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Abstract: Pore-water pressure in soil is caused by three physically distinguishable sources: ambient (environmental) pressure, surface
tension–induced capillary pressure, and the soil’s electromagnetic potential–induced adsorptive pressure. The former two form the conven-
tional concept of pore-water pressure, which is considered a constant within a soil-water-air representative elementary volume and can be
directly measured by piezometer (under saturated and compressive states) or tensiometer (under unsaturated and tensile states). The third one
can be called adsorption-induced pore-water pressure and is localized within a certain distance to the particle surface of soil or intercrystalline
surface of swelling clay. The adsorption-induced pore-water pressure is always compressive and dictates the water phase transition in soil by
altering water’s freezing point, density, and viscosity, among other physical properties. A framework of quantifying the adsorption-induced
pore-water distribution via the measured soil water isotherm is presented for any soil type under any given water content. It is demonstrated
that the adsorption-induced pore-water pressure can be up to 1.6 GPa in the first few layers of hydration, but will diminish to zero at a distance
equivalent to the gravimetric water content >1% for sandy soil and greater than a few percent for silty soil. In clayey soil, the adsorption-
induced pore-water pressure can sustain tens of megapascals even at much farther distance, equivalent to ∼30% water content. In expansive
clay, the adsorption-induced pore-water pressure inside the crystalline lamellae can exceed 800 MPa. The soil water density functions of a
silty soil and a bentonite clay predicted by the proposed framework matched well with that measured independently from the conventional
consolidation testing, validating the framework to determine the spatial distribution of the adsorption-induced pore-water pressure in soil.
DOI: 10.1061/(ASCE)GT.1943-5606.0002814. © 2022 American Society of Civil Engineers.

Author keywords: Pore-water pressure; Soil sorptive potential; Soil water isotherm; Matric potential; Soil water density; Adsorption;
Capillarity.

Introduction

Pore-water pressure is the most commonly used variable in geo-
technical and geoenvironmental engineering practice because it
controls earthen material’s mechanical behaviors (i.e., strength
and deformation through effective stress) and multiphysics flows
(i.e., flows of water, solute, heat, and electricity through soil water
potential) (e.g., Mitchell and Soga 2005). It has been universally
defined as equal to the product of the unit weight of water γw
and the height hw to which water rises or drops in a piezometric
tube at the point of interest (after Terzaghi 1943, p.12)

uw ¼ hwγw ð1Þ

As illustrated in Fig. 1(c), when the height hw is above the point
of interest, the pore-water pressure is compressive with a positive
value because it is greater than the ambient atmospheric pressure ua.
When the height hw is below the point of interest, the pore-water
pressure is tensile with a negative head value (hm) because it is less
than the ambient atmospheric pressure head hatm.

Nonetheless, pore-water pressure so defined is incomplete in its
physical representation. In the case of saturated soil conditions, the
definition completely ignores the energy contribution of soil to
pore-water pressure. The definition mirrors the fluid pressure in
the classical fluid mechanics where the treatment of single matter
of fluid is adequate. In the case of unsaturated soil conditions, the
definition only partially includes the energy contribution of soil to
pore-water pressure, i.e., capillarity, which is due to physical inter-
action among soil (contact angle), air (surface tension), and liquid
water (surface tension) [Fig. 1(b)]. By now, it is known that capil-
larity can lower the pore-water pressure by as much as 10 MPa
(e.g., Tuller and Or 2005; Lu 2016; Luo et al. 2021), a magnitude
that exceeds the total stress encountered in the top 50 m of the earth
surface environment. The water adsorption on and in soil, which is
another soil–water interaction mechanism, also contributes to pore-
water pressure even far exceeding capillarity in magnitude, as illus-
trated in Fig. 1(a). Adsorption can increase pore-water pressure up
to 1.6 GPa near the soil particle surface (Khorshidi et al. 2016; Lu
et al. 2021), but has been completely missed in the conventional
definition of the pore-water pressure [i.e., Eq. (1)].

Soil affects soil water potential and hence pore-water pressure
in two fundamentally different ways: capillarity and adsorption.
Capillarity is through mechanical interaction among air, water,
and soil (Buckingham 1907), whereas adsorption is through
electromagnetic-hydromechanical transformation (Lu and Zhang
2019). Because the energy transformation between soil and water
is directly through mechanical interaction (Kittel and Kroemer
1980) and the Gibb’s free energy of soil is generally much lower
than water (e.g., Jensen et al. 2015; Lu and Khorshidi 2015; Zhang
et al. 2017), the resulting capillary pore-water pressure is lower
than that of free water (ambient air pressure), i.e., a tensile or neg-
ative pressure. Also because the air–water interface is on the scale
of soil pore, the negative pressure is propagated throughout the
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entire soil pore. The magnitude of the negative pore-water pressure
due to capillarity can be well captured by the Young (1805)-Laplace
(1806) equation (e.g., Lu and Likos 2004)

uw − ua ¼ ψcapðκÞ ð2Þ

where ψcap = capillary potential (pressure) and is a function of air–
water interface curvature κ. The magnitude of the negative capillary
pressure can be directly measured by tensiometer if the pore size or
the soil-water-air representative elementary volume (REV) is larger
than the order of micrometer (the lower physical limit of tensiom-
eter) (e.g., Or et al. 2005; Lu et al. 2021).

In contrast, soil water adsorption exchanges energy between
soil and water through transformation of electromagnetic energy of
soil to mechanical energy of water (Kittel and Kroemer 1980) due
to the strong polarity of water molecule. The resulting pore-water
pressure is always higher than that of free water, leading to a com-
pressive or positive pore-water pressure. Adsorption as a soil–water
interaction mechanism has been recognized for more than three-
quarters of a century (e.g., Edlefsen and Anderson 1943). Over
the course of time, five different forms of adsorption have been
identified and quantified, but mostly individually. They are osmo-
sis, electrical double layer, van der Waals, cation hydration, and
surface hydration. Chemicals that dissolve in water (this is external
interaction because it takes place between the electromagnetic
energy of solute and polar water) can lower the soil water poten-
tial and elevate the pore-water pressure, called osmotic pressure
(e.g., Mitchell 1962; Day et al. 1967). Because of the scale of such
adsorption occurs at the sizes of solute molecules, the elevated
water pressure cannot be measured by tensiometer or piezometer,
but rather by semipermeable osmometer, as illustrated in Fig. 1(d).
The osmotic pressure can be quantified by van’t Hoff’s equation.

If a soil is nonelectromagnetic, the solute concentration will be
uniformly distributed within a soil REV. However, because of the
net negative charge of a soil particle’s surface, the surface charge
and its counterions (cation) will interact with water and solutes,
resulting in an energy exchange well-captured by the theory of elec-
trical double layer (e.g., van Olpen 1977). Consequently, osmotic
and pore-water pressure will be nonuniformly distributed within a
soil water potential REV. In theory, the osmotic pressure distribution

and pore-water pressure elevation due to the formation of electrical
double layer can be measured locally, but technologically, it cannot
be done at the moment. Many theories have been established to
calculate pore-water pressure redistribution due to the electrical
double layer (e.g., van Olphen 1977).

