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Abstract: A soil’s specific surface area (SSA) is commonly determined by two conventional methods: adsorption isotherms using nitrogen
gas with interpretation through the Brunauer-Emmet-Teller (BET) equation, and ethylene glycol monomethyl ether (EGME) adsorption.
The SSA so obtained may possess several drawbacks: (1) it does not directly reflect the SSA for soil-water interaction, (2) nitrogen sorption
applies only to external mineral surface area and does not account for intracrystalline (expandable mineral interlayer) surface area, and (3) the
EGMEmethod is labor- and time-intensive. Recently, several water vapor adsorption SSAmethods have emerged with improved capability to
quantify SSA and directly probe soil-water interactions. Here the authors systematically assess the paradigms of non-water-based methods
and water-based methods for their suitability to quantify soil’s SSA through a wide spectrum of soils. Independent adsorption isotherms using
water vapor, EGME, and nitrogen gas for a variety of soils are measured and considered together with existing data from the literature to
comparatively assess the methods. Among the water-based sorption methods, the augmented BET (A-BET) method compares consistently
well with the non-water-based paradigm (EGME method). The A-BET method is superior to the other SSA methods as it can quantify and
separate a soil’s external SSA (particle surface) and internal SSA (intracrystalline surface), thus providing a new dimension to understanding
the role of soil-water retention in soil classification, swelling, collapsing, multiphysics flow, and mechanical behavior.DOI: 10.1061/(ASCE)
GT.1943-5606.0002579. © 2021 American Society of Civil Engineers.

Author keywords: Sorption isotherm; Brunauer-Emmet-Teller (BET) equation; External surface area; Internal surface area; Surface
hydration; Specific surface area; Atterberg limits; Expansive soil classification.

Introduction

Specific surface area (SSA) is commonly referred to as the sur-
face area per unit mass (m2=g), although the types of surfaces for
soil mineral systems are subjective and are not uniquely defined.
Surface area can be defined based on its location and is sorbent
specific, as illustrated in Fig. 1. Depending on mineral structure,
surface areas can be divided into those of the particles themselves,
or the capillary surface on or within micropores of soil particles
where capillary condensation or cavitation occurs, or the interlayer
surface area between expandable intracrystalline lamellae. Further-
more, SSA depends not only on adsorbent (soil mineral) type, but
also on the type of adsorbate (species used to quantify SSA). For
example, nitrogen gas (a nonpolar adsorbate) can only interact or
adsorb on external soil mineral surfaces, and is excluded from the
expandable mineral interlayer surfaces (e.g., Dyal and Hendricks
1950; de Jong et al. 1999). Polar adsorbates such as ethylene glycol
monomethyl ether (EGME), methylene blue (MB), and water,
on the other hand, can interact with both the particle surface and
interlayer surface (e.g., Carter et al. 1965; de Jong et al. 1999;
Santamarina et al. 2002; Cerato and Lutenegger 2002), thus creating

the need to differentiate among internal, external, and total (internal +
external) surface areas for soils.

The SSA is often considered as a fundamental physical property
related to many other soil properties such as permeability and
Atterberg limits. A striking feature of soil SSA is its high depend-
ency on particle size and mineral and chemical composition. The
SSA can also vary by several orders of magnitude from soil to soil
(e.g., Quirk 1955; Newman 1983; Santamarina et al. 2002). For
example, sandy soils have an SSA typically less than a tenth of
1 m2=g, silty soils can have an SSA on the order of tens of m2=g,
whereas clay soils can have an SSA on the order of hundreds
of m2=g (e.g., Puri and Murari 1964; Khorshidi et al. 2017). The
SSA, together with soil mineral structure, determines soil’s cation
exchange capacity (CEC). The SSA has shown to be strongly cor-
related to soil behavior such as Atterberg limits (e.g., Farrar and
Coleman 1967; Warkentin 1972; Muhunthan 1991; Dolinar et al.
2007), swelling potential (e.g., Dos Santos and DeCastro 1965;
Low 1980; Dasog et al. 1988; Akin and Likos 2017), matric
potential (Lu and Zhang 2019; Zhang and Lu 2020), soil water den-
sity (e.g., Zhang and Lu 2018), fluid flow (e.g., Santamarina et al.
2002; Tuller and Or 2005), thermal conductivity of frozen soils
(e.g., Tarnawski and Wagner 1993), CEC (e.g., Lipson and Stotzky
1983; Cerato 2001; Sokołowska et al. 2004; Yukselen and Kaya
2008; Khorshidi and Lu 2017), and sorption kinetics (Akin and
Likos 2020), among many other soil properties.

The SSA of soil can be determined by physical methods and
adsorption methods. Physical methods directly measure the crys-
talline structure, interlayer spacing, or particle surface geometry by
microscopy or X-ray diffraction (e.g., Mooney et al. 1952b; Likos
et al. 2010; Sokołowska 2011). These methods require additional
information on mineral structural formula and unit cell dimensions,
which could be challenging for most natural soils that contain non-
pure minerals or have a complex structural formula, making it
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difficult to obtain the SSA. Adsorption methods are the most com-
monly used techniques to quantify the SSA of soils. Historically,
polar adsorbates such as water vapor, ethylene glycol, and EGME
are commonly used to quantify the total SSA including both inter-
nal intracrystalline and external particle surfaces (e.g., Carter et al.
1965; de Jong et al. 1999; Quirk and Murray 1999; Cerato and
Lutenegger 2002). Nonpolar adsorbates such as nitrogen, argon, or
krypton are commonly used to quantify the external particle SSA
(e.g., Dyal and Hendricks 1950; de Jong et al. 1999).

Challenges for Determination of Soil’s SSA by
Adsorption

Among all the adsorption methods, two of them are commonly
used for soils as the conventional methods: nitrogen gas adsorp-
tion (e.g., Dyal and Hendricks 1950) and EGME adsorption
(e.g., Carter et al. 1965; Cerato and Lutenegger 2002). To deter-
mine the SSA from an adsorption isotherm or adsorption quantity,
an appropriate theory for adsorption is needed (e.g., Mooney et al.
1952a; Quirk 1955; Puri and Murari 1964; Ravikovitch et al. 2005;
Yukselen and Kaya 2006). An isotherm is the amount of adsorbate
as a function of partial gas pressure or relative humidity at a con-
stant temperature when the energy equilibrium between adsorbate
and adsorbent is reached. The Langmuir equation (1918) is prob-
ably the first physics-based adsorption isotherm, and assumes
energetically homogeneous surfaces and that adsorption terminates
at monolayer adsorbate coverage. The Brunauer-Emmet-Teller
(BET) equation (Brunauer et al. 1938) is more general and capa-
ble of describing the energetically homogeneous but multilayer
adsorption process.

