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Abstract: Specific surface area (SSA) of soil is an intrinsic property governing many geotechnical and geoenvironmental engineering
properties. SSA can be physically divided into two categories: external or particle surface area, and internal or intracrystalline surface area.
Although both of them are well known to play different roles in physical, chemical, and biological processes, few methods have been
developed to quantitatively distinguish between them. Using a recent theoretical advancement of an augmented Brunauer–Emmett–Teller
(BET) adsorption equation for soil, the writers develop a procedure based on measured water adsorption isotherms to quantify the external
and internal SSAs. Extensive adsorption isotherms of water, ethylene glycol monomethyl ether, and nitrogen of a variety of silty and clayey
soils are used to validate the procedure. Practical implications of SSA are also provided by linking the importance of the internal SSA to
swelling behavior, and the importance of the external SSA to adsorption of nonpolar materials. The demonstrated procedure to quantify
external and internal SSAs should provide a pressing and powerful method to understand physical, chemical, and biological processes in
soils. DOI: 10.1061/(ASCE)GT.1943-5606.0002198. © 2019 American Society of Civil Engineers.
Author keywords: Sorption isotherm; Brunauer–Emmett–Teller (BET) equation; External surface area; Internal surface area; Surface
hydration; Cation hydration; Specific surface area; Expansive soil.

Introduction
Specific surface area (SSA) is defined as the area of particle surface
per unit mass of soil solids. SSA can vary greatly from soil to soil
and is highly dependent on a soil’s two characteristics: particle size
and mineral/chemical composition (e.g., Quirk 1955; Newman
1983; Santamarina et al. 2002). For example, silty soils can have
SSA on the order of tens of m2 =g, whereas clay soils can have
SSA on the order of hundreds of m2 =g (e.g., Puri and Murari
1964; Khorshidi et al. 2017). Because a soil is considered to have
fixed particle sizes and chemical composition, SSA is considered as
an intrinsic physical property of a soil.
Depending on the physical locations where SSA exists, SSA can
be further divided into two categories: external SSA and internal
SSA (e.g., Mooney et al. 1952a; Aylmore 1970; Sposito and Prost
1982; Ravikovitch et al. 2005). Here, the external SSA or SSAext is
defined as the area consisting of a soil particle’s physical boundary,
i.e., the area of the solid–air interface of a soil at the oven-dry state,
which is accessible to adsorption of both nonpolar and polar molecules. In contrast, the internal SSA or SSAint hereafter is defined
as the area within a soil particle or intracrystalline space where
soil’s physicochemical interaction with polar molecules can take
place, i.e., the area of particle–particle contact and lamella–lamella
contact at the oven-dry state, which is accessible to adsorption of
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polar molecules like water at high relative humidity or relative
pressure.
The magnitude of the external SSAext of a soil generally follows
the power of 2 of the average particle diameter or size as it is determined by the particle surface area (e.g., Lu and Likos 2004), but
the internal SSAint strongly depends on mineralogy (e.g., Laird
1999). When soil pores are filled up with other materials like water,
solute, and air, these surfaces physically or chemically interact with
them. Thus, SSA is important in many physicochemical processes
occurring in the soil such as fluid flow, chemical sorption, chemical
transport, biological activities, interparticle forces and stress, and
swelling pressure (e.g., Quirk and Murray 1999; Santamarina et al.
2002; Tuller and Or 2005; Khorshidi et al. 2017).
The specific surface area of a soil is generally experimentally
determined by interpreting the adsorption isotherms of various
probing materials or adsorbates using some adsorption theories
(e.g., Mooney et al. 1952; Quirk 1955; Puri and Murari 1964;
Ravikovitch et al. 2005; Yukselen and Kaya 2006). An isotherm is
the amount of adsorbate (e.g., water, nitrogen gas, carbon dioxide,
