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Augmented Brunauer–Emmett–Teller 
Equation for Water Adsorption on Soils
Chao Zhang and Ning Lu*
An augmented Brunauer–Emmett–Teller (BET) equation was developed for 
describing water adsorption on soils, overcoming the limitation of the original 
BET equation for describing only isotherms of materials with a homogeneous 
adsorption surface. The different physicochemical mechanisms underlying water 
adsorption in soils are synthesized, leading to a unique adsorption sequence 
dictated by two distinguishable free energy levels. The higher adsorption free 
energy level reflects the internal (intra-crystalline) surface adsorption, whereas 
the lower adsorption free energy level reflects the external (particle) surface 
adsorption. This adsorption energy disparity is provided by the interlamellar 
energy barrier of van der Waals and electrostatic attractive forces. Consequently, 
an augmented BET equation was formulated as a combination of the individual 
BET equations for the internal (intra-crystalline) surface adsorption and exter-
nal (particle) surface adsorption. The augmented BET equation demonstrates 
excellent performance in representing measured water adsorption isotherms of 
a wide suite of silty and clayey soils, validating its applicability. The augmented 
BET equation excellently predicts the expected dominance of the external par-
ticle surface adsorption of the non-polar N adsorption on clay soils, illustrating 
its ability in separating external and internal surface adsorption. Additionally, the 
specific surface area estimated by the augmented BET equation matches well the 
estimation by two independent methods, further confirming the validity of the 
augmented BET equation.

Abbreviations: BET, Brunauer–Emmett–Teller; EGME, ethylene glycol monomethyl ether; RH, relative hu-
midity; SMC, soil moisture capacity; SSA, specific surface area.

The sorption isotherm is a material’s constitutive relationship between the mass 
of sorbate per unit mass of sorbent and the ambient relative humidity or vapor pressure 
under isothermal conditions. Thermodynamically, the isotherm for water adsorption on 
soils quantifies the energy magnitude of the soil–water interaction, therefore it is a vital 
constitutive relationship governing a wide array of fundamental behaviors of soils such as 
the swelling potential (e.g., Likos, 2008), soil water density (Zhang and Lu, 2018a, 2018b), 
the phase transition of soil water (Lu and Zhang, 2019), and hydraulic conductivity (e.g., 
Or and Tuller, 1999). In practice, the sorption isotherm can be accurately measured by 
commercial equipment (e.g., Likos et al., 2011) and thus is commonly utilized to determine 
fundamental soil properties such as the specific surface area (SSA) and cation exchange 
capacity (e.g., Resurreccion et al., 2011; Arthur et al., 2013; Leão and Tuller, 2014; Akin 
and Likos, 2016; Khorshidi et al., 2017; Khorshidi and Lu, 2017).

Various empirical or physical equations have been developed to quantify sorption iso-
therms in various scientific disciplines. Among them, the Freundlich equation (Freundlich 
and Mäkelt, 1909) was the first mathematical model but purely empirical; the Langmuir 
equation (Langmuir, 1918) was the first physics-based equation but limited to an ener-
getically homogeneous surface and monolayer of sorbate. The Brunauer–Emmet–Teller 
(BET) equation (Brunauer et al., 1938) overcomes the limitation to a monolayer of sor-
bate and currently is a commonly used model to describe the multilayer adsorption of gas 
molecules on a sorbent (Brunauer et al., 1938). For water adsorption, the BET equation 
can be written as
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This equation can be reorganized in a linear form between 
RH/[w(1−RH)] and RH:
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where w is the gravimetric water content (g g−1), RH is the relative 
humidity, wm is the monolayer water content (g g−1), and c is a 
constant related to the enthalpy of adsorption. Therefore, for any 
material whose adsorption follows the BET theory, the isotherm 
data should exhibit a linear relationship in the RH/[w(1−RH)] 
vs. RH plot space.

One main tacit assumption involved in the BET equation 
is the energetically homogeneous adsorption surface, which is 
not valid for some clayey soils, particularly for swelling clays. For 
example, the BET equation can well represent the isotherm data 
of non-swelling soils like Georgia kaolinite (Fig. 1a) but not for 
that of a swelling soils like Wyoming bentonite, as qualitatively 
illustrated in Fig. 1. The probable reason is that the adsorption 
energy on the internal surface is quite different from that on the 
external surface due to the additional energy input to overcome 
the energy barrier provided by the attraction of the van der Waals 
and electrostatic forces between lamella (e.g., Laird et al., 1995; Lu 
and Khorshidi, 2015; Zhang and Lu, 2018b). Consequently, the 
linear BET plot breaks down for swelling soils, as shown in the 
RH/[w(1−RH)] vs. RH plot of the isotherm data for Wyoming 
bentonite in Fig. 1b.

Despite its inability to model swelling soils (Fig. 1b), the 
BET equation has been widely selected as a common approach 
to determine the SSA for both non-swelling and swelling soils 
(e.g., Mooney et al., 1952; Quirk, 1955; Yukselen and Kaya, 2006; 
Akin and Likos, 2016). According to Eq. [2], the measured sorp-
tion isotherm can be plotted in the space of RH/[w(1−RH)] vs. 
RH, and the values of wm and c can be estimated from the slope 
of (c − 1)/(cwm) and intercept of 1/(cwm). The BET method 
requires multiple sorption isotherm data points for a linear fit-
ting and therefore is also referred to as the multiple point method. 

In contrast, single point methods previously developed (e.g., 
Quirk, 1955; Puri and Murari, 1964; Newman, 1983; Arthur 
et al., 2013) rely on the determination of the relative humid-
ity point at which the adsorbed water molecules are assumed to 
reach monolayer coverage.

The prerequisite for the existence of a universal monolayer 
coverage relative humidity is that the free energy at the monolayer 
coverage is a constant regardless of mineral type. However, such 
a prerequisite is subjective due to the fact that different mineral 
types exhibit distinct molecular structures and surface properties 
and thereby distinct soil–water interaction energies (e.g., Zhang 
et al., 2016; Zhang and Lu, 2018a, 2018b). Based on different soil 
datasets, researchers have found remarkably divergent monolayer 
coverage relative humidity values, e.g., RH = 20% (Quirk, 1955; 
Arthur et al., 2013), RH = 53% (Newman, 1983), and RH = 53% 
(Puri and Murari, 1964). Khorshidi et al. (2017) developed a pro-
cedure to determine the monolayer coverage relative humidity 
based on the cross points in soil moisture capacity (SMC) between 
adsorption and desorption isotherms (referred as the SMC 
method), revealing that the monolayer coverage relative humidity 
varies with soil type but can be identified by the cross point in the 
SMC. The SMC is the derivative of the isotherm with respect to 
relative humidity and thus is highly sensitive to the accuracy of the 
isotherm data. As such, the SMC method is subject to uncertainty 
in determining the cross point, especially for relatively low swelling 
soils, because the difference between adsorbed and desorbed SMCs 
could be insignificant.

