
1. Introduction
Water potential (Pa) refers to the Gibbs free energy of water per unit volume relative to free water. In soil, water 
is not inert to soils but instead unfailingly interacts with them, giving rise to enormous complexities in under-
standing soil behavior. Such interaction between soil and water is conventionally quantified via the concept of 
soil water potential, which is defined as the free energy change per unit volume of water when moving from the 
free water state to the soil water state (Noy-Meir & Ginzburg, 1967). In the past decades, soil water potential is 
treated as a cornerstone concept in soil physics, unsaturated soil mechanics, poromechanics, and vadose zone 
hydrology, and is adopted as the state variable in modeling multiphase and multiphysical processes occurring in 
soil and many other porous media, for example, water retention behavior (e.g., Lu, 2016; van Genuchten, 1980), 
pore water flow (e.g., Nitao & Bear, 1996; Richards, 1931), pore water freezing and melting (e.g., Koopmans & 
Miller, 1966; Zhang & Lu, 2021), pore water evaporation and cavitation (e.g., Luo et al., 2021; Or & Tuller, 2002), 
swelling and shrinkage behavior (e.g., Lu & Dong, 2017; Zhang & Lu, 2020b; Zhang et al., 2022), and thermal 
diffusion (e.g., Lu & Dong, 2015; Mitchell & Soga, 2005). Besides, water potential is the fundamental concept in 
quantifying water transport in plants and the realization of artificial trees (e.g., Nobel, 2009; Wang et al., 2020).

The broad usage of soil water potential concept in science and engineering communities is underpinned by 
a rigorous and unanimous definition and mathematical formulation of this concept. The soil water potential 
is generally treated as a sum of components induced by soil-water interaction (matric potential), by dissolved 
salts (osmotic potential), and by gravity (gravitational potential) (e.g., Iwata et  al.,  1988; Lu & Likos,  2004; 
Nobel, 2009; Or et al., 2005). The formulations of the last two components can be easily derived from the clas-
sical van't Hoff equation (e.g., Nobel, 2009) and gravitational law. In contrast, the earliest definition of matric 
potential is dated back to 1907, when Buckingham (1907) defined the capillary potential as the work required 
per centigram of water to pull water away from soil and used this concept to study the water flow in soil. Later 
on, Gardner (1919) identified the equivalence between capillary potential and capillary pressure (Pa), that is, the 
pressure difference across the water-air interface. Attempt to harness thermodynamics for a rigorous definition of 
water potential was missing until Edlefsen and Anderson (1943). After that, various thermodynamic formulations 
of water potential have been provided by introducing additional thermodynamic state variables, for example, 
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water content (e.g., Babcock & Overstreet, 1955), potential energy (e.g., Low, 1951; Nitao & Bear, 1996), surface 
tension (e.g., Iwata et al., 1988), and electrical field (e.g., Iwata et al., 1988). This kind of formulations generally 
involves three main uncertainties: (a) independence among thermodynamic state variables remains unjustified, 
for example, soil water content and water pressure, leading to potential double counting in potential energy calcu-
lation; (b) formulations usually contain multiple material variables, for example, mean radius of curvature of the 
air-liquid interface, which are difficult to measure; and (c) it remains elusive which type of work is involved in 
water potential, expansion work or non-expansion work.

Even though many researchers have discovered the importance of adsorption in matric potential (e.g., Iwata 
et al., 1988; Lu & Likos, 2004; Lu & Zhang, 2019; Nitao & Bear, 1996; Or & Tuller, 1999; Philip, 1977; Tuller 
et al., 1999; Zhang & Lu, 2020a), most of researchers and practitioners currently still base their work on the defini-
tion of matric potential as being capillary pressure, such as Bishop's effective stress (Bishop, 1954, 1959), independ-
ent stress variable approach (Coleman, 1962), axis translation technique (Hilf, 1956), and water movement in the 
plant (e.g., Nobel, 2009). Logical reasoning from the definition of capillary pressure leads to an unjustified assump-
tion that, if an unsaturated soil reaches thermodynamic equilibrium, water retained in this soil will exhibit spatially 
homogeneous tensile pressure and possess physical properties of water under tension in soil pores. However, this 
assumption contradicts several observations of soil water properties, for example, abnormally high soil water 
density up to 1.872 g/cm 3 (e.g., De Wit & Arens, 1950; Martin, 1960; Zhang & Lu, 2018b), peculiarly high film 
water viscosity up to approximately 1.86 times of pure water at 298.16 K in clay (Low, 1960, 1976), extremely low 
film water dielectric constant down to 7% of free water in soil (e.g., Friedman, 1998; Fumagalli et al., 2018).

Here, a thermodynamic framework is developed for soil water potential by recognizing the distinct roles of 
external and internal interactions. The objectives of this work are threefold: to seek for a thermodynamic system 
suitable for describing soil water potential; to provide a linkage between the concepts of soil-water interaction and 
modern thermodynamics with emphasis on incorporating both adsorption and capillarity; to establish a thermo-
dynamic basis for resolving the long-standing dilemmas in soil water properties. These objectives will be accom-
plished as follows. First, recent advancements in soil-water interactions, especially soil sorptive potential concept 
(Lu & Zhang, 2019; Zhang & Lu, 2020a) will be synthesized, and concepts in thermodynamics for macroscale 
system and intermolecular scale system under external fields will be revisited, yielding a deliberate selection of 
intermolecular scale open system for soil water potential. A thermodynamic formulation of water potential will 
be derived, including the effects of adsorption, capillarity, dissolved salt, and gravity. Thereafter, the generality of 
the proposed thermodynamic formulation will be demonstrated by deducing to the existing definitions of matric 
potential and confirming mechanical equilibrium criteria, followed by demonstrating implications to resolving 
the long-standing dilemmas in pore water pressure, soil water density, viscosity, and relative permittivity.

2. Physical Mechanisms and Thermodynamic System for Water Potential
Soil water has been idealized as a thermodynamic system, and its potential is defined as free energy change 
per unit volume moving from free water state to soil water state. In the following, the mechanisms for changing 
the free energy of soil water will be synthesized, with an emphasis on the distinct roles of internal and external 
interactions. Internal interaction is the intermolecular interaction among water, whereas external interaction is the 
interaction between water and external fields, for example, adsorption, gravity, and osmosis. In light of the prop-
erties of external interactions, an intermolecular scale open system is defined and selected for soil water potential.

2.1. Mechanisms Changing Free Energy of Water

The soil system contains diverse energy fields of electrostatics and gravity. This multicomponent and multifield 
nature gives rise to the complexity of water state in soil. In nature, a water molecule's freedom of movement can 
be alternated by the presence of four matters, that is, adjacent water molecules, soil matrix, gravitational field, and 
dissolved substances, shown in Figure 1. Accordingly, each matter is responsible for a direct interacting mechanism 
in changing the free energy of water, that is, capillarity, adsorption, gravity, and osmosis, as elaborated subsequently.

Capillarity stems from intermolecular mechanical forces among water molecules (Figure 1c). The magnitude of 
the free energy change by capillarity depends on the curvature of the interface, which can be determined via the 
Young-Laplace equation:

𝜓𝜓m = 𝑝𝑝w − 𝑝𝑝a = −
2𝑇𝑇s

𝑟𝑟
cos 𝜃𝜃 (1)
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where ψm = matric potential (Pa); p w = water pressure (Pa); p a = air pressure (Pa); r = radius of the meniscus (m); 
θ = contact angle (°); and Ts = surface tension (N/m). Conventionally, capillarity has been treated mathematically 
as the sole source for water potential by soil-water interaction, that is, matric potential. Yet, this conventional 
treatment has been questioned because it implies a homogenous and negative pore water pressure within a soil 
pore, contradicting several well-observed physical properties of soil water, for example, the abnormally high 
water density near particle surfaces (e.g., De Wit & Arens, 1950; Martin, 1960; Zhang & Lu, 2018b). Recently 
it is recognized that capillarity is the internal interaction among water molecules and partly contributes to matric 

Figure 1. Illustrations of: (a) representative element volume (REV) for conventional matric potential; (b) intermolecular scale REV for soil water potential or soil 
sorptive potential; and (c) mechanisms of capillarity, adsorption, gravity, and osmosis.
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potential. Furthermore, matric potential also involves the external interaction between water molecules and soil 
particles, viz, adsorption (Lu & Zhang, 2019; Zhang & Lu, 2020a) where energy transfers between mechanical 
and electrostatic forms.

