Unified Effective Stress Equation for Soil
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Abstract: Since the early 2000s, suction stress has been conceptualized as a unitary way to quantify effective stress in soil, i.e., effective
stress equals to total stress minus suction stress. Suction stress is the part of effective stress purely due to soil-water interaction. When soil
is saturated, suction stress is the pore water pressure, whereas when soil is unsaturated, suction stress is a characteristic function of soil called
the suction stress characteristic curve (SSCC). Two physicochemical soil-water retention mechanisms are responsible for the SSCC:
capillarity and adsorption. These two mechanisms are explicitly considered to develop a closed-form equation for the SSCC and effective
stress. The SSCC data from the literature for a variety of soils ranging from clean sand to silty and clayey soils are used to validate
the equation, indicating that the equation can well represent the data. Additional validation is achieved using experimental data of the
apparent elastic modulus and the SSCC to predict the soil shrinkage curves. The equation can be reduced to Lu et al.’s previous closed-form
equation for the SSCC when capillarity dominates soil-water retention, can be reduced to the Bishop’s effective stress equation when
capillarity is the sole soil-water retention mechanism, and can be reduced to the Terzaghi’s classical effective stress equation when soil is
saturated. DOI: 10.1061/(ASCE)EM.1943-7889.0001718. © 2019 American Society of Civil Engineers.
Author keywords: Effective stress; Suction stress; Soil water retention; Capillarity; Adsorption; Unsaturated soil.

Introduction
Effective stress, pioneered by Terzaghi (1943), has been the cornerstone for soil mechanics. It has been widely used to quantify two
essential criteria for design and analysis of earthen materials:
strength and deformation. Quoting Terzaghi’s description of effective stress, “the effective stress, : : : represents that part of the total
stress : : : produces measurable effects such as compaction or an
increase of the shear resistance” (Terzaghi 1943). For soil under
saturated conditions with total stress σij and pore water pressure
uw , Terzaghi defined the effective stress σij0 mathematically as
σij0 ¼ σij − uw δ ij

ð1Þ

where the subscript i and j = tensor index varying from 1 to 3; and
δ ij = Kronecker delta.
For soil under unsaturated conditions, which is arguably more
common than saturated conditions in shallow geotechnical applications, different forms of effective stress have been proposed since
the fifties of the last century. Well known among these is the form
proposed by Bishop (1959), who defined effective stress by using
total stress σij , air pressure ua , and water pressure uw
σij0 ¼ σij − ua δij − χðuw − ua Þδ ij

ð2Þ

where χ = scaling parameter depending on a soil’s degree of saturation. Two essential features in Bishop’s effective stress endure
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its use in research and practice over the years yet remain incomplete
in quantifying the effective stress: the use of the scaling parameter
χ and capillary pressure (uw –ua ). Bishop (1954, 1959) specified
that the parameter χ can be a function of the degree of saturation
with the constraints of being zero when soil is completely dry and
being unity when soil is fully saturated. Such constraints would
apparently make Eq. (2) consistent with Terzaghi’s Eq. (1) because
these constraints can reduce Eq. (2) to the same form as Eq. (1)
when a soil is either completely dry or saturated. Tremendous
research efforts have been made to seek a proper expression for
the parameter χ by exploring its dependence on either degree of
saturation (e.g., Öberg and Sällfors 1997) or capillary pressure
(e.g., Khalili and Khabbaz 1998). The second feature is that
Eq. (2) inherently assumes that the state of unsaturated conditions
is governed by capillary pressure (uw – ua ). In the literature, until
recent years, capillary pressure is universally considered identical to matric suction or negative matric potential (−ψm ) in value
but is opposite in sign, i.e., matric suction ¼ −ψm ¼ ua − uw ¼
−ðuw − ua Þ.
Studies in recent decades (e.g., Lu and Likos 2004, 2006; Zhang
and Lu 2019; Lu and Zhang 2019) indicate that both these features
are generally incorrect for soil under unsaturated conditions. Experimental evidence (e.g., Escario and Sáez 1986; Cui and Delage
1996; Lu and Likos 2004, 2006; Lu et al. 2010) indicates that when
soil is dry or under high matric suction, part of effective stress defined by the second term on the right hand side of Eq. (2) is only
zero for clean sand but nonzero for other types of soils like silts and
clays. Theoretical and experimental results show that the component of effective stress in the second term of Eq. (2) originates from
interparticle stresses and could be as high as 1 MPa in completely
dry clayey soils (Lu and Griffiths 2004; Lu and Likos 2006).
Relationships among Capillary Pressure,
Matric Suction, and Effective Stress
The second salient feature in Bishop’s effective stress, which has
drawn little challenge over the years, is the use of capillary pressure
(uw – ua ) as matric potential or negative matric suction. Using
capillary pressure as the negative matric suction has been widely
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adopted in many disciplines such as soil physics, hydrology, geotechnical engineering, and engineering mechanics. In all of these
fields, matric suction has been widely considered as one of the most
fundamental variables in defining the state of thermodynamic energy in soil water. Therefore, it is necessary to clarify the physical
origin of matric suction and its relevance to effective stress and
capillary pressure.
One fundamental question regarding the use of matric suction is
the following: what is the physical definition of matric suction and
its relevance to effective stress? Matric suction or negative matric
potential is the soil water energy below the free water energy
(commonly set to be zero) that is equilibrated with the ambient
air energy (pressure). This energy is called free energy because it
is readily available to be transferred through physical or physicochemical interactions. The free energy of soil water could be
reflected in the forms of mechanical energy (pressure) or electromagnetic energy (soil sorptive potential) (Lu and Zhang 2019). Stresses
in soil, in contrast, reflect the mechanical energy per unit volume of
the soil-water-air mixture. To convert matric suction to a stress quantity mechanically equivalent to other stresses on the unit volume of
the soil-water-air mixture, matric suction needs to be upscaled from a
pore water scale to a soil-water-air mixture scale. For example, the
parameter χ in Bishop’s Eq. (2) serves for the scaling purpose to
convert capillary pressure to a stress quantity equivalent to the
total stress or effective stress. Therefore, matric suction is a state
variable defining the state of soil water energy rather than a stress
variable in soil (Lu 2018). Nevertheless, in geotechnical engineering,
matric suction has been often erroneously considered as a stress
variable in defining a stress state (Coleman 1962; Fredlund and
Morgenstern 1977) and quantifying deformation (e.g., Alonso
et al. 1990; Fredlund and Rahardjo 1993), in lieu of the effective
stress.
Another fundamental question is as follows: can matric suction
be fully defined by capillary pressure? Fig. 1(a) defines the representative elementary volume (REV) for matric suction or matric
potential. In addition to capillarity, adsorption resulting from particle surface hydration, cation hydration, and van der Waals attraction is another soil-water interaction mechanism in lowering matric
potential or elevating matric suction. The magnitude of adsorption
is often many orders lower than that of capillarity (e.g., McQueen
and Miller 1974; Tuller et al. 1999; Lu and Likos 2004; Baker and
Frydman 2009; Lu 2016; Lu and Khorshidi 2015; Zhang and Lu
2018b). A more general definition of matric potential than capillary
pressure, including contributions from both capillary water and adsorptive water, is illustrated in Fig. 1. Consequently, both matric
suction and effective stress expressions should reflect the effects
of both capillarity and adsorption.