To date, the BET theory remains the most commonly used basis
to deduce the SSA from isotherm data for various adsorbates on
soils (e.g., Mooney et al. 1952a; Puri and Murari 1964; Heister
2014; Akin and Likos 2014, 2016). The BETequation describes the
energy equilibrium function between adsorbate quantity and its
prevailing partial pressure or relative humidity (RH), where RH is
used to quantify partial pressure when water vapor is used as the
adsorbate (Brunauer et al. 1938)

w ¼ wmcRH
ð1 − RHÞð1 − RH þ cRHÞ ð1aÞ

where w = gravimetric water content (g=g); RH = relative humidity;
wm = monolayer coverage adsorbate content (g=g); and c =
constant related to the enthalpy of adsorption.

The BET theory is based on the van der Waals force between the
surface of the adsorbent (soil particle) and condensed gas

(adsorbate). As such, the BET theory is suitable for weak adsorp-
tion, such as that between soils and nonpolar gas. Thus, the BET
equation is appropriate for determining external particle surface
from isotherms of nonpolar gas. This feature can be appreciated
by recasting Eq. (1a) into a linear form

RH
wð1 − RHÞ ¼

c − 1

wmc
RH þ 1

wmc
ð1bÞ

If the isotherm data exhibits a linear relation as in Eq. (1b),
i.e., RH=½wð1 − RHÞ� versus RH, as illustrated in Fig. 2(a), the
monolayer coverage adsorbate content wm and enthalpy of adsorp-
tion c can be optimally determined, and the SSA can be calculated
from the monolayer coverage.

Although the BET equation has also been commonly used to
determine the total SSA, which includes both external and internal
SSAs, it may be subject to significant errors for polar adsorbates
(e.g., Santamarina et al. 2002; Yukselen and Kaya 2006; Akin and
Likos 2014). This is because isotherms of many soils will not fol-
low the linear form of BET Eq. (1b) on the BET plot shown in
Fig. 2(a) (e.g., Akin and Likos 2014; Khorshidi et al. 2017). This
reflects the presence of other adsorptive forces, such as surface and
interlayer cation hydration, and that electric forces and van der
Waals forces between interlayers are also in action, thus leading to
a violation of the basic assumption of the BET theory that surface
interaction energy is homogeneously distributed.

In fact, many works demonstrate that the BET equation is not
suitable for describing soil sorption isotherms, most notably for
expansive clay minerals (e.g., Chipera et al. 1997; Likos and Lu
2002). This is illustrated in Fig. 2(a) for water isotherm data of two
soils: a silty soil (Zhengzhou silt from Henan, China) and an ex-
pansive clay (Wyoming bentonite from Wyoming, United States).
Adsorption in the intracrystalline surface only occurs in expansive
clay and mainly involves interaction between exchangeable cations
and water molecules, whereas adsorption on the particle surface
occurs in all soils and mainly involves interaction between oxygen
and hydroxyl anions and water molecules. As such these two
adsorption mechanisms have different and distinct energy levels
that can range up to several orders of magnitude (e.g., Salles et al.
2007; Israelachvili 2011). Because the adsorption mechanism in
Zhengzhou silt is predominated by adsorption on external particle
surfaces, its BET plot [Fig. 2(a)] follows a nearly linear trend.
In contrast, because the adsorption in Wyoming bentonite is pre-
dominated by intracrystalline surface adsorption, its BET plot does
not follow a linear trend. Because the BET theory assumes only one
physical adsorption mechanism (Brunauer et al. 1938), the BET
equation is not suitable for SSA interpretation for soils with high
content of expansive clay.

Fig. 1. Illustration of external and internal surface area in soil: the total surface area per unit mass of soil is the sum of the external particle surface and
internal crystalline surface areas per unit mass.
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A key physical parameter to deducing the SSA from an iso-
therm using the BET equation is the monolayer adsorbate content
(g=g) when the surface is uniformly covered by some adsorbate.
If the monolayer coverage point (adsorbate content and the cor-
responding equilibrium RH or relative pressure) can be uniquely
identified along the isotherm of an adsorbent, the SSA can be cal-
culated by dividing the monolayer coverage adsorbate content by
the mass per unit area of the adsorbate or by the adsorbate density
times the adsorbate molecular dimension. However, for most natu-
ral soils, the isotherms cannot be accurately described by the BET
equation, and thus many empirical methods for determining the
monolayer coverage point have been proposed (e.g., Quirk 1955;
Puri and Murari 1964; Newman 1983; Heister 2014; Akin and
Likos 2016).

Two categories of methods are commonly used: the multiple-
point method and the single-point method. The former involves
fitting of the isotherm equations (e.g., BET equation) with the
measured multiple isotherm data points measured within a pre-
sumed RH range (e.g., Akin and Likos 2014). The latter involves
identification or presumption of the monolayer coverage point
(e.g., Quirk 1955; Newman 1983; Tuller and Or 2005; Akin and
Likos 2016). For the multiple-point method, Akin and Likos
(2014) employed the BET equation to fit water isotherm data for
RH ranging between 0.1 and 0.3 for an array of soils. That study
concluded that for soils with an SSA less than 100 m2=g, their
BET plot mostly follows the linear trend, and thus the SSA
deduced compared closely to the SSA by the EGME method.
However, for soils with an SSA greater than 100 m2=g, the BET
equation significantly underestimates the SSA by EGME by as
much as a factor of 2. For the single-point method, the value of
RH at monolayer coverage for water adsorption has been reported
to be remarkably different, including RH ¼ 20% (Quirk 1955;
Arthur et al. 2013), RH ¼ 53% (Puri and Murari 1964), RH ¼
53% (Newman 1983), and RH ¼ 30% (Akin and Likos 2016).
Recently, an improved method was developed to determine the
monolayer coverage or bilayer point based on the cross points in
a soil’s moisture capacity (SMC) function, where SMC is defined
as the derivative of an isotherm with respect to RH (Khorshidi et al.
2017). Because the SMC is highly sensitive to the accuracy of the

isotherm measurement, the method is sensitive to data resolution in
determining the cross points, particularly for nonexpansive clay.

