-
tent. Therefore, all the water retained in Wyoming montmorillonite

and Denver bentonite remains within a distance of 1.5 nm to the
particle surface, illustrated in Fig. 1(b). That is, most water in clayey
soils with large SSA falls within the influence zone of SSP, and
thereby the SSP substantially alters the soil water properties.

The SWR experimental data (Likos and Lu 2003) of the selected
soils are illustrated in Fig. 5. The physical parameters in the gen-
eralized SWRCmodel are determined by fitting to the experimental
data and are summarized in Table 2. Fig. 5 shows the fitted gen-
eralized SWRCs of the selected soils. At the low-water-potential
or high-soil-suction range, the SWR is fully contributed by the ad-
sorptive SWR. For Wyoming montmorillonite, the dominating role
of adsorptive SWR can extend to a water content of 0.32 g=g, sug-
gesting the prevalent influence of SSP on soil water properties.

The generalized SWRCmodel can explicitly separate adsorptive
and capillary water contents, as stated in Eq. (1). Fig. 6 shows the
separated water contents for two of selected soils. The adsorptive
and capillary water contents behave as stepwise functions of total
water content, implying that the interplay between adsorption and
capillarity is not significant. Therefore, the transition regime from
adsorption to capillarity only persists for a negligible water content
range, substantiating the assumed applicability of Eq. (5) to the
entire water content range.

Experimental Validation

To examine the proposed framework, the determined SSP curves are
validated against the theoretically calculated ones using inversely
obtained parameters, and the predicted SWD is compared with some
existing experimental data.

Determined Soil Sorptive Potential

The dry-end SWRCs reported by Lu and Khorshidi (2015) were
selected to validate the proposed framework in determining soil
sorptive potential curves. In Fig. 7, the scatter plots show the soil
sorptive potential determined from the experimental data using the
proposed framework, and the solid lines illustrate the theoretically
calculated soil sorptive potential curves [formulations provided by
Lu and Zhang (2019)] using the inversely obtained parameters.
Within a distance of 2 nm to the particle surface, the osmotic and
electrical components contribute negligibly to the overall soil sorp-
tive potential (Lu and Zhang 2019). As such and given the lack of
experimental data of the Hamaker constant and surface potential for
Georgia kaolinite and Wyoming montmorillonite, the parameters
controlling osmotic and electrical components, e.g., surface poten-
tial and ion concentration, are fixed during the inverse calcula-
tion. Specifically, the surface potentials (Vedl0) are fixed at 42.7
and 21.2 mV, respectively, for Georgia kaolinite and Wyoming
montmorillonite (Novich 1984). The ion concentration is assumed
to be small and equal to 0.001 mol=m3 for both soil water. Georgia
kaolinite and Wyoming montmorillonite are Kþ- and Naþ-rich clay
soils, respectively, and therefore are treated as homoionic in the

Given SWRC and SSA
i=1

xi =i 0.01nm+ x0

Calculate pw,j with w
ave,

SWRC, and SSA using
Eqs. (7,8)

Calculate w,new
ave and

with pw,j using Eqs. (9,10)

w
ave =0.997 g/cm3

Yes

No

i=
i+

1

w
av

e =
w

,n
ew

av
e (

w
i)

| |w
ave

w,new
ave

0.001 g/cm3

wi wsat
Yes

Output SSP and SWD

No

Fig. 4. Iterative algorithm to concurrently determine SSP and SWD
functions from SWRC and SSA.

Table 1. Geotechnical properties of the selected soils

Soil Clay (%)
Liquid

limit (LL) (%)
Plastic

limit (PL) (%)
Plasticity

index (PI) (%)
USCS

classification SSAa (m2=g) CECb (meq=g) Source

Georgia kaolinite 35 44 26 18 CL 31 0.09 Georgia
Wyoming montmorillonite 100 485 353 132 CH 505 0.71 Wyoming
Denver bentonite 90 118 45 73 CH 668 1.02 Colorado
Denver claystone 55 44 23 21 CL 145 0.32 Colorado
aFrom Khorshidi et al. (2017).
bFrom Akin (2014).

© ASCE 04019118-5 J. Geotech. Geoenviron. Eng.
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(a) (b)

(c) (d)

Fig. 5. Soil water retention curve for four clay soils: (a) Georgia kaolinite; (b) Wyoming montmorillonite; (c) Denver bentonite (montmorillonite);
and (d) Denver claystone (illite). (Experimental data from Likos and Lu 2003; SWRC model from Lu 2016.)