The cations in soil minerals, both on the particle surface and
within the interlamellae, will also physically interact with pore
water, resulting in an elevated and highly localized pore-water pres-
sure near a soil particle surface or between clay lamellae (Zhang
and Lu 2018, 2020a). Such interactions are called cation hydration
(e.g., Khorshidi and Lu 2017b) and can be quantified experimen-
tally and theoretically (Khorshidi and Lu 2017a, c; Zhang et al.
2017). Finally, ions of soil minerals like hydroxyl and oxygen
on the particle or interlamellar surface can externally interact with
pore water, resulting in a locally elevated pore-water pressure. Such
adsorption is called surface hydration (e.g., Tunega et al. 2004)
and can be experimentally confirmed and theoretically quantified
(e.g., Zhang et al. 2017; Lu and Zhang 2020).

In the last 2 decades, adsorptive water in soil has been shown to
play important roles in soil properties and soil behaviors. For ex-
amples, the conception of suction stress due to adsorption unlocks
the door to unify effective stress under both saturated and unsatu-
rated conditions (e.g., Lu and Likos 2006; Zhang and Lu 2020b);
the conception of adsorptive water retention curve generalizes the
soil-water retention curve for the full range of soil matric suction
(Lu 2016); applications of suction stress as a governing variable
enable better characterizations of both finite-strain elastic modulus
(Lu and Kaya 2013) and small-strain shear modulus (Dong and Lu
2016) as well as their interrelationship (Dong et al. 2018) under
variably saturated conditions, among others.

Three fundamental and practical questions regarding adsorption-
induced pore-water pressure have been posed:
• How do the aforementioned individually well-established ad-

sorptive potentials work together to elevate localized pore-water
pressure?

• How is electromagnetic energy by these individual adsorptive
potentials transferred to mechanical energy, i.e., pore-water
pressure?

• How can we experimentally quantify the adsorption-induced
pore-water pressure for any given soil?
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Fig. 1. Conceptual illustration of pore-water pressure concept defined at different scales in soil: (a) local pore-water pressure due to adsorption;
(b) representative elementary volumes (REVs) for bulk pore-water pressure; (c) conventional measurements of pore-water pressure by piezometer
(or tensiometer) and osmometer; and (d) pore fluid osmotic pressure sensing.
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Soil Sorptive Potential and Unitary Definition of
Matric Potential

The answers to the first two questions are the recent breakthroughs
in soil sorptive potential (SSP) concept (Lu and Zhang 2019), and
in unitary definition of matric potential (Zhang and Lu 2019b).
These two breakthroughs pave the way to answer the third ques-
tion, which is the subject of the current work: using a soil water
isotherm measured by a state-of-the-art vapor sorption analyzer
to quantify adsorption-induced pore-water pressure for any soil.

The conventional definition of matric potential is the pressure
difference between pore-water pressure uw and pore-air pressure
ua, i.e., ψm ¼ uw–ua, as described by Eq. (2). More frequently, ma-
tric suction or soil suction, being the negative of matric potential
(i.e., ua–uw) is used. Matric potential or matric suction so defined,
bears no resemblance of adsorption-induced soil water potential,
because the quantity of (uw–ua) is simply the capillary pressure.
Recognizing the necessity to include adsorptive potential in matric
potential, an augmented Young-Laplace equation was proposed
(e.g., Philip 1977)

ψm ¼ ψcapðκÞ þ AðhÞ ð3Þ

where A = disjoining pressure due to van der Waals interaction be-
tween soil and water (e.g., Derjaguin et al. 1987) and is a function
of adsorptive water film thickness h. Although it includes the
adsorption-induced pressure in matric potential definition, Eq. (3)
only accounts for van der Waals and does not fully recognize the
spatial-dependent nature of adsorptive potential. Because all forms
of soil adsorption generate spatial-dependent electromagnetic po-
tentials near soil particle or interlamellae surfaces, they can be syn-
thesized into one potential field called SSP [ψsorpðxÞ] with its origin
on the particle or lamellae surface (Lu and Zhang 2019; Zhang and
Lu 2020a)

ψsorpðxÞ ¼ ψhydðxÞ þ ψvdWðxÞ þ ψeleðxÞ þ ψosmðxÞ ð4Þ

where x = distance away from the soil particle surface; ψhydðxÞ =
cation and surface hydration potential; ψvdWðxÞ = van der Waals
potential; ψeleðxÞ = electrical attraction potential; and ψosmðxÞ =
electrical double-layer potential including solute concentration–
induced osmosis. The detailed theoretical development, theoretical
verification, experimental determination, and experimental valida-
tion of SSP has been given by Lu and Zhang (2019) and Zhang and
Lu (2020a). The SSP concept paves the way to define adsorption-
induced soil water potential without the need to discriminate the
individual components of the SSP in soil.

The second breakthrough is on the unification of matric poten-
tial concept and its link to SSP (Lu and Zhang 2019; Zhang and Lu
2019b). Utilizing the SSP definition [Eq. (4)] and applying the prin-
ciple of local thermodynamic energy equilibrium to a soil-water-air
REV, a unitary matric potential ψmðwÞ as a characteristic function
of water content w can be defined (Lu 2020)

ψmðwÞ ¼ ½uw-capðwÞ − ua� þ ½ψsorpðxÞ þ usorpðx;wÞ� ð5Þ

This unitary matric potential explicitly defines the contribution of
soil water potential by capillary potential (the first two terms on the
right-hand side) and adsorptive potential (the third term for SSP and
the fourth term for adsorption-induced pore-water pressure on the
right-hand side). The capillary potential is fully reflected in capillary
pressure and has negative value in soil, whereas the adsorptive po-
tential is reflected in SSP (negative value) and adsorption-induced
pore-water pressure (positive value). The exact amount of SSP
transferred to pore-water pressure is completely dictated by Eq. (5),

from which the pore-water pressure including both capillarity and
adsorption can be expressed as follows (Lu and Zhang 2020; Lu
et al. 2021)

uwðx;wÞ ¼ uw-capðwÞ þ usorpðx;wÞ ¼ ψmðwÞ − ψsorpðxÞ þ ua
ð6Þ

Eq. (6) is universally applicable for all stages of soil water re-
tention from completely dry to fully saturated states for both swell-
ing and nonswelling soils, as illustrated in Fig. 2. When a soil is near
its completely dry state or in equilibrium with very low relative hu-
midity (RH) or matric potential [Fig. 2(a)], water molecules are only
adsorbed on soil’s external surface by forming a water film. Water
pressure at the air–water interface is numerically equal to the pore
air pressure; thus, capillary pressure is zero because of a flat air–
water interface. For swelling clays, when the RH continues to in-
crease, an energy barrier between clay lamellae defined in the next
section must be first overcome before water molecules can hydrate
the interlayer space of clay lamellae to cause swelling [Fig. 2(b)]. At
this stage, soil matric potential inside the clay lamellae and near the
particle surface remains the same, but pore-water pressure distribu-
tion would be different, yet all are induced by adsorption or SSP.