(a)

(b)

(c)

Suction Stress Concept and Current Challenges

(d)

To account for both capillarity and adsorption, Lu and Likos (2006)
coined a term called suction stress to represent all known physicochemical (adsorption) and capillary interparticle stresses: namely,
the van der Waals attraction, double layer repulsion, cementation
(attractive), capillary pressure (attractive), and air-water interfacial
tension (attractive). As revealed (Lu and Likos 2006), a unique feature of the suction stress is that it is mechanically counter-balanced
by the interatomic scale of Born’s repulsion. As such, the external
stress like the total stress does not need to be mechanically involved
for soil to deform, which is in contrast to the effective stress in
Terzaghi’s definition and Eq. (1). Here, suction stress is a part
of the effective stress and independent of the total stress, unlike
the water pressure being considered as a part of the total stress conceptualized by Terzaghi (1943). Because all of the aforementioned
© ASCE

Fig. 1. Conceptual illustrations of (a) REV for matric suction or matric
potential; (b) two-particle system with pore water pressure/sorptive
potential REV; (c) spatially varied local pore water pressure; and
(d) generalized soil water retention curve.

five components of the suction stress depend on soil water content
and composition, Lu and Likos (2004) termed this part of effective
stress as the suction stress characteristic curve (SSCC).
Suction stress σs or the SSCC, therefore, is used as a way to
extend the Bishop’s effective stress to include both capillary and
physicochemical, or adsorptive effects, and to generalize Terzaghi’s
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effective stress under both saturated and unsaturated conditions
(Lu and Likos 2006; Lu et al. 2010)
σij0 ¼ σij − ua δ ij − σs δij

ð3Þ

A closed-form equation for suction stress σs is proposed
and validated (Lu and Likos 2006; Lu et al. 2007, 2009, 2010,
2014) by using a wide spectrum of the existing experimental data
for various soils under matric suction < 1.5 MPa. This equation,
in terms of the gravimetric water content w, saturated water content ws , and residual water content wr , is expressed as (Lu et al.
2010)
σs ðwÞ ¼ −

1

w − wr
αSWR ws − wr



w − wr
ws − wr

nSWR =1−nSWR

−1

1=nSWR

ð4Þ

where αSWR = fitting parameter related to the inverse of the airentry pressure; and nSWR = fitting parameter related to the pore size
distribution. Note that the gravimetric water content w, instead of
some commonly used degree of saturation or void ratio, is used in
this study because adsorptive water content depends on soil mass
not void ratio or porosity (Zhang and Lu 2018b). In arriving at the
preceding equation, van Genuchten’s (1980) soil-water retention
curve (VG’s SWRC) is used to link matric potential ψm to water
content
ψ m ¼ uw − ua ¼ −

1
αSWR



w − wr
ws − wr

nSWR =1−nSWR

−1

1=nSWR

ð5Þ

Experimental data (e.g., Escario and Sáez 1986; Cui and Delage
1996; Lu and Likos 2004, 2006; Lu et al. 2010) showed that Eq. (4)
can well represent suction stress, and Eq. (5) can well represent soil
water retention for soil within the capillary regime, i.e., for matric
suction less than a few tens of MPa. Eqs. (4) and (5) can be
smoothly reduced to zero suction stress or pore water pressure
uw when a soil reaches full saturation, i.e., w ¼ ws and ua ¼ 0,
and can predict nonzero suction stress for clayey and silty soils
and zero suction stress for clean soil when the water content w approaches to the residual water content wr (Lu and Likos 2004).
Hence, the residual water content wr is a rough way to account
for adsorptive water, which limits the ability of both the VG’s
SWRC (van Genuchten 1980) model and Lu et al.’s (2010) SSCC
model for realistic representations of soil water retention and
suction stress behavior in the adsorptive regime, i.e., for matric
suction > a few tens of MPa.
Subsequently, using the recent unitary definition of matric
potential (Zhang and Lu 2019) and solid water retention curve
(SWRC) model (Lu 2016) that includes both capillary and adsorptive water retention mechanisms, a new closed-form equation for
suction stress is developed, leading to a unified effective stress
equation for soil under the full range of matric suction.

Conceptual Model for SSCC with Adsorptive and
Capillary Mechanisms
Capillarity is caused by the mechanical interaction at the air-watersolid interface, and generates an intermolecular stress, i.e., capillary
pressure, lowering matric potential. As such, the decrease in matric
potential due to capillarity is controlled by interfacial properties
of surface tension, contact angle, and interface curvature (via pore
sizes), and can be quantified by using the Young-Laplace equation.
In an idealized two-particle soil-water-air system or REV for
pore water pressure or sorptive potential at the thermodynamic
© ASCE

equilibrium [shown in Fig. 1(b)], matric potential ψm is defined
as a constant across the entire soil water.
Adsorption is caused by electromagnetic fields of van der
Waals, double-layer, surface, and cation hydration. These fields
vary highly with the distance x from the particle contact but are
independent of the water content. The combination of all these
electromagnetic potentials is called soil sorptive potential (SSP)
ψsorp (Zhang and Lu 2019; Lu and Zhang 2019). When polar materials like water are emplaced in these electromagnetic fields, the
interwater-molecular stress or water pressure uw is developed,
which exponentially varies with respect to the distance x, as illustrated in Fig. 1(c). For an equilibrium system at a given water content w, matric potential ψm is uniquely defined as a constant for the
REV, leading to a unitary definition of matric potential (Zhang and
Lu 2018a; Lu and Zhang 2019)
ψm ðwÞ ¼ uw ðx; wÞ − ua þ ψsorp ðxÞ

ð6Þ

Note that both the pore water pressure uw and SSP ψsorp defined
locally within the REV, for a given matric potential ψm , are functions of the distance x and can be analytically obtained (Lu and
Zhang 2019) or experimentally (Zhang and Lu forthcoming).
The resulting matric potential ψm as a function of water content
including both capillarity and adsorption is illustrated in Fig. 1(d).
Because the capillary water is far away from the particle surface or
contact (large x), soil sorptive potential is zero, and therefore matric
potential equals to capillary pressure (uw –ua ), as governed in
Eq. (6) and illustrated in Fig. 1(c). On the other hand, under both
saturated or unsaturated conditions, near the particle contact or
in the adsorptive water (small x), the pressure uw ðx; wÞ is highly
compressive and spatially-varying, owing to the low soil sorptive
potential. The compressive pressure, as high as 0.5 GPa, is quantitatively theorized to increase soil water density up to 1.3 g=cm3 in
the first few layers of adsorptive water near the particle surface
(Zhang and Lu 2018b).
The resulting interparticle stresses or force distributions between the two particles can be conceptualized through a crosssection along the middle plane of the REV shown in Fig. 2(a).
The total area A along this plane can be divided into the contact area
Ac (solid or water) and noncontact area (air). The contact area Ac
consists of the adsorptive area Aads , capillary area Acap , and dry area
Adry . Close to the particle-to-particle contact (x ¼ 0), SSP ψsorp ðxÞ is
strong and leads to highly compressive water pressure uw ðx; wÞ, as
governed by Eq. (6) and illustrated in Figs. 1(b) and 2(b). Away from
the particle-to-particle contact, SSP decays rapidly to zero for a distance x typically greater than several to hundreds of nm (depends on
soil types), where the water pressure reduces to the capillary pressure
that is controlled by the air-water interface curvature, contact angle,
and surface tension.
The rates of change in the adsorptive water and capillary
water with respect to the rate of total contact area are different.
As the water content decreases, the capillary water contact area
decreases first and linearly with the water content [Fig. 2(c)].
Below certain water content, the adsorptive water contact area
starts to decrease, but nonlinearly, as the adsorptive water in the
noncontacting area (on the particle surface) also simultaneously
decreases [Fig. 2(c)]. At zero water content or completely dry, the
contact area reduces to a constant Adry , representing the solid-tosolid contact.
Suction stress along the unit length of the soil-water-air REV
can be conceptually arrived at by upscaling the stress and pressure
distributions [shown in Fig. 2(b)] using the corresponding contact
areas [shown in Fig. 2(c)], in other words
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Fcap
½σpc ðxÞ þ uw ðxÞdAðxÞ þ
A
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Aads
Z A
Z A þA
Z A
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Fcap
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ads
1
1
1
1 Aads þAcap
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σpc ðxÞdAðxÞ þ
σpc ðxÞdAðxÞ þ
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σs ¼

1
A

Aads

Z

½σpc ðxÞ þ uw ðxÞdAðxÞ þ

Aads þAcap

σsads

σscap

where Fcap = local capillary force due to the surface tension; and
σpc = interparticle physicochemical stress consisting of van der
Waals attraction and an electrical double layer repulsion (Lu and
Likos 2006). The first three terms on the second line of the preceding equation can be conceptually considered as the contribution of
adsorptive stresses (physicochemical forces) to suction stress σsads ,
and the last two terms are the contribution of capillary pressure to
suction stress σscap . In light of the qualitative illustration of the interparticle stresses in Fig. 2(b) and the contact areas in Fig. 2(c), the
functional dependence of suction stress components and the resulting suction stress characteristic curve are illustrated in Fig. 2(d).
The exact forms of these two suction stress components and the
resulting SSCC will be developed next.