Table 2. Parameter values for Lu (2016) generalized SWRC models of the selected soils

Soil ψmin (−kPa) m ψcav (−kPa) wsat (g=g) wa;max (g=g) n 1=α (−kPa)
Georgia kaolinite 1,200,000 0.032 4,460 0.500 0.038 1.296 30.3
Wyoming montmorillonite 1,200,000 0.013 1,463 0.881 0.316 1.272 200.0
Denver bentonite 1,200,000 0.087 19,664 0.701 0.171 1.495 76.9
Denver claystone 1,200,000 0.085 17,116 0.377 0.051 1.542 55.6

Source: Data from Lu (2016).

(a) (b)

Fig. 6. Separating soil water into adsorptive water and capillary water using SWRC model from Lu (2016): (a) Georgia kaolinite; and (b) Wyoming
montmorillonite.
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theoretical calculation. Accordingly, the hydration component is
calculated using the cation hydration component with the CEC
and SSA in Table 1.

In Fig. 7, the SSP curves show excellent matches between the
determined from experimental data and theoretically calculated.
The coefficient of determination (R2) is higher than 0.95 for both
soils, suggesting the accuracy of the proposed framework. The co-
efficient of determination of Wyoming montmorillonite is slightly
lower than that of Georgia kaolinite. The possible reason is that the
stepwise hydration pattern in Wyoming montmorillonite caused by
the intercrystallite swelling is not explicitly considered in the cur-
rent soil sorptive potential theory. Hamaker constants are inversely
calculated as 3.0 × 10−20 J for Georgia kaolinite; and 2.2 × 10−20 J
for Wyoming montmorillonite, showing good agreement with
3.1 × 10−20 J for kaolinite and 2.2 × 10−20 J for montmorillonite
reported by Novich (1984). In addition, the structural parameters
are inversely identified as S0 ¼ 0.08 and λc ¼ 0.55 nm for Georgia
kaolinite; S0 ¼ 0.02 and λc ¼ 0.11 nm for Wyoming montmoril-
lonite, falling within the ranges reasoned by Lu and Zhang (2019).

Determined Soil Water Density

Fig. 8 compares the predicted soil water density and experimental
data (Bahramian et al. 2017; Zhang and Lu 2018a) for Wyoming
montmorillonite. In general, the predicted soil water density curves
show qualitative agreement with existing experimental data. The
predicted SWD is lower than in the experimental data, especially

at the low-water-content range. The possible reason is that the
structural changes in water molecules due to cation hydration
are not included in the proposed framework. At the low-water-
content range, the soil–water interaction is very likely dominated
by the hydration on the surface hydroxyls or exchangeable cations,
suggesting that the structural changes in water molecules may con-
tribute significantly to the density abnormality (Zhang and Lu
2018b). Considering the discrepancy among different experimental
methods (e.g., Anderson and Low 1958; Bahramian et al. 2017;
Mackenzie 1958; Mooney et al. 1952; Norrish 1954; De Wit and
Arens 1950; Zhang and Lu 2018a, b), the patterns of the predicted
soil water density curve follow the data reasonably well. In addi-
tion, the soil water density serves for upscaling from the statistical
distance to water content, as shown in Eq. (10). Hence, the poten-
tially underestimated soil water density may overestimate the stat-
istical distance but will not significantly influence the magnitude
of SSP.

Variability of Sorptive Potential and Soil Water
Density

Soil Sorptive Potential Curves

SSP curves are determined from SWRC using the proposed frame-
work and illustrated in Fig. 9(a) for the selected soils. The SSP
curves are illustrated as a function of scaled water content, and

(a) (b)

Fig. 7. Comparisons of soil sorptive potential curves between extracted from experimental data and theoretically predicted using inversely obtained
parameters: (a) Georgia kaolinite; and (b) Wyoming montmorillonite.

(a) (b)

Fig. 8. Comparisons of experimental data and predicted water density for (a) Georgia kaolinite; and (b) Wyoming montmorillonite.
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the corresponding local distance can be obtained using the scaling
law in Eq. (6). The SSP unfailingly rapidly decreases with increas-
ing scaled water content or local distance to the particle surface.
The SSP can be as low as −1.2 GPa and vary in 6 orders with the
local distance to particle surface. The SSP for Wyoming montmo-
rillonite and Denver bentonite remain significant at the water con-
tent of w ¼ 0.15 g=g due to the relatively large SSA. In contrast,
the SSP decreases to be negligible at the water content of w ¼
0.05 g=g for Georgia kaolinite and Denver claystone.