In general, the SSA can be estimated from the monolayer water 
content wm as (e.g., Akin and Likos, 2016; Khorshidi et al., 2017)
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w
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=   [3]

where NA is Avogadro’s number, i.e., 6.02 ´ 1023 mol−1; Am is the 
area occupied by one water molecule, which depends on soil water 
density (Zhang and Lu, 2018b), and is commonly assumed to be a 
constant of 10.8 ´ 10−20 m2 for simplicity; Mw is the molar mass 
of water, i.e., 18.02 g mol−1; n is an empirical coefficient that is 
subjected to great uncertainties because it highly depends on the 
expansibility of the soil.

Fig. 1. Fitting the Brunauer–Emmett–
Teller (BET) equation to adsorption 
isotherm data (from Khorshidi et al., 
2017) of end member clay minerals: (a) 
a non-swelling soil, Georgia kaolinite, 
showing linear behavior, and (b) a swell-
ing soil, Wyoming bentonite, showing 
nonlinear behavior; RH is relative humid-
ity and w is the gravimetric water content.
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The physical rationale behind involving parameter n is that 
for swelling soils, water molecules are able to penetrate into the 
interlayer space, and the monolayer water will be sandwiched 
by adjacent internal surfaces; thereby, the internal surface area 
needs to be estimated using double monolayer water content. In 
practice, the value of n is suggested to be 1 for non-swelling soils 
dominated by external surface adsorption and 2 for swelling soils 
dominated by internal surface adsorption (e.g., Khorshidi et al., 
2017). However, in reality, the water adsorption on soils is not 
solely due to internal surface adsorption but is concurrently due 
to external surface adsorption (e.g., Mooney et al., 1952). As such, 
the concurrent internal and external surface adsorption in swelling 
soils cannot be properly accounted for by the value of n.

In this study, a mathematical isotherm equation was devel-
oped for water adsorption on soils by modifying the BET equation. 
The objectives for the current study were threefold: (i) to develop 
an isotherm equation for both swelling and non-swelling soils; 
(ii) to separating water adsorption on the internal and external 
surfaces by synthesizing physicochemical mechanisms; and (iii) to 
provide a universal approach to estimate the SSA of soils 
from water adsorption isotherm data.

Adsorption Energy
Heterogeneity and Sequence
External and Internal Surface Adsorption

The spatial heterogeneity of adsorption energy on soil 
is the main reason why the BET equation cannot quan-
titatively describe water adsorption on many clayey soils. 
Physically, this spatial energy heterogeneity stems from 
the distinct adsorption energy levels of water adsorption 
between internal and external surfaces in clayey soils. Here, 
the external surface adsorption refers to the adsorption 
on the external particle surface or the hydration on cat-
ions retained on the external particle surface, whereas the 
internal surface adsorption is defined as the adsorption 
on the interlamellar surface or the hydration on cations 
retained on the interlamellar surface. Here the physi-
cochemical forces underlying the external and internal 
surface adsorption are discussed to shed light on why and 
how the adsorption energy deviates between the internal 
and external surfaces.

The external surface adsorption is driven by the physi-
cochemical mechanisms of multilayer adsorption, surface 
hydration, and cation hydration as illustrated in Fig. 2. 
The intermolecular forces underlying these physicochemi-
cal mechanisms and the corresponding energy levels are 
also summarized in Fig. 2. The magnitude of free energy 
change varies as −10.8 kJ mol−1 for multilayer adsorption, 

−12.5 to −52.3 kJ mol−1 for surface hydration (e.g., Tunega 
et al., 2004; Wang et al., 2006; Zhang et al., 2017), and 

−250 to −1500 kJ mol−1 for cation hydration (e.g., Marcus, 
1991; Salles et al., 2007). These free energy change levels 

dictate that, on wetting, the water molecules are first attracted to 
the cation retained on the surface, then surface hydroxyls and the 
mineral crystals; the external surface adsorption energy is bounded 
by the cation hydration energy of −1500 kJ mol−1.

The internal surface adsorption, in contrast, is mainly deter-
mined by the interlamellar cation hydration, as shown in Fig. 2. 
In an oven-dry state, the clay lamellae are closely bonded to each 
other by attraction of the intense van der Waals and electrostatic 
forces between lamella. As such, the interlamellar space is closed 
and inaccessible to water molecules. Upon wetting, part of hydra-
tion energy needs to be consumed by water molecules to overcome 
the van der Waals and electrostatic attractive forces between 
the adjacent lamellae (e.g., Laird et al., 1995; Lu and Khorshidi, 
2015). As a result, the cation hydration energy is shifted to higher 
or less negative energy levels of −10 to −48 kJ mol−1 (e.g., Salles 
et al., 2007). Therefore, the internal surface adsorption energy 
is bounded by the lower bound of −48 kJ mol−1, which is much 
higher or less negative than that of the external surface adsorption 
energy (−1500 kJ mol−1).

Fig. 2. Physicochemical mechanisms related to external surface (left column) and 
internal surface (right column) adsorption of water on soils and corresponding 
free energy change levels and matric potential range (modified from Zhang and 
Lu, 2018b).
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Adsorption Sequence
As discussed above, the internal and external surface adsorp-

tion exhibit distinct energy levels. This difference in energy levels 
dictates that, on wetting or adsorption, the initiation of the inter-
nal surface adsorption, if any, always occurs later than that of 
the external surface adsorption. As such, the water adsorption 
on clayey soils can be decomposed into two hydration stages, as 
demonstrated in Fig. 3 through two representative end-members 
of clay minerals: the 1:1 (one tetrahedral to one octahedral crys-
talline structure) clay mineral of Georgia kaolinite and the 2:1 
(two tetrahedral to one octahedral crystalline structure) clay 
mineral of Wyoming bentonite. Georgia kaolinite represents 
the dominance of the external surface adsorption, whereas 
Wyoming bentonite represents the dominance of the internal sur-
face adsorption. For Georgia kaolinite at the oven-dry stage, the 
exchangeable cations are mostly strongly attached to the external 
surface, as illustrated in Fig. 4a. In contrast, for Wyoming ben-
tonite, both the external and internal surfaces have exchangeable 
cations, as illustrated in Fig. 4b.