Development of Unified Effective Stress Equation
As demonstrated in the preceding section, suction stress can be decomposed into two water content-dependent components: adsorptive suction stress σsads and capillary suction stress σscap . As such, the
effective stress can be expressed as
σij0 ¼ σij − ua δ ij − σs ðwÞδ ij

ð8aÞ

σs ðwÞ ¼ σsads ðwÞ þ σscap ðwÞ

ð8bÞ

Adsorptive Suction Stress
The physical source for adsorptive suction stress is mainly the van
der Waals attraction, electrical double layer repulsion, and pore
water pressure between the two adjacent soil particles (Lu and
Likos 2006). At the oven-dry state, the adsorptive suction stress
exhibits a maximum because of the maximum of the van der Waals
attraction, and the disappearances of both the electrical double layer
repulsion and pore water pressure. The van der Waals attraction is
at its maximum because of the maximum solid-to-solid contact area,
minimum particle-to-particle distance, and maximum Hamaker constant (Hamaker 1937; Israelachvili 1992). The Hamaker constant
provides a means to describe the magnitude of the van der Waals
attraction (Hamaker 1937; Israelachvili 1992). Upon wetting, water
will penetrate into the contact region; the van der Waals attraction
for the solid-to-solid (higher the Hamaker constant) is gradually
transferred to weaker van der Waals attraction for the solid-watersolid contact (lower Hamaker constant) (e.g., Israelachvili 1992).
Meanwhile, the penetrated water increases the particle separation
distance and thereby significantly weakens the van der Waals, which
is a highly nonlinear decay function of the particle separation distance. Also, the electrical double layer repulsion and compressive
pore water pressure along the contact areas due to the soil sorptive
potential start to develop, resulting in a highly nonlinear decay in the
adsorptive suction stress illustrated in Fig. 2(d). Therefore, the adsorptive suction stress can be formulated as the maximum suction
stress at the oven-dry state σsdry multiplied with a dimensionless scaling function fads varying between unity and zero
© ASCE

ð7Þ

σsads ðwÞ ¼ fads ðwÞσsdry

ð9aÞ

The suction stress at the oven-dry state σsdry is a macroscale
manifestation of the van der Waal attraction between particles
and thereby depends solely on the magnitude of van der Waals
forces (via Hamaker constant of minerals) and amount of contact
area [via soil fabrics and specific surface area (SSA)]. As such, σsdry
is a soil property combining the effects of contact area and mineral
properties on suction stress and independent of water content or
matric suction.
The dimensionless scaling function fads ðwÞ reflects the result of
the competition among particle-particle attraction, electrical
double-layer repulsion, and local water pressure distributions in
terms of probability: unity indicates the sole control of particle
to particle van der Waals attraction, and zero indicates no adsorptive
(physicochemical) suction stress. This function may be described
solely in terms of either matric suction or water content. Considering the fact of the abnormal soil water density in adsorptive water
(e.g., Zhang and Lu 2018a, b), the water content is more dependent
on the mass of soil than the total soil volume. Therefore, the scaling
function is formulated as a function of the gravimetric water content. Physically, this scaling function will diminish or be zero when
total water content marking transition to capillary water retention
(referred in this study as the transitional water content wSS
tran ) is
reached. This scaling function will be at its maximum value of
1.0 at the oven-dry state. The dimensionless scaling function satisfying all these physical constraints can be written as



1
w − wSS
tran
f ads ðwÞ ¼ 1 − erf β
2
wSS
tran

ð9bÞ

where β = dimensionless parameter reflecting the strength of
adsorptive suction stress and depends on soil types and soil fabrics.
Capillary Suction Stress
Experimental evidence shows that Lu et al.’s (2010) SSCC equation
can well represent the suction stress of sandy soils where capillary
suction stress dominates (Lu and Likos 2006; Lu et al. 2007,
2009, 2010, 2014). For silty and clayey soils, the very fine particles can provide very small capillary pores and produce high
tensile pressure. The soil water under such high tensile pressure
is at the metastable state and can spontaneously cavitate below a
threshold capillary pressure, i.e., cavitation pressure (e.g., Or and
Tuller 2002; Baker and Frydman 2009; Lu 2016). This cavitation phenomenon is not included in Lu et al.’s (2010) SSCC equation. In this study, a dimensionless scaling function for capillary
water fcap ðwÞ varying between unity and zero is introduced to
consider the liquid water cavitation and extend Lu et al.’s (2010)
equation
σscap ðwÞ ¼ −
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fcap ðwÞ w
αSS ws



w
ws

nSS =1−nSS

−1

1=nSS

ð10aÞ
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where αSS = fitting parameter related to the inverse of the average
capillary suction stress; ws = saturated gravimetric water content that
reflects void ratio or porosity; and nSS = fitting parameter related to
the pore-size distribution for the capillary suction stress. Physically,
the scaling function fcap ðwÞ should be zero at the oven-dry state
where no capillary water exists and should be 1.0 at the fully saturated state where capillary water reaches its maximum. Using Lu’s
(2016) SWRC model to examine the solid water retention (SWR)
data of a variety of soils, Zhang and Lu (2018b) found that the cavitation point is strongly related to the maximum adsorptive water
content, thus relating to the transitional water content. This strong
correlation is physically justified because the presence of soil sorptive potential would increase pore water pressure within a soil pore,
leading to a shift in cavitation point. Therefore, the scaling function
for capillary water can be expressed as



1
w − wSS
tran
ð10bÞ
fcap ðwÞ ¼ 1 þ erf 4
2
wSS
tran

(a)

Suction Stress Equation Characteristics

(b)

(c)

(d)

Fig. 2. Conceptual model for suction stress incorporating both capillarity and adsorption: (a) two-particle soil-water-air REV for matric
potential and suction stress; (b) spatially varied pore water pressure
and physicochemical stress within the REV at a given water content;
(c) variation of contact area ratios with the degree of saturation; and
(d) conceptual illustration for the generalized suction stress curve.
© ASCE

The proposed unified equation for effective stress [through
Eqs. (8)–(10)] involves six parameters with certain physical meanings: two for adsorption, i.e., σsdry and β; two for capillarity, i.e., αSS
and nSS ; and two for both, i.e., wSS
tran and ws . The characteristics and
variability of the unifed equation can be assessed through a series of
parametric studies, as shown in Fig. 3. For comparison, the reference state is set as a typical silty soil with σsdry ¼ −100 kPa;
β ¼ 3.0; αSS ¼ 0.05 kPa−1 ; nSS ¼ 2.5, and wSS
tran =ws ¼ 0.1.
The suction stress at the oven-dry state σsdry controls the overall
magnitude of adsorptive suction stress, as illustrated in Fig. 3(a).
From the existing suction stress data (e.g., Lu and Likos 2006; Lu
et al. 2010), the higher the clay content, the lower (more negative)
σsdry . The lowest (least negative) value of σsdry is found to be
1.4 MPa for compacted Denver bentonite.
The parameter β dictates the transition between adsorption and
capillarity and, thereby, defines the strength of adsorptive suction
stress strength, as illustrated in Fig. 3(b). For the various types of
soils analyzed, the width of the transition zone is narrow, as depicted in Zhang and Lu (2018b). Parametric study on various types
of soil used in this work indicates that the strength of the adsorptive
suction stress β mainly depends on soil type; expansive clays have
wider transition zones and much lower β values than nonexpansive clays.
The parameter αSS is related to the average capillary suction
stress, which bears a physical meaning different from the air-entry
parameter αSWR commonly used in SWRC models. The latter is
widely considered related to the inverse of the matric suction when
soil desaturates. The value of the parameter αSS is inversely proportional to the average capillary suction stress, as shown in Fig. 3(c).
A parametric study on various types of soil used in this work indicates that the αSS value is mainly dependent on the average pore size
through soil type and void ratio. In general, clays have small pore
sizes, low αSS values, and higher average capillary suction stress than
silt and sand, which have large pore sizes and high αSS values. The
average capillary suction stress can be as high as 150 kPa in clayey
soil and as low as 5 kPa in sandy soil.
The parameter nSS can be physically related to the pore-size distribution for the capillary suction stress. The value of nSS generally
controls the slope of the capillary suction stress between the transitional water content and saturated water content. In general, soil
with a low value of nSS exhibits an increasing (less negative) capillary suction stress as the water content increases for small nSS
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. Variability of the proposed adsorptive suction stress equation with (a) suction stress at the oven-dry state σsdry ; (b) the adsorptive suction stress
strength β; variability of the proposed capillary suction stress equation with (c) inverse of average capillary suction stress αSS ; (d) pore-size distribution parameter nSS ; variability of (e) the proposed adsorptive suction stress equation; and (f) the proposed capillary suction stress equation with
the ratio of transitional water content to saturated water content wSS
tran =ws .