At the dry end, the local distance cannot be directly interpreted
as real film thickness; rather, it is a statistical average. Here, the
water molecules are not simultaneously accumulated at the entire
particle surface, but instead, the hydrated water molecules are con-
centrated on some local exchangeable cations or surface hydroxyls.
Therefore, at the dry end, the local distance can be understood as
the distance normalized by the entire surface area.

In addition, the SSP curves are only extracted for the tightly ad-
sorptive regime for simplicity. However, in physical sense, the SSP
at the water–air interface should persist until the full saturation of
soil. In the capillary regime, there are actually two types of water–air
interfaces. In small pores, the adsorptive film forms curved inter-
face, i.e., meniscus, where the SSP almost vanishes. In large pores,
the adsorptive film still cannot form a continuous meniscus, i.e., not
triggering capillary condensation, but instead, some thick adsorptive
films persist and are dominated by the SSP. However, the water con-
tent change associated with the thickening of these adsorptive films
is negligible compared with that due to the capillary condensation.
Therefore, it is reasonable to neglect the SSP beyond the tightly
adsorptive regime in practice.

Despite the insignificance in practice, the SSP at the water–air
interface of thick films bears physical significance as the source to
produce SWR capacity, i.e., capillarity. Precisely, the SSP at the
water–air interface of thick films can be considered as the solid–
vapor interfacial tension and is intrinsically related to contact
angles, as depicted in the Derjaguin-Frumkin equation (Derjaguin
et al. 1987).

Soil Water Density Curves

Fig. 9(b) illustrates the determined SWD curves for the selected
soils obtained using the proposed framework. For all soils, the
SWD starts from a maximum density of 1.27 g=cm3 at the lowest

water content. At a high water content, the SWD abnormality is
insignificant for kaolinite but is still as high as 1.03 g=cm3 for
Wyoming montmorillonite until full saturation of soil. For the se-
lected soils, the average SWD values are always higher than the
free water density in the entire water content range, suggesting that
capillarity plays an insignificant role in changing the SWD (Zhang
and Lu 2018b).

The predicted SWD curves suggest that the density abnormality
should be well considered in defining fundamental soil properties
of clayey soils. For example, the volumetric water content is fre-
quently adopted in geotechnical practice, and the SWD is involved
in defining the volumetric water content. However, the predicted
SWD curves imply that the SWD is coupled with soil water con-
tent, suggesting that the volumetric water content is not a unique
parameter reflecting the real amount of water in soil.

Pore-Water Pressure Profiles

It has been speculated that the local pore-water pressure may
change with the soil water content (e.g., Mitchell and Soga 2005).
The SSP theory theoretically and quantitatively justifies this specu-
lation. Fig. 10 illustrates the predicted local pore-water pressure
profiles for Wyoming montmorillonite with three different water
contents of 0.8wa;max, 1.8wa;max, and wsat (2.8wa;max). In Fig. 10,
at a given distance to the particle surface, the predicted pore-water
pressure can be significantly different depending on the soil water
content.

In addition, the pore-water pressure significantly varies with
local distance to the particle surface, shown in Fig. 10. At the water
content of w ¼ 0.8wa;max, the soil water content falls within the
tightly adsorptive regime (solid line in Fig. 10). The predicted pore-
water pressure starts from a significant positive value and rapidly
decays to the ambient pressure (0.101 MPa) at the water–air inter-
face, showing consistency with the conceptual model in Fig. 2(a).

The soil water content 1.8wa;max corresponds to the capillary re-
gime in the SWRC (dotted line in Fig. 10). With increasing distance
to the particle surface, the predicted pore-water pressure rapidly de-
creases to −0.96 MPa below the ambient pressure (0.101 MPa). A
sharp decrease in pore-water pressure occurs around x ¼ 0.75 nm,
which is induced by the rapid decrease in SSP at the wet end, as
shown in Fig. 9(a). Beyond the distance of 0.75 nm to the par-
ticle surface, the pore-water pressure remains −0.96 MPa until

(a) (b)

Fig. 9. Predicted values of (a) soil sorptive potential as a function of distance to the particle surface x but converted to water content by the scaling
equation w ¼ ðx − x0Þ × SSA × ρavew ðwÞ for different clay soils; and (b) average soil water density curves for different clay soils.
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the water–air interface. This trend is consistent with the concep-
tual model in Fig. 2(b), and the zone with a constant pressure
(−0.96 MPa) below ambient pressure is produced by the capillary
pressure. The capillary pressure is predicted as low as −0.96 MPa,
falling within the range between binodal cavitation, i.e., upper
bound (0.003 MPa) and spinodal cavitation, i.e., lower bound
(−163.966 MPa) (e.g., Azouzi et al. 2013).