Because of the disparity in the adsorption energy levels 
between the external and internal surfaces, a unique two-stage 
hydration sequence can be applied universally to the adsorption 
process in all soils, as follows.

The First Hydration Stage:
External Surface Adsorption

As illustrated in Fig. 4, under very dry conditions, e.g., 
RH < ?0.1 to 0.2, the adsorbed water molecules prevail on 
the external surface and are tightly bonded to exchangeable 
cations for both Georgia kaolinite and Wyoming bentonite. 
At such low RH, the water molecules are still not able to pen-
etrate into the interlamellar space of Wyoming bentonite, and 
the layer spacing of Wyoming bentonite remains unchanged 
and around 9 Å. Therefore, at this stage, water adsorption is 
fully controlled by external surface adsorption for both Georgia 
kaolinite and Wyoming bentonite. The existence of this stage 
has been confirmed by some previous experimental observa-
tions (e.g., Mooney et al., 1952; Cases et al., 1992; Bérend, 1995; 
Salles et al., 2009).

The Second Hydration Stage:
Concurrent External and Internal Surface Adsorption

As RH increases, more and more water molecules will be 
adsorbed to the external surfaces of both Georgia kaolinite and 
Wyoming bentonite, as illustrated in Fig. 4. For Wyoming ben-
tonite, the strong hydration forces provided by the interlamellar 
cations will allow the water molecules to overcome the energy bar-
rier of the van der Waals attraction between lamellae. Thereby, the 
interlamellar space of Wyoming bentonite will expand, as shown in 
Fig. 4b, and the layer spacing can increased to >12 Å (e.g., Sposito 
and Prost, 1982; Hensen and Smit, 2002; Tambach et al., 2006), 
indicating the initiation of internal surface adsorption. In contrast, 
because most of the exchangeable cations reside on the external 
surfaces of Georgia kaolinite, and there is not enough driving 
force to open its interlamellar space, water adsorption on Georgia 
kaolinite remains dominated by external surface adsorption.

Augmented BET Equation
Mathematical Formulation

The universal adsorption sequence described above suggests 
that water adsorption on clayey soils can be interpreted as two 
independent physical processes, i.e., one with higher adsorption 
free energy (internal surface hydration) and the other with lower 
adsorption free energy (external surface hydration). As such, fol-
lowing the local thermodynamic equilibrium principle, i.e., the 
same relative humidity between the external and internal surfaces 
for a given total water content, the total adsorbed water content 
can be decomposed into the water adsorbed on the internal surface 
and that absorbed on the external surfaces:

( ) ( ) ( )int extRH RH RHw w w= +   [4]

where wint is the gravimetric water content adsorbed on the 
internal surface (g g−1) and wext is the gravimetric water content 
adsorbed on the external surface (g g−1). Assuming that water 
adsorption on the external and internal surfaces follows the BET 
equation individually, the adsorbed water on the external and 
internal surfaces can be described as

Fig. 3. Illustration of adsorption iso-
therms of representative soil for (a) a 
non-swelling soil,  Georgia kaolinite, 
and (b) a swelling soil, Wyoming ben-
tonite; RH is relative humidity.
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where wm-ext and wm-int are the monolayer water contents adsorbed 
on the external and internal surfaces, respectively (g g−1); cext and 
cint are constants related to the enthalpy of adsorption on external 
and internal surfaces, respectively; and RH0 is the relative humid-
ity point initiating adsorption on the internal surface.

The augmented BET equation can then be formulated by 
substituting Eq. [5–6] into Eq. [4]:
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The proposed augmented BET Eq. [7] is illustrated in Fig. 
5. The total isotherm equation is a superposition of the isotherm 
equations for water adsorption on the external and internal sur-
faces. In the first hydration stage (RH < RH0), all water adsorption 
is solely due to water adsorption on the external surface, whereas, 
in the second hydration stage (RH ³ RH0), water adsorption on 
the internal surface also contributes to the total water adsorption.

Fitting Isotherm Data
To validate the augmented BET Eq. [7], extensive isotherm 

data from a variety of soils were used. A key issue in interpret-
ing the isotherms of soil is the unambiguous determination of the 

upper limit of the RH for the isotherm data. In the high RH range 
(e.g., for most soil, RH > 50%), capillary condensation will par-
ticipate in retaining water molecules on the soil matrix (McQueen 
and Miller, 1974; Lu and Likos, 2004; Lu, 2016), suggesting that 
the BET equation for pure surface adsorption will not hold beyond 
a certain RH value. The onset point of capillary condensation 
varies with soil mineralogy and pore topography, depending on 
soil type. Here, we adopted a theoretical way to determine the 
onset point of capillary condensation based on the local c value. 
The local c values at a certain RH are determined by fitting the 
five adjacent isotherm data points around a given RH. As such, the 
variation of the local c values with RH is attainable. Generally, this 
variation follows a unique trend and is illustrated in Fig. 6, showing 
consistence with the observation by Pomonis et al. (2004). For an 
RH value between 21 and 65%, the local c value switches sharply 
from positive values to negative values. This switch indicates the 

Fig. 4. Variation of molecular structures 
with hydration stages for representa-
tive elementary volumes (REVs) of (a) 
kaolinite and (b) bentonite.

Fig. 5. Illustration of the proposed augmented Brunauer–Emmett–
Teller (BET) equation; RH is relative humidity.
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breakdown of the BET equation, signifying the end of pure surface 
adsorption and accordingly the onset of capillary condensation in 
the interparticle corners and particle surfaces (e.g., Or and Tuller, 
1999). The RH value at this switch is identified as the RH at the 
end of pure surface adsorption (RHe)To ensure the accuracy of 
SSA estimation, only the isotherm data points of pure surface 
adsorption, i.e., RH < RHe, are used to fit the augmented BET 
equation in the following analysis.

The proposed BET equation (Eq. [7]) involves five unknown 
parameters, viz., the monolayer water contents adsorbed on the 
external surface (wm-ext) and the internal surface (wm-int), the 
enthalpy of adsorption on the external surface (cext) and the 
internal surface (cint), and the RH where the internal surface 
adsorption initiates (RH0), which can be determined by best fits 
to the measured isotherm data. As indicated in Fig. 5 and Eq. [7], 
the augmented BET equation is a highly nonlinear function and 
cannot be reorganized into a linear form like the original BET 
(Eq. [2]), suggesting that a robust nonlinear fitting is required 
to determine the unknown parameters. In this study, a nonlin-
ear least-squares algorithm was implemented in MATLAB (The 
MathWorks, 1998) and used to achieve the values of the physical 
parameters for best fits. To ensure the convergence of the fitting, 
initial guesses of the parameters pertinent to the external adsorp-
tion isotherm, i.e., wm-ext and cext, were first obtained by fitting 
the isotherm data with only the external BET equation for RH 
values <RHe/3.