values but exhibits a decrease-then-increase pattern for large nSS
values. The range of nSS is 1.5 ∼ 3.0.
The parameter wSS
tran is pertinent to transition between the adsorptive and capillary suction stress. This parameter marks the
upper bound of water content range for the adsorptive suction
stress [Fig. 3(e)] and the phase-out or cavitation water content for
the capillary suction stress [Fig. 3(f)]. The range of wSS
tran is 0 for
clean sand and can be as high as 0.35 for expansive clays like
bentonite.
© ASCE

Theoretical Verification
The generality of the proposed equation is herein verified by theoretical reduction to several well-known forms of effective stress:
Bishop’s (1959), Lu et al.’s (2010), and Terzaghi’s (1943).
Reduction to Bishop’s Form
As previously mentioned, Bishop’s form of effective stress only
includes the capillary (pressure) mechanism. For the proposed
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Eqs. (9) and (10), if there is no adsorptive water (wSS
tran ¼ 0), the
scaling functions can be reduced to

that the transitional water content wSS
tran is generally less than 0.3ws
(Lu 2016), the scaling functions become

lim f cap ðwÞjwSS →0 ¼ 1

ð11Þ

lim fcap ðwÞjw→ws ¼ 1

ð18Þ

lim fads ðwÞjwSS
¼0
tran →0

ð12Þ

lim fads ðwÞjw→ws ¼ 0

ð19Þ

tran

Then, the suction stress defined in Eqs. (8)–(10) can be
rewritten as
σs ¼ σsads ðwÞ þ σscap ðwÞ ¼ 0 þ σscap ðwÞ
 nSS =1−nSS
1=nSS
1 w
w
−1
¼ − SS
α ws ws

ð13Þ

Recall that the VG’s SWRC model [Eq. (5)] was utilized to
derive the capillary suction stress Eq. (10), and if the degree of
saturation is employed for the scaling parameter, i.e., χ ¼ w=ws ,
the suction stress in Eq. (13) can be further deduced as
 nSS =1−nSS
1=nSS
w 1
w
s
−1
¼ χψm
ð14Þ
σ ¼−
ws αSS ws
Following the unitary definition of matric potential in Eq. (6),
and recognizing that the soil sorptive potential vanishes in the capillary water, i.e., ψsorp ¼ 0 for w > wSS
tran, the suction stress [Eq. (14)]
can be expressed as
σs ¼ χψm ¼ χðuw − ua þ ψsorp Þ ¼ χðuw − ua Þ

ð15Þ

Substituting Eq. (15) into Eq. (3), Bishop’s form of effective
stress Eq. (2) is recovered.
Reduction to Lu et al.’s Form
Lu et al.’s (2010) equation provides a simple way to separate adsorptive water and capillary water at the residual water content wr .
At the water content less than wr , the suction stress is adsorptive
and represented by a constant that is governed by the VG’s SWRC
parameters αSWR and nSWR (Lu and Likos 2004). At the water content greater than or equal to wr , the suction stress is capillary, and
the VG’s SWRC model is used to develop a closed-form equation.
Thus, Lu et al.’s (2010) equation does not consider the gradual transition process between adsorption and capillarity.
For the capillary suction stress, the proposed equation can be
reduced to Eq. (13) by imposing the condition: f cap ðwÞ ¼ 1 for
w > wr ¼ wSS
tran . If replacing the degree of saturation w=ws with
the effective degree of saturation ðw − wr Þ=ðws − wr Þ, Eq. (13)
can be further reduced to

 SS
1=nSS
SS
1 w − wr
w − wr n =1−n
−1
ð16Þ
σscap ðwÞ ¼ − SS
α ws − wr ws − wr

Substituting Eqs. (18) and (19) into Eqs. (8)–(10), the proposed
unified equation for effective stress can be reduced to Eq. (14). For
soil under fully saturated conditions, the soil water is dominated by
free water, suggesting that the soil sorptive potential can be neglected for macroscale stress analysis (ψsorp ¼ 0) and the scaling
parameter χ ¼ w=ws ¼ 1.0. Imposing these conditions on Eq. (14)
leads to
σs ¼ χψm ¼ χðuw − ua þ ψsorp Þ ¼ χðuw − ua Þ ¼ uw − ua ð20Þ
Terzaghi’s form of effective stress [Eq. (1)] is attainable by
substituting Eq. (20) in Eq. (3), i.e., σ 0 ¼ σ − uw .

Experimental Validation
Experimental Dataset
To validate the proposed unified effective stress equation, the
existing dataset for the SSCC, SWRC, elastic modulus function
(EMF) and soil shrinkage curves of various soils are utilized.
The geotechnical properties of these soils are summarized in
Table 1. These soils consist of one sandy soil (Esperance sand),
three silty soils (Balt silt, Bonny silt, and Iowa silt), and four clayey
soils (Georgia kaolinite, Denver claystone, Missouri clay, and
Denver bentonite). The selected soils can well represent a wide
range of soil properties, i.e., from nonexpansive to high-expansive
for plasticity index (PI) values varying from 4 to 73, and liquid limit
(LL) values varying from 25 to 118.
The SSCC data for Esperance sand and Georgia kaolinite are
from Lu and Kaya (2013). The SSCC data for the rest of the soils
are deduced from the measured EMF (Lu and Dong 2017) and soil
shrinkage curves (Lu and Dong 2017) by using the suction stress
theory developed by Lu and Kaya (2013) and the algorithm developed by Lu and Dong (2017).
The SWRC data are from Likos and Lu (2003) and Dong and Lu
(2016, 2017), fitted by Lu’s (2016) SWRC model, and shown in
Fig. 5. The Lu’s SWRC model can be mathematically expressed
as (Lu 2016)
wt ðψm Þ ¼ wa ðψm Þ þ wc ðψm Þ

 
 
ψm − ψmin m
1
−
exp
wa ðψm Þ ¼ wSWR
amax
ψm

ð17Þ

Reduction to Terzaghi’s Form
Terzaghi’s form of effective stress extensively describes the effective
stress under saturated conditions, i.e., w=ws ¼ 1.0. Recognizing
© ASCE

ð21bÞ




pﬃﬃﬃ ψm − ψcav
1
wc ðψm Þ ¼ 1 − erf
2
ψcav
2

Substituting the condition f ads ðwÞ ¼ 0 for w > wr ¼ wSS
tran into
Eq. (9a), then substituting Eqs. (9a) and (16) into Eq. (8b), leads to
the recovery of Lu et al.’s (2010) form of suction stress [Eq. (4)]
σs ¼ σsads ðwÞ þ σscap ðwÞ ¼ 0 þ σscap ðwÞ

 SS
1=nSS
SS
1 w − wr
w − wr n =1−n
−1
¼ − SS
α ws − wr ws − wr

ð21aÞ

× ½ws − wa ðψm Þ½1 þ ð−αSWR ψm Þn

SWR

1=n−1

ð21cÞ

where wt = total water content; wa = adsorptive water content; wc =
capillary water content; wSWR
amax = maximum adsorptive water content
(g=g); ψmin = minimum or most negative matric potential (kPa or
kJ=m3 ); m = adsorptive strength; ψcav = mean cavitation matric
potential (kPa or kJ=m3 ); nSWR = parameter related to the capillary
pore-size distribution; and 1=αSWR = parameter related to the airentry matric potential (kPa).
The fitted SWRC model parameters are summarized in Table 2.
As shown in Fig. 4, Lu’s (2016) SWRC model can well represent
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SP
ML
ML
ML
MH
CL
CL
CH

Esperance sand
Balt silt
Bonny silt
Iowa silt
Georgia kaolinite
Denver claystone
Missouri clay
Denver bentonite

Nonexpansive
Low-expansive
Low-expansive
Low-expansive
Non-expansive
Expansive
Expansive
High-expansive