Further increasing in theRHwill diminish the adsorption strength
and at some point initiates water condensation, forming capillary
water with the curved air–water interface, as illustrated in Fig. 2(c).
At this state, the pore-water pressure distribution is the result of both
adsorption and capillarity.When the RH reaches 1.0, capillarity van-
ishes, and the pore-water pressure becomes the water pressure uw,
completely controlled by the environment. At this state, adsorption-
induced pore-water pressure is in its full strength because all SSP has
been transferred into the pore-water pressure [Fig. 2(d)].

The unitary matric suction [Eq. (5)] further reveals that if the soil
water retention curve (SWRC) ψmðwÞ and SSP ψsorpðxÞ can be ex-
perimentally determined, the pore-water pressure distribution of the
soil can be fully determined as a function of distance to the particle
surface x and of water content w.

Framework for Adsorption-Induced Pore-Water
Pressure Determination

The presented framework to determine adsorption-induced pore-
water pressure requires only one experimental data set, i.e., the soil
water isotherm (SWI) obtained by a vapor sorption analyzer. As
illustrated in Fig. 3(a), the soil water isotherm is a soil’s character-
istic curve between soil water content and the ambient RH. For a
salt-free soil, SWI is the SWRC ψmðwÞ, and the relationship be-
tween matric potential ψm and RH can be described by the Kelvin’s
equation (e.g., Lu and Likos 2004)

ψm ¼ RT
vw

lnðRHÞ ð7Þ

where R = universal gas constant (8.3145×10−3 kJ · mol−1 · K−1);
T = temperature (K); and vw = molar volume of water (1.8×
10−5 m3=mol at 101.3 kPa and 25°C). As further elaborated in
the subsequent sections, the key soil properties necessary to deter-
mine adsorption-induced pore-water pressure, namely adsorptive
and capillary isotherms [Fig. 3(a)], specific surface area (SSA)
of both external and internal surfaces [illustrated as isotherms in
Fig. 3(b)], cation exchange capacity (CEC), SSP, and soil water
density function (SWD), all can be deduced independently from
the soil water isotherm data.

© ASCE 04022042-3 J. Geotech. Geoenviron. Eng.
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SSA and CEC Determination

An augmented Brunauer-Emmett-Teller (A-BET) equation has
been used to describe the water adsorption behavior of soil and
to determine the SSA for both nonswelling and swelling soils
(Zhang and Lu 2019a)

wðRHÞ ¼wextðRHÞþwintðRHÞ ¼
wm-extcextRH

ð1−RHÞð1−RHþ cextRHÞ

þ wm-intcintðRH−RH0Þ
½1− ðRH−RH0Þ�½1− ðRH−RH0Þþ cintðRH−RH0Þ�

ð8Þ

where wm-ext and wm-int = monolayer water contents of the external
and internal surfaces of soil particle, respectively (g=g); cext and
cint = constants related to the enthalpy of adsorption on external
and internal surfaces, respectively; and RH0 = relative humidity
for initiation of internal adsorption.

The A-BET equation can well-represent the SWI of all soils up
to the RH value where pure surface adsorption (i.e., cation and sur-
face hydration) ends. This upper limit of RH is determined by the
sharp decline in the local c value (enthalpy of adsorption) from
positive to negative in the original BET equation (Brunauer et al.
1938; Pomonis et al. 2004; Zhang and Lu 2019a). Once the mono-
layer water contents are determined from the A-BET equation, the

(a) (b)

Fig. 3. Conceptual illustrations of (a) soil water isotherm model and three associated soil water retention regimes at different ranges of relative
humidity; and (b) A-BET equation in the pure adsorption range.

Fig. 2. Conceptual illustrations of profiles of soil sorptive potential and adsorption-induced pore-water pressure at different soil water retention states:
(a) external hydration state; (b) external and internal hydration state; (c) capillary state; and (d) saturated state.

© ASCE 04022042-4 J. Geotech. Geoenviron. Eng.
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total SSA can be separated into external SSA and internal SSA
(Zhang and Lu 2018; Lu and Zhang 2020) as follows

SSAtotal ¼ SSAext þ SSAint ð9aÞ

SSAext ¼ wm-ext

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NA

Mwρ2max

3

s
ð9bÞ

SSAint ¼ 2wm-int

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NA

Mwρ2max

3

s
ð9cÞ

where NA =Avogadro constant (6.022 × 1023 mol−1); Mw = molar
mass of water (18.02 g=mol); and ρmax = highest water density
(g=cm3) associated with the lowest matric potential, which is de-
termined in the next section.

A soil’s total SSA determined from the A-BET equation has
been found to have a strong correlation with its measured CEC
(Zhou and Lu 2021), considering that the wetting of an initially
dry soil always commences with hydration of exchangeable cation
retained on the external surface (e.g., Khorshidi and Lu 2017b). As
such, the total CECtotal (cmol=kg) of a soil can be quantified as
follows by using a simple linear correlation (Zhou and Lu 2021)

CECtotal ¼ 0.152 SSAtotal ð10Þ

Similarly, the external and internal CEC (i.e., CECext and
CECint) can also be proportionally separated in terms of the ratios
of external and internal SSA to total SSA, assuming that cations are
uniformly distributed on all clay surfaces.

Adsorptive and Capillary Soil Water Isotherm
Determination

The A-BET equation is generally not applicable to the entire range
of SWI due to the negligence of capillary mechanism. Recently, a
set of closed-form equations has been established to fit the isotherm
data at the full RH range, which is achieved by expressing the soil
water isotherm wðRHÞ into two isotherms, i.e., adsorptive isotherm
wadðRHÞ and capillary isotherm wcapðRHÞ (Luo and Lu 2021)

wðRHÞ ¼ wadðRHÞ þ wcapðRHÞ ð11aÞ

wadðRHÞ ¼ wamax

�
1 −

�
exp

�
1 − lnðRHminÞ

lnðRHÞ
��

1−1
n
�

ð11bÞ

wcapðRHÞ ¼
�
Φ

�
RH − ξ

ω

�
− 2T

�
RH − ξ

ω
;−5

��

× ½ws − wadðRHÞ� ×
�
1þ

�
−RT lnðRHÞ

vw

�
n
�1

n−1 ð11cÞ

where wad and wcap = adsorptive and capillary water contents (g=g),
respectively; wamax = adsorption capacity (g=g); ws = saturated
water content (g=g) determined by the specific gravity Gs and
porosity ϕ; RHmin = minimum relative humidity corresponding
to a completely dry condition; and n = parameter related to soil’s
pore-size distribution. Because porosity has little effect on the fit-
ting outcome (Luo and Lu 2021), a constant of 0.5 was assumed for
the tested soils whose typical porosity was not available.

Three fundamental soil water retention mechanisms, i.e., adsorp-
tion, capillarity, and cavitation/condensation, were considered and
explicitly incorporated in the new SWI model. Capillary water
usually undergoes a cavitation process in the capillary regime with
matric potential lower than −10 MPa (e.g., Tuller and Or 2005).

The first square brackets in capillary isotherm [Eq. (11c)] is the
cavitation function, containing the cumulative density function
(CDF) of a normal distribution ΦðÞ and the Owen’s T function
T(). These two functions or distributions are fully controlled by
three parameters: onset relative humidity ξ, cavitation humidity
range ω, and CDF shape parameter α. For most soils, a constant
of −5 can be used for parameter α for simplification (Luo and
Lu 2021). The relationship among matric potential ψm, RH, and
soil water content w is fixed as long as the SWI is determined
by Eq. (11), meaning that the other two properties will be known
if any one of the aforementioned three quantities is known.