Assessment of Augmented Equation
Experimental Dataset

A suite of 25 silty and clayey soils was selected to assess the 
performance of the augmented BET equation, as summarized in 
Table 1. The selected soil dataset covers a wide range of geotechni-
cal properties, i.e., for the liquid limit (ASTM, 2010) from 25 to 

485, for the plastic limit (ASTM, 2010) from 12 to 353, and for 
the plasticity index (ASTM, 2010) from 4 to 132. A soil’s plastic-
ity index is directly related to its swelling ability or expansibility; 
qualitatively, the higher the plasticity index, the more a soil can 
swell in volume on wetting. The soil dataset includes water adsorp-
tion isotherms, ethylene glycol monomethyl ether (EGME) based 
SSA values, and N2 adsorption isotherms. The water adsorption 
isotherms are available for all the selected soils and were taken 
from Akin and Likos (2014) and Khorshidi et al. (2017). The 
EGME-based SSA values for all the selected soils are from Akin 
and Likos (2014). The N2 adsorption isotherms were measured 
with a Micromeritics ASAP 2000 analyzer for Georgia kaolinite 
and Wyoming bentonite.

Water Adsorption Isotherm
As demonstrated through a variety of soils, the augmented 

BET equation can invariably well represent the adsorption iso-
therms of the selected 25 soils. The parameters obtained from 

Fig. 6. Illustration of determining the end-point relative humidity 
(RH) for sole surface adsorption based on the constant c related to the 
enthalpy of adsorption.

Table 1. Soils and their geotechnical properties, including liquid limit 
(LL), plastic limit (PL), and plasticity index (PI),and references.

Soil LL PL PI
USCS 
classification† References

——— % ———

Alb1 28 17 11 CL Akin (2014)

Alb2 36 14 22 CL Akin (2014)

Albany red 30 16 14 SC Akin (2014)

Balt silt I 26 19 7 CL-ML Khorshidi et al. (2017)

Balt silt II 28 23 5 SM Khorshidi et al. (2017)

Bonny silt 25 21 4 ML Khorshidi et al. (2017)

Ca bentonite – – – – Khorshidi et al. (2017)

Denver bentonite 118 45 73 CH Khorshidi et al. (2017)

Denver claystone 44 23 21 CL Khorshidi et al. (2017)

Georgia kaolinite 44 26 18 CL Khorshidi et al. (2017)

Heifangtai silt 26 21 5 ML Khorshidi et al. (2017)

Hopi silt I 26 19 7 SC-SM Khorshidi et al. (2017)

Hopi silt II – – – – Khorshidi et al. (2017)

Houston brown 41 16 25 CH Akin (2014)

Iowa silt 33 24 9 ML Khorshidi et al. (2017)

Kamm clay 49 21 28 CL Akin (2014)

K bentonite – – – – Khorshidi et al. (2017)

KF1 42 23 19 CL Akin (2014)

KF2 41 15 26 – Akin (2014)

Mg bentonite – – – – Khorshidi et al. (2017)

Mon2 31 17 14 CL Akin (2014)

New Orleans 30 12 18 CL sandy Akin (2014)

Sacramento 39 22 17 – Akin (2014)

Wcs Andrews 50 18 32 CH Akin (2014)

Wyoming bentonite 485 353 132 CH Khorshidi et al. (2017)

† Unified Soil Classification System (ASTM, 2017).
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the best fits are summarized in Table 2. The monolayer water 
content on the internal surface (wm-int) varies significantly with 
soil type, i.e., from 0.000 to 0.076 g g−1. Generally, swelling soils 
(high plasticity index) tend to have higher wm-int, suggesting that 
internal surface adsorption is the main source responsible for the 
soil’s expansibility. In contrast, the monolayer water content on 
the external surface (wm-ext) varies relatively little with soil type, 
i.e., 0.004 to 0.020.

The predicted RH when the internal surface adsorption initi-
ates (RH0) varies from 0.01 to 0.21. The RH0 value shows a strong 
dependence on the cation type, i.e., 0.01 for Ca-rich bentonite 
(Denver bentonite), 0.03 for Ca-bentonite, 0.03 for Mg-bentonite, 
0.11 for K-bentonite, and 0.21 for Na-rich bentonite (Wyoming 
bentonite). This dependence can be explained by the dependence 
of the hydration energy on cation type; the higher the hydration 

energy, the higher the RH0. For example, the energy of water 
hydrated on Na+ is lower than that on Mg2+, Ca2+, and K+ (e.g., 
Israelachvili, 2011; Khorshidi et al., 2016). It is anticipated that 
the lower hydration energy provided by the interlamellar Na cation 
makes it more difficult for the water molecules to overcome the 
energy barrier of the van der Waals and electrostatic forces between 
clay lamella. As such, it will be harder for water molecules to pen-
etrate into the interlamellar space of Na-rich bentonite (Wyoming 
bentonite), leading to a higher RH0 value.

The predicted relative humidity at the end of the pure surface 
adsorption RHe varies from 0.21 to 0.65 with soil type, shown in 
Table 2. The transition of adsorption and capillarity is not a point 
but a zone, with a lower bound defined by the onset of capillarity 
and an upper bound defined by the complete decay of adsorp-
tion. The predicted RHe value denotes the onset of capillarity 

Table 2. Fitted parameters for the augmented Brunauer–Emmett–Teller (BET) equation (Eq. [7]); wm-ext and wm-int are the monolayer contents 
adsorbed on the external and internal surfaces, respectively; cext and cint are the constants related to the enthalpy of adsorption on external and inter-
nal surfaces, respectively; and RHe, RHm-ext, and RHm-int are the relative humidity values where the pure surface adsorption ends, the water content 
adsorbed on the external surface reaches the monolayer coverage, and the water content adsorbed on the internal surface reaches the monolayer cover-
age.