0.72
0.85
0.72
0.97
1.09
0.89
0.96
2.25

Void
ratio
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

—
91
104
110
31
145
—
668

2

SSA (m =g)
b

Poisson
ratioc
—
27
25
34
44
44
36
118

LL
—
21
21
23
26
23
17
45

PL
—
6
4
11
18
21
19
73

PI

Atterberg limitsc

Lu and Kaya (2013)
—
—
—
Lu and Kaya (2013)
—
—
—

SSCC
Dong
Dong
Dong
Dong
Likos
Likos
Dong
Likos

and
and
and
and
and
and
and
and

0.250
0.310
0.269
0.361
0.456
0.328
0.355
0.835

Esperance sand
Balt silt
Bonny silt
Iowa silt
Georgia kaolinite
Denver claystone
Missouri clay
Denver bentonite

0
46
195
139
126
407
249
1,471

σsdry
(−kPa)

Parameter values from Lu (2018).

a

ws
(g=g)

Soil
0.200
0.031
0.012
0.014
0.006
0.010
0.010
0.009

αSS
(kPa−1 )

SSCC

2.9
2.0
1.6
1.8
2.1
1.5
2.0
1.4

nSS
0.010
0.064
0.090
0.099
0.058
0.154
0.109
0.279

wSS
tran
(g=g)
0.143
0.059
0.091
0.069
0.033
0.018
0.074
0.013

αSWR
(kPa−1 )
2.2
1.7
1.5
1.7
1.3
1.5
1.4
1.5

nSWR
0.8
1.0
0.8
1.2
1.1
0.9
1.5
18.1

ψmin
(−GPa)

25
15
25
55
21
112
29
13

ψcav
(−MPa)

SWRCa

0.058
0.071
0.371
0.012
0.009
0.369
0.016
0.007

m

0.008
0.029
0.065
0.066
0.039
0.077
0.074
0.186

wSWR
amax
(g=g)

Lu
Lu
Lu
Lu
Lu
Lu
Lu
Lu

SWRC

Table 2. Parameters for the proposed unified effective stress equation, Lu’s (2016) SWRC model, and Lu’s (2018) elastic modulus function

b

According to the method by McKeen (1992).
Data from Akin and Likos (2014).
c
Data from Lu and Kaya (2014).

a

USCS

Soil

Expansive soil
classificationa

Table 1. Geotechnical index properties, soil classification, and source of the soil dataset

Ew
(MPa)
—
0.462
—
0.675
—
—
0.181
0.230

—
2.569
—
3.070
—
—
1.873
5.300

—
2.086
—
1.850
—
—
1.073
1.584

Edc
(MPa)

EMFa

—
Lu and Dong (2017)
Lu and Dong (2017)
Lu and Dong (2017)
—
Lu and Kaya (2013)
Lu and Dong (2017)
Lu and Dong (2017)

EMF

Ed
(MPa)

(2016)
(2017)
(2017)
(2016)
(2003)
(2003)
(2016)
(2003)

Source

—
2.72
—
6.85
—
—
20.69
1.581

mgem

—
0.070
—
0.144
—
—
0.193
0.332

wEamax
(g=g)

—
Lu and Dong (2017)
Lu and Dong (2017)
Lu and Dong (2017)
—
Lu and Dong (2017)
Lu and Dong (2017)
Lu and Dong (2017)

Shrinkage

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 4. SWRC data and fitted Lu’s generalized SWRC models for (a) Esperance sand; (b) Balt silt; (c) Bonny silt; (d) Iowa silt; (e) Georgia kaolinite;
(f) Denver claystone; (g) Missouri clay; and (h) Denver bentonite.
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the measured SWRC data with the coefficient of determination
R2 ≥ 0.99. For all of these soils, the SWRC can be explicitly
decomposed into adsorptive and capillary components. The dominating water retention mechanism invariably switches from the adsorptive to the capillary with increasing water content, even though
the predicted maximum adsorptive water content varies significantly with soil types. The maximum adsorptive water content
can be as low as 0.008 g=g for Esperance sand and as high as
0.186 g=g for Denver bentonite. The adsorptive water content becomes more and more pronounced for silty and clayey soils, and
the adsorptive component always persists as a water retention
mechanism in low matric potential or high matric suction.
Equation Performance
Using a least-square regression method, the proposed unified effective stress Eqs. (8)–(10) are used to fit the SSCC datasets, and the
results are shown in Fig. 5. The best-fit can be stably achieved by
SS
SWR
setting the constrains of 0.5wSWR
amax < wtran < 2.0wamax . The bestfitted parameter values suggest that the proposed effective stress
equation can be further simplified by fixing the value of β equal
to 4.0 for low-expansive and nonexpansive soils and 2.0 for expansive and high-expansive soils. The other best-fitted model parameter values are summarized in Table 2. In general, excellent matches
are observed for all the soils as R2 > 0.97. For sandy soil [Fig. 5(a)],
the SSCC is almost fully contributed by the capillary suction stress,
and the suction stress vanishes at both the dry and wet ends. This
shows consistency with the experimental results on various sands
(Lu et al. 2009) and is expected due to the relatively small SSA
and low adsorptive water content of sandy soils.
For silty soils shown in Figs. 5(b–d), the suction stress monotonically decreases (more negative) with decreasing water content,
but the capillary suction stress will vanish below certain water content due to the cavitation effect. In this study, the adsorptive suction
stress becomes significant, compensating for the loss of capillary
suction stress and continues to decrease the suction stress. The transition point between adsorptive and capillary suction stresses
highly varies with soil types, showing consistency with the maximum adsorptive water contents in the corresponding SWRC data
shown in Fig. 4.
Nonexpansive [Fig. 5(e)] and expansive clays [Figs. 5(f–h)]
behave differently in terms of suction stress variation. There is a noticeable increase (less negative) in the suction stress as the soil approaches to the dry end for Georgia kaolinite [Fig. 5(e)], whereas the
suction stress will continually decrease (become more negative) with
decreasing water content for the expansive clays [Figs. 5(f–h)]. This
difference can be attributed to the difference in magnitudes of the
adsorptive suction stress. Georgia kaolinite exhibits a relatively small
SSA of 31 m2 =g shown in Table 1, consequently a low amount of
the maximum adsorptive water, and thereby involves an adsorptive
suction stress with relatively low magnitude and narrow adsorptive
water content range. On the contrary, expansive clays are marked
by large SSA (several hundreds of m2 =g) shown in Table 1 and
consequently large amount of adsorptive water, as indicated in Fig. 4,
leading to the dominating adsorptive suction stress with a magnitude
as high as 1.471 MPa and high transitional water content of
0.279 g=g for Denver bentonite.
The transitional water content for the SSCC (wSS
tran ) predicted by
the unified effective stress equation shows a strong correlation
(R2 ¼ 0.96) with the maximum adsorptive water content for the
SWR (wSWR
amax ) predicted by Lu’s (2016) SWRC model, as demonSWR
strated in Fig. 6. The ratio of wSS
tran to wamax follows 1.55 closely,
which can be interpreted as the differences in the physical meanings
SWR
SS
of wSS
tran and wamax . The parameter wtran is the total water content
© ASCE

when adsorptive suction stress vanishes, thus including both adsorptive and capillary water content, while the parameter wSWR
amax
is the maximum value of adsorptive water content in soil, thus excluding capillary water content. The transition zones shown in
Fig. 5 suggest that the capillary effect becomes considerable before
the vanishing of adsorptive water. As such, at the water content
wSS
tran , the soil water retained already includes a considerable amount
of capillary water. Therefore, it is anticipated that the transitional
SWR
water content wSS
tran for the SSCC is generally higher than that wamax
for SWR.
Comparison with Lu et al.’s Equation
The proposed unified effective stress equation overcomes the inability of Lu et al.’s (2010) equation in considering the gradual transition process between adsorption and capillarity. To quantitatively
assess this feature, Lu et al.’s (2010) equation is employed to fit the
SSCC datasets for comparison, as shown in Fig. 5. Generally, Lu
et al.’s (2010) equation can well represent the SSCC datasets either
dominated by capillarity [Esperance sand shown in Fig. 5(a) and
Georgia kaolinite shown in Fig. 5(e)] or without suction stress data
near the dry end [Iowa silt shown in Fig. 5(d)]. For these soils
shown in Figs. 5(a, d, and e), the R2 values for Lu et al.’s (2010)
SSCC model are almost the same as the proposed equation. In contrast, for soils with considerable adsorptive water content and dry
end data shown in Figs. 5(b, and f–h), the proposed equation consistently yields better matches with the SSCC data. For example,
the proposed equation can closely fit the SSCC data of Denver bentonite with R2 ¼ 0.99, which is much higher than R2 ¼ 0.35 by Lu
et al.’s (2010) equation. At the dry end, Lu et al.’s (2010) equation
generally over predicts suction stress by several orders of magnitude. Additionally, the proposed equation consistently matches the
measured data either equivalent to or better than Lu et al.’s (2010)
equation in the capillary regime. In the previous studies (e.g., Lu
and Likos 2006; Lu et al. 2010), Lu et al.’s (2010) equation has
been demonstrated to predict shear strength of widely-range soils
under unsaturated conditions for matric suction less than a few
MPa. Considering the excellent matches between the proposed
equation and Lu et al.’s (2010) equation in the capillary regime,
it can be drawn that the proposed equation can well predict the
shear strength behavior of soil under unsaturated conditions for
matric suction less than a few MPa.
Overall, the unified SSCC equation is demonstrated to be
valid in representing the SSCC of a variety of soils, have better
performance than the previous SSCC equation, and be highly
correlated to the adsorptive water content in soil water retention
characteristics.