Because adsorption in soils generally involves energetically
heterogeneous surfaces, the isotherm behavior of soils is far from
equations such as the BET equation established under the as-
sumption of energetically homogeneous surfaces. As such, both
the aforementioned categories of methods are subject to great
uncertainties. Furthermore, all the aforementioned methods for
determining the SSA do not explicitly distinguish between the
external and internal SSAs, even though each of them can play
different roles in physical, chemical, and biological processes. For
example, the external SSA provides the primary site for water film
flow (e.g., Tokunaga and Wan 1997) and soil’s interaction with
nonpolar adsorbate molecules, thus determining the permeability
of water at low water content or for flow processes with nonpolar
fluids (e.g., Laird 1996; Leão and Tuller 2014). External SSA is
thus important for many practical engineering problems such as
contaminant remediation and carbon sequestration in soil. Internal
SSA, on the other hand, provides the primary site for crystalline
hydration, thus dominating a soil’s CEC and interlayer swelling,
which is of critical importance to assess the hydromechanical per-
formance of expansive soils (e.g., Laird 1996; Hensen and Smit
2002; Khorshidi et al. 2017). To distinguish between external and
internal SSAs, a new augmented BET equation capable of describ-
ing isotherms of soils has been developed (Zhang and Lu 2019;
Lu and Zhang 2020)

w ¼ wm-extcextRH
ð1 − RHÞð1 − RH þ cextRHÞ

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

ð2Þ

where wm-ext and wm-int = monolayer water contents adsorbed on
the external and internal surface, respectively (g=g); cext and cint =
constants related to the enthalpy of adsorption on the external and
internal surface, respectively; and RH0 = relative humidity point
initiating the adsorption on the internal surface. The first term on
the right side represents the adsorbed water on the external particle

Fig. 2. Illustration of interpretation of adsorption isotherm by BET equation and A-BET equation: (a) BET plot of representative isotherms; and
(b) isotherms represented by augmented BET.
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surface, and the second term on the right side represents the ad-
sorbed water on the internal surface, as illustrated in Fig. 2(b). The
RH axis is limited to a value of 50% rather than 100% because
only the isotherm data before the onset of capillary condensation
is used to fit the augmented BET equation, as suggested by Zhang
and Lu (2019).

Assessment of SSA Methods by Adsorption

Five methods for determining SSA are assessed herein: two con-
ventional methods (nitrogen gas adsorption and EGME adsorption)
and three water vapor adsorption methods (namely, BET, SMC,
and A-BET). All three water vapor adsorption methods—the BET
method, including multiple-point and single-point RH methods
(e.g., Tuller and Or 2005; Arthur et al. 2013; Akin and Likos 2014,
2016); the SMC method (Khorshidi et al. 2017); and the A-BET
method (Zhang and Lu 2019; Lu and Zhang 2020)—use either
computer-automated measurement of water isotherms at room tem-
perature or measured water at a fixed/measured RH at equilibrium.
As noted previously, the differences in the methods lie in the theory
or method employed to deduce the SSA.

Nitrogen Gas Adsorption

Nitrogen gas adsorption has been established for many years
(e.g., Dyal and Hendricks 1950) and has been widely used to quan-
tify the SSA and pore-size distribution of many porous materials.
The method involves measurement of nitrogen gas isotherms at
77.35 K. The measured isotherm for most soils, including both
nonexpansive and expansive soils, can be interpreted by the BET
equation to deduce monolayer coverage of adsorption mass nm, and
the corresponding SSABET-nitrogen can be calculated as

SSABET-nitrogen ¼
nmNA
Mn

ð3Þ

where N = Avogadro’s number (6.023 × 1023 mol−1); A = area
covered by one nitrogen gas molecule (16.2 × 10−20 m2); and
Mn = molecular mass of nitrogen gas (0.032 kg=mol). Because
nitrogen gas is a nonpolar material, the interaction energy with the
soil particle is not strong, leading to only adsorption on the external
particle surfaces. As such, the SSA deduced from nitrogen adsorp-
tion generally underestimates the total SSA that also includes intra-
crystalline surface area.

EGME Vapor Adsorption

The EGME method employs a chemical compound of 2-
ethoxyethanol to adsorb on surfaces in soil, including both par-
ticle surfaces and intracrystalline surfaces. The EGME compound
is a clear, colorless, and etherlike odor liquid toxic to humans. The
method was established in soil science (Carter et al. 1965) and has
been adapted for geotechnical engineering applications (Cerato and
Lutenegger 2002). To date, it is still a method involving multistep
manual procedures and typically requires 7–15 days to complete.
The detailed steps and procedure can be found in Cerato and
Luteneggar (2002). Because EGME is a polar compound, it is an
excellent solvent widely used in commercial and industrial appli-
cations. Because of its strong polarity, EGME can be adsorbed to
both external particle surfaces and intracrystalline surfaces. The
amount of EGME mass Ma adsorbed on soil with a mass Ms at
the monolayer coverage equilibrium is measured and used to de-
duce the SSAEGME of the soil (e.g., Carter et al. 1965; Cerato and
Lutenegger 2002)

SSAEGME ¼ Ma

mEGMEMs
ð4Þ

where mEGME = adsorbed monolayer mass per EGME surface area,
(2.86 × 10−4 g=m2) according to a theoretical value determined
by Dyal and Hendricks (1950). The SSA deduced from EGME
adsorption reflects the total SSA, but no distinction between the
external and internal SSA is possible.

Water Vapor Adsorption with BET Theory

All water vapor adsorption methods use soil’s water isotherm,
which is typically obtained from a fully computer-automated
vapor adsorption analyzer (Likos et al. 2011). A complete soil
water isotherm test typically takes 1–2 days. There are different
interpretations of the adsorption process (e.g., Mooney et al.
1952a; Newman 1983; Arthur et al. 2013; Akin and Likos 2014).
Some of the SSA data are from soils and deduction methods
not listed in Table 2, but will be used for the purpose of compari-
son under the category of the BET theory method. Once the
monolayer coverage of adsorption mass wm is determined, the
SSABET-water can be calculated as

SSABET-water ¼
wmNA
Mw

ð5Þ

where N = Avogadro’s number (6.023 × 1023 mol−1); A = area
covered by one water molecule (12.5 × 10−20 m2); and Mw =
molecular mass of water (0.018 kg=mol). Because water is a polar
material, the interaction energy with soil particles is strong, lead-
ing to adsorption on both the external particle surface and internal
intracrystalline surface. As such, the SSA deduced from water
adsorption generally reflects the total SSA.

Water Vapor Adsorption with SMC Theory

The water vapor adsorption SMC method does not use BET
theory to determine the monolayer coverage point on the isotherm.
Instead, it seeks the transition point from a monolayer to a second
sorption layer or from a second layer to a third layer by identify-
ing the cross points between the derivative of water content with
respect to RH or matric suction for both wetting and drying iso-
therm data (Khorshidi et al. 2017). Water content at each of the
two cross points identified can be used to determine the total SSA
of soil

SSASMC-water ¼
w1mNA
Mw

ð6aÞ

SSASMC-water ¼
2w2mNA

Mw
ð6bÞ

where w1m = monolayer coverage water content; and w2m =
bilayer (two-layer) coverage water content. The two calculated
SSA values provide a redundant measure for the total SSA of
a soil.