At the saturated water content wsat, the predicted pore-water
pressure reaches the maximum for all the spatial position in soil
(dashed line in Fig. 10). As depicted in Eq. (7), the magnitude
of local pore-water pressure is proportional to matric potential.
Therefore, when matric potential reaches the maximum (0 MPa)
at the full saturation of soil, the local pore-water pressure reaches
the maximum, too.

The results in Fig. 10 quantitatively illustrate that the local pore-
water pressure will change with soil water content. This change is
not monotonic; it can be either an increase or a decrease depending
on the SWR regimes. Pressure is a fundamental state variable de-
fining the thermodynamic states of soil water. Consequently, the
other physical properties of soil water, e.g., soil water density,
supercooling, and depressed cavitation, depend on not only spatial
coordinate but also the soil water content reflecting the global
thermodynamic condition.

Practical Implications of Sorptive Potential and
Soil Water Density

The soil water density is a basic physical parameter involved in
defining or calculating many fundamental variables in geotechnical
engineering, such as matric potential, volumetric water content,
and specific surface area (Zhang and Lu 2018b). However, in
practice, soil water density is frequently treated as identical with
the free water density (≈0.997 g=cm3). It has been demonstrated
that this treatment can lead to the overestimation of matric potential
by 68%, volumetric water content by 40%, and specific surface
area by 42% (Zhang and Lu 2018b). However, there is still a lack
of a physically based model to estimate the soil water density from
macroscale experimental data. The proposed framework facilitates
the estimation of soil water density from the sorption isotherm of
which the measurement is commercially available to engineers

(e.g., Likos et al. 2011). Thus, it can be regarded as a step forward
toward the implementation of accurate soil water density in geo-
technical engineering practice.

The proposed framework is able to predict the local water pres-
sure of a soil at any given water content or matric potential. The
local water pressure with temperature are the two thermodynamic
variables defining the phase transition behavior of water. As such,
the proposed framework paves the way to physically predict the
freezing of soil water, which is of critical importance in geotech-
nical engineering in cold regions. In addition, the local water pres-
sure should be the source for swelling pressure and effective stress
variation of unsaturated soils at the high suction range, which are
key elements in geotechnical engineering concerning expansive or
unsaturated soils.

Summary and Conclusions

The practical question of how to determine the soil sorptive potential
has been addressed. Specifically, a general framework has been pro-
posed to determine the soil sorptive potential and soil water density
curves from the measured soil water retention curves and specific
surface area. The physical bases underpinning the proposed frame-
work are the two physical characteristics of the SSP, i.e., the inherent
property of soil matrix and nonlinear decay with local distance.

The proposed framework consists of two physical links, namely
between SSP and SWRC and between SSP and SWD, and an iter-
ative algorithm. The SSP is linked to the SWRC with the aid of the
identified equivalence between SSP and adsorptive part of SWRC
at the water–air interface and a scaling law between local distance
and gravimetric water content. The SWD is linked to the SSP by
the fact that the SWD is partly caused by the SSP-induced local
pore-water pressure. As such, SSA, SWRC, SWD, and SSP are
recognized as interrelated. By decoupling this interrelation, an iter-
ative algorithm is developed to determine SSP and SWD from
SWRC and SSA.

The SSP and SWD determined from the proposed framework
were validated against existing experimental data. The theoretical
equations of SSP showed excellent fit with the experimentally de-
duced SSP curves, and the inversely obtained physical properties of
soil showed good agreement with the values reported in the liter-
ature, both validating the proposed framework for determining SSP.
In addition, the predicted SWD curve showed comparable variation
patterns with existing experimental data, further validating the pro-
posed framework for determining SWD.

The proposed framework makes it possible to experimentally
quantify SSP. The measurement of SSP can be accomplished by
uniquely linking it to some well-established experimental tech-
niques of measuring dry-end SWRC or sorption isotherms. As such,
the determination of SSP is accessible to engineers and researchers,
paving the way to apply the SSP concept in engineering practice and
thus opening a new window to better quantify the fundamental
physical properties of soil water.
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