SSP Determination

As illustrated in Fig. 2, adsorptive water always coats on the soil
particle surfaces as a flat water film due to the strong intermolecular
forces close to the particle surface. Zhang and Lu (2020a) first pro-
posed an iterative framework to determine the SSP from SWRC at
the tightly adsorbed regime, in which the SSP was equal to the ma-
tric potential at the air–water interface because no capillary water is
present [Fig. 2(a)]. More recently, the SSP determination has been
extended to the full RH range by taking advantage of the aforemen-
tioned SWI model (Luo et al. 2022). Assuming that adsorptive
water content wadðRHÞ and capillary water content wcapðRHÞ mac-
roscopically reflect the contribution of adsorption and capillarity to
the soil water energy, i.e., matric potential, the SSP profile can be
sequentially determined at the air–water interface for a series of
water content w and RH (i.e., individual points on the SWI)

ψsorp½x¼ hðwÞ� ¼ψmðwÞ
wadðRHÞ
wðRHÞ ¼RT lnðRHÞ

vw

wadðRHÞ
wðRHÞ ð12Þ

where h = water film thickness at water content w. Capillary po-
tential is spatially uniform in soil pore, which is given by

uw-capðwÞ − ua ¼
RT lnðRHÞ

vw

wcapðRHÞ
wðRHÞ ð13Þ

The aforementioned water content–weighted proportion used is
rigorous in the tightly adsorbed regime, but will be treated as an
empirical factor for approximation in the transition regime from
adsorption to capillarity and beyond.

Because SSP is a sole function of the distance x to soil particle
surface [Fig. 2 and Eq. (4)], a scaling function is necessary to cal-
culate the distance x from the soil water content w (Tuller and Or
2005; Zhang and Lu 2020a)

x ¼ w
SSA × ρwðwÞ

ð14Þ

where ρwðwÞ = SWD averaged at a specific water content w
(g=cm3). Depending on the soil type, either total SSA or external
SSA is used for the aforementioned SSA term.

Given the existence of SSP, soil water density is no longer a
constant at different water contents. Instead, water density as high
as 1.6 g=cm3 has been measured by various experiments for soils at
low water contents (e.g., De Wit and Arens 1950; Zhang and Lu
2018), indicating the prevalence of short-ranged soil–water inter-
actions (i.e., SSP) near the soil particle surface or within the inter-
lamellar layer of expansive soils. SSP will generate compressive
pressure that increases the soil water density, whereas capillary ten-
sion reduces it (Zhang and Lu 2018). Therefore, the SWD function
can also be separated into two terms to consider the effects of both
adsorption and capillarity (Luo et al. 2022)
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ρwðwÞ ¼ ρw-adðwÞ
wadðRHÞ
wðRHÞ þ ρw-capðwÞ

wcapðRHÞ
wðRHÞ ð15Þ

where ρw-adðwÞ = adsorptive part of SWD, which is described by an
exponentially decaying function as follows

ρw-adðwÞ ¼ ðρmax − ρ0Þ exp
�
η − η

lnðRHminÞ
lnðRHÞ

�
þ ρ0 ð16Þ

where ρ0 = free water density (0.997 g=cm3); ρmax = maximum soil
water density (g=cm3); and η = decay rate, where a typical value of
0.2 can be used for all soil types for simplification (Luo et al. 2022).

The maximum soil water density ρmax generally occurs at the
first layer hydration of the exchangeable cation and soil particle
surface, where the SSP is also the most prominent. Assuming that
the pore-water pressure at the highest matric suction is equal to the
negative of the lowest matric potential ψmin (Zhang and Lu 2020a),
the maximum SWD can be determined by the Tait equation
(e.g., Hayward 1967) as follows

ρmax ¼ ρ0

	�
1 − −ψmin − ua

k−10 þmvð−ψmin − uaÞ þ nvð−ψmin − uaÞ2
�
ð17Þ

where ψmin (kPa) corresponds to RHmin via Eq. (7); k0 = isothermal
compressibility of water (4.6 × 10−7 kPa−1 at 25°C); and mv and
nv = two model constants calibrated as 3.32 and −4.54 × 10−7 with
the pressure unit of kPa (Cho et al. 2002). Similarly, the capillary
part of SWD ρw-capðwÞ can also be described by an exponential
function given as follows (Zhang and Lu 2018)

ρw-capðwÞ ¼ ρ0 exp½k0ψmðwÞ� ð18Þ

Adsorption-Induced Pore-Water Pressure in
Nonswelling Soil

Utilizing the aforementioned soil properties, the procedure to de-
termine adsorption-induced pore-water pressure from soil water
isotherm is illustrated in Fig. 4. For nonswelling soil, defined here
as soil with either SSAint< 200 m2=g or CECint < 30 cmol=kg,

Fig. 4. Flowchart for experimental determination of fundamental soil properties and spatial distribution of adsorption-induced pore-water pressure by
using soil water isotherm.
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only the external surface adsorption was considered. Therefore,
there was no need to distinguish the internal and external SSA,
and the total SSA determined by the A-BET equation was treated
as all external surface. Once the SSP profile on the external surface
was determined following the aforementioned framework (i.e., SSA,
SWI, and SWD), the profile of local pore-water pressure uwðx;wÞ
could be predicted at any given water content based on Eq. (6).

Adsorption-Induced Pore-Water Pressure in Swelling
Soil

For swelling clay, water adsorption occurs simultaneously on the
external surface and in the interlayer space after the energy barrier
is overcome (e.g., Fig. 2), and internal hydration can occupy a sig-
nificant portion of the adsorptive water content [Fig. 3(b)].
Although the A-BET equation provides a clear separation between
external and internal water contents, it is only reliable prior to the
capillary initiation relative humidity RHc. To take advantage of the
full-range capacity of the SWI model, the expression of internal
adsorptive water content wad-int can be rewritten as follows by incor-
porating Eq. (8)

wad-intðRHÞ ¼

8>>><
>>>:
wadðRHÞ ·

wintðRHÞ
wextðRHÞþwintðRHÞ

; for RH <RHc

wadðRHÞ ·
wintðRHcÞ

wextðRHcÞþwintðRHcÞ
; for RH≥RHc

ð19Þ

According to Eq. (11a), the soil water content on the external
surface is then calculated by

weðRHÞ ¼ wad-extðRHÞ þ wcapðRHÞ ¼ wðRHÞ − wad-intðRHÞ
ð20Þ

where wad-ext = external adsorptive water content. The average
water pressure exerting on the external clay surface was determined
following the exact same procedure developed as described previ-
ously for nonswelling soils, but some modifications are necessary
for the external SSP profile calculation. Specifically, Eq. (12)
should become

ψsorp½x ¼ hðwÞ� ¼ RT lnðRHÞ
vw

wad-extðRHÞ
weðRHÞ

ð21Þ

and the scaling function Eq. (14) should also be rewritten

x ¼ we

SSAext × ρwðwÞ
ð22Þ

Given the local thermodynamic equilibrium in soil water at
any water content w, water retained either on the external surface
or in the internal space keeps the same matric potential, even
though the local water pressure varied drastically from place to
place. As mentioned previously, interlamellar hydration requires
the hydration energy to be greater in magnitude than the energy
barrier such that water molecules penetrate into the interlayer space
(Lu and Khorshidi 2015). The interactions between mineral lamel-
lae (i.e., the energy barrier) consist of three components: van der
Waals attraction between clay layers ψvdW-ll, Coulomb attraction
between exchangeable cation and clay layer ψele-cl, and Coulomb
repulsion between negatively charged clay layers ψele-ll. The overall
structural integrity of clay particles manifests that the net force be-
tween layers is always attractive; thus, the water pressure deter-
mined at the midplane of internal space can be considered as
the average swelling pressure that expands the adjacent clay layers

against their attractive forces. Consequently, the internal swelling
pressure is given

uintw ðwÞ ¼ ψbðwÞ þ ua ð23Þ
where ψb = energy barrier.