Water Vapor Adsorption with A-BET Theory

The water vapor adsorption A-BET method uses the augmented
BET Eq. (2) to explicitly separate an external particle adsorption
isotherm and an internal intracrystalline isotherm. Eq. (2) is used
to fit water adsorption isotherm data, and the external particle sur-
face monolayer coverage water content wm-ext, external enthalpy of
adsorption cext, and the internal intracrystalline surface monolayer
coverage water content wm-int, internal enthalpy of adsorption cint,

© ASCE 04021066-4 J. Geotech. Geoenviron. Eng.
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as well as the initial onset relative humidity RH0 for the internal
intracrystalline surface can be optimally determined. Water content
at each of the two SSAs identified can be used to determine the
external SSAA-BET-ext, internal SSAA-BET-int, and total SSAA-BET-tot
of soil

SSAA-BET-ext ¼
wm−extNA

Mw
ð7aÞ

SSAA-BET-int ¼
2wm-intNA

Mw
ð7bÞ

SSAA-BET-tot ¼ SSAA-BET-ext þ SSAA-BET-int ð7cÞ

Soil Data Sets and Assessment Methods

A suite of over 65 soils are evaluated herein to assess the various
methods described previously for quantifying the SSA of soil.

These data sets are from several previous works and the current
study. Table 1 summarizes 37 soils, including 12 soils from the
current study, 11 soils from Akin and Likos (2014, 2016) and
Lu and Zhang (2020), and 14 soils from Khorshidi et al. (2017)
and Lu and Zhang (2020). These soils cover a wide range of geo-
technical indexes, i.e., including the liquid limit (LL) ranging from
25 to 485, for the plastic limit (PL) ranging from 12 to 353, and for
the plastic index (PI) ranging from 4 to 185. These soils also re-
present a wide range of swelling behavior, i.e., the expansive soil
classification using Seed et al. (1962) method covers the full range
from nonexpansive to moderate, high, and very high (Table 1). The
SSA ranges up to 600 m2=g, and the soil type ranges from sandy
soil to pure bentonite with a CEC of 976 mmol=kg (Table 1). An
additional 28 soils (not shown in Table 1) include 21 from
Arthur et al. (2013) and seven soils from Tuller and Or (2005).
These are predominantly silty soils and are used for broadening the
comparison. In this work, 12 soils, representative of natural sandy,
silty, and clayey soils, are selected and tested for different SSA
methods, including nitrogen gas adsorption isotherms, EGME

Table 1. Geotechnical properties of the 37 soils

Soil name
Specific
gravity

>0.075 mm
(%)

0.002–0.075 mm
(%)

<0.002 mm
(%)

LL
(%)

PL
(%) PI USCS

CEC
(mmol=kg)

Swelling
potentiala

Wyoming bentonite I 2.70 5.1 18.0 77.0 217.7 33.1 184.5 CH 621 Very high
Ningming expansive soil 2.73 5.8 3.2 91.1 164.6 37.6 127.0 CH 508 Very high
Jingmen yellowish-brown soil 2.75 2.1 68.9 29.0 62.9 25.5 37.4 CH 309 Very high
Denver bentonite I 2.73 10.0 84.7 5.3 104.0 47.8 56.2 MH 976 Very high
Denver claystone I 2.72 8.5 64.8 26.7 46.0 23.2 22.8 CL 160 High
Jingmen brown soil 2.72 11.6 69.2 19.3 41.8 20.7 21.1 CL 254 High
Xinyang clay 2.72 0.5 70.3 29.1 41.6 18.8 22.8 CL 206 High
Wuhan clay 2.73 5.5 73.5 21.0 40.3 18.2 22.1 CL 154 High
Sanmenxia silty clay 2.72 0.5 88.4 11.1 35.2 19.1 16.1 CL 149 Medium
Zhengzhou silt 2.70 8.7 79.9 11.4 26.1 14.8 11.3 CL 50 Medium
Commercial kaolin 2.75 3.0 91.2 5.8 42.2 34.9 7.2 ML 4 Low
Kaifeng sand 2.68 62.6 36.2 1.3 — — — SC 16 —
Alb1b,c/C-8.5d — — — — 28 17 11 CL 85 Medium
Alb2b,c/C-8.1d — — — — 36 14 22 CL 81 High
Albany redb,c/S-7.6d — — — — 30 16 14 SC 76 Medium
Balt silt Ie,c — — — 14 26 19 7 CL-ML — Low
Balt silt IIe,c — — — 5 28 23 5 SM — Low
Bonny silte,c — — — 14 25 21 4 ML — Low
Ca bentonitee,c — — — — — — — — — —
Denver bentonite IIe,c — — — 90 118 45 73 CH — Very high
Denver claystone IIe,c — — — 55 44 23 21 CL — High
Georgia kaolinitee,c — — — 35 44 26 18 CL — Medium
Heifangtai silte,c — — — — 26 21 5 ML — Low
Hopi silt Ie,c — — — 3 26 19 7 SC-SM — Low
Hopi silt IIe,c — — — 2 — — — ML — —
Houston brownb,c/C-32.2d — — — — 41 16 25 CH 322 High
Iowa silte,c — — — 10 33 24 9 ML — Low
Kamm clayb,c/C-26.3d — — — — 49 21 28 CL 263 High
K bentonitee,c — — — — — — — — — —
KF1b,c/C-35.6d — — — — 42 23 19 CL 356 Medium
KF2b,c/C-23.4d — — — — 41 15 26 — 234 High
Mg bentonitee,c — — — — — — — — — —
Mon 2b,c/C-15.2d — — — — 31 17 14 CL 152 Medium
New Orleansb,c/C-8.0d — — — — 30 12 18 CL sandy 80 Medium
Sacramentob,c/C-27.8d — — — — 39 22 17 — 278 Medium
WCS Andrewsb,c/C-17.6d — — — — 50 18 32 CH 176 High
Wyoming bentonite IIe,c — — — 100 485 353 132 CH — Very high
aSeed et al. (1962).
bAkin (2014).
cLu and Zhang (2020).
dAkin and Likos (2016).
eKhorshidi et al. (2017).
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adsorption, and water vapor isotherms, and different interpretation
methods, including applications of one-point adsorption, BET
equation, and augmented BET equation.