Adsorption originates from the electrostatic fields emanating from soil particles, including van der Waals force, 
electrical double layer repulsion, surface hydration, and cation hydration, illustrated in Figure 1c. Its magnitude 
can be quantified via a concept of soil sorptive potential (SSP) (Lu & Zhang, 2019; Zhang & Lu, 2020a). The SSP 
describes the free energy change per unit volume of water induced by the interaction between water molecules 
and electrostatic fields generated by soil matrix. This interaction is external as it involves external fields origi-
nated outside water body. Generally, SSP is a highly nonlinear function of the statistical distance to soil particle 
surface, that is, a state variable of external interaction rather than of internal interaction.

Gravity and osmosis also are external interactions and quantified via gravitational and osmotic potentials, respec-
tively. The gravitational potential originates from the attractive force between earth and water, whereas the 
osmotic potential stems from the electrostatic field of solutes. Specifically, gravitational potential is a function of 
the distance to the earth center, a state variable of external interaction; osmotic potential in a dilute solution can 
be expressed as a function of solute concentration, a state variable of external interaction, via van't Hoff equation.

Therefore, capillarity, adsorption, gravity, and osmosis are the four mechanisms that can change free energy of 
soil water yet are in two distinct physical forms. The former one is internal interaction, but the latter three are 
external interactions. Thereby, a fundamental question is how to unify internal and external interactions in the 
context of thermodynamics, which will be elaborated below.

2.2. Thermodynamic System and State Variables

A thermodynamic system can be conceived as the representative element volume (REV) for the matter of interest. 
A thermodynamic system can be either closed or open according to the ability to transfer energy or matter with 
surrounding systems. The conventional theories of water potential are established on a system of macroscopic 
REV, illustrated in Figure 1a. This macroscale REV contains three phases of solid, liquid, and air, and each phase 
is assumed to occupy the entire REV's space. Therefore, the conventional theories invariably average field vari-
ables over the entire macroscale REV (e.g., Nitao & Bear, 1996; Schrefler et al., 1990), leading to homogenous 
properties of soil water, for example, identical water pressure at any point in the macroscale REV. However, in 
fact, water exhibits heterogeneity due to the significant variation of the external fields of adsorption at the inter-
molecular scale (e.g., Lu & Zhang, 2019; Zhang & Lu, 2020a). This contradiction calls for a new framework 
based on a system of intermolecular scale REV.

The selected system of intermolecular scale REV is illustrated in Figure 1b. In this system, liquid water phase fully 
occupies the domain, and the forces of adsorption, gravity, and osmosis are all regarded as external fields on this 
system. Note that the selected system should be large enough relative to the mean free path of water molecules to 
eliminate the impact of field variable's fluctuations (e.g., Nitao & Bear, 1996), and be sufficiently small to ensure 
the uniformity of external fields over it. In this way, the selected system of intermolecular scale REV can both 
ensure the homogeneity of water properties at intermolecular scale and reflect the heterogeneity of it at macroscale.

The adopted intermolecular scale system subjected to external fields permits free transfer of matter and energy, 
yielding an intermolecular scale open system. The description of this system's thermodynamic state requires state 
variables for both internal and external interactions. Three independent state variables fully control the potential 
energy induced by external fields: the statistical distance to the soil particle surface x (m) for adsorptive force 
field, elevation h (m) for gravitational force field, and solute concentration c (mol/L) for osmotic pressure. In 
contrast, for the intermolecular interactions among water molecules, the induced energy can be determined by 
three independent state variables: the number of moles N w (mol), water pressure p w (Pa), and temperature T w (K). 
The six independent state variables can fully determine the thermodynamic state of the intermolecular scale open 
system, summarized in Table 1. Subsequently, the formulation of water potential will be derived in this system 
with the state variables.

3. Thermodynamic Formulation of Soil Water Potential
The proposed intermolecular scale open system and state variables will be implemented to derive a rigorous ther-
modynamic formulation of water potential. The derivation includes total water potential, and its two components, 
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that is, internal and external water potentials. Additionally, the phase equilibrium equation at the air-water inter-
face is established, yielding the linkage between vapor pressure and total water potential.

3.1. Total Water Potential

Total water potential is the free energy change from free water state to the soil water state in a unit volume 
of water. It can be converted to a function of chemical potential (Noy-Meir & Ginzburg,  1967; Slatyer & 
Taylor, 1960):

𝜓𝜓tot =
𝜇𝜇w

𝜐𝜐w
 (2)

where ψtot =  total water potential (Pa); μ w = chemical potential of water (J/mol); and υ w = molar volume of 
water (m 3/mol). Equation 2 provides the linkage between water potential and chemical potential. The chemical 
potential of water can be further expressed as Gibbs free energy per mole (e.g., Baierlein & Cook, 1999; Blundell 
& Blundell, 2009) (see Appendix A1 for derivation). If selecting the free water state as the reference state, the 
chemical potential of soil water is the difference in Gibbs free energy per mole between soil water and free water:

𝜇𝜇w
=

𝐺𝐺w

𝜁𝜁 (s)
− 𝐺𝐺w

𝜁𝜁 (f )

𝑁𝑁w
=

Δ𝐺𝐺w

𝑁𝑁w
 (3)

where G = Gibbs free energy (J); the superscript w means water; the subscript ζ represents water state. ζ(f) and 
ζ(s) are free water state and soil water state, respectively. The corresponding state variables are 𝐴𝐴 𝐴𝐴w

𝜁𝜁 (f )
, 𝑇𝑇 w

𝜁𝜁 (f )
, 𝑁𝑁w

0
 , 

x0 = ∞, h0 = 0, and c0 = 0 for the free water state; and 𝐴𝐴 𝐴𝐴w
𝜁𝜁 (s)

, 𝑇𝑇 w

𝜁𝜁 (s)
, 𝑁𝑁w

0
 , xi, hi, and ci for the soil water state. Equa-

tions 2 and 3 postulate that the total water potential can be formulated in terms of Gibbs free energy change. The 
transformation from the free water state to soil water state can be considered as a reversible process. Thereby, the 
corresponding Gibbs free energy change exclusively depends on initial and final states regardless of paths, which 
can be expressed as:

Δ𝐺𝐺w
= 𝐺𝐺w

𝜁𝜁 (s)
− 𝐺𝐺w

𝜁𝜁 (f )
= ∫

𝜁𝜁 (s)

𝜁𝜁 (f )

d𝐺𝐺w (4)

The differential of Gibbs free energy change in Equation  4 depends on the selected type of thermodynamic 
system. For the proposed intermolecular scale open system, the work done by external fields is exclusively 
non-expansion work (e.g., Schroeder,  1999) (see Appendix  A2 for derivation). Therefore, the differential of 
Gibbs free energy change can be expressed as:

d𝐺𝐺w
= −𝑆𝑆w

d𝑇𝑇 w
+ 𝑉𝑉 w

d𝑝𝑝w + 𝜇𝜇w
d𝑁𝑁w

− d𝑊𝑊NER (5)

where S w = entropy of the water (J/K); V w = volume of the water (m 3); WNER = non-expansion work (J). Note 
that, during the transformation process of interest, the number of moles of water molecules (𝐴𝐴 𝐴𝐴w

0
 ) is a constant. 