and gasoline) on the adsorbent (e.g., soil and concrete) as a function
of its pressure or relative humidity (for gas) or concentration (for
liquid) at a constant temperature when the energy equilibrium between adsorbate and adsorbent is reached. The Freundlich equation
(1909) is the first mathematical albeit purely empirical expression
for isotherms. The Langmuir (1918) equation is, perhaps, the first
physics-based adsorption isotherm for deducing SSA, but is limited
to energetically homogeneous surfaces and monolayer adsorbate
coverage. The Brunauer–Emmett–Teller (BET) equation (Brunauer
et al. 1938) overcomes the aforementioned limitation of monolayer
adsorbate coverage and is able to describe the homogeneous multilayer adsorption. To date, it is the most commonly used model to
deduce SSA from isotherm data of various adsorbates, particularly
for soils (e.g., Mooney et al. 1952a; Puri and Murari 1964; Pomonis
et al. 2004; Heister 2014; Akin and Likos 2016).
The common procedure to deduce SSA from an isotherm is
straightforward. Most isotherm equations like the BET equation
involve a parameter called the monolayer adsorbate content (g/g)
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when the surface is uniformly covered by some adsorbate. If the
monolayer coverage point, i.e., adsorbate content and the corresponding relative humidity, can be uniquely identified along the
isotherm of an adsorbent, the SSA can be calculated 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 soils, the isotherms cannot be accurately described by the BET equation, so 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, 2017; Khorshidi
et al. 2017). Two categories of methods are commonly used: the
multiple-point method and the single-point method. The former involves the fitting of the isotherm equations with the measured
multiple isotherm data points, and the latter involves identification
of the monolayer coverage point.
Because adsorption in soils generally involves energetically
heterogeneous surfaces, i.e., external or particle surface hydration,
and internal or intracrystalline surface hydration, the isotherm
behavior of soils is far from those equations like the BET equation
established under the assumption of energetically homogeneous
surfaces (Zhang and Lu 2019a). As such, both categories of methods are subjected to great uncertainties. For example, based on different soil data sets, researchers found remarkably divergent
monolayer coverage relative humidity (RH) values for water adsorption: RH ¼ 20% (Quirk 1955; Arthur et al. 2013), RH ¼
53% (Newman 1983), and RH ¼ 53% (Puri and Murari 1964). Recently, an improved method was developed to determine the monolayer coverage point based on the cross-points in the soil moisture
capacity (SMC; the derivative of isotherm with respect to relative
humidity) between adsorption and desorption isotherms (Khorshidi
et al. 2017), revealing that the monolayer coverage relative humidity varies greatly with soil type. Because the SMC is highly sensitive to the accuracy of the isotherm measurement, the method is
subjected to certain uncertainties in determining the cross-point,
particularly for nonswelling clay.
All the methods for determining SSA do not explicitly
distinguish the SSAs between the external and internal SSAs,
although each of them is well known to play different roles in
physical, chemical, and biological processes. For example, the
external SSA provides the primary site for the liquid water film
flow (e.g., Tokunaga and Wan 1997) and soil’s interaction with
nonpolar adsorbate molecules, determining the permeability of
water at low water content or of nonpolar fluids (e.g., Laird 1999;
Leão and Tuller 2014; Israelachvili 2011). Thus, the external SSA
is important for practical engineering problems like contaminant
remediation and carbon sequestration in soil. The internal SSA provides the primary site for crystalline hydration, thus dominating a
soil’s cation exchange capacity and crystalline swelling, which is
critical to assessing the hydromechanical performance of expansive
soils (e.g., Laird 1996; Hensen and Smit 2002; Khorshidi et al.
2016). To distinguish the SSAs between the external and internal
areas, new isotherm equations capable of describing isotherms of
soils are needed.