Nitrogen isotherms are measured using a Micro-Meritic ASAP
2460 system (Micromeritics Instrument Corp, Norcross, Georgia).
Water isotherms are measured using a vapor sorption analyzer
(Likos et al. 2011). Samples of nitrogen isotherms and water iso-
therms for the 12 soils tested in this work are illustrated in Fig. 3,
i.e., Wyoming bentonite, Denver claystone, Denver bentonite,
Zhangzhou silt, and Kaifeng sand. Fig. 3(a) shows the nitrogen
isotherms, Fig. 3(b) shows the water isotherms, and Fig. 3(c) is a
replot of Fig. 3(b) in terms of soil-water retention curve for these
five soils. The SSAs deduced from these isotherms, from other
methods, and from the previous works for all 37 soils are listed
in Table 2.

The EGME method is used as the benchmark method for com-
parison with other methods for the total SSA calculations. Two stat-
istical indicators are used to assess the match: (1) the coefficient
of correlation (R2) is used to quantify correlations between two
methods along a least squares regression line (the best fit) passing
through the origin, and (2) the 1∶1 ratio line between two methods is
used to examine the equivalency (where the slope of the best fit line
is 1.00 for a perfect equivalent between two methods). If the slope
of the best fit line is less than 1.00, it indicates that the compared
method underestimates the SSA by the EGME, and if the slope is
greater than 1.00, it indicates that the compared method overesti-
mates the SSA by the EGME.

Assessments among Different SSA Methods

SSA between Nitrogen Adsorption and EGME Methods

To compare the EGME and nitrogen adsorption methods, the iso-
therms of 25 soils are used. The results are shown in Fig. 4(a). It is
evident that the SSAs from these two methods are not correlated
(R2 ¼ 0.10). The best fit line (solid line) also significantly deviates
from the perfectly matched line (dash line), with the slope of the
best fit line being 0.09, which is far away from 1.00. Both the SSAs
from the previous experiments and this study for a broad range of
soil types show that the nitrogen adsorption method grossly under-
estimates the total SSA for the soils.

Previous comparative studies on both methods (e.g., de Jong
et al. 1999; Cerato and Lutenegger 2002; Yukselen and Kaya 2008)
attribute the large discrepancies to the inability of nitrogen gas
(nonpolar material) to be adsorbed in intracrystalline surface area,
whereas EGME (polar material) can be adsorbed on intracrystalline
surface area. This notion can be qualitatively confirmed by exam-
ining the isotherms of nitrogen and water [Figs. 3(a and b)] and the
correlations of the total SSAs between expansive clay and nonex-
pansive soil. The sequences of isotherms for clays, from high to low
adsorption [Fig. 3(a)], are Wyoming bentonite, Denver claystone,
and Denver bentonite for nitrogen adsorption, but are different for
water adsorption: Denver bentonite, Wyoming bentonite, Denver
claystone, as shown in Fig. 3(b). For water adsorption, there is
also a crossover between the isotherms of Denver claystone and
Wyoming bentonite at the RH≈ 0.30 or matric suction at 10.5 MPa
[Fig. 3(c)]. Clays such as Wyoming bentonite, Denver bentonite,
and Denver claystone show much higher SSAs by EGME than
by nitrogen adsorption [Fig. 4(a)], whereas sandy and silty soils
(Kaifeng sand, Zhengzhou silt) and nonexpansive clay (kaolinite)
have much closer SSAs between the two methods [see the insert in
Fig. 4(a) and Table 2].

Fig. 3. Illustration of adsorption isotherm for soil: (a) representative
nitrogen gas adsorption isotherms; (b) representative water vapor iso-
therms; and (c) representative water isotherms in terms of matric suc-
tion versus water content (semi-log plot).
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Table 2. SSAs by different adsorption methods

Soil name

SSA method

EGME

Nitrogen
by BET
equation

Water by BET equationb Water by
SMC/BET

plotc Water by A-BET equationdAdsorption Desorption

SSAEGME
ðm2=g)

SSABET-nitrogen
ðm2=gÞ)

Multipoint
SSABET-water

(m2=g)

Single-point
SSABET-water

(m2=g)

Multipoint
SSABET-water

(m2=g)

Single-point
SSABET-water

(m2=g)
SSASMC-water

(m2=g)

External
SSAA-BET−water

(m2=g)

Internal
SSAA-BET-water

(m2=g)

Total
SSAA-BET-water

(m2=g)

Wyoming bentonite I 500.1 26.8 60.7 53.5 318.4 204.0 — 38.1 562.1 600.1
Ningming expansive soil 393.0 37.0 105.8 78.4 231.9 181.9 — 50.0 324.9 374.9
Jingmen yellowish-brown soil 236.5 56.3 145.7 112.4 164.2 142.2 — 86.5 164.2 250.7
Denver bentonite I 506.8 16.5 370.2 310.7 404.9 361.5 — 83.5 482.4 566.0
Denver claystone I 88.7 26.1 72.5 59.8 83.2 74.4 — 47.7 42.2 89.9
Jingmen brown soil 110.4 35.2 93.1 77.6 108.2 97.1 — 62.6 81.0 143.6
Xinyang clay 110.2 33.8 101.7 81.7 109.4 101.6 — 73.1 40.5 113.6
Wuhan clay 112.5 30.5 58.5 41.0 69.9 63.2 — 27.0 67.1 94.0
Sanmenxia silty clay 108.5 30.2 73.6 49.1 84.9 75.2 — 31.2 79.0 110.2
Zhengzhou silt 27.7 10.1 26.9 24.8 36.2 33.8 — 20.7 5.4 26.1
Commercial kaolin 4.2 2.8 16.5 17.7 14.5 16.3 — 16.1 5.2 21.3
Kaifeng sand 7.5 5.3 23.4 23.7 25.4 26.4 — 24.6 0.4 25.0
Alb1a,d/C-8.5b 51a 22d b 35b 38b 36b — 31d 11d 41d