Predicting Soil Shrinkage Curve by Effective Stress
The soil shrinkage curve is a constitutive relation between the
void ratio e and water content w under zero total stress conditions
and is frequently used to understand soil’s deformation characteristics. Under zero total stress conditions, the soil deformation is
governed by the effective stress induced by suction stress and
changes in modulus. The suction stress in silty and clayey soils
generally will decrease (become more negative) with decreases in
water content, as predicted in the unified effective stress equation.
The decreased suction stress will cause soil to shrink. Therefore,
any representative effective stress expression, together with the
elastic modulus function, should be able to realistically predict
the soil shrinkage curve.
The soil shrinkage curve is the relationship between soil void
ratio and soil water content for a cake-shaped soil specimen under
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 5. Fitted the proposed SSCC equation and Lu et al.’s (2010) equation for (a) Esperance sand; (b) Balt silt; (c) Bonny silt; (d) Iowa silt; (e) Georgia
kaolinite; (f) Denver claystone; (g) Missouri clay; and (h) Denver bentonite.
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Fig. 6. Correlation between the transitional water content (wSS
tran ) for
suction stress and the maximum adsorptive water content (wSWR
amax )
for SWRC.

free total stress on its surface and drying condition (e.g., Lu and
Kaya 2013). The soil shrinkage curve can be computed as a function of the SSCC and EMF (Lu and Kaya 2013; Lu and Dong 2017)
X
ðΔeσ þ ΔeE Þ
ð22aÞ
e ¼ e0 þ

water content for the modulus; and mgem = fitting parameter. The
values of these parameters in Eq. (23) for the examined soils are
from Lu (2018) and summarized in Table 2. The soil shrinkage
curves are computed by substituting the SSCC of Eqs. (9) and (10)
and EMF of Eq. (23) into Eq. (22).
The SSCCs obtained from the fitting of the unified effective stress
equation, and EMFs for two silts (Balt silt and Iowa silt) and two
clays (Missouri clay and Denver bentonite) are used to predict the
soil shrinkage curves and shown in Fig. 7 (left column). The modulus
for these soils significantly increases with decreasing in water content; increasing ∼5 times for silts and ∼10 times for clays. The soil
shrinkage curves predicted by the SSCC and EMF are compared with
the data measured by Lu and Dong (2017), as shown in Fig. 7 (right
column). From the full saturation to oven-dry state, the decrease in
suction stress reduces the void ratio by 0.05 for Balt silt, 0.13 for Iowa
silt, 0.36 for Missouri clay, and 1.4 for Denver bentonite.
Generally, the prediction by the SSCC and EMF equations can
excellently capture the void ratio variations. The soil shrinkage
curves of Iowa silt, Missouri clay, and Denver bentonite can be well
predicted by the SSCC and EMF with R2 > 0.93. The predicted
soil shrinkage curve follows the measured data trend closely for
Balt silt but with a relatively low value of R2 ¼ 0.89. The total void
ratio change in Balt silt is much lower than the other three soils,
leading to the relatively high error in the prediction.
Overall, it is concluded that the soil shrinkage curve can be well
captured by the proposed SSCC equation, further confirming the
validity of the proposed unified effective stress equation and illustrating the usefulness of the SSCC in predicting soil deformation.

m

where index m runs from 1 to the total number of the measured data
points each at a different drying state; e0 = initial void ratio; and
Δeσ and ΔeE = void ratio change induced by suction stress change
and apparent elastic modulus change, respectively, and can be expressed as (Lu and Dong 2017)
1
Δeσ ¼ 3ð1 − 2νÞð1 þ e0 Þ Δσs
E
ΔeE ¼ −3ð1 − 2νÞð1 þ e0 Þ

σs
ΔE
E2

ð22bÞ
ð22cÞ

where ν = Poisson’s ratio; and E = apparent elastic modulus or
modulus hereafter. As predicted by Eq. (22b), when soil is drying,
suction stress decreases, leading to shrinking in volume. As predicted by Eq. (22c), when soil is drying, the modulus increases,
leading to expansion in volume. The modulus E for clayey soil
highly depends on the water content. As the water content decreases, the decreased (more negative) suction stress not only
hardens the particle contact but also compacts the soil to a denser
state (shrinkage), both of which will increase the modulus. As a
result, the modulus of soil generally increases as soil dries and can
be quantified via a generalized EMF equation established by
Lu (2018)


w − wd mgem
EðwÞ ¼ Edc þ ðEs − Edc Þ
ws − wd




 E
1
w − wEamax
2wamax − w
ðE
þ 1 − erf 5
−
E
Þ
d
dc
2
wEamax
2wEamax
ð23Þ
where Ed = modulus at the dry water content of wd ; Es = modulus
at the saturated water content of ws ; Edc = modulus due to capillarity at the dry water content of wd ; wEamax = maximum adsorptive
© ASCE

Summary and Conclusions
An effective stress equation for soil is proposed and validated to
unify effective stresses caused by all known physical and physicochemical mechanisms: capillarity, adsorption, and the total stress.
The equation generalizes the previous forms of effective stress
under both saturated and unsaturated conditions; it can be reduced
to Bishop’s (1959), Lu et al.’s (2010), and Terzaghi’s forms of
effective stress. The effective stress in soil is completely defined
by Eqs. (8)–(10) with six physical parameters: two for adsorptive
water (the maximum adsorptive suction stress σsdry and strength of
adsorptive suction stress β), two for capillary water (the inverse of
average capillary suction stress αSS and pores-size parameter nSS ),
and two for both (the total water content marking a transition to
capillary water retention wSS
tran and saturated water content ws ).
Suction stress in capillary and adsorptive regimes stems from
different physical processes and thereby is governed by different
state variables. The capillary suction stress is governed by pore
structure and matric suction and, therefore, can be intrinsically related to SWRC, as demonstrated in Lu et al.’s (2010) equation. On
the contrary, the adsorptive suction stress is governed by not only
pore structure and matric suction but also the physiochemical
forces and particle-to-particle contact area. The latter factors are
independent of matric suction or SWRC. Therefore, the adsorptive
suction stress or effective stress cannot be determined solely by
matric suction. An additional parameter proposed and theorized
as the adsorptive suction stress at the oven-dry state is used to quantify the contribution of physicochemical forces and particle contact
area to suction stress.
The proposed effective stress equation can well represent the
measured SSCCs of various soils from the literature, validating
its generality and accuracy. Compared with Lu et al.’s (2010) equation, the proposed equation can produce better matches with the
SSCC data for different types of soils and, in particular, is able
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 7. Results of using the EMF equation and proposed SSCC equation to predict the soil shrinkage curve (SSC): (a) Balt silt’s EMF and SSCC;
(b) Balt silt’s SSC; (c) Iowa silt’s EMF and SSCC; (d) Iowa silt’s SSC; (e) Missouri clay’s EMF and SSCC; (f) Missouri clay’s SSC; (g) Denver
bentonite’s EMF and SSCC; and (h) Denver bentonite’s SSC.
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to capture the suction stress variation due to adsorption in the low
water content or high matric suction range. The proposed equation is
applied to predict volumetric change behavior through soil shrinkage
curves. The predicted soil shrinkage curves show good agreement
with the existing experimental data for various types of soils, further
validating the proposed equation and illustrating its potential applications. We conclude that the proposed effective stress equation is
able to predict both soil strength and deformation behavior.
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The authors’ idea of including the sorptive potential in the suction
stress is undoubtedly pioneering and new; however, as much as it
introduces and highlights the potential importance and implications
of the adsorptive potential in geotechnical practice, it exposes the
geotechnical community to new unanswered questions. The discussers would like to elaborate on some of these issues.