Therefore, Equation 5 can be further reduced to

d𝐺𝐺w
= −𝑆𝑆w

d𝑇𝑇 w
+ 𝑉𝑉 w

d𝑝𝑝w − d𝑊𝑊NER (6)

Mechanisms Intensive variable Extensive variable dW (J)

External interactions Adsorption Fsorp x 𝐴𝐴 dΦ
w

𝜁𝜁 (s),sorp
= −𝐹𝐹sorpd𝑥𝑥 

Gravity γ w V wh 𝐴𝐴 dΦ
w

𝜁𝜁 (s),g
= 𝛾𝛾𝑤𝑤𝑉𝑉 𝑤𝑤

dℎ 

Osmosis νiRT w V wc 𝐴𝐴 dΦ
w

𝜁𝜁 (s),o
= 𝜈𝜈𝑖𝑖𝑅𝑅𝑅𝑅

𝑤𝑤𝑉𝑉 𝑤𝑤
d𝑐𝑐 

Internal interaction Capillarity p w V w V wdp w

Note. Fsorp: adsorptive force (N), that is, Fsorp = −V wdψsorp/dx.

Table 1 
Conjugate Variables for Internal and External Interactions
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Substituting Equations 3, 4, and 6 into Equation 2, soil water potential can be formulated as:

𝜓𝜓tot =
1

𝜐𝜐w𝑁𝑁w
∫ 𝜁𝜁 (s)

𝜁𝜁 (f )
(−𝑆𝑆w

d𝑇𝑇 w
+ 𝑉𝑉 w

d𝑝𝑝w − d𝑊𝑊NER)

=
1

𝜐𝜐w𝑁𝑁w ∫
𝜁𝜁 (s)

𝜁𝜁 (f )

(−𝑆𝑆w
d𝑇𝑇 w

+ 𝑉𝑉 w
d𝑝𝑝w)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
internal water potential

+
1

𝜐𝜐w𝑁𝑁w ∫
𝜁𝜁 (s)

𝜁𝜁 (f )

(−d𝑊𝑊NER)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
external water potential

 (7)

Equation 7 states that soil water potential can be decomposed into two components, that is, internal and external 
water potentials. The former component only relies on the state variables of internal interaction, whereas the latter 
component only depends on the state variables of external fields. Additionally, Equation 7 explicitly reveals that 
water potential consists of two types of work: expansion work by intermolecular forces, and non-expansion work 
by external fields.

3.2. Internal Water Potential

The internal water potential can be defined as the Gibbs free energy change per unit volume of water caused by 
internal interaction (Lu & Zhang, 2019; Zhang & Lu, 2020a). It is the former component in Equation 7 and can 
be expressed as:

𝜓𝜓int =
1

𝜐𝜐w𝑁𝑁w ∫
𝜁𝜁 (s)

𝜁𝜁 (f )

(−𝑆𝑆w
d𝑇𝑇 w

+ 𝑉𝑉 w
d𝑝𝑝w) (8)

Equation  8 implies that internal water potential can be fully determined by water molecules' momenta and 
relative positions. The momentum of matters determines the magnitude of kinetic energy, and therefore 
depends on temperature of the system. The relative position essentially reflects the intermolecular potential 
energy and entropy, quantifying the strength of intermolecular forces and thus water pressure (e.g., Blundell & 
Blundell, 2009).

Soil water potential is generally defined under isothermal conditions. That is, the differential of temperature is 
zero, thus Equation 8 can be reduced to:

𝜓𝜓int =
1

𝜐𝜐w𝑁𝑁w ∫
𝜁𝜁 (s)

𝜁𝜁 (f )

𝑉𝑉 w
d𝑝𝑝w (9)

Note that the volume of the selected system V w is not a constant but instead a function of pressure during the 
transformation process of interest. Under isothermal condition, the volume of this system is a function of pressure 
(e.g., Zhang & Lu, 2018b):

𝑉𝑉 w
= 𝑉𝑉 w

𝜁𝜁 (f )
exp

[

−𝐶𝐶w
(𝑝𝑝w − 𝑝𝑝a)

]

 (10)

where C w = the compressibility of water at 25°C, that is, 4.6 × 10 −10 Pa −1. Substituting Equation 10 into Equa-
tion 9, the internal water potential can be written as:

𝜓𝜓int = ∫
𝜁𝜁 (s)

𝜁𝜁 (f )

{

exp
[

−𝐶𝐶w
(𝑝𝑝w − 𝑝𝑝a)

]

d𝑝𝑝w
}

=
1

𝐶𝐶w

{

1 − exp
[

−𝐶𝐶w
(𝑝𝑝w − 𝑝𝑝a)

]}

 (11)

Equation 11 states that the internal water potential exclusively depends on the pressure difference between water 
and air.

3.3. External Water Potential

The external water potential is defined as the Gibbs free energy change per unit volume of water caused by 
external interaction (Lu & Zhang, 2019; Zhang & Lu, 2020a). It is the latter component in Equation 7 and can 
be expressed as:

𝜓𝜓ext =
1

𝜐𝜐w𝑁𝑁w ∫
𝜁𝜁 (s)

𝜁𝜁 (f )

(−d𝑊𝑊NER) (12)
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As elaborated in the previous section, external interactions in soil water include adsorption, gravity, and osmosis. 
The underlying force fields belong to conservative force fields, thereby the non-expansion work done by these 
forces is equal to the change of the external potential energy from free water state to soil water state. Then, the 
non-expansion work WNER in Equation 12 solely depends on the initial and final states. Therefore, the external 
potential energy Ф (J) relative to free water (i.e., 𝐴𝐴 Φ

w

𝜁𝜁 (f )
  = 0) can be defined as the negative non-expansion work 

during the transformation:

Φ
w

𝜁𝜁 (s)
− Φ

w

𝜁𝜁 (f )
= Φ

w

𝜁𝜁 (s)
= −∫

𝜁𝜁 (s)

𝜁𝜁 (f )

d𝑊𝑊NER (13)

Substituting Equation 13 into Equation 12, the external water potential is given by:

𝜓𝜓ext =
1

𝜐𝜐w𝑁𝑁w
Φ

w

𝜁𝜁 (s)
=

1

𝑉𝑉 w

[

Φ
w

𝜁𝜁 (s),g
+ Φ

w

𝜁𝜁 (s),o
+ Φ

w

𝜁𝜁 (s),sorp

]

 (14)

where 𝐴𝐴 Φ
w

𝜁𝜁 (s),g
  = gravitational force field potential energy (J); 𝐴𝐴 Φ

w

𝜁𝜁 (s),o
  = osmotic force field potential energy (J); and 

𝐴𝐴 Φ
w

𝜁𝜁 (s),sorp
  = adsorptive force field potential energy (J). The conjugate variables for the three potential energies are 

listed in Table 1.

The gravitational potential energy 𝐴𝐴 Φ
w

𝜁𝜁 (f ),g
 can be easily obtained via the gravitational law:

Φ
w

𝜁𝜁 (s),g
= −∫

𝜁𝜁 (s)

𝜁𝜁 (f )

d𝑊𝑊NER,g = Φ
w

𝜁𝜁 (s),g
(ℎ) − Φ

w

𝜁𝜁 (f ),g
(ℎ0) = 𝑉𝑉 w𝛾𝛾wℎ (15)

where WNER,g = the non-expansion work of gravity (J); and γ w = the unit weight of water (N/m 3). The osmotic 
force field potential energy can be obtained via the van't Hoff equation:

Φ
w

𝜁𝜁 (s),o
= −∫

𝜁𝜁 (s)

𝜁𝜁 (f )

d𝑊𝑊NER,o = Φ
w

𝜁𝜁 (s),o
(𝑐𝑐) − Φ

w

𝜁𝜁 (f ),o
(𝑐𝑐0) = −𝑉𝑉 w𝜈𝜈i𝑐𝑐𝑐𝑐𝑐𝑐

w (16)

where WNER,o = the non-expansion work of osmosis (J); νi = the van't Hoff factor of electrolyte (−); and R = the 
universal gas constant (8.3145 J mol −1K −1).