Alb2a,d/C-8.1b 51a — 26b 25b 29b 28b — 23d 2d 24d

Albany reda,d/S-7.6b 43a — 29b 26b 32b 28b — 51d 3d 55d

Balt silt Ic,d 91c — — — — — 84c 48d 7d 54d

Balt silt IIc,d 96c — — — — — 76c 47d 0d 47d

Bonny siltc,d 104c 28d — — — — 112c 40d 27d 67d

Ca bentonitec,d 518c — — — — — 543c 72d 475d 547d

Denver bentonite IIc,d 668c 30d — — — — 660c 72d 519d 591d

Denver claystone IIc,d 145c 39d — — — — 153c 66d 1d 67d

Georgia kaolinitec,d 31c 10d — — — — 28c 14d 12d 26d

Heifangtai siltc,d 22c 8d — — — — 29c 23d 5d 28d

Hopi silt Ic,d 94c — — — — — 92c 55d 5d 61d

Hopi silt IIc,d 81c — — — — — 85c 48d 10d 57d

Houston browna,d/C-32.2b 145a — 82b 76b 90b 80b — 72d 85d 157d

Iowa siltc,d 110c — — — — — 104c 50d 12d 62d

Kamm claya,d/C-26.3b 145a 30d 79b 71b 84b 76b — 72d 62d 134d

K bentonitec,d 305c — — — — — 522c 36d 161d 196d

KF1ad/C-35.6b 258a 51d 145b 134b 157b 144b — 72d 117d 189d

KF2ad/C-23.4b 151a 47d 94b 89b 102b 96b — 72d 76d 148d

Mg bentonitec,d 417c — — — — — 533c 72d 380d 453d

Mon 2a,d/C-15.2b 84a 26d 61b 56b 69b 63b — 43d 13d 56d

New Orleansa,d/C-8.0b 51a 15d 26b 25b 27b 26b — 17d 6d 22d

Sacramentoa,d/C-27.8b 191a 50d 128b 118b 138b 127b — 72d 130d 202d

WCS Andrewsa,d/C-17.6b 118a — 66b 56b 71b 59b — 50d 33d 83d

Wyoming bentonite IIc,d 505c 29d — — — — 598c 49d 545d 594d

Note: The analyses were conducted with two backstresses and SVD preconditioning with Starting Point 1.
aAkin (2014).
bAkin and Likos (2016).
cKhorshidi et al. (2017).
dLu and Zhang (2020).
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For the total SSAEGME less than 100 m2=g [see insert in
Fig. 4(a) and Table 2], which are nonclay or nonexpansive clay, the
correlation is much better (R2 ¼ 0.91). Closer examination of these
soils’ SSA and the best fit line indicates a higher slope (0.32) than

that (0.09) of soil with higher SSA, another confirmation that nitro-
gen adsorption occurs mostly on external particle surfaces. In sum-
mary, it is concluded that the nitrogen adsorption method is not
suitable for quantification of soil’s total SSA.

Fig. 4. Comparison of the total SSA among different methods: (a) EGME versus nitrogen gas with BETequation for 25 soils; (b) EGME versus water
vapor with BET equation from adsorption isotherms for 53 soils; and (c) EGME versus water vapor with BET equation from desorption isotherms for
53 soils.
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SSA between Water Adsorption with BET and EGME
Methods

Comparison of the SSAs for 53 soils between the water sorption
with the BET equation method and that with the EGME method is
shown in Fig. 4 for water adsorption [Fig. 4(b)] and desorption
[Fig. 4(c)]. For these soils, the isotherm data for RH ranging from
0.1 to 0.3 were used to fit the BET equation for the 25 soils (13
from Akin and Likos 2014, 2016 and 12 from this study). The
experiments (Akin and Likos 2014, 2016) are mostly soils with
SC, CL, and NP classification, as well as two CH classification
soils with a PI less than 32 (expansive soil) (Table 1). The SSA
from both the EGME method and water sorption method from
other previous works for 28 soils [seven soils from Tuller and Or
(2005) and 21 soils from Arthur et al (2013)] are also included for
inclusive comparison and shown in Figs. 4(b and c). For adsorp-
tion, an excellent correlation of the total SSAs between the two
methods (R2 ¼ 0.90) is found, but the slope of the best fit line is
0.67, far away from the perfectly equivalent line (dash line). For
desorption, an excellent correlation of the total SSAs between the
two methods (R2 ¼ 0.95) is found, and the slope of the best fit
line is 0.75, closer to the perfectly equivalent line than that of ad-
sorption. However, for the total SSAs less than 100 m2=g, which
are for nonclay or nonexpansive clay, the slope of the best lines for
both adsorption (0.85) and desorption (0.96) are much closer to
the perfect match line between SSABET-water and SSAEGME, indicat-
ing that external surface area dominates in these soils. Previous
study (Akin and Likos 2014) indicates that the disparity in SSA
between adsorption and desorption depends on the type of clay
mineral.

It can be observed that: (1) the water adsorption with the
BET theory using both adsorption and desorption isotherms under-
estimates the total SSA of the EGME method by 25%–33%, and
(2) the SSA from desorption is higher than that from adsorption by
8%–11%. A similar conclusion can be drawn from other previous
studies for the SSA < 100 m2=g (e.g., van Olphen and Fripiat
1979; Or and Hanks 1992; Tuller and Or 2005; Arthur et al. 2013).
However, large fluctuations of data (R2 ¼ 0.68 for adsorption
and R2 ¼ 0.71 for desorption) are observed for SSA < 100 m2=g
[see inserts in Figs. 4(b and c)]. As illustrated in the BET plot in
Fig. 2(a), the isotherms of soil may not follow the BET equation,
and subjective criteria either for the RH range or for a fixed RH
is needed for the monolayer coverage range or point, leading to
the non-unique interpretation of monolayer water content. For in-
stance, in the water adsorption with the BET equation method
(Akin and Likos 2014), the upper bound cutoff RH (RH ¼ 0.3)
often underestimates the completion of monolayer coverage, even
though the BET plot around RH ¼ 0.3 is not linear [e.g., Wyoming
bentonite shown in Fig. 2(a)]. This is because the particle surface
hydration and intercrystallinity can occur concurrently within the
monolayer adsorption (Zhang and Lu 2019; Lu and Zhang 2020).
The humidity range of overlapping of monolayer adsorption of the
particle surface and intracrystalline surface increases for expansive
soils (Lu and Zhang 2020). As such, water vapor adsorption meth-
ods with the BET equation generally underestimate the total SSA
under both adsorption and desorption conditions.

SSA between Water Adsorption with SMC and EGME
Methods

Comparison of the SSAs between the water adsorption with the
SMCmethod and that with the EGME method for 13 soils is shown
in Fig. 5(a). Isotherm data for RH ranging from 0.04 to 0.90 under
both adsorption (wetting) and desorption (drying) paths were used
to produce either the specific moisture capacity functions for

identifying RH at the monolayer coverage water content or the
BET plot for identifying RH at the monolayer coverage water con-
tent (Khorshidi et al. 2017). The experiments covered a wide range
of soil types from sandy to silty to clayey (Table 1), representing the
SSA up to 600 m2=g. As shown in Fig. 5(a), a generally good cor-
relation of the total SSAs between the two methods (R2 ¼ 0.94) is
found, and the slope of the best fit line is 1.13. This indicates over-
estimation of SSA by the EGME method for SSA greater than
300 m2=g, but excellent matching with the SSA by the EGME
method for SSA less than 200 m2=g.