Mechanical Effect of Soil Sorptive Potential: From
an Energetic Perspective
It is unclear to the discussers how the new proposal for the suction
stress is formulated and justified in the light of thermodynamics
and energetic considerations. The authors have truly stated “the free
energy of soil water could be reflected in the forms of mechanical
energy (pressure) or electromagnetic energy (soil sorptive potential) (Lu and Zhang 2019). In contrast, stresses in soil reflect
the mechanical energy per unit volume of the soil-water-air mixture.” That is presumably why many researchers have previously
suggested that capillary water, solely, plays a role in the mechanical
behavior of unsaturated soils (Konrad and Lebeau 2015; Zhou et al.
2018; Maleksaeedi and Nuth 2019). In fact, Lu et al. (2010) argued
that “the residual water content is the amount of water that remains
primarily in the form of thin films surrounding the soil particle surfaces at very high suctions but has very little effect on the interparticle suction stress.” Lu et al. (2010) had, therefore, focused their
thermodynamic derivation on the capillary water and excluded the
free energy associated with the water films. Taking a similar approach, Alonso et al. (2010) suggested that the effective degree
of saturation describing the capillary water in macropores to be
considered as a candidate for the effective stress parameter. The
presence of these different approaches has left the discussers with
an ambiguity on to which extent the adsorptive potential is influential in the mechanical energy. The discussers, of course, acknowledge that the authors’ proposal to divide the water regimes and
contributions, in essence, provides us with a reasonable method
to examine the effect of each physical phenomenon and in addition,
one cannot use the capillary water to describe the contribution
of water films for which a different work conjugate, namely
© ASCE

Suction Stress Variation at the High Suction Range:
Experimental Evidence
The shear strength of several soils at high matric suction (surpassing the residual suction) is nearly constant (Nishimura and
Fredlund 2001; Fredlund et al. 2012). Based on the experimental
results from Alsherif and McCartney (2012) as well as Nishimura
and Fredlund (2001), it may be concluded that the shear strength at
high suction values is slightly influenced by the increase in suction
as shown in Figs. 1 and 2. Furthermore, it may be argued that this
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Downloaded from ascelibrary.org by Colorado School of Mines on 11/28/20. Copyright ASCE. For personal use only; all rights reserved.

Ph.D. Candidate, Dept. of Civil and Environmental Engineering, Shiraz
Univ., Shiraz 7134851156, Iran. Email: s.fazli@shirazu.ac.ir

adsorptive potential or its simplified alternative (disjoining pressure) has to be considered. However, should the contribution of
adsorptive potential be considered, its thermodynamic admissibility
and potential contribution to interparticle suction stress would need
to be further elucidated.

Total suction (kPa)

Fig. 1. Variation of unconfined compressive strength with total suction.
(Experimental data from Nishimura and Fredlund 2001.)

Principal stress difference (MPa)

Sakineh Fazli Ghiyasabadi

Total suction (MPa)

Fig. 2. Variation of principal stress difference with total suction at constant room temperature of 24°C and at confining net stress 200 kPa.
(Experimental data from Alsherif and McCartney 2012.)
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small change in the shear strength at high suction range is originated from the osmotic component of the total suction in such experiments where the total suction (osmotic plus matric suction) is
controlled throughout the test. This highlights the need to inspect
the influence of different components of suction on the soil
mechanical behavior individually.
In fact, looking at Fig. 5 of the original manuscript, it is observed that for w ≤ wSWR
amax, the suction stress curve is almost flat.
However, as pointed out by the authors, the model of Lu et al.
(2010), which has a fairly decent prediction for w > wSWR
amax, overestimates the suction stress for lower water contents. Therefore,
mathematically speaking, ignoring the adsorbed water is a suitable
assumption when dealing with the geotechnical problems in
unsaturated soils and the Lu et al. (2010) equation can be properly
used, if the suction stress is considered constant for w ≤ wSWR
amax.
However, if one wants to use the Lu et al. (2010) model beyond
this threshold (without a cut off value), physically speaking, other
phenomena have to be taken into account. For instance, as the
water phase in macropores gets disconnected and trapped water
clusters evolve, the increase of the air pressure at the boundary
(or change of suction at the boundary) would not be transferred
to these trapped regions. The higher the pressure of air, the higher
the water pressure inside these trapped clusters, and hence no suction change therein would occur. Therefore, the imposed suction at
the boundary and average suction inside the soil sample can be
different. Therefore, the capillary suction, and consequently the
suction stress, may not increase infinitely as the mathematical
models suggest. Such considerations are thoroughly discussed
in Gray and Hassanizadeh (1991). It is also important to note
the means by which soils are drained to their current state, by vapor equilibrium, vapor flow, gravity drainage, surface evaporation,
etc. Each of these approaches may lead to different distributions of
water throughout the soil specimen, and in turn would result in a
potentially different hydromechanical behavior. The use of miniature tensiometers and measurement sensors inside soil samples is
therefore highly encouraged to give further insight into the change
of suction inside sample in different water regimes and clusters
compared to the change in the imposed suction at the sample
boundary.
The discussers would also like to draw attention on the suction
stress curves in Fig. 5 of the original paper where they were mainly
determined from the compression tests on the cake-like specimens
assuming elastic behavior. Therefore, the extent of the influence of
sorptive potential on the unsaturated soil shear strength has yet to
be examined and understood.
The discussers, of course, acknowledge that the sole use of
capillary water would not also capture the true nature of suction
stress variation at high suction range as revealed by Fig. 5 of
the original paper. Therefore, there should be other physical factors
and players missing in the big picture. While, as suggested by the
authors, one possibility can be the contribution of soil sorptive potential, others such as the presence of disconnected phases and
trapped regions can also be of some potential value. The discussers
believe that answering such questions cannot be readily achieved
without the development of new experiments. Therefore, the discussers would like to conclude with a number of suggestions,
put forward hereafter.

Need for Future Designed Experiments
One may note the true nature of physical phenomena happening inside the soil during the drying and wetting, especially at
high suction values (i.e., pendular regime), are not well known.
© ASCE

Therefore, fit-to-purpose experiments must be designed (for instance, imaging techniques, e.g., X-ray Micro and Nano Computed Tomography, Neutron Tomography, combined by water
retention measurements) to shed light on how the trapped water
regions grow, and whether they play any role in the mechanical
behavior. The discussers, of course, acknowledge the challenges
that the resolution issue and the representativeness of sample size
at the same time may bring about when inspecting the finegrained material behavior. That is why a novel and multiphysics
experiment would be required (Carminati et al. 2007; Li and
Tang 2019).
Conversely, it is not quite clear, at least to the discussers, how
one can obtain the amount of capillary water and adsorbed water,
separately and experimentally, and then also how to delineate the
potential contribution of adsorbed water to the interparticle suction
stress directly by means of specific experiments. The components
of soil sorptive potential (or its reduced form, which is disjoining
pressure) include (1) the van der Waals forces dependent on the
film thickness; (2) the electrostatic double-layer ionic osmotic
component; and (3) structural forces arising from the association
(hydration) of water molecules to hydrophilic surfaces (Derjaguin
and Melnikova 1958; Faghri and Zhang 2006; Lu and Zhang
2019). Therefore, one has to examine the influence of each component on the soil mechanical behavior through specialized
experiments.
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The writers appreciate the discussers’ recognition of the pioneering
and novel nature of the original work, which provides a unified
effective stress equation for all types of soils under all saturation
conditions. However, the discussers fail to appreciate the importance of the roles of soil water adsorption mechanisms in soil water
retention and effective stress, given the ample experimental evidence presented in our work and other previously published work.
The discussers do not at all challenge the validity, accuracy, and
generality of the proposed unified effective equation for all types
of soils or the novelty of the work. Instead, they raise some points,
which are academically thought-provoking notions that are largely
reflections of the misunderstanding of the importance of the soil
sorptive potential (SSP) concept and the roles of SSP in the effective stress in soils, as detailed subsequently, following the order
outlined by the discussers.