To simplify the formulation, a semi-infinite plate with high as-
pect ratio (width/thickness) was used to represent a typical 2∶1 clay
layer. In a parallel-plate geometric configuration (e.g., Fig. 2), the
energy barrier ψb calculated at the midplane can be considered as a
sole function of the layer separation distance D (Nadeau 1985;
Quirk and Murray 1991)

ψbðDÞ ¼ ψvdW-llðDÞ þ ψele-clðDÞ þ ψele-llðDÞ

¼ AH

6πD

�
1

D2
þ 1

ðDþ 2tÞ2 −
2

ðDþ tÞ2
�
þ σ2

εrε0
− σ2

2εrε0

ð24Þ
where t = clay layer thickness assumed to be 0.95 nm (Moore
and Reynolds 1997); ε0 = permittivity of vacuum (8.854×
10−12 C2 N−1 m−2); εr = relative permittivity (i.e., dielectric con-
stant) of the interlayer space of swelling clay; AH = Hamaker
constant of the adjacent clay layers; and σ = surface charge
density (C=m2).

The value of the relative permittivity εr highly depends on the
hydration condition of the interlayer space. For a typical phyllosi-
licate clay mineral, εr varies from 6 for approximate oven dryness
to 78.54 (i.e., the dielectric constant of free water at 25°C) for
full saturation, and a linear interpolation can be implemented to
calculate εr as a function of the layer separation distance D at all
intermediate saturation conditions. For instance, when clay is oven-
dried, D is equal to D0 (∼0.6 nm) (Herbert and Moog 1999) and
εr ¼ 6. Once the internal hydration initiates, εr starts to linearly
increase to 78.54 as the interlayer separation distanceD approaches
the maximum Dmax. The layer separation D is determined as
follows, using a scaling function similar to Eq. (22)

D ¼ D0 þ
2wad-int

SSAint × ρwðwÞ
ð25Þ

Results from a parametric study showed that the internal hydra-
tion was insensitive to the magnitude of AH selected within a
common range of 0.1 × 10−20–20 × 10−20 J (Israelachvili 2011);
thus, a constant value of 2.2 × 10−20 J (Laird 1996) was used for
all saturation conditions. Provided the electrical neutrality of clay
particles, the surface charge density σ (C=m2) can be determined
from the internal SSAint and CECint by incorporating Eq. (10)

σ ¼ CECintNAVce
SSAint

¼ CECtotal
SSAint

SSAtotal

NAVce
SSAint

¼ 0.152NAVce

ð26Þ
where Vc = cation valence; and e = elementary charge (1.6022×
10−19C). For simplicity, monovalent cations (e.g., Naþ and Kþ)
were assumed for all swelling clays explored in this study, except
for Denver bentonite, whose predominant cation types are known to
be Ca2þ and Mg2þ (Khorshidi and Lu 2017c).

Average Soil Water Density Function

For nonswelling soil, only the external surface is hydrated. Given
any soil water content w, the local soil water density ρwðx;wÞ as
a function of the distance x to the soil particle surface can be cal-
culated from the local water pressure profile using Tait equation
[i.e., replacing the −ψmin term in Eq. (17) with the local water
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pressure uwðx;wÞ]. As such, an average soil water density is then
calculated

ρextw ðwÞ ¼
R
x
0 ρwðx;wÞdx

x
ð27Þ

For swelling soil, the internal swelling pressure also alters the
soil water density in addition to the external soil water density de-
termined from Eq. (27). Similarly, the internal soil water density
ρintw ðwÞ is calculated by substituting the −ψmin from Eq. (17) with
the swelling pressure uintw ðwÞ from Eq. (23). Consequently, a
weighted-average soil water density can be determined for swelling
soil at a given water content by considering Eqs. (19) and (20)

ρavew ðwÞ ¼ ρextw ðwÞwe

w
þ ρintw ðwÞwad-int

w
ð28Þ

Experimental Database

Isotherm Data

A total of 12 natural soils whose soil water adsorption isotherm
(i.e., wetting path) data were available from the literature were
used. These soils represent wide ranges of classification in terms
of the unified soil classification system (USCS), including sandy
clay (SC), low plasticity silt (ML), low plasticity clay (CL), and
high plasticity clay (CH). Their SSA values range from 16 to
479 m2=g, and CEC values range from 2.4 to 72.8 cmol=kg.
These soils were divided into four groups in terms of their
SSA and CEC from low to high, and soil types from sandy to
silty and to clayey. Group I consists of sandy soils having the
lowest plasticity index (PI) from 11 to 18, SSA from 16 to
20 m2=g, and CEC from 2.4 to 3.0 cmol=kg. Group II consists
of silty soils having moderate SSA from 44 to 52 m2=g with
the USCS classification of ML. Group III consists of nonswelling
clays having SSA from 24 to 66 m2=g with a USCS classification
of CL or CH. Group IV consists of swelling clays having the
highest SSA from 260 to 479 m2=g and the USCS classification
of CH. The detailed geotechnical and fundamental soil properties
are listed in Table 1. The soil water adsorption isotherm data of
these 12 soils were measured by using a vapor sorption analyzer

(Meter Group, Pullman, Washington) at room temperature of
∼25°C (Likos et al. 2011). A complete adsorption isotherm
typically has approximately 100 discrete data points with the
RH sweeping from 0.03 to 0.95.

Soil Water Density by Consolidation

Among these 12 soils, Zhengzhou silt (USCS: CL) and Denver
bentonite (USCS: CH) underwent an additional testing program
for measurement of soil water density function. The standard
test method for one-dimensional consolidation [ASTM D2435-
04 (ASTM 2004)] was used. The soil sample prepared for each
consolidation test was compacted to an initial dry density of
1.68 g=cm3. To remove the air in soil, the soil sample with consoli-
dation ring was submerged in water and saturated in vacuum for
at least 1 h, followed by a water soak for 24 h. Afterward, a load-
ing schedule consisting of 10 loading increments from 30 to
12,000 kPa (i.e., 12 MPa) and a load increment ratio (LIR) of
∼1.0was implemented. A sealed graduated cylinder was connected
to the bottom of the consolidometer for accurate volume measure-
ments of the water drained out of the saturated sample, and the
pipelines were flushed multiple times prior to the test to evacuate
the entrapped air. The sample chamber was also covered with a
watertight plastic membrane to avoid evaporation during the
3 months of testing.