The adsorptive force field is a synthesis of van der Waals attractive potential, electrical double layer potential, 
and cation hydration and surface hydration potential, depending on intrinsic properties of soil matrix. Generally, 
these adsorptive potentials decay (become less negative) highly nonlinearly with the distance toward soil particle 
surfaces x. Therefore, the adsorptive force field potential energy exhibits spatial variation with x and has been 
lumped into a recent advanced concept of SSP (Lu & Zhang, 2019; Zhang & Lu, 2020a):

Φw
� (s),sorp = − ∫ � (s)

� (f ) d�NER,sorp

= � w
[

�sorp(�) − �sorp(�0)
]

= � w
[

�ele(�) + �vdW(�) + �osm(�) + �hyd(�)
]

 (17)

where WNER,sorp = the non-expansion work of adsorption (J); ψsorp = soil sorptive potential (Pa); ψele = electric 
component of SSP (Pa); ψvdW = van der Waals component of SSP (Pa); ψosm = osmotic component of SSP (Pa); 
and ψhyd = hydration component of SSP (Pa).

Substituting Equations 15–17 into Equation 14, the external water potential is given by:

𝜓𝜓ext (ℎ, 𝑐𝑐, 𝑐𝑐) = 𝜓𝜓g(ℎ) + 𝜓𝜓o(𝑐𝑐) + 𝜓𝜓sorp(𝑐𝑐) = 𝛾𝛾wℎ + (−𝜈𝜈i𝑐𝑐𝑐𝑐𝑐𝑐
w

) + 𝜓𝜓sorp(𝑐𝑐) (18)

where ψg = gravitational potential (Pa); and ψo = osmotic potential (Pa). Equation 18 indicates that the SSP only 
depends on one spatial coordinate x. However, laboratory observations and theoretical derivations demonstrate 
dependence of SSP on the solute concentration c. As such, the formulation of external water potential can be 
further expressed as:

𝜓𝜓ext (ℎ, 𝑐𝑐, 𝑐𝑐) = 𝜓𝜓g(ℎ) + 𝜓𝜓o(𝑐𝑐) + 𝜓𝜓sorp(𝑐𝑐, 𝑐𝑐) (19)
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with Equations 7, 11, and 19, the expression of soil water potential is given as follows:

𝜓𝜓tot = 𝜓𝜓int + 𝜓𝜓ext =
1

𝐶𝐶w

{

1 − exp
[

−𝐶𝐶w
(𝑝𝑝w − 𝑝𝑝a)

]}

+ 𝜓𝜓sorp(𝑥𝑥𝑥 𝑥𝑥)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
matric potential𝜓𝜓m

+ 𝜓𝜓g(ℎ) + 𝜓𝜓o(𝑥𝑥)
 (20)

where the sum of the first two terms on the right-hand side of Equation 20 is the matric potential.

The derivation process employs six independent state variables to quantify water potential: three for external 
fields, that is, x (m), h (m), c (mol/L); and three for internal interactions, that is, N w (mol), p w (Pa), and T w (K). 
Considering isothermal condition and fixed number of moles, the water potential can be fully determined by 
four strictly independent state variables, viz, x, h, c, and p w, avoiding the potential double counting in existing 
formulations.

3.4. Liquid-Gas Phase Equilibrium

The derived thermodynamic formulation of Equation 20 provides a linkage between the state variables and total 
water potential in the intermolecular scale open system. On the macroscale, the total water potential can be 
determined via phase equilibrium at the air-water interface. Considering a soil water system at the local thermo-
dynamic equilibrium with its ambient environment, the total soil water potential ψtot (Pa) is equal to water poten-
tial of vapor ψvap (Pa) at air-water interface. The vapor water potential can be expressed as a function of relative 
humidity (e.g., Butt et al., 2003):

𝜓𝜓tot = 𝜓𝜓vap =
𝑅𝑅𝑅𝑅

𝜐𝜐w
ln(RH) (21)

where RH = relative humidity (−). Substituting Equation 21 into Equation 20, the total soil water potential can 
be formulated as:

𝜓𝜓tot =
𝑅𝑅𝑅𝑅

𝜐𝜐w
ln(RH)

=
1

𝐶𝐶w

{

1 − exp
[

−𝐶𝐶w
(𝑝𝑝w − 𝑝𝑝a)

]}

+ 𝜓𝜓sorp(𝑥𝑥𝑥 𝑥𝑥)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
matric potential𝜓𝜓m

+ 𝜓𝜓g(ℎ) + 𝜓𝜓o(𝑥𝑥) (22)

In Equation 22, the total water potential ψtot can be determined by relative humidity, the soil sorptive potential 
ψsorp can be determined by soil sorption isotherm (Zhang & Lu, 2020a), the osmotic potential ψo can be calculated 
by the van't Hoff equation, and the gravitational potential ψg can be determined by gravitational law. As such, the 
involved physical variables are all conveniently measurable.

The soil water retention curve (SWRC) (e.g., Lu, 2016; van Genuchten, 1980) suggests that matric potential can 
be exclusively determined by water content w (g/g) (i.e., the mass ratio of the water to the soil) at macroscale 
under isothermal and given salt content condition. That is, Equation 22 can be reduced to the conventional defi-
nition of water potential as follows:

𝜓𝜓tot = 𝜓𝜓m(𝑤𝑤𝑤 𝑤𝑤) + 𝜓𝜓g(ℎ) + 𝜓𝜓o(𝑤𝑤) =
𝑅𝑅𝑅𝑅

𝜐𝜐w
ln(RH) (23)

4. Theoretical Verification
The generality of the developed thermodynamic framework of soil water potential is herein verified by theoretical 
reduction to three forms of matric potential, that is, conventional matric potential, unitary matric potential (Zhang 
& Lu, 2019), and Philip's formulation (1977). Additionally, the framework is further verified by an independent 
mechanical equilibrium derivation.
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4.1. Reduction to Conventional Matric Potential

The conventional matric potential only relies on capillary mechanism and overlooks adsorption, that is, ψsorp = 0. 
As such, the developed formulation for matric potential under isothermal condition (Equation 20) can be reduced 
to:

𝜓𝜓m(𝑤𝑤) = 𝜓𝜓int + 𝜓𝜓sorp(𝑥𝑥𝑥 𝑥𝑥)

= 𝜓𝜓int + 0

=
1

𝐶𝐶w
{1 − exp [−𝐶𝐶w

(𝑝𝑝w − 𝑝𝑝a)]}

 (24)

Taking the first two terms of the Taylor series expansion for exp [−C w(p w−p a)], one can obtain:

exp [−�w (�w − �a)] = 1 +
−�w (�w − �a)

1!
+ � [−�w (�w − �a)]

≈ 1 − �w (�w − �a)
 (25)

where O( ) = higher order infinitesimals. Substituting Equation 25 into Equation 24, the formulation of matric 
potential can be further reduced to:

𝜓𝜓m = 𝜓𝜓int = 𝑝𝑝w − 𝑝𝑝a (26)

As such, the conventional matric potential is recovered. It is demonstrated that capillarity stems from the internal 
interaction among water molecules.

4.2. Reduction to Unitary Matric Potential

Incorporating the adsorption and capillarity under isothermal condition and ignoring the solute concentration's 
effect on SSP, the developed formulation of matric potential (Equation 22) can be reduced to

𝜓𝜓m(𝑤𝑤) = 𝜓𝜓int + 𝜓𝜓sorp(𝑥𝑥𝑥 𝑥𝑥)

=
1

𝐶𝐶w
{1 − exp [−𝐶𝐶w

(𝑝𝑝w − 𝑝𝑝a)]} + 𝜓𝜓sorp(𝑥𝑥𝑥 𝑥𝑥)

≈ 𝑝𝑝w − 𝑝𝑝a + 𝜓𝜓sorp(𝑥𝑥)

 (27)

For a given water content w, the matric potential ψm is a constant over the entire water phase. However, the 
SSP spatially varies with distance toward soil particles x, implying a spatially varied water pressure to ensure a 
constant value of matric potential ψm. Therefore, the water pressure is undoubtedly a function of x. Therefore, 
Equation 27 can be exactly expressed as:

𝜓𝜓m(𝑤𝑤) = 𝑝𝑝w(𝑤𝑤𝑤 𝑤𝑤) − 𝑝𝑝a + 𝜓𝜓sorp(𝑤𝑤) (28)

As such, the unitary matric potential (Zhang & Lu, 2019) is attained.