Soil Sorbate wm-ext wm-int cext cint RH0 RHe RHm-ext RHm-int R2

——— g/g or cm3/g† ———

Alb1 water 0.009 0.001 125.3 8.7 0.06 0.34 0.08 0.31 0.99

Alb2 water 0.006 0.000 3.4 N/A‡ N/A 0.64 0.35 N/A 0.99

Albany red water 0.014 0.000 441.0 N/A N/A 0.23 0.05 N/A 0.99

Balt silt I water 0.013 0.001 11.6 0.3 0.20 0.40 0.23 0.84 0.99

Balt silt II water 0.013 0.000 6.6 N/A N/A 0.48 0.28 N/A 0.98

Bonny silt water 0.011 0.004 28.9 2.6 0.10 0.29 0.16 0.48 1.00

Ca bentonite water 0.020 0.066 999.8 5.0 0.03 0.36 0.03 0.34 0.98

Denver bentonite water 0.020 0.072 1000.0 5.0 0.01 0.31 0.03 0.32 0.95

Denver claystone water 0.018 0.000 8.4 N/A N/A 0.49 0.26 N/A 1.00

Georgia kaolinite water 0.004 0.002 9.7 6.8 0.15 0.46 0.24 0.43 0.99

Georgia kaolinite N2 4.697 0.000 255.0 N/A N/A 0.28 0.05 N/A 0.97

Heifangtai silt water 0.006 0.001 44.2 1.8 0.12 0.26 0.13 0.55 0.73

Hopi silt I water 0.015 0.001 25.7 2.4 0.09 0.35 0.16 0.48 0.99

Hopi silt II water 0.013 0.001 30.0 11.6 0.08 0.37 0.15 0.31 1.00

Houston brown water 0.020 0.012 999.9 11.9 0.01 0.23 0.03 0.23 0.99

Iowa silt water 0.014 0.002 12.5 12.4 0.12 0.42 0.22 0.34 0.99

Kamm clay water 0.020 0.009 998.2 9.2 0.01 0.27 0.03 0.26 1.00

K bentonite water 0.010 0.022 7.2 1.1 0.11 0.21 0.27 0.60 1.00

KF1 water 0.020 0.016 52.0 10.9 0.08 0.39 0.12 0.31 1.00

KF2 water 0.020 0.011 994.4 9.0 0.01 0.25 0.03 0.26 1.00

Mg bentonite water 0.020 0.053 998.8 7.5 0.03 0.34 0.03 0.30 1.00

Mon2 water 0.012 0.002 12.8 12.5 0.12 0.37 0.22 0.34 1.00

New Orleans water 0.005 0.001 7.7 6.3 0.11 0.56 0.26 0.39 0.99

Sacramento water 0.020 0.018 1000.0 8.8 0.01 0.28 0.03 0.26 1.00

Wcs Andrews water 0.014 0.005 36.1 10.3 0.10 0.37 0.14 0.34 1.00

Wyoming bentonite water 0.014 0.076 11.9 0.9 0.21 0.65 0.22 0.72 1.00

Wyoming bentonite N2 19.950 0.002 477.0 N/A N/A 0.22 0.05 N/A 0.99

† For water adsorption (g/g) and N2 adsorption (cm3/g).
‡ N/A, not applicable.
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and thus can be treated as the lower bound of the transition zone 
from adsorption to capillarity. Akin and Likos (2017) observed a 
minimum tensile strength of kaolinite disks around RH = 0.8 and 
estimated that this unique RH point denotes the transition from 
adsorption to capillarity. Their RH value is more likely to describe 
the middle point of the transition zone, where the capillary effec-
tive stress increase with water content starts to outcompete the 
adsorptive effective stress decrease with water content. As such, 
it is reasonable that the predicted RHe value of 0.46 for Georgia 
kaolinite is lower than their RH = 0.8.

The calculated monolayer coverage RH on the internal 
surface (RHm-int) is different from that on the external surface 
(RHm-ext), shown in Table 2. Both RHm-ext and RHm-int are 
directly calculated from Eq. [5] for the exter-
nal surface and Eq. [6] for the internal surface 
using the fitted monolayer water contents 
wm-ext and wm-int shown in Table 2. The cal-
culated RHm-int is unfailingly higher than 
the RHm-ext for all soils, suggesting a higher 
or less negative adsorption free energy on the 
internal surface. Additionally, the monolayer 
coverage RH varies significantly with soil 
type, i.e., for RHm-ext from 0.03 to 0.35 and 
for RHm-int from 0.23 to 0.84. Therefore, it 
can be concluded that monolayer coverage 
RH varies with not only internal or external 
but also soil type, indicating that the assump-
tion of the existence of a universal monolayer 
coverage RH made in many previous models 
for the SSA calculation is incorrect.

The parameter c (dimensionless) is 
an increasing function of the adsorption 
enthalpy (e.g., Pomonis et al., 2004). The 
predicted c values on the external surface 
(cext) are invariably higher than those on the 
internal surface (cint). This indicates that the 
adsorption enthalpy on the external surface 
is generally higher than that on the internal 
surface, in accordance with the free energy 
levels discussed above and illustrated in Fig. 2.

The fitted augmented BET equation is 
illustrated in Fig. 7 with the measured adsorp-
tion isotherm data for six representative soils: 
one kaolinite soil (Georgia kaolinite); two 
bentonite soils (Wyoming bentonite and 
Ca-bentonite); one illite soil (Denver clay-
stone); one clayey soil (Wcs Andrews), and 
one silty soil (Bonny silt). In general, excel-
lent matches were achieved between the 
measured isotherm data and the augmented 
BET equation, with a correlation coefficient 
R2 of ³0.95 for all 25 soils with one excep-
tion (see Table 2). In Fig. 7a, water adsorption 

on Denver claystone is identified by Eq. [7] as completely con-
tributed by the external surface adsorption. The internal surface 
adsorption noticeably participates in adsorbing water on the 
Wcs Andrews, Bonny silt, and Georgia kaolinite soils, showing 
consistency with their low expansibility (i.e., low plasticity index 
values), as illustrated in Fig. 7b to 7d. Georgia kaolinite is a typical 
1:1 mineral, however, and is predicted to exhibit internal surface 
adsorption. Such internal surface adsorption may be interpreted 
as the adsorption of water molecules on the contact area between 
the very fine clay particles. In contrast, water adsorption on the 
Ca-bentonite and Wyoming bentonite is identified by Eq. [7] as 
dominated by internal surface adsorption, consistent with their 
high expansibility.