Separating External SSA and Internal SSA
The fundamental difference between the external SSA and internal
SSA lies in the soil–water interaction energy characteristics, as illustrated in Fig. 1. For the external surface, there are primarily
three types of hydration (in order from low to high): cation hydration (surface cation interacting with water), surface hydration
(hydroxyl interacting with water), and multilayer adsorption by
© ASCE

Fig. 1. Physicochemical mechanisms related to the external surface
and internal surface adsorption of water on soils and corresponding free
energy change levels and matric potential range. Free water at room
temperature is considered as the reference state, i.e., free energy change
is 0 kJ=mol. (Adapted from Zhang and Lu 2018b.)

van der Waals attraction between soil and water (Zhang and Lu
2018b; Lu and Zhang 2019). The free energy for the cation hydration varies between −1,500 kJ=mol (−60 GPa) and −250 kJ=mol
(−10 GPa) (e.g., Marcus 1991; Salles et al. 2007), the free energy
for the surface hydration varies between −52.3 kJ=mol (∼−3 GPa)
and −12.5 kJ=mol (∼−0.9 GPa), and the free energy for the multilayer adsorption varies between −10.8 kJ=mol (−0.5 GPa) and
0 kJ=mol (0 GPa) (e.g., Tunega et al. 2004; Wang et al. 2006;
Zhang et al. 2017).
For the internal surface, there are two types of soil–water interaction energies that compete with each other: the interlamellar
cation hydration, and the van der Waals attraction and electrostatic
attraction between lamellae impeding the interlamellar cation hydration (Zhang and Lu 2018b). As illustrated in the shaded zone in
Fig. 1, the resulting free energy barrier is around −125 kJ=mol
(−10 GPa) (e.g., Israelachvili 2011).
From the oven-dry state to the wet state where adsorption is
completed, the underlying soil–water interaction follows different
prescribed adsorption mechanisms and thus exhibits distinct free
energy ranges, which cannot be described by the existing homogeneous adsorption surface theories or equations. The heterogeneous surface adsorption process occurs in two sequential stages
(Zhang and Lu 2019a): an external surface adsorption, followed by
a concurrent external and internal surface adsorption, as illustrated
in Fig. 2. Fig. 2(a) uses the water isotherm of Georgia kaolinite
to represent materials with homogeneous adsorption surface,
whereas Fig. 2(b) uses the water isotherm of Wyoming bentonite
to represent materials with heterogeneous adsorption surface.
Because water can be only uniquely adsorbed on the external surface of the kaolinite particles, the adsorbed water content behaves
linearly with the equilibrium relative humidity as the soil moves
from the oven-dry state to a wet state [Fig. 2(a)]. In contrast, water
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Fig. 3. Illustration of augmented BET equation consisting of the external surface isotherm and internal surface isotherm.
(a)

heterogeneous adsorption surfaces. The equation is formulated
based on the free energy equilibrium assumption between the external and internal surfaces and the sequence of adsorption stages
described previously. The augmented BET equation, in terms of
a soil’s gravimetric water content w, and the equilibrium RH, is
(Zhang and Lu 2019a)
w¼

wm-ext cext × RH
ð1 − RHÞð1 − RH þ cext × RHÞ
þ

wm-int cint × ðRH − RH0 Þ
½1 − ðRH − RH0 Þ½1 − ðRH − RH0 Þ þ cint × ðRH − RH0 Þ
ð2Þ

(b)
Fig. 2. Adsorption isotherms of representative soil for (a) nonswelling
soil of Georgia kaolinite; and (b) swelling soil of Wyoming bentonite.

can adsorb to both the external and internal surfaces of bentonite;
the adsorption involves two surfaces with different free energy
levels, following the two sequential stages. Consequently, the
adsorbed water content behaves nonlinearly with the equilibrium
relative humidity as the soil moves from the oven-dry state to a wet
state [Fig. 2(b)]. The exact nature of how these two stages occur
for a specific soil is well reflected in the soil’s isotherm but cannot
be described by the classical adsorption equations like the BET
equation. The BET equation can be written as (Brunauer et al.
1938)
w¼

wm c × RH
ð1 − RHÞð1 − RH þ c × RHÞ

ð1Þ

where w = gravimetric water content (g/g); RH = relative humidity;
wm = monolayer water content (g/g); and c = constant related to the
enthalpy of adsorption.
Recently, an augmented BET equation (Zhang and Lu 2019a)
was proposed and validated for describing isotherms of soils with
© ASCE

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-hand side represents the adsorbed water on the external
particle surface, and the second term on the right-hand side represents the adsorbed water on the internal surface, as illustrated in
Fig. 3. The RH axis is limited to a value of 60% rather than 100%
because only the isotherm data before the onset of capillary
condensation will be used to fit the augmented BET equation as
suggested by Zhang and Lu (2019a).
With the isotherm data of a soil, a universal procedure to obtain
the total SSA (SSAtot ), external SSA (SSAext ), and internal SSA
(SSAint ) for all soils is proposed as follows:
1. Measure the isotherm of a soil by a vapor adsorption analyzer
(Likos et al. 2011), which typically yields equilibrium data
of relative humidity versus adsorbed water content for 5% <
RH < 95%.
2. Determine the upper bound RH for further data usage by identifying the onset RHe for capillary water retention. The local
c value at certain RH is computed by fitting the five adjacent
isotherm data points around a given RH with Eq. (1). A previous
study by Pomonis et al. (2004) indicates that the local c value
sharply switches from positive values to negative values, indicating the breakdown of the BET equation and signifying the
onset of capillary condensation.
3. Use the external surface adsorption part of Eq. (2) and ignore
the second term on the right-hand side of the equation to best fit
the isotherm data for relative humidity RH < 10%, which yields
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two initial guess values of wm-ext and cext . Note that a constraint
of wm-ext < 0.02 g=g is applied to guarantee the convergence of
the initial guess.
4. Use the full Eq. (2) to best fit the isotherm data for relative
humidity 5% < RH < RHe, which yields the five physical
parameters wm-ext , wm-int , cext , cint , and RH0 .
5. Use the following equations to calculate the external SSA
and internal SSA respectively, assuming the soil water density
at the monolayer coverage