4.3. Reduction to Philip's Formulation

Philip's (1977) formulation is one of the first attempts to incorporate the effects of capillarity and adsorption. Two 
assumptions are involved in Philip's formulation: adsorption component only depends on water film thickness v 
(m); and the capillary component only depends on the curvature κ of liquid-vapor interface (i.e., cosθ/r). There-
fore, for given water content, Equation 28 can be further reduced to:

𝜓𝜓m(𝑤𝑤) = 𝑝𝑝w(𝑤𝑤𝑤 𝑤𝑤) − 𝑝𝑝a

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
capillary component

+ 𝜓𝜓sorp(𝑤𝑤)
⏟⏟⏟

adsorptive component

= −2𝑇𝑇s𝜅𝜅 + 𝜓𝜓sorp(𝑣𝑣)

= 𝐶𝐶(𝜅𝜅) + 𝐹𝐹 (𝑣𝑣)

 (29)
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where C, F = capillary and adsorption components (Pa), respectively. As such, Philip's (1977) formulation is 
recovered. However, Equation 29 bears two limitations: (a) the unjustified assumption of independence between 
the adsorption and capillarity; and (b) the neglection of the spatially varied external fields generated by soil 
matrix. Therefore, Phillip's formulation cannot reconcile some spatially varied soil properties such as soil water 
density and viscosity.

4.4. Justification With Mechanical Equilibrium

Herein, a mechanical equilibrium method is utilized to achieve the proposed formulation of soil water potential. 
Differentiating Equation A8 yields:

d𝐺𝐺w
= 𝜇𝜇w

d𝑁𝑁w
+𝑁𝑁w

d𝜇𝜇w (30)

Combining Equation 5 and Equation 30 yields the Gibbs-Duhem equation:

𝑁𝑁w
d𝜇𝜇w

= −𝑆𝑆w
d𝑇𝑇 w

+ 𝑉𝑉 w
d𝑝𝑝w − d𝑊𝑊NER (31)

For a system under thermodynamic equilibrium condition, the chemical potential and temperature remain 
constant, that is, dμ w = 0 and dT w = 0. Therefore, Equation 31 can be reduced to

𝑉𝑉 w
d𝑝𝑝w − d𝑊𝑊NER = 0 (32)

Following Equation 13, the negative of the differential of non-expansion work is equal to the differential of exter-
nal force field potential, that is, 𝐴𝐴 dΦ

w

𝜁𝜁 (s)
  = −dWNER. As such, Equation 32 can be further expressed as a mechanical 

equilibrium equation:

𝑉𝑉 w
d𝑝𝑝w + dΦ

w

𝜁𝜁 (s)
= 0 (33)

This mechanical equilibrium holds over the entire liquid water phase, indicating that the change of pore water 
pressure depends on the change of external force potential. As such, the integration of Equation 33 from a point 
at meniscus ζ(xm, hm, cm) to an arbitrary point ζ(x,h,c) in liquid phase equals zero, that is,:

∫
𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)

𝜁𝜁(𝑥𝑥m 𝑥𝑥m 𝑥𝑥𝑥m)

[

𝑉𝑉 w
d𝑝𝑝w + dΦ

w

𝜁𝜁 (s)

]

= 0 (34)

Ignoring the volume change of liquid water, Equation 34 leads to:

[

𝑝𝑝w
𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)

− 𝑝𝑝w
𝜁𝜁(𝑥𝑥m 𝑥𝑥m 𝑥𝑥𝑥m)

]

+

Φ
w

𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)
− Φ

w

𝜁𝜁(𝑥𝑥m 𝑥𝑥m 𝑥𝑥𝑥m)

𝑉𝑉 w
= 0 (35)

From Equation 22, the soil water potential for the point at meniscus ζ (xm, hm, cm) can be written as:

�tot = 1
�w

{

1 − exp
[

−�w
(

�w
�(�m ,ℎm ,�m)

− �a
)]}

+
Φw

�(�m ,ℎm ,�m)
� w

≈
[

�w
�(�m ,ℎm ,�m) − �a

]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
internal water potential

+
Φw

�(�m ,ℎm ,�m)
� w

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
external water potential

 (36)

Combining Equations 35 and 36, the formulation of soil water potential can be obtained as:

𝜓𝜓tot =

[

𝑝𝑝w
𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)

− 𝑝𝑝a
]

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
internal water potential

+

Φ
w

𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)

𝑉𝑉 w

⏟⏟⏟
external water potential

=

[

𝑝𝑝w
𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)

− 𝑝𝑝a
]

+

[

Φ
w

𝜁𝜁 (s)𝑥sorp
+ Φ

w

𝜁𝜁 (s)𝑥g
+ Φ

w

𝜁𝜁 (s)𝑥o

]

𝑉𝑉 w

=

[

𝑝𝑝w
𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)

− 𝑝𝑝a
]

+ 𝜓𝜓sorp(𝑥𝑥𝑥 𝑥𝑥)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
matric potential𝜓𝜓m

+ 𝜓𝜓g(𝑥) + 𝜓𝜓o(𝑥𝑥)

 (37)
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The results from mechanical equilibrium match with the derived thermodynamic framework, that is, Equa-
tions 22 and 28, further confirming the validity and generality of the proposed thermodynamic framework of soil 
water potential.

5. Implications to Fundamental Soil Properties
Soil water potential is the basic thermodynamic variable for describing soil-water interactions, and therefore 
is employed as the cornerstone concept for understanding various soil properties. An outstanding dilemma is 
that the conventional capillary-based theories, that is, Equation 1, treat matric potential as the pressure differ-
ence between water and air, thereby invariably predicting uniform water with homogeneous negative pressure in 
unsaturated soil. Yet some important soil properties exhibit spatial variability, for example, soil water density, 
film water viscosity, and relative permittivity. To date, it remains elusive on how to reconcile this contradiction 
and characterize these unique properties with soil water potential. Herein, these enigmas are deciphered via the 
developed thermodynamic formulation for soil water potential. The proposed formulation synthesizes internal 
and external interactions, recognizing the spatially varying nature of the local pore water pressure, illustrated in 
Figures 2a and 2b. The spatially varied external fields and local pore water pressure provide the theoretical basis 
to resolve the dilemma in characterizing these fundamental soil properties.

5.1. Pore Water Pressure

The pore water pressure is a basic variable governing various soil behaviors such as water movement, swelling 
and shrinkage, shear and tensile strength, and pore water freezing (e.g., Zhang & Lu, 2021). Therefore, it is a 
cornerstone concept underpinning enormous hydrological and geotechnical problems. In the conventional formu-
lation of water potential (Equation 26), the pore water pressure is generally treated as negative (lower than air 
pressure) and uniform under unsaturated conditions, contradicting with the experimental observations of abnor-
mally high soil water density, and peculiar water viscosity and relative permittivity. To date, there still lacks a 
thermodynamic formulation being able to reconcile this dilemma.