Fig. 7. Fitted augmented Brunauer–Emmett–Teller (BET) equation for water adsorption iso-
therms of (a) Denver claystone, (b) Wcs Andrews soil, (c) Bonny silt, (d) Georgia kaolinite, (e) 
Ca bentonite, and (f ) Wyoming bentonite; RH is relative humidity.
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Nitrogen Adsorption Isotherm
The N2 adsorption isotherm was used to verify the aug-

mented BET equation’s ability to separate internal and external 
surface adsorption. The N2 adsorption isotherm is the relationship 
between the amount of adsorbed N2 (volume) and the relative pres-
sure of N2 (partial pressure divided by the equilibrium pressure). 
The N2 molecule is nonpolar and inert to electrical fields generated 
by cations and particle surfaces. No driving force such as cation 
hydration is available for N2 to overcome the interlamellar van 
der Waals attraction (e.g., Aylmore, 1970; Ravikovitch et al., 2005; 
Zhang and Lu, 2018b). Therefore, the N2 molecule is unable to 
penetrate into the interlamellar space of clay minerals. It is there-
fore expected that the N2 adsorption isotherm on soils is fully 
determined by external surface adsorption (e.g., Heister, 2014). 
Here, the augmented BET equation was assessed for whether it can 
predict the external surface dominating feature of N2 adsorption.

Generally, the augmented BET equation can well repre-
sent the N2 adsorption isotherm data for Georgia kaolinite and 
Wyoming bentonite, with R2 ³ 0.97, as shown in Fig. 8. The 
parameters determined via best fits are summarized in Table 2, 
indicating zero monolayer gas content adsorbed on the internal 
surface. That is, the augmented BET equation predicts that 
the N2 isotherms for both soils are fully dominated by external 
surface adsorption, showing consistency with the existing experi-
mental and theoretical evidence (e.g., Heister, 2014; Zhang and 
Lu, 2018b) and verifying the augmented BET equation’s capabil-
ity to accurately identify and distinguish adsorption on external 
and internal surfaces.

Specifi c Surface Area Estimation
The SSA estimation is one of the main motivations for 

conducting sorption isotherm measurement. Two independent 
methods for calculating SSA are used for comparison: the EGME 
isotherm by the BET equation (Akin and Likos, 2016) and SMC 
(Khorshidi et al., 2017). As discussed above, the SSA can be esti-
mated from the monolayer water content, and the physical linkage 
between the SSA and the monolayer water content depends on 
whether the water is retained in the internal or external surface 

(e.g., Akin and Likos, 2016; Khorshidi et al., 2017). As demon-
strated in Eq. [7], the augmented BET equation can describe 
monolayer water content on both the external and internal 
surfaces. Thus, there is no need to presume whether soils are non-
swelling or swelling, as required for the existing methods for SSA 
calculation. Accordingly, the total SSA can be calculated as the 
sum of the estimated external SSAext and internal SSAint:

( )m-ext m-int A m

w

2
SSA

w w N A
M

+
=   [8]

m-ext A m
ext

w
SSA

w N A
M

=   [9]

m-int A m
int

w
SSA 2

w N A
M

=   [10]

The SSA values estimated by the augmented BET equation 
for the 25 selected soils are shown in Fig. 9a. The estimated SSAs 
of the soils vary from 22 m2 g−1 for New Orleans soil to 594 m2

g−1 for Wyoming bentonite, covering a wide range of soils and 
variability in SSA. The EGME-based SSA values from Akin and 
Likos (2014) are shown in Fig. 9a. The SSA values estimated by 
the augmented BET equation generally well match those by the 
EGME method, with R2 = 0.93. The small discrepancy between 
the two methods can be attributable to the unequal interfacial 
properties of water molecules and EGME molecules (e.g., Quirk 
and Murray, 1999; Akin and Likos, 2014). Because the SSA by 
the augmented BET equation is obtained from the water adsorp-
tion isotherm, it is more appropriate to represent the soil-water 
related properties.

Recently, Khorshidi et al. (2017) developed a soil moisture 
capacity (SMC) based method to estimate the SSA from water 
adsorption isotherms. Figure 9b shows the SSA values estimated by 
the augmented BET against those by the SMC. The SMC method 
follows the general trend of the SSA estimated by the augmented 
BET, with R2 = 0.87, but tends to yield higher SSA values, show-
ing a consistent pattern with the comparisons between SMC and 
EGME (Khorshidi et al., 2017). Significant discrepancies up to 
52% for K bentonite are observed between the SMC and EGME 

Fig. 8. Fitted augmented Brunauer–
Emmett–Teller (BET) equation for N2
ad sorption isotherms of (a) Georgia kaolin-
ite and (b) Wyoming bentonite.
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methods (Khorshidi et al., 2017), whereas the discrepancy between 
the augmented BET and the EGME method is <40%. In this sense, 
the estimation by the augmented BET equation is more reliable 
than that by the SMC.

Summary and Conclusions
An augmented BET equation was established to delineate the 

isotherm of water adsorbed on soils. The rationale underpinning 
this equation is that water adsorption on soils cannot be well cap-
tured by the original BET equation due to the significant spatial 
heterogeneity of adsorption energy between the external (particle) 
surface and internal (intra-crystalline) surface. This adsorption 
energy heterogeneity is recognized as the disparity in free energy 
levels between the external and internal surface adsorption, physi-
cally stemming from the additional van der Waals and electrostatic 
attraction between lamella involved in the internal surface adsorp-
tion. The augmented BET equation can quantitatively describe 
two independent adsorption processes: the external (particle) sur-
face adsorption and internal (intra-crystalline) surface adsorption. 
As such, the augmented BET equation overcomes the incapability 

of the original BET equation in describing the nonlinear behavior 
exhibited in the soil-water isotherm in the BET plot space. The 
equation explicitly involves the physical parameters of the external 
and internal surface monolayer water contents, enabling its ability 
to predict or quantify the external and internal surface areas.

The augmented BET equation can well represent the mea-
sured isotherms of water adsorption on a variety of silty and clayey 
soils from the literature, validating its applicability and accuracy. 
Additionally, the non-polar N2 adsorption isotherms of Georgia 
kaolinite and Wyoming bentonite can be well fitted by the aug-
mented BET equation, yielding the dominant external surface 
adsorption and thus further verifying its accuracy. The accuracy 
of the equation in estimating the SSA has been further verified by 
comparing with the independent EGME method and the SMC 
method. The augmented BET equation improves SSA estimation 
from adsorption isotherms in (i) overcoming the previous subjec-
tive presumption of either non-expansive or expansive soils; (ii) 
avoiding the determination of the monolayer coverage relative 
humidity that is subject to non-uniqueness; and (iii) providing 
a universal and objective way to estimate both the external and 
internal SSA.