At the end of each incremental consolidation step, the dial gauge
reading provided a measure for the water volume change in the
sample, and the reading from the outlet provided a measure for the
water volume change in terms of free water with a density of
0.997 g=cm3. The ratio of the free water volume change to the sam-
ple volume change was the average soil water density at the applied
loading increment. Detailed formulations for the calculation of soil
water density function are provided in the Appendix. Because
water density is solely a function of pressure under isothermal con-
ditions, pore-water pressure in the soil sample during the incremen-
tal loading steps can be directly inferred from the state of equation
for liquid water. Thus, the soil water density function data obtained
from the consolidation testing were used to examine the validity of
the proposed framework for determining adsorption-induced pore-
water pressure.

Table 1. Geotechnical and fundamental properties of the 12 studied soils

Group Soil name and reference Gs LL (%) PL (%) PI USCS

SSA by A-BET equation
(m2=g) CECa

(cmol=kg)External Internal Total

I Kaifeng sandb 2.68 — — — SC 16 0 16 2.4
Zhengzhou siltb 2.70 26 15 11 CL 14 6 20 2.9

New Orleans sandy clayc 2.65 30 12 18 CL sandy 11 9 20 3.0

II Hopi silt IId 2.65 — — — ML 36 8 44 6.7
Iowa siltd 2.65 33 24 9 ML 40 11 51 7.7
Bonny siltd 2.65 25 21 4 ML 30 22 52 8.0

III Georgia kaolinited 2.65 44 26 18 CL 12 12 24 3.6
Denver claystoned 2.65 44 23 21 CL 50 0 50 7.7
Wcs Andrews clayc 2.65 50 18 32 CH 39 28 66 10.1

IV Ningming expansive soilb 2.73 165 38 127 CH 42 218 260 39.5
Denver bentonited 2.65 118 45 73 CH 176 215 391 59.4

Wyoming montmorillonited 2.65 485 353 132 CH 40 439 479 72.8

Note: Gs = specific gravity, assumed to be 2.65 when not available.
aFrom Eq. (10).
bZhou and Lu (2021).
cAkin and Likos (2014).
dKhorshidi et al. (2017).
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Results

Adsorptive, Capillary, External, and Internal Isotherms

Sample soil water adsorption isotherms are shown in Figs. 5 and 6
for a sandy soil [Fig. 5(a)], silty soil [Fig. 5(c)], nonswelling clay
[Fig. 6(a)], and swelling clay [Fig. 6(c)]. The fitted soil water
isotherms to these soils by using Eqs. (11a)–(11c) are also
displayed in Figs. 5 and 6. For all 12 soils, the optimum fitted
parameters to the soil water adsorption isotherm data and the cor-
responding coefficient of determination R2 (i.e., a fitness index) are
listed in Table 2. Other than Kaifeng sand (R2 ¼ 0.91), all soil
water adsorption isotherms can be excellently represented by the
soil water isotherm equations [Eqs. (11b) and (11c)] because the
coefficients of determination are all nearly perfect, i.e., R2 ≥ 0.99.
The reason for the less-than-perfect fit for Kaifeng sand was due to
the low limit in the weight accuracy of the vapor sorption analyzer
(�0.1 mg). With the typical sample weight of 1–5 g, the 0.1 mg
of weight is equivalent to a water content of 1 × 10−4 g=g, which is
within the weight change between the interval of the RH. The over-
all excellent fitting outcomes for these various soils confirm that
the measured total soil water isotherm can be reliably represented
by the theoretical adsorptive and capillary water isotherms for all
types of soil.

Sample A-BET fittings, including the external and internal
isotherms within the pure adsorption range (i.e., RH < RHc) are
also shown in Figs. 5 and 6 for the same sandy soil [Fig. 5(b)],
silty soil [Fig. 5(d)], nonswelling clay [Fig. 6(b)], and swelling clay
[Fig. 6(d)]. The optimum fitted parameters defining the A-BET iso-
therms and the corresponding coefficient of determination R2 for all

12 soils are also listed in Table 2. Other than Kaifeng sand and
Zhengzhou silt, all soil water adsorption isotherm data can be ex-
cellently represented by the A-BET equation with all R2 ≥ 0.99.
The less-than-perfect fitness (R2 ¼ 0.88 for Kaifeng sand and R2 ¼
0.97 for Zhengzhou silt) was also due to the accuracy limit of the
water content measurement by the vapor sorption analyzer. The ex-
cellent fit of the A-BET equation provides accurate quantification
of the SSA, including both external and internal SSAs needed for
calculating adsorption-induced pore-water pressure in nonswelling
and swelling clays, as indicated in Fig. 4.

Soil Sorptive Potential and Induced Local Pore-Water
Pressure

The SSP profiles of all six soils in Group I and Group II (i.e., sandy
and silty soils) deduced from the adsorptive water isotherms
(Fig. 4) are shown in Fig. 7. SSP is an intrinsic soil characteristic
function depending only on the physical distance x from the
particle surface (the origin of SSP). As shown, the lowest SSP for
these soils ranged between −0.5 and −1.6 GPa but increased rap-
idly to zero within a distance of 1 nm (equivalent to a soil water
content of 0.025–0.06 g=g), depending on individual soil’s adsorp-
tion strength and capacity.

The calculated adsorption-induced pore-water pressure distribu-
tions for all six soils in Group I and Group II are also shown
in Fig. 7. To better illustrate the distance x and the relationship be-
tween SSP and induced pore-water pressure, an upscaled water
content accounting for the water density variation was also used
as the second axis in Fig. 7. For each soil, the distributions of
adsorption-induced pore-water pressure (i.e., the local water

(a) (b)

(c) (d)

Fig. 5. Fitted soil water isotherms of (a and b) a sandy soil (Kaifeng sand); and (c and d) a silty soil (Hopi silt II). Plots (a and c) show soils used for
determination of adsorptive and capillary isotherms; and plots (b and d) show fitted A-BET isotherms for determination of the total specific surface
area and for separation of external and internal specific surface areas.
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pressure) for three different total water contents (i.e., w ¼ 0.01,
0.03, and 0.08 g=g) were calculated under the same SSP function.

Several observations can be made for adsorption-induced pore-
water pressure in sandy and silty soils. The highest pore-water pres-
sure always occurs at the particle surface with a positive value
(compression). For a soil with different total water contents, the
adsorption-induced pore-water pressure distributions are different.
This is because the same SSP function can convert to both matric
potential and hydromechanical water pressure [Eq. (5)], and to
what extent of these conversion is determined by the prevailing soil

water content. The compressive pore-water pressure distribution
calculated from a lower total water content exhibits more drastic
variation than that from a higher total water content (Fig. 7).
Adsorption-induced pore-water pressure vanishes in pores whose
equivalent water content is ≥0.04 g=g in sandy and silty soils.
For the three sandy soils [Figs. 7(a–c)], an overlap occurs between
the two profiles of adsorption-induced pore-water pressure deter-
mined at soil water contents of 0.03 and 0.08 g=g, indicating that
the adsorption-induced pore-water pressure has already been fully
consumed in sandy soils even at the relatively low water content.