The proposed formulation offers a unitary approach to seamlessly link water potential to local pore water pres-
sure. This linkage can be represented by Equation 28 if excluding the effects of gravity and solute for simplicity. 
Thereby, the local pore water pressure can be calculated as:

𝑝𝑝w(𝑤𝑤𝑤 𝑤𝑤) = 𝜓𝜓m(𝑤𝑤) + 𝑝𝑝a − 𝜓𝜓sorp(𝑤𝑤) (38)

For a soil under unsaturated condition, matric potential is negative and uniform (ψm < 0), and the soil sorptive 
potential highly varies with the distance to particle surfaces x. Accordingly, Equation 38 determines that the 

Figure 2. Schematics for: (a) capillary and adsorptive water of soil; (b) soil water pressure, internal and external water 
potential profiles; (c) soil water density profile; (d) soil water viscosity profile; and (e) soil water relative permittivity profile.
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local pore water pressure should vary with the distance to particle surface, schematically shown in Figure 2b. 
The local  pore water pressure (red dashed line) is abnormally positive adjacent to particle surface, and rapidly 
decreases to a negative value with increasing distance x. That is, the local pore water pressure exhibits positive 
value in adsorptive regime but negative value in capillary regime. Such local pore water pressure profiles can 
reconcile the observed abnormally high soil water density, and abnormal water viscosity and relative permittivity, 
which will be elaborated in subsequent subsections.

5.2. Soil Water Density

Soil water density is a fundamental physical variable in determining various soil properties, for example, 
specific surface area of soils (e.g., Jones & Or, 2005), pore water pressure (e.g., Zhang & Lu, 2020a), and 
pore water's capacity in dissolving salts (e.g., Rieke et al., 2002). Despite its indispensability in quantifying 
water storage and movement in hydrologic and geophysical processes, the soil water density still remains 
poorly understood. In most conditions, the soil water density is treated as a uniform property identical to 
free water density, that is, 0.997  g/cm 3. However, extensive experimental evidence has revealed that soil 
water density significantly varies with water content (Figure 2c). For instance, the water density is higher 
than 1.40  g/cm 3 for montmorillonite at water content less than 0.15  g/g (adsorptive regime) (De Wit & 
Arens, 1950), while the water density is less than 0.997 g/cm 3 at water content of ∼0.6 g/g (capillary regime) 
(De Wit & Arens, 1950).

The opposite results imply distinct roles of adsorption and capillarity in changing soil water density, which can 
be reconciled with the proposed thermodynamic formulation. As elaborated in Equation 28, for a given matric 
potential, the local pore water pressure highly nonlinearly decreases with distance toward particle surface due to 
the increasing SSP. At low water content or adsorptive regime, soil water acts as thin films with plane water-air 
interface, implying the equivalence of water and air pressure at the interface. As such, the local water pressure at 
any distance except interface is positive (i.e., higher than air pressure), leading to the abnormally high soil water 
density in adsorptive regime. In contrast, at high water content, capillarity becomes dominating for soil water 
retention. With increasing distance to particle surface, SSP gradually vanishes and matric potential is reduced 
to negative capillary pressure (p w − p a), leading to the abnormally low soil water density in capillary regime, 
illustrated in Figure 2c. The prediction of the soil water density via the local water pressure can be achieved by 
the proposed thermodynamic formulation, SWRC, and specific surface area (SSA) (Zhang & Lu, 2020a). The 
predicted profiles of local water pressure, local and average soil water density of Georgia kaolinite and Wyoming 
montmorillonite under saturated conditions are shown in Figures 3a–3c, and the corresponding parameter values 
are listed in Table 2. Experimental data of soil water density are from literature (Bahramian et al., 2017; De Wit 
& Arens, 1950; Zhang & Lu, 2018a).

5.3. Soil Water Viscosity

Soil water viscosity describes its resistance to deformation by tensile or shear stress, quantifying the internal 
friction of liquid molecules under external forces (e.g., Kincaid et al., 1941; Powell et al., 1941). It is the basic 
material property for characterizing viscous flow behaviors. Experimental and simulation results demonstrate 
a much higher viscosity of the interlayer water of clay or nanoconfined water than that of free water (e.g., 
Low, 1960, 1976; Radha et al., 2016), and the effective viscosity even reaches ∼10 6 times of free water viscosity 
for interfacial separation on nanometer scale (Goertz et al., 2007). The physical source of the peculiarly high 
viscosity of soil water near soil particle surface is the high potential energy barrier, that is, activation energy (e.g., 
Ewell & Eyring, 1937; Eyring, 1936; Feng et al., 2018; Low, 1960). However, the major theoretical dilemma is 
the contradiction between constant water potential and spatially varied activation energy. It still lacks a thermo-
dynamic formulation for water potential to reconcile this contradiction.

The proposed formulation divided the total water potential into two distinct components, that is, internal and 
external water potential (Figure 2b). Albeit the total potential is constant regardless of the distance toward parti-
cle surface, the external water potential exhibits much lower (more negative) value near particle surfaces due to 
the intensive adsorptive force fields, suggesting an ultra-high internal potential, that is, high water pressure or 
activation energy. The high local water pressure enhances internal friction among water molecules, and thus the 
peculiarly high viscosity of water near soil particle surface, illustrated in Figure 2d.
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5.4. Soil Water Relative Permittivity

Relative permittivity is defined as a material's permittivity relative to vacuum permittivity, describing a material's 
ability to screen an applied electric field. It is a basic input variable in calculating all the electrical interactions in 
soil-water systems. For most practical situations, the relative permittivity of soil water has been considered as a 
constant identical to bulk water's relative permittivity, that is, 78.5. However, extensive experimental and theoretical 
results have demonstrated the spatial variation of soil water's relative permittivity, that is, varying from a peculiarly 
low value of 5.5 to bulk water's relative permittivity with distance to particle surfaces, illustrated in Figure 2e (e.g., 
Friedman, 1998). How to delineate this unique variation of relative permittivity via soil water potential is still elusive.

Figure 3. Predicting soil water density of Georgia kaolinite and Wyoming montmorillonite by the proposed thermodynamic 
formulation: (a) pore water pressure profile; (b) soil water density profile; and (c) validation with experimental data (Data 
from De Wit and Arens [1950], Bahramian et al. [2017], and Zhang and Lu [2018a]).

Soil

SWRC a

SSA b 
(m 2/g)ψmin (-MPa) M ψcav (-MPa) ws [g/g] wamax (g/g) n 1/α (-kPa)

Georgia kaolinite 1,200 0.032 4.460 0.500 0.038 1.296 30.3 31

Wyoming montmorillonite 1,200 0.013 1.463 0.881 0.316 1.272 200.0 505

 aFrom Lu's (2016) generalized SWRC model.  bFrom Akin (2014).

Table 2 
Parameter Values for Soil Water Retention Curve (SWRC) Model and Specific Surface Area of the Selected Soils
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As elaborated above, the adsorptive forces tends to enhance internal friction among adsorptive water mole-
cules. Both the strong soil-water attraction and water-water friction limit water molecules' rotation freedom in 
response to applied electric field, suggesting weak capacity in screening electric field and thus peculiarly low 
value of relative permittivity (e.g., Fumagalli et  al.,  2018; Or & Wraith,  1999). With increasing distance to 
particle surfaces,  the total water potential remains unchanged but both soil-water attraction and internal water 
friction decrease, and therefore the soil water's relative permittivity gradually returns back to bulk water's rela-
tive permittivity.

6. Summary and Conclusions
A thermodynamic framework for soil water potential is developed to incorporate the mechanisms of adsorp-
tion, capillarity, gravity, and osmosis. The developed formulation utilizes an intermolecular scale open system 
to describe soil water subject to external fields of adsorption, gravity, and osmosis, including six independ-
ent state variables: three for internal interaction (N w, p w, T w) and three for external interaction (x, h, c). The 
impact of external fields in changing soil water potential is reasoned to be non-expansion work. Thereafter, 
the thermodynamic formulation is achieved by elucidating distinct roles of external and internal interac-
tions in changing soil water potential, identifying two distinct components of it: external and internal water 
potentials.

Internal water potential stems from intermolecular mechanical interaction among water molecules, whereas 
external water potential is induced by external fields. The derived thermodynamic formulation of total water 
potential includes four independent components: one for internal water potential, that is, capillarity; and three 
for external water potential, that is, adsorption, gravity, and osmosis. The independent contributions of the four 
components ensure the avoidance of double-counting in the proposed thermodynamic formulation.

