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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 impor-
tance of the roles of soil water adsorption mechanisms in soil water
retention and effective stress, given the ample experimental evi-
dence 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 effec-
tive stress in soils, as detailed subsequently, following the order
outlined by the discussers.

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 conceptu-
alization 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 electromag-
netic potential into soil water energy and lowering its potential
in mechanical form through locally increasing inter-water molecu-
lar pressure, mostly near the soil particle surface and between clay
lamellae. The amount of SSP converted to such mechanical energy

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 poten-
tial. 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 ad-
sorptive 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

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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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 erro-
neous 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 pa-
per, 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

[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 ener-
gies, 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 adsorp-
tive 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 con-
stant (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).

(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.]
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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 ex-
perimental 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., “There-
fore, 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 equa-
tion and the suction stress equation as described in the section “De-
velopment of Unified Effective Stress Equation” and illustrated
here in Figs. 2(a and b) and expressed mathematically in the origi-
nal 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 dis-
cussers’ 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 dry-
ing 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

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 con-
cept of soil sorptive potential, the inability to comprehend the im-
portant 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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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 dis-
cussers 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 poten-
tial) (Lu and Zhang 2019). In contrast, stresses in soil reflect
the mechanical energy per unit volume of the soil-water-air mix-
ture.” 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 sur-
faces at very high suctions but has very little effect on the interpar-
ticle 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 ap-
proach, 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 influ-
ential in the mechanical energy. The discussers, of course, acknowl-
edge 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

adsorptive potential or its simplified alternative (disjoining pres-
sure) 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.

Suction Stress Variation at the High Suction Range:
Experimental Evidence

The shear strength of several soils at high matric suction (sur-
passing 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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Fig. 1.Variation of unconfined compressive strength with total suction.
(Experimental data from Nishimura and Fredlund 2001.)
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Fig. 2. Variation of principal stress difference with total suction at con-
stant 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 origi-
nated from the osmotic component of the total suction in such ex-
periments 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 ob-
served 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, over-
estimates 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 suc-
tion 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 va-
por 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 minia-
ture 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 po-
tential, 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 dis-
cussers 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 happen-
ing inside the soil during the drying and wetting, especially at
high suction values (i.e., pendular regime), are not well known.

Therefore, fit-to-purpose experiments must be designed (for in-
stance, imaging techniques, e.g., X-ray Micro and Nano Com-
puted 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 fine-
grained 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 com-
ponent on the soil mechanical behavior through specialized
experiments.
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