(a) (b)

(c) (d)

Fig. 6. Fitted soil water isotherms of (a and b) a nonswelling clay (Denver claystone); and (c and d) a swelling clay (Wyoming montmorillonite). Plots
(a and c) show soils used for determination of adsorptive and capillary isotherms; and plots (b and d) show fitted A-BET isotherms for determination
of the total specific surface area and for separation of external and internal specific surface areas.

Table 2. Results of the fitted parameters for the A-BET equation and the SWI model

Group Soil name

Augmented BET equation Soil water isotherm model

wm-ext cext wm-int cint RH0 RHc R2 RHmin wamax n ξ ω R2

I Kaifeng sand 0.006 1,000.0 0.000 N/A N/A 0.35 0.88 0.00001 0.01 1.44 1.00 0.62 0.91
Zhengzhou silt 0.005 280.4 0.001 44.3 0.09 0.36 0.97 0.00026 0.01 1.35 1.00 0.46 0.99

New Orleans sandy clay 0.004 7.7 0.002 6.3 0.11 0.56 0.99 0.02185 0.01 1.27 1.00 0.15 1.00

II Hopi silt II 0.013 30.0 0.001 11.6 0.10 0.37 1.00 0.00015 0.02 1.27 1.00 0.34 1.00
Iowa silt 0.014 12.5 0.002 12.4 0.12 0.42 0.99 0.00205 0.03 1.27 1.00 0.21 1.00
Bonny silt 0.011 28.9 0.004 2.6 0.10 0.29 1.00 0.00033 0.02 1.28 1.00 0.35 1.00

III Georgia kaolinite 0.004 9.7 0.002 6.8 0.15 0.46 0.99 0.03071 0.02 1.24 1.00 0.10 1.00
Denver claystone 0.018 8.4 0.000 N/A N/A 0.49 1.00 0.00383 0.04 1.22 1.00 0.20 1.00
Wcs Andrews clay 0.014 36.1 0.005 10.3 0.10 0.37 1.00 0.00035 0.04 1.20 1.00 0.20 1.00

IV Ningming expansive soil 0.015 23.2 0.039 1.6 0.18 0.70 1.00 0.00100 0.17 1.04 1.00 0.03 1.00
Denver bentonite 0.065 62.0 0.039 4.9 0.12 0.31 1.00 0.00011 0.18 1.17 1.00 0.16 1.00

Wyoming montmorillonite 0.014 11.9 0.076 0.9 0.21 0.65 1.00 0.01000 0.20 1.06 1.00 0.03 0.99
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The SSP of all six soils in Group III and Group IV, i.e., clayey
soils, deduced from the adsorptive water isotherms (Fig. 4) are
shown in Fig. 8. As shown, the lowest SSP for these soils ranged
between −0.5 and −1.2 GPa, but increases rapidly to zero within a
longer distance of 2–3 nm (equivalent to a soil water content of
0.05–0.35 g=g) than that of sandy and silty soils due to the higher
adsorption capacity. For the three swelling clays in Group IV, the
SSP functions are only determined for the external surface. The
continuous but unsmooth transition exhibited in the SSP functions
of Wyoming montmorillonite and Ningming expansive soil at x ¼
∼0.5 nm is caused by the initiation of interlamellar hydration,
which is an artifact from the use of the A-BET equation in the

proposed framework. More specifically, the initiation of internal
isotherm of Wyoming montmorillonite [Fig. 6(d)] leads to the non-
smoothness in SSP variation and the corresponding unsmooth pore-
water pressure variations at x ¼ 0.5 nm, as shown in Fig. 8(d). In
the A-BET equation, the internal hydration is considered onset sud-
denly at a specific RH0, whereas in reality the onset may proceed
more smoothly for most soils.

For the local pore-water pressure profiles, similar patterns to the
sandy and silty soils are also observed for clayey soils; a very high
compressive water pressure is present near the clay particle surface
but decreases drastically and nonlinearly to zero as the distance in-
creases farther away from the surface. Except for Georgia kaolinite,

(a) (b)

(c) (d)

(e) (f)

Fig. 7. Local pore-water pressure profiles at different water contents and the corresponding soil sorptive potential curves for all six soils in Group I
and Group II.
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a nonswelling clay with physical properties similar to a silty soil
(Table 1), the adsorption-induced pore-water pressure in all other
clays is still developing significantly even after the water content
increases from 0.03 to 0.08 g=g, which is consistent with the much
higher adsorption capacity of clays than sands or silts.

When the total water content is less than the monolayer cover-
age (wm-ext), water molecules are accumulated around the ex-
changeable cations on the external surface and the distance x
(or water film thickness) should be interpreted as the normalization
of water content to the entire soil surface area. Because the under-
lying continuum concept in the definition of adsorption-induced
pore-water pressure [Eq. (6)] breaks down at the monolayer cover-
age or less, the local water pressure profile determined at the very

dry state may not be accurate [e.g., w ¼ 0.01 g=g of Wyoming
montmorillonite in Fig. 8(f)]. Therefore, for simplicity, this inter-
facial pressure between water molecule and soil matrix is assumed
to be the absolute value of local SSP at w < wm-ext (Zhang and
Lu 2020a).

It is also observed that the highest adsorption-induced pore-
water pressure of a soil mirrors the highest SSP of the soil, and does
not depend on whether a soil is expansive or whether a soil has a
large SSA. For example, Kaifeng sand has a higher highest pore-
water pressure (1.6 GPa mirroring its lowest SSP of−1.6 GPa) than
that of Denver bentonite (1.2 GPa), whereas Denver bentonite’s
highest pore-water pressure (1.2 GPa) is higher than that of Iowa
silt (0.8 GPa). This is because the strength of adsorption of a soil

(a) (b)

(c) (d)

(e) (f)

Fig. 8. Local pore-water pressure profiles at different water contents and the corresponding soil sorptive potential curves for all six soils in Group III
and Group IV. The three clays in Group IV only include the external surface hydration component for illustration.
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depends on the type of soil minerals, which in turn determines its
lowest SSP. For instance, the first layer hydration in Kaifeng sand
may be significant due to the extensive hydration of hydroxyl
groups occurring on the silica surface, resulting in a higher strength
of adsorption than Denver bentonite.

Adsorption-Induced Internal Swelling Pressure

For the three swelling clays, i.e., Denver bentonite, Wyoming mont-
morillonite, and Ningming expansive soil, the profiles of internal
adsorption-induced pore-water pressure calculated as the average
swelling pressure at the midplane of intercrystalline space are
shown in Fig. 9. The swelling pressure only occurs after the total
water content of soil increases to a certain level (i.e., RH > RH0),
and is a monotonical function of the layer separation distance D
[Eqs. (23) and (24)]. The highest average internal swelling pressure,
which was mainly controlled by soil’s SSA and CEC, is present at
the low water content and varies from 200–800 MPa. Because all
three components of the swelling pressure (i.e., the interlamellar
energy barrier) are very sensitive to the increase in layer separation
D, the swelling pressure will drop drastically even though the total
water content only increases by a few percents. If the gel-phase
behavior of sodium montmorillonite (i.e., fully exfoliated layers
with infinite layer separation) is ignored, a stable minimum swelling
pressure is eventually reached for each swelling clay at the total
water content of ∼0.2 g=g.