The derived thermodynamic formulation can be theoretically reduced to the conventional capillary-based defi-
nition of matric potential without considering external fields under isothermal condition; can be reduced to the 
unitary matric potential equation ignoring solute's effect on adsorption under isothermal condition; and can be 
reduced to the Philip's formulation without considering the spatial variation of external fields, verifying the 
generality of the proposed thermodynamic framework. Besides, a justification in terms of mechanical equilib-
rium criteria further confirms the validity of the developed thermodynamic formulation.

The derived formulation predicts the spatially varied nature of pore water pressure in soil subject to external 
fields, that is, the local pore water pressure reaches up to hundreds of MPa near particle surfaces but decrease 
to a value below air pressure far from particle surfaces. The predicted spatially varied local pore water pressure 
has been implemented to decipher dilemmas of abnormal soil water density, peculiar film water viscosity and 
relative permittivity, demonstrating the proposed formulation's practical advantage for better understanding and 
quantifying various fundamental soil behaviors.

Appendix A
A1. Derivation of Chemical Potential as Gibbs Free Energy per Mole

Herein, a description of chemical potential as Gibbs free energy per mole is derived, and this derivation can be 
obtained from Blundell and Blundell (2009). Scaling a thermodynamic system 1 to system 2 by a factor λ, the 
relations of extensive variables between the two systems can be written as, shown in Figure A1:

𝑈𝑈2 = 𝜆𝜆𝑈𝑈1, 𝑆𝑆2 = 𝜆𝜆𝑆𝑆1, 𝑉𝑉2 = 𝜆𝜆𝑉𝑉1, 𝑁𝑁2 = 𝜆𝜆𝑁𝑁1 (A1)

where U = internal energy of the system (J); S = entropy of the system (J/K); V = volume of the system (m 3); 
N = the number of moles of particles in the system (mol); and the subscript 1 and 2 represent the system 1 and 
2, respectively.

In thermodynamics, the entropy in system 2 can be expressed as a function of internal energy, volume, and the 
number of moles of particles:

𝑆𝑆2 (𝑈𝑈2, 𝑉𝑉2, 𝑁𝑁2) = 𝑆𝑆2 (𝜆𝜆𝑈𝑈1, 𝜆𝜆𝑉𝑉1, 𝜆𝜆𝑁𝑁1) = 𝜆𝜆𝑆𝑆1 (𝑈𝑈1, 𝑉𝑉1, 𝑁𝑁1) (A2)
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Differentiating λ on both two sides of Equation A2 leads to:

𝑆𝑆1 (𝑈𝑈1, 𝑉𝑉1, 𝑁𝑁1) =
𝜕𝜕𝑆𝑆2

𝜕𝜕 (𝜆𝜆𝑈𝑈1)

𝜕𝜕 (𝜆𝜆𝑈𝑈1)

𝜕𝜕𝜆𝜆
+

𝜕𝜕𝑆𝑆2

𝜕𝜕 (𝜆𝜆𝑉𝑉1)

𝜕𝜕 (𝜆𝜆𝑉𝑉1)

𝜕𝜕𝜆𝜆
+

𝜕𝜕𝑆𝑆2

𝜕𝜕 (𝜆𝜆𝑁𝑁1)

𝜕𝜕 (𝜆𝜆𝑁𝑁1)

𝜕𝜕𝜆𝜆
 (A3)

Equation  A3 can be simplified via the following identifications (e.g., Baierlein & Cook,  1999; Blundell & 
Blundell, 2009; Ganguly, 2008):

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

𝑁𝑁𝑁𝑁𝑁

=
1

𝑇𝑇
𝑁

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝑁𝑁

)

𝑁𝑁𝑁𝜕𝜕

=
𝑝𝑝

𝑇𝑇
𝑁

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝑁𝑁

)

𝜕𝜕𝑁𝑁𝑁

= −
𝜇𝜇

𝑇𝑇
 (A4)

where T = temperature of the system (K); p = pressure of the system (Pa); and μ = chemical potential of particles 
(J/mol).

Substituting Equation A4 into Equation A3 yields:

𝑆𝑆1 =
𝑈𝑈1

𝑇𝑇
+

𝑝𝑝𝑝𝑝1

𝑇𝑇
−

𝜇𝜇𝜇𝜇1

𝑇𝑇
 (A5)

Equation A5 can be further expressed as:

𝑈𝑈1 − 𝑇𝑇𝑇𝑇1 + 𝑝𝑝𝑝𝑝1 = 𝜇𝜇𝜇𝜇1 (A6)

Note that the Gibbs free energy is defined as:

�1 = �1 + ��1 − ��1 (A7)

Combining Equation A6 and A7 yields the description of chemical potential as Gibbs free energy per mole:

𝜇𝜇 =
𝐺𝐺1

𝑁𝑁1

⇒𝐺𝐺1 = 𝜇𝜇𝑁𝑁1 (A8)

A2. Derivation of the Gibbs Free Energy Change Induced by External Fields

For a system subjected to external fields (e.g., gravity), a term of non-expansion work WNER should be introduced 
into the first law of thermodynamics to maintain energy conservation. This appendix proves that the Gibbs free 
energy change induced by external fields is equal to the negative non-expansion work.

Considering a capillary tube subjected to gravity and ambient air pressure p a, the water pressure profile is 
illustrated in Figure  A2, increasing linearly from a negative value to a positive value from air-water surface 
to the bottom. In this capillary tube, a height h1 where water pressure equals p a can be determined, shown in 
Figure A2d. For a reversible transformation from free water ζ(f) state to water state of ζ(h1) with fixed moles 
of water molecules, the change of internal energy U w (J) can be calculated via the first law of thermodynamics, 
shown in Figure A2:

Figure A1. Schematic of the scaling thermodynamic systems.
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𝑈𝑈w

𝜁𝜁(ℎ1)
− 𝑈𝑈w

𝜁𝜁 (f )
= Δ𝑈𝑈 = −𝑝𝑝aΔ𝑉𝑉 w

+ 𝑇𝑇 w
Δ𝑆𝑆w

− Δ𝑊𝑊NER,g (A9)

Equation A9 can be reorganized as:
[

𝑈𝑈w

𝜉𝜉(ℎ1)
+ 𝑝𝑝a𝑉𝑉 w

𝜉𝜉(ℎ1)
− 𝑇𝑇 w𝑆𝑆w

𝜉𝜉(ℎ1)

]

−

[

𝑈𝑈w

𝜉𝜉(f )
+ 𝑝𝑝a𝑉𝑉 w

𝜉𝜉(f )
− 𝑇𝑇 w𝑆𝑆w

𝜉𝜉(f )

]

= −Δ𝑊𝑊NER,g (A10)

with the definition of Gibbs free energy: G = U + pV − TS, Equation A10 can be expressed as:

𝐺𝐺w

𝜉𝜉(ℎ1)
− 𝐺𝐺w

𝜉𝜉(f )
= Δ𝐺𝐺w

= −Δ𝑊𝑊NER,g (A11)

Therefore, the Gibbs free energy change from ζ(f) to ζ(h1) is exclusively contributed by the non-expansion work. 
Note that the change of Gibbs free energy can also be expressed as volume times water potential:

𝐺𝐺w

𝜉𝜉(ℎ1)
− 𝐺𝐺w

𝜉𝜉(f )
= Δ𝐺𝐺w

= 𝑉𝑉 w𝜓𝜓tot (ℎ1) (A12)

The water potential at h1 can be expressed as:

𝜓𝜓tot (ℎ1) = 𝜓𝜓m + 𝜓𝜓g =

⎡

⎢

⎢

⎢

⎣

𝑝𝑝w (ℎ1) − 𝑝𝑝a

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
matric potential𝜓𝜓m

+ 𝛾𝛾wℎ1

⎤

⎥

⎥

⎥

⎦

= 𝛾𝛾wℎ1 (A13)

Substituting Equations A12 and A13 into Equation A11, the non-expansion work can be expressed as follows 
when the system is subjected to gravity:

−Δ𝑊𝑊NER,g = 𝑉𝑉 w𝛾𝛾wℎ1 = Φ
w

𝜁𝜁(ℎ1),g
(ℎ1) (A14)

Equation A14 proves that the external force field changes the water potential in terms of non-expansion work.