Instead of fixing the upper bound RH in the BET equation
methods like the water adsorption method with BET equation and
other previous methods for all clays, here the upper bound RH is
identified by the BET plot as in Fig. 2(a), which marks the point
where nonlinear behavior exhibits. This method is good for soil
with relatively small SSA (<100 m2=g) but not good for soils with
large SSA. This is because soils with relatively small SSA are
likely to be nonexpansive, and thus the overlapping RH range
within the monolayer coverage between the particle surface and
intracrystalline surface is narrow. For large SSA, the cross point
between the SMC of adsorption and desorption is used, which is
theoretically sound (Khorshidi and Lu 2017) but requires a high
resolution of data points for the isotherms. The SMC is the
derivative of soil water content with respect to RH, i.e., a deriva-
tive of isotherm. The current technology of water isotherm meas-
urement (approximately one data point per 1% humidity interval)
may not be sufficiently high in data resolution, leading to errors
in identify the cross point or the monolayer coverage point and
some overestimates in the high SSA range [Fig. 5(a)]. This is also
the reason for using a BET plot for identifying the upper bound
point for the RH at the monolayer coverage for soils with rela-
tively small SSA.

SSA between Water Adsorption with A-BET and EGME
Methods

Comparison of the SSAs between the water adsorption with the
A-BET method and that with the EGME method for 37 soils is
shown in Fig. 5(b). For these soils, adsorption isotherm data for
the full range of RH (0.03–0.90) are used for the A-BET equation.
The 37 soils cover a wide range of soil types, with PI ranging from
nonplastic to 185 (Table 1) and representing the SSA up to
600 m2=g (Table 2). As shown in Fig. 5(b), a generally good cor-
relation of the total SSAs between the two methods (R2 ¼ 0.95) is
found. The slope of the best fit line is 1.00 (solid line), indicating
statistically perfectly matching between the two methods (dashed
line). From the comparative analysis, it can be observed that among
the water vapor adsorption methods, the A-BET method best
matches the EGME method and certainly outperforms the nitrogen
adsorption method in quantifying the total SSA of soil.

Separating External and Internal SSAs

External SSA between Water Adsorption with A-BET
and Nitrogen Methods

A unique feature of the A-BET equation is its ability to separate
external SSA and internal SSA, as demonstrated recently (Zhang
and Lu 2019; Lu and Zhang 2020). Here, further comparative
assessment is conducted by a set of 25 soils with both A-BET
methods and non-water adsorption SSA methods. To obtain esti-
mates of external and internal SSA independent from A-BET, the
total SSA from nitrogen adsorption and EGME are used. Because
the SSA by EGME is considered as the total SSA including external
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particle SSA and internal SSA, and nitrogen adsorption somewhat
reflects external particle SSA (e.g., de Jong et al. 1999; Cerato
and Lutenegger 2002), the difference is considered as the internal
SSA. The results are listed in Table 2 and analyzed below.

As shown in Fig. 6(a), there exists a clear correlation between
the external SSAs of the water adsorption by the A-BET method
and nitrogen adsorption by the BET method. The coefficient of
correlation is 0.55 and the slope of the best fit line is 0.56, indicat-
ing that the estimated external SSA by the nitrogen adsorption
method is statistically 44% lower than that measured by the A-BET
method. The comparative analysis on the broad range of 25 soils,
including the 12 soils conducted in this work and 13 soils from
the previous work, indicates that A-BET can potentially be used to
quantify the external SSA of soils, although further research is
needed to fully validate the A-BET method for the external SSA
quantification.

Internal SSA between Water Adsorption with A-BET
and Non-Water Adsorption Methods

Comparison between the internal SSAs from the A-BET method
and non-water adsorption methods is shown in Fig. 6(b). Excellent
matches can be observed. The coefficient of correlation is 0.92 and
the slope of the best fit line is 1.01 (solid line), indicating that

the SSAs from the two methods closely follow the perfect match
line (dashed line). Overall, the internal SSA by the A-BET method
underestimates the internal SSA by the non-water adsorption meth-
ods by 1%. For a relatively small range of SSA (<200 m2=g), there
exists some significant underestimation for some soils. In summary,
from this broad range of 25 soils, it can be concluded that the
A-BET method provides a reliable means to quantify the internal
SSA of soils.

Fundamental and Practical Implications of SSA

The SSA of soil has been widely accepted as a soil’s basic property
governing many other soil properties and behavior. However, each
of the SSAs, i.e., external SSA or internal SSA, can play a very
different role in soil’s engineering behavior. For example, both the
total SSA and internal SSA have been correlated to the various
expansive soil classification systems, with the latter showing sig-
nificant improvements over the former (Lu and Zhang 2019). The
external SSA is also shown to be the dominating site for nitrogen
adsorption (e.g., de Jong et al. 1999; Cerato and Lutenegger 2002;
Yukselen and Kaya 2008; Lu and Zhang 2019). Below, the writers
further examine the linkage between a soil’s SSA (total) to some
other soil properties, namely, CEC, LL, and PI.

Fig. 5. Comparison of the total SSA among different methods: (a) EGME versus water vapor with BET plot for 14 soils (SMC method); and
(b) EGME versus water vapor with A-BET equation for 37 soils.
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Correlation between the Total SSA and CEC

Previous works (e.g., Carter et al. 1965; Cerato and Lutenegger
2002; Sokołowska et al. 2004; Khorshidi and Lu 2017) have dem-
onstrated that there exists strong correlation between a soil’s total
SSA and CEC. This feature is utilized to assess the correlation be-
tween A-BET and EGME by examining the correlation between
each of these two SSA methods to CEC. Here assessment is con-
ducted by measurement of the 12 soils combined with another
11 soils from a previous study (Akin 2014; Lu and Zhang 2020)
(Table 1). Comparisons are made between the total SSA by the
EGME method and CEC, and between the total SSA by the A-BET
method and CEC. The results are listed in Table 1 and illustrated in
Fig. 7. Strong and nearly identical correlation between the total
SSA and CEC are found for both SSA methods; a correlation
coefficient of 0.91 is found between the total SSA by EGME and
CEC [Fig. 7(a)] and a correlation of 0.89 between the total SSA by
A-BET and CEC [Fig. 7(b)]. Some considerable discrepancies can
be observed for soils with the total SSA > 300 m2=g. From this
broad set of 23 soils, it can be concluded that while the total SSA
of a soil can be used as a semi-quantitative indicator its CEC, it may
not be used as a reliable way to quantify the soil’s CEC. Possible
reasons are that for the same soil, cation distribution near the par-
ticle surface could be different than that inside soil mineral, and a

soil can have different minerals each with different CECs. The fact
that both SSA methods have similar high correlation coefficients,
i.e., 0.89 and 0.91, further confirms the equivalency between the
SSA by the A-BET and EGME methods.