Experimental Validation of Adsorption-Induced
Pore-Water Pressure

The adsorption-induced pore-water pressure was validated using the
average soil water density function independently measured from
the conventional consolidation testing. Two pairs of comparison in
soil water density are exhibited in Fig. 10, including a low-plasticity
sandy soil (Zhengzhou silt) and a high-plasticity clay (Denver
bentonite). The soil water density curves are plotted in terms of a
quantity called relative water content wre defined by Eq. (36) in
the Appendix. In general, the predicted soil water density curves

showed a good fit with the consolidation-measured soil water den-
sity data (R2 ¼ 0.75 for Zhengzhou silt and R2 ¼ 0.89 for Denver
bentonite). The predicted SWD curve of Zhengzhou silt agreed
well with the experimental data over a wide range of water content,
and the predicted SWD curve of Denver bentonite also matched well
with the measurements up to relativewater content of 0.7, equivalent
to a total soil water content of ∼0.5 g=g. The proposed model
slightly overpredicted the soil water density of Denver bentonite at
relatively higher water contents. A possible reason is that the scaling
relationship originally proposed for the tightly adsorbed water film
was also implemented to approximate the adsorption-capillarity
transition process and beyond, where the effect of the soil’s pore
size distribution on the scaling of water content was not negligible.
Nevertheless, the overall matches in trends and magnitude for both
sandy and swelling soils validate that the proposed framework is
capable of readily quantifying the adsorption-induced pore-water
pressure from the soil water isotherm.

Summary and Conclusions

Pore-water pressure in soil is caused by three physically distinguish-
able sources: ambient (environmental) pressure, surface tension–
induced capillary pressure, and soil’s sorptive potential–induced
adsorptive pressure. The former two form the conventional concept
of pore-water pressure, which is a constant within a soil-water-air
representative elementary volume and can be directly measured by
piezometer (under compressive state) or tensiometer (under tensile
state). The third can be called adsorption-induced pore-water pres-
sure and is localized within a certain distance to the particle or crys-
talline lamellae surface, depending on the soil’s adsorption strength.

The adsorption-induced pore-water pressure is always com-
pressive and can dictate the phase transformation of soil water
by significantly altering the water freezing point (e.g. Zhang
and Lu 2021), density (e.g., Zhang and Lu 2018), and viscosity
(e.g., Schmelzer et al. 2005), among other fundamental physical
properties. A framework of quantifying adsorption-induced pore-
water distribution via the measured soil water isotherm was

Fig. 9. Internal swelling pressure profiles of three swelling clays. Fig. 10. Direct comparisons between results obtained from consolida-
tion testing and model prediction for two soils.
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presented for any soil under any given water content. The frame-
work utilized measured soil water isotherm data to determine
several fundamental soil properties, namely adsorptive water and
capillary isotherms, specific surface area of both external and in-
ternal surfaces, cation exchange capacity, soil sorptive potential,
and soil water density function. These fundamental soil properties
are necessary and sufficient to determine spatial distribution of
adsorption-induced pore-water pressure as a function of soil water
content. The measured isotherm data for a variety of soils from
sandy to silty and from nonswelling to swelling soils, were used
to determine the spatial distributions of adsorption-induced pore-
water pressure therein. It was demonstrated that the adsorption-
induced pore-water pressure for all types of soil is always
compressive no matter whether the soil is under a saturated or
unsaturated condition. This compressive pressure can be as high
as 1.6 GPa for the first few layers of hydrated water. The
adsorption-induced pore-water pressure will diminish to zero at
distance equivalent to gravimetric water content of >1% for sandy
soil and of greater than a few percent for silty soil. In clayey soil,
the adsorption-induced pore-water pressure can sustain tens of
megapascals even at much further distance equivalent to ∼30%
water content. In expansive clay, the adsorption-induced pore-
water pressure inside the crystalline lamellae can exceed 800 MPa.

The soil water density function measured independently
through the conventional one-dimensional consolidation was used
as a surrogate to test the validity of the proposed framework. It was
shown that the soil water density functions of a silty soil and a ben-
tonite clay predicted by the framework matched well with the mea-
sured soil water density data from the conventional consolidation
testing. The proposed framework built upon the readily available
soil water isotherm data is a reliable method to quantify the
adsorption-induced pore-water pressure in any soil types at any
given water content, and it is also a breakthrough in predicting
the true intercrystalline swelling pressure for expansive soils.

Appendix. Soil Water Density Function Determined
by Consolidation Testing

The soil water density corresponding to each consolidation stress
level is quantified at the end of each loading increment as follows

ρw ¼ mw-soil

Vw-soil
ð29Þ

where mw-soil and Vw-soil = mass and volume of water remaining in
the soil sample, respectively. Because evaporation was prevented
during the test, the mass of water in a fully saturated soil sample
can be calculated at the end of each loading increment based on the
conservation of mass

mw-soil ¼ m0 −ms −mw-out ð30Þ
where m0 = total mass of the saturated sample immediately before
the first loading increment is applied; ms = oven-dried soil mass
weighed after the completion of last loading increment; and
mw-out = accumulated mass of the drained water at the end of a
given loading increment.

The water collected in the graduated cylinder is free water with a
known density of ρ0¼ 0.997 g=cm3, so the mass of drained water
mw-out is calculated from its volume Vw-out as follows

mw-out ¼ ρ0Vw-out ð31Þ

Because the transition from soil water to free water is accom-
panied by a density change in water, there is a discrepancy between

the volume change calculated from the displacement gauge and that
measured by the graduated cylinder. As such, the volume of water
in soil needs to be determined indirectly from the accumulated sam-
ple settlement H quantified by the displacement gauge

Vw-soil ¼ ðH0 −HÞA0 − Vs ð32Þ
where H0 = initial sample height; A0 = area of the sample, which
is a constant during the test; and Vs = volume of soil solid
determined by

Vs ¼
ms

ρs
¼ ms

Gsρ0
ð33Þ

By substituting Eqs. (30)–(35) into Eq. (29), the equation used
to determine the average soil water density at the end of a given
loading increment of a consolidation test is expressed as follows

ρw ¼ Gsρ0
m0 −ms − ρ0Vw-out

ðH0 −HÞA0Gsρ0 −ms
ð34Þ

Likewise, the corresponding soil water content is determined
as follows

w ¼ mw-soil

ms
¼ m0 −ms − ρ0Vw-out

ms
ð35Þ

To compare the experimental data from consolidation under the
completely saturated condition with the results deduced from the
soil water isotherm under the unsaturated condition, a relative water
content wre is used and defined as follows

wre ¼
w − wa- lim

wc- lim − wa- lim
ð36Þ

where w = soil’s total water content; wa- lim = lowest water content
in the adsorptive regime; and wc- lim = highest water content in the
capillary regime. Specifically, for consolidation data, wa- lim and
wc- lim = set as the minimum and maximum soil’s total water con-
tents measured at the last and the first loading increment; for model
predicted results, wa- lim and wc- lim are equal to zero (i.e., oven-dried
state) and the saturated water content, respectively.
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