Figure A2. Illustrations of: (a) system of free water at pressure of p a; (b) system of capillary water at pressure of p a under 
gravity; (c) capillary water tube subject to gravity; and (d) water pressure profile in the tube.
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Nomenclature
Notation

𝐴𝐴 𝐴𝐴  statistical distance to the soil particle surface (m)
𝐴𝐴 𝐴𝐴0  statistical distance to the soil particle surface for the reference free water state (m)
𝐴𝐴 𝐴𝐴m  statistical distance to the soil particle surface at meniscus (m)
𝐴𝐴 𝐴𝐴  concentration of solution (mol/L)
𝐴𝐴 𝐴𝐴0  concentration of solution for the reference free water state (mol/L)
𝐴𝐴 𝐴𝐴𝑚𝑚  concentration of solution at meniscus (mol/L)
𝐴𝐴 𝐴  elevation (m)
𝐴𝐴 𝐴0  elevation of the reference free water state (m)
𝐴𝐴 𝐴m  elevation of a point at meniscus (m)
𝐴𝐴 𝐴𝐴  Gibbs free energy for a system (J)
𝐴𝐴 𝐴𝐴w  Gibbs free energy of water (J)
𝐴𝐴 𝐴𝐴w

𝜁𝜁 (f )
  Gibbs free energy of water for the free water state ζ(f) (J)

𝐴𝐴 𝐴𝐴w

𝜁𝜁 (s)
  Gibbs free energy of water for the soil water state ζ(s) (J)

𝐴𝐴 𝐴𝐴  internal energy for a system (J)
𝐴𝐴 𝐴𝐴w

𝜁𝜁 (f )
  internal energy of water for the free water state (J)

𝐴𝐴 𝐴𝐴w

𝜁𝜁(ℎ1)
  internal energy of water with the state h = h1 (J)

𝐴𝐴 𝐴𝐴  chemical potential for a system (J/mol)
𝐴𝐴 𝐴𝐴w  chemical potential of water (J/mol)
𝐴𝐴 𝐴𝐴w  molar volume of water (m 3/mol)
𝐴𝐴 𝐴𝐴  number of moles for a system (mol)
𝐴𝐴 𝐴𝐴w  number of moles of water (mol)
𝐴𝐴 𝐴𝐴w  water pressure (Pa)
𝐴𝐴 𝐴𝐴a  ambient air pressure (Pa)
𝐴𝐴 𝐴𝐴w

𝜁𝜁(𝑥𝑥m ,𝑐𝑐m ,ℎm)
  water pressure at meniscus (Pa)

𝐴𝐴 𝐴𝐴w
𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)

  water pressure for a state ζ(x,c,h) (Pa)
𝐴𝐴 𝐴𝐴   temperature for a system (K)
𝐴𝐴 𝐴𝐴 w  temperature of water (K)
𝐴𝐴 𝐴𝐴  entropy for a system (J/K)
𝐴𝐴 𝐴𝐴w  entropy of water (J/K)
𝐴𝐴 𝐴𝐴   volume for a system (m 3)
𝐴𝐴 𝐴𝐴 w  volume of water (m 3)
𝐴𝐴 𝐴𝐴 w

𝜁𝜁 (f )
  volume of water for the free water state (m 3)

𝐴𝐴 𝐴𝐴𝑖𝑖  van't Hoff factor of electrolyte (−)
𝐴𝐴 𝐴𝐴  universal gas constant (J mol −1 K −1)
𝐴𝐴 𝐴𝐴tot  total water potential (Pa)
𝐴𝐴 𝐴𝐴int  internal water potential (Pa)
𝐴𝐴 𝐴𝐴ext  external water potential (Pa)
𝐴𝐴 𝐴𝐴m  matric potential (Pa)
𝐴𝐴 𝐴𝐴g  gravitational potential (Pa)
𝐴𝐴 𝐴𝐴o  osmotic potential (Pa)
𝐴𝐴 𝐴𝐴sorp  soil sorptive potential (SSP) (Pa)
𝐴𝐴 𝐴𝐴ele  electric component of SSP (Pa)
𝐴𝐴 𝐴𝐴vdW  van der Waals component of SSP (Pa)
𝐴𝐴 𝐴𝐴osm  osmotic component of SSP (Pa)
𝐴𝐴 𝐴𝐴hyd  hydration component of SSP (Pa)
𝐴𝐴 𝐴𝐴vap  water potential of vapor (Pa)
𝐴𝐴 𝐴𝐴min  SWRC parameter: minimum matric potential (Pa)
𝐴𝐴 𝐴𝐴cav  SWRC parameter: mean cavitation potential (Pa)
𝐴𝐴 𝐴𝐴NER  non-expansion work (J)

�NER,g  non-expansion work of gravity (J)
𝐴𝐴 𝐴𝐴NER,o  non-expansion work of osmosis (J)
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𝐴𝐴 𝐴𝐴NER,sorp  non-expansion work of adsorption (J)
𝐴𝐴 Φ  external potential energy for a system (J)
𝐴𝐴 Φ

w

𝜁𝜁 (f )
  external potential energy of water for the free water state ζ(f) (J)

𝐴𝐴 Φ
w

𝜁𝜁 (s)
  external potential energy of water for the soil water state ζ(s) (J)

𝐴𝐴 Φ
w

𝜁𝜁 (s),g
  gravitational force field potential energy of water for the soil water state (J)

𝐴𝐴 Φ
w

𝜁𝜁 (s),o
  osmotic force field potential energy of water for the soil water state (J)

𝐴𝐴 Φ
w

𝜁𝜁 (s),sorp
  adsorptive force field potential energy of water for the soil water state (J)

𝐴𝐴 Φ
w

𝜁𝜁(𝑥𝑥m ,𝑐𝑐m .ℎm)
  external potential energy of water at meniscus (J)

𝐴𝐴 Φ
w

𝜁𝜁 (𝑥𝑥𝑥𝑥𝑥𝑥𝑥)
  external potential energy of water for the state ζ(x,c,h) (J)

𝐴𝐴 𝐴𝐴  radius of the meniscus (m)
𝐴𝐴 𝐴𝐴  contact angle (°)
𝐴𝐴 𝐴𝐴s  surface tension (N/m)
𝐴𝐴 𝐴𝐴w  compressibility of water (Pa −1)
𝐴𝐴 RH  relative humidity (−)
𝐴𝐴 𝐴𝐴  soil water content (g/g)
𝐴𝐴 𝐴𝐴s  saturated water content (g/g)
𝐴𝐴 𝐴𝐴amax  SWRC parameter: adsorption capacity (g/g)
𝐴𝐴 𝐴𝐴w  unit weight of water (N/m 3)
𝐴𝐴 𝐴𝐴sorp  adsorption force (N)
𝐴𝐴 𝐴𝐴  SWRC parameter: adsorption strength (−)
𝐴𝐴 𝐴𝐴  SWRC parameter: pore-size distribution parameter (−)
𝐴𝐴 1∕𝛼𝛼  SWRC parameter: air-entry potential (Pa)
𝐴𝐴 SSA  specific area (m 2/g)
𝐴𝐴 𝐴𝐴  adsorptive water film thickness (m)
𝐴𝐴 𝐴𝐴  mean curvature of water-air interface (m −1)
𝐴𝐴 𝐴𝐴 (𝑣𝑣)  adsorptive component (Pa)
𝐴𝐴 𝐴𝐴(𝜅𝜅)  capillary component (Pa)

Data Availability Statement
Any data used in the figures and tables can be accessed from the cited references.
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