Fig. 9. (a) Comparison between the specific surface area (SSA) estimated by ethylene glycol monomethyl ether (EDME) (data from Akin and Likos, 
2014) and the augmented Brunauer–Emmett–Teller (A-BET) equation, and (b) comparison between SSA estimated by soil moisture capacity (SMC) 
(data from Khorshidi et al., 2017) and the A-BET equation.
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A salient feature of the augmented BET equation is its abil-
ity to determine both the external and internal surface areas by a 
soil’s measured water adsorption isotherm data, thus providing a 
convenient and comprehensive approach to estimate SSA values for 
soils in routine practice. Because the interplay between the exter-
nal and internal surface adsorption can be quantitatively separated 
by the augmented BET equation, it opens new ways to explicitly 
characterize the microscale soil–water interaction energies within 
the interlamellar space and to quantify the energy source for intra-
crystalline swelling and the physical properties of interlamellar 
adsorption water.

Acknowledgments
This research was sponsored by National Science Foundation grants CMMI-
1363315 and CMMI-1561764.

References
Akin, I.D. 2014. Clay surface properties by water vapor sorption methods. 

M.S. thesis. Univ. of Wisconsin, Madison.

Akin, I.D., and W.J. Likos. 2014. Specific surface area of clay using water 
vapor and EGME sorption methods. Geotech. Test. J. 37:1016–1027. 
doi:10.1520/GTJ20140064

Akin, I.D., and W.J. Likos. 2016. Single-point and multi-point water-
sorption methods for specific surface areas of clay. Geotech. Test. J. 
39:291–300. doi:10.1520/GTJ20150117

Akin, I.D., and W.J. Likos. 2017. Implications of surface hydration and capil-
lary condensation for strength and stiffness of compacted clay. J. Eng. 
Mech. 143:04017054. doi:10.1061/(ASCE)EM.1943-7889.0001265

Arthur, E., M. Tuller, P. Moldrup, A.C. Resurreccion, M.S. Meding, K. Kawa-
moto, et al. 2013. Soil specific surface area and non-singularity of 
soil-water retention at low saturations. Soil Sci. Soc. Am. J. 77:43–53. 
doi:10.2136/sssaj2012.0262

ASTM. 2010. D4318-10: Standard test methods for liquid limit, plastic limit, 
and plasticity index of soils. ASTM Int., West Conshohocken, PA.

ASTM. 2017. D2487-17: Standard practice for classification of soils for 
engineering purposes (Unified Soil Classification System). ASTM Int., 
West Conshohocken, PA,

Aylmore, L.A.G. 1970. Surface area of homoionic illite and montmorillonite 
clay minerals as measured by the sorption of nitrogen and carbon 
dioxide. Clays Clay Miner. 18:91–96. doi:10.1346/CCMN.1970.0180204

Bérend, I. 1995. Mechanism of adsorption and desorption of wa-
ter vapor by homoionic montmorillonites: 2. The Li+, Na+, K+, 
Rb+, and Cs+-exchanged forms. Clays Clay Miner. 43:324–336. 
doi:10.1346/CCMN.1995.0430307

Brunauer, S., P.H. Emmett, and E. Teller. 1938. Adsorption of 
gases in multimolecular layers. J. Am. Chem. Soc. 60:309–319. 
doi:10.1021/ja01269a023

Cases, J.M., I. Berend, G. Besson, M. Francois, J.P. Uriot, F. Thomas, and 
J.E. Poirier. 1992. Mechanism of adsorption and desorption of water 
vapor by homoionic montmorillonite: 1. The sodium-exchanged form. 
Langmuir 8:2730–2739. doi:10.1021/la00047a025

Freundlich, H., and E. Mäkelt. 1909. Über den absoluten Nullpunkt des 
Potentials. Z. Elektrochem. Angew. Phys. Chem. 15:161–165.

Heister, K. 2014. The measurement of the specific surface area of soils by 
gas and polar liquid adsorption methods: Limitations and potentials. 
Geoderma 216:75–87. doi:10.1016/j.geoderma.2013.10.015

Hensen, E.J.M., and B. Smit. 2002. Why clays swell. J. Phys. Chem. B 
106:12664–12667. doi:10.1021/jp0264883

Israelachvili, J.N. 2011. Intermolecular and surface forces. 3rd ed. Aca-
demic Press, San Diego.

Khorshidi, M., and N. Lu. 2017. Intrinsic relation between soil water 
retention and cation exchange capacity. J. Geotech. Geoenviron. Eng. 
143:04016119. doi:10.1061/(ASCE)GT.1943-5606.0001633

Khorshidi, M., N. Lu, I.D. Akin, and W.J. Likos. 2017. Intrinsic 
relationship between specific surface area and soil wa-
ter retention. J. Geotech. Geoenviron. Eng. 143:04016078. 
doi:10.1061/(ASCE)GT.1943-5606.0001572

Khorshidi, M., N. Lu, and A. Khorshidi. 2016. Intrinsic relationship be-
tween matric potential and cation hydration. Vadose Zone J. 15(11). 
doi:10.2136/vzj2016.01.0001

Laird, D.A., C. Shang, and M.L. Thompson. 1995. Hysteresis in crystal-
line swelling of smectites. J. Colloid Interface Sci. 171:240–245. 
doi:10.1006/jcis.1995.1173

Langmuir, I. 1918. The adsorption of gases on plane surfaces of 
glass, mica and platinum. J. Am. Chem. Soc. 40:1361–1403. 
doi:10.1021/ja02242a004

Leão, T.P., and M. Tuller. 2014. Relating soil specific surface area, water film 
thickness, and water vapor adsorption. Water Resour. Res. 50:7873–
7885. doi:10.1002/2013WR014941

Likos, W.J. 2008. Vapor adsorption index for expansive soil clas-
sification. J. Geotech. Geoenviron. Eng. 134:1005–1009. 
doi:10.1061/(ASCE)1090-0241(2008)134:7(1005)

Likos, W.J., N. Lu, and W. Wenszel. 2011. Performance of a dynamic 
dew point method for moisture isotherms of clays. Geotech. Test. J. 
34:373–382.