Correlation between the Total SSA and LL and PI

The SSA has been considered to be a quantity fundamentally con-
trol many engineering properties such as permeability, LL, and PI
(e.g., Santamarina et al. 2002; Tuller and Or 2005; Farrar and
Coleman 1967; Warkentin 1972; Muhunthan 1991; Dolinar et al.
2007). Here the authors examine the correlations between the total
SSA and LL and between the total SSA and PI, using the 32 soils
listed in Table 1. Figs. 8(a and b) show the correlation between the
total SSA and LL and Figs. 8(c and d) show the correlation between
the total SSA and PI by the EGME and A-BET methods. The cor-
relation between the total SSA and LL has R2 ¼ 0.32 for the
EGME method and R2 ¼ 0.51 for the A-BET method, and the cor-
relation between the total SSA and PI has R2 ¼ 0.54 for the EGME
method and R2 ¼ 0.69 for the A-BET method. Two observations
can be made. While there exist clear correlations between the total
SSA and LL, and between the total SSA and PI, such correla-
tions are not particularly strong. The correlations are higher for the
A-BET method than for the EGME method. The first observation

Fig. 6. Comparison of the external SSA and internal SSA between water vapor with A-BET and non-water methods for 25 soils: (a) external
SSA; and (b) internal SSA. The internal SSA for non-water is deduced by the difference in SSA between EGME (total SSA) and nitrogen
(external SSA).
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confirms some previous observations but indicates that while the
SSA is a governing parameter for LL, it is not the sole one; other
factors such as mineralogy, microstructure and morphology of par-
ticles, organic matter, and salt may play important roles too. As
such, research is needed in the future to delineate the dependence
of the total SSA on the other factors.

Summary and Conclusions

A comparative study using experimental data of a wide range of
soil types and some previously reported data is conducted to as-
sess the conventional methods for SSA measurements and re-
cently emerged water vapor–based adsorption methods for the SSA
measurements. The two conventional methods are: nitrogen gas
adsorption with the classical BET equation, and EGME adsorption.
Both methods employ non-water materials as the adsorbate, with
nitrogen gas being a nonpolar material and EGME being a polar
material, making the former suitable for soil’s particle surface
area measurement and the latter for soil’s total SSA, including both
particle surface and intracrystalline surface. The three recent ad-
vanced water vapor adsorption methods are a BETequation method
(Akin and Likos 2014), an SMC method (Khorshidi et al. 2017),
and an augmented A-BET equation method (Zhang and Lu 2019).
Because water vapor is a polar adsorbate, the SSA deduced from a

water sorption isotherm directly reflects both particle surface and
intracrystalline surface area.

An experimental database of over 50 different soils, including
those from the literature and from the current study, are used to assess
the relevancy, consistency, and accuracy of these five methods. The
soils represent a broad range of engineering index, specific surface,
and soil types. PIs range from nonplastic to 185, Unified Soil Clas-
sification System (USCS) soil classification from SM to CH, SSA up
to 600 m2=g, and soil type from sandy silt to pure bentonite with
CEC of 976 mmol=kg. The relevancy of these methods is assessed
using the EGME method as the benchmark. Consistency is assessed
by correlation with the EGME method. Accuracy is assessed by the
equivalency between the EGME method and the assessed method.
The following specific conclusions can be drawn:
1. Among the five examined SSA methods, the A-BET method

compares the best to the EGME method for the total SSA; the
correlation coefficient is 0.95, and the best fit line perfectly
matches the 1∶1 equivalent line.

2. The equivalency of measuring the total SSA between the
A-BET method and the EGME method is further confirmed
by the high correlation between the CEC and each of these two
methods; the correlation coefficient between the total SSA by
A-BETand CEC is 0.89, and the correlation coefficient between
the total SSA by EGME and CEC is 0.91.

Fig. 7. Correlation between the total SSA and CEC for 23 soils: (a) between SSA by EGME method and CEC; and (b) between SSA by water vapor
with A-BET equation and CEC.
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3. A salient feature of the A-BET method is its capability to quan-
tify a soil’s external particle and internal intracrystalline SSAs;
the correlation coefficient between the external SSA by A-BET
and by nitrogen adsorption is 0.55, and the correlation between
the internal SSA by A-BET and by combined nitrogen and
EGME adsorption methods is 0.92.

4. Comparative analysis confirms that the nitrogen adsorption
method is inadequate for soil’s SSA measurement; it can only
quantify the external particle surface, and thus is not suitable to
quantify soil’s total SSA.

5. The total SSA by water adsorption with the BET equation
method shows a high correlation with the SSA by the EGME
method with a correlation coefficient of 0.90, but there exists
a significant systematic underestimated offset by 15%–33%.
The errors are due to several reasons: non-unique monolayer

coverage RH in soil, hysteresis in water content between adsorp-
tion and desorption, and concurrent external and internal surface
sorption.

6. The total SSA by the SMC method correlates well with the
EGME method, with a correlation coefficient of 0.94 and the
slope of the best fit line as 1.13 or 13%, overestimating the SSA
by the EGME method. Errors and uncertainties involve identi-
fications of the cross points between adsorption and desorption
SMC for both monolayer and bilayer coverages, and the linear
ranges of RH for the BET plot.
It is concluded that among the three water vapor sorption

methods, the BET method is inaccurate for measurement of the
total SSA of expansive soils. The specific moisture capacity
method is accurate for measurement of the total SSA of expan-
sive and nonexpansive soils, but the procedure is complicated

Fig. 8. Correlation between the total SSA and LL and PI for 32 soils: (a) between SSA by EGME method and LL; (b) between SSA by water vapor
with A-BET equation and LL; (c) between SSA by EGME method and PI; and (d) between SSA by water vapor with A-BET equation and PI.
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for nonexpansive soils. The A-BET method is a reliable and accu-
rate alternative to the conventional EGME method for routine
measurement of soil’s total SSA for both nonexpansive and expan-
sive soils. Furthermore, the A-BET method can be used to distin-
guish soil’s external and internal SSA.

The demonstrated not-so-strong correlations between the total
SSA and LL, and between the total SSA and PI, indicate that other
factors such as mineralogy, pore structure, microstructure and
morphology of particles, organic matter, and salt content may play
important roles in the Atterberg limits.
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