is equal to the ambient water potential (e.g., ambient relative
humidity or pressure drop across the air–water interface) plus SSP
(Lu and Zhang 2019; Zhang and Lu 2019, 2020). As such, SSP
is a most inclusive thermodynamic definition of soil water potential. See Fig. 1 for the inclusiveness of soil sorptive potential
mechanisms.
The discussers consider that the sole mechanical energy in soil
water is capillary pressure as they state “That [capillary water]
is presumably why many researchers have previously suggested
that capillary water, solely, plays a role in the mechanical behavior
of unsaturated soil.” The SSP can generate another mechanical
energy in adsorptive water near the particle surface or between
clay lamellae and is the very reason to cause the variation of adsorptive component of suction stress with ambient water potential.
The discussers back up the notion of the sole mechanical energy for
suction stress being capillary water by citing the work of one of

Mechanical Effect of Soil Sorptive Potential:
From an Energetic Perspective
The discussers stated that “It is unclear to the discussers how the
new proposal [equation] for suction stress is formulated and justified
in the light of thermodynamic and energetic considerations.”
The thermodynamic basis and justification for the new suction
stress is the concept of soil sorptive potential, which was clearly
described in detail in the original paper throughout the conceptualization and formulation of the new suction stress equation in
the sections “Relationships among Capillary Pressure, Matric
Suction, and Effective Stress” and “Suction Stress Concept and
Current Challenges.” However, the discussers fail to make a vital
connection.
The term “soil sorptive potential” was coined, conceptualized,
and theorized recently (Lu and Zhang 2019; Zhang and Lu 2019,
2020). SSP is a synthesized electromagnetic potential generated by
soil solid with four previously well-known components: van der
Waals attraction (often called disjoining pressure), electric double
layer, interlamellar hydration, and surface and cation hydration.
When water, a polar material, is presented in the field of SSP, it
interacts with soil solid, converting part or all of the electromagnetic potential into soil water energy and lowering its potential
in mechanical form through locally increasing inter-water molecular pressure, mostly near the soil particle surface and between clay
lamellae. The amount of SSP converted to such mechanical energy
© ASCE

Fig. 1. Illustration of the order of magnitude for soil-water interaction
mechanisms. (Reprinted with permission from Zhang and Lu 2018,
© 2018 American Geophysical Union.)
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(a)

(b)

(c)

(d)

Fig. 2. Soil water retention data for (a) Denver claystone; and (b) Denver bentonite; and suction stress data for (c) Denver claystone; and (d) Denver
bentonite. [Parts (a) and (b) reprinted from the original paper with permission, © 2020 ASCE.]

the authors of this paper (Lu et al. 2010), namely “Lu et al. (2010)
had, therefore, focused their thermodynamic derivation on the
capillary water and excluded the free energy associated with the
water films.” Judging from this statement, there are several crucial
misunderstandings of Lu et al.’s (2010) work, leading to the erroneous claims.
First, though focused on capillary water contribution to suction
stress, Lu et al. (2010) did not exclude the free energy associated
with adsorptive water, including the water films. The adsorptive
water, including water film and other hydrated water, is lumped
in their suction stress Eqs. (20) or (21) through a parameter called
residual saturation, and is clearly illustrated in Fig. 2(b) of that paper, where because of adsorption, suction stress could be over
1,000 kPa in clayey soil when the water content is equal to or within
the residual saturation regime, or when suction is very high
(500 kPa) as illustrated in their Fig. 2(c). A physical example of
the existence of sole sorptive suction stress at low water content
is an initially moist clay under a drying condition. As the clay
reaches dry state or residual water content regime, it becomes stiffer
and stronger than that at the initial moist state, because the increase
in interparticle stress or sorptive suction stress. Suction stress under
such condition is entirely due to sorptive water as capillary water
that exists in soil pores is completely cavitated or vaporized.
Second, the adsorptive water in Lu et al.’s (2010) work includes
more than just water film as understood by the discussers; it
includes water due to electric double layer, van der Waals (water
film or disjoining pressure in some literature), cementation, and
hydration in the order of adsorption strength from low to high
© ASCE

[see Fig. 1 in this closure, and Lu and Likos (2006) for the original
paper on the definition of suction stress]. To put all soil water
potential mechanisms in the perspective of thermodynamic energies, Fig. 1 is provided. The potential of film water ranges from
−5 to −500 MPa and the potentials of the rest components of
SSP such as cation hydration and hydroxyl hydration is −400
to −2,800 MPa, two orders of magnitude different than the other
components of SSP (Zhang and Lu 2018). And capillary potential
is only down to −150 MPa; smaller in magnitude than even adsorptive potential for film water.
Part of the current motivations to develop a unified effective
stress equation is to improve the suction stress due to adsorptive
water over the closed-form equation for effective stress by Lu et al.
(2010), which was experimentally validated for suction less than
1,500 kPa when water is mostly retained in soils by capillarity,
but was untested for higher matric suction when soil water is mostly
retained by adsorptive water.

Suction Stress Variation at the High Suction Range:
Experimental Evidence
The discussers claim that “The shear strength of several soils at
high matric suction (surpassing the residual suction) is nearly constant (Nishimura and Fredlund 2001; Fredlund et al. 2012).”
To back up the notion, the discussers provide the experimental
data by Nishimura and Fredlund (2001) (the discussers’ Fig. 1)
and by Alsherif and McCartney (2012) (the discussers’ Fig. 2).
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This is a subjective and distorted interpretation of the experimental
results. If one examines the data, and follows the trend lines drawn
by the discussers, shear strengths beyond 100,000 kPa of matric
suction (Fig. 1) and beyond 143 kPa of matric suction (Fig. 2)
are not a constant at all. As such, the data is misused for the notion.
If one examines the presented experimental suction stress data in
the original paper, replotted in this discussion as Fig. 2 for clarity,
suction stress for both claystone and bentonite varies greatly within
the adsorptive water retention regime; as matric suction increases
from 1,000 to 250,000 kPa, suction stress reduces from −350 to
−420 kPa; a 20% reduction for the claystone, and as matric suction
increases from 10,000 to 250,000 kPa, suction stress reduces from
1,300 to 1,600 kPa; a 24% reduction for the bentonite. Other experimental data presented in Lu and Dong (2017), Dong et al.
(2020), and the original paper also reveal large variations of suction
stress in the adsorptive water regime, further discounting the claim
by the discussers.
The discussers also claim that the presented capillary suction
model and suction stress model predict unphysical infinite values
of suction stress and capillary suction when soil is dry, i.e., “Therefore, the capillary suction, and consequently the suction stress, may
not increase infinitely as the mathematical models suggest.” Again,
this claim is misleading, simply because the matric suction equation and the suction stress equation as described in the section “Development of Unified Effective Stress Equation” and illustrated
here in Figs. 2(a and b) and expressed mathematically in the original paper by Eq. (21) for matric suction, and in the current Figs. 2(c
and d) and expressed mathematically in the original paper by
Eq. (9) for suction stress, predict finite values of matric suction
and suction stress for all soils.
The discussers claim that the suction stress data presented in the
original paper “were mainly determined from the compression tests
on the cake-like specimens assuming elastic behavior.” Thus, the
discussers conclude that “Therefore, the extent of the influence
of sorptive potential on the unsaturated soil shear strength has
yet to be examined and understood.” The claim is based on the discussers’ misunderstanding that the data were from the compression
tests, whereas the fact is they were not. These data were from free
total stress tests when the cake-like specimens were subject to drying from a saturated state to an air-dry state [see Dong and Lu
(2017) and Lu and Kaya (2013) for a detailed description of the
drying cake tests]. Furthermore, other independent tests on suction
stress, including shear strengths reported in Lu and Likos (2006),
Lu et al. (2010), and Akin and Likos (2019), all strongly confirm
the validity of the suction stress due to adsorption. As such, the
conclusion drawn by the discussers is baseless.

Need for Future Designed Experiments
Because of the previous misunderstandings and mistaken claims,
and because the suggested need is based on “The discussers believe

© ASCE

that answering such questions cannot be readily achieved without
the development of new experiments,” the proposed experiments
are unjustified, and the authors have no further response. To
sum, the authors demonstrate that the claims and opinions by
the discussers are based on the distorted understanding of the concept of soil sorptive potential, the inability to comprehend the important roles of SSP in the effective stress, and most relevantly, the
failure to appreciate the validity, accuracy, and generality of the
presented unified effective stress equation for soil.
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