Lu, N. 2016. Generalized soil water retention equation for adsorp-
tion and capillarity. J. Geotech. Geoenviron. Eng. 142:04016051. 
doi:10.1061/(ASCE)GT.1943-5606.0001524

Lu, N., and M. Khorshidi. 2015. Mechanisms for soil-water retention 
and hysteresis at high suction range. J. Geotech. Geoenviron. Eng. 
141:04015032. doi:10.1061/(ASCE)GT.1943-5606.0001325

Lu, N., and W.J. Likos. 2004. Unsaturated soil mechanics. John Wiley & Sons, 
New York.

Lu, N., and C. Zhang. 2019. Soil sorptive potential: Concept, theory, 
and verification. J. Geotech. Geoenviron. Eng. 145:04019006. 
doi:10.1061/(ASCE)GT.1943-5606.0002025

Marcus, Y. 1991. Thermodynamics of solvation of ions: 5. Gibbs free energy 
of hydration at 298.15 K. J. Chem. Soc., Faraday Trans. 87:2995–2999. 
doi:10.1039/FT9918702995.

McQueen, I.S., and R.F. Miller. 1974. Approximating soil moisture charac-
teristics from limited data: Empirical evidence and tentative model. 
Water Resour. Res. 10:521–527. doi:10.1029/WR010i003p00521

Mooney, R.W., A.G. Keenan, and L.A. Wood. 1952. Adsorption of water 
vapor by montmorillonite: II. Effect of exchangeable ions and lattice 
swelling as measured by X-ray diffraction. J. Am. Chem. Soc. 74:1371–
1374. doi:10.1021/ja01126a002

Newman, A.C.D. 1983. The specific surface of soils determined by water 
sorption. J. Soil Sci. 34:23–32. doi:10.1111/j.1365-2389.1983.tb00809.x

Or, D., and M. Tuller. 1999. Liquid retention and interfacial area in variably 
saturated porous media: Upscaling from single pore to sample-scale 
model. Water Resour. Res. 35:3591–3605. doi:10.1029/1999WR900262

Pomonis, P.J., D.E. Petrakis, A.K. Ladavos, K.M. Kolonia, G.S. Armatas, S.D. 
Sklari, et al. 2004. A novel method for estimating the C-values of 
the BET equation in the whole range 0<P/Po<1 using a Scatchard-
type treatment of it. Microporous Mesoporous Mater. 69:97–107. 
doi:10.1016/j.micromeso.2004.01.009

Puri, B.R., and K. Murari. 1964. Studies in surface area measurements of 
soils: 2. Surface area from a single point on the water isotherm. Soil Sci. 
97:341–343. doi:10.1097/00010694-196405000-00008

Quirk, J.P. 1955. Significance of surface areas calculated from water vapor 
sorption isotherms by use of the BET equation. Soil Sci. 80:423–430. 
doi:10.1097/00010694-195512000-00001

Quirk, J.P., and R.S. Murray. 1999. Appraisal of the ethylene glycol mono-
ethyl ether method for measuring hydratable surface area of clays and 
soils. Soil Sci. Soc. Am. J. 63:839–849. doi:10.2136/sssaj1999.634839x

Ravikovitch, P.I., B.W. Bogan, and A.V. Neimark. 2005. Nitrogen and carbon 
dioxide adsorption by soils. Environ. Sci. Technol. 39:4990–4995. 
doi:10.1021/es048307b

Resurreccion, A.C., P. Moldrup, M. Tuller, T.P.A. Ferré, K. Kawamoto, T. 
Komatsu, and L. Wollesen de Jonge. 2011. Relationship between 



VZJ | Advancing Critical Zone Science p. 12 of 12

specific surface area and the dry end of the water retention curve for 
soils with varying clay and organic carbon contents. Water Resour. Res. 
47:W06522. doi:10.1029/2010WR010229

Salles, F., O. Bildstein, J.-M.M. Douillard, M. Jullien, and H. Van Damme. 
2007. Determination of the driving force for the hydration of the 
swelling clays from computation of the hydration energy of the in-
terlayer cations and the clay layer. J. Phys. Chem. C 111:13170–13176. 
doi:10.1021/jp0719762

Salles, F., J.-M.M. Douillard, R. Denoyel, O. Bildstein, M. Jullien, I. Beurroies, 
and H. Van Damme. 2009. Hydration sequence of swelling clays: Evolu-
tions of specific surface area and hydration energy. J. Colloid Interface 
Sci. 333:510–522. doi:10.1016/j.jcis.2009.02.018

Sposito, G., and R. Prost. 1982. Structure of water adsorbed on smectites. 
Chem. Rev. 82:553–573. doi:10.1021/cr00052a001

Tambach, T.J., P.G. Bolhuis, E.J.M. Hensen, and B. Smit. 2006. Hysteresis in 
clay swelling induced by hydrogen bonding: Accurate prediction of 
swelling states. Langmuir 22:1223–1234. doi:10.1021/la051367q

The MathWorks. 1998. MATLAB Guide. The MathWorks, Natick. MA.

Tunega, D., M.H. Gerzabek, and H. Lischka. 2004. Ab initio molecular 
dynamics study of a monomolecular water layer on octahedral 

and tetrahedral kaolinite surfaces. J. Phys. Chem. B 108:5930–5936. 
doi:10.1021/jp037121g

Wang, J., A.G. Kalinichev, and R.J. Kirkpatrick. 2006. Effects of substrate 
structure and composition on the structure, dynamics, and energetics 
of water at mineral surfaces: A molecular dynamics modeling study. 
Geochim. Cosmochim. Acta 70:562–582. doi:10.1016/j.gca.2005.10.006

Yukselen, Y., and A. Kaya. 2006. Comparison of methods for determining 
specific surface area of soils. J. Geotech. Geoenviron. Eng. 132:931–
936. doi:10.1061/(ASCE)1090-0241(2006)132:7(931)

Zhang, C., Y. Dong, and Z. Liu. 2017. Lowest matric potential in quartz: 
Metadynamics evidence. Geophys. Res. Lett. 44:1706–1713. 
doi:10.1002/2016GL071928

Zhang, C., Z. Liu, and P. Deng. 2016. Contact angle of soil miner-
als: A molecular dynamics study. Comput. Geotech. 75:48–56. 
doi:10.1016/j.compgeo.2016.01.012

Zhang, C., and N. Lu. 2018a. Measuring soil-water density by he-
lium pycnometer. J. Geotech. Geoenviron. Eng. 144:02818002. 
doi:10.1061/(ASCE)GT.1943-5606.0001929

Zhang, C., and N. Lu. 2018b. What is the range of soil water density? 
Critical reviews with a unified model. Rev. Geophys. 56:532–562. 
doi:10.1029/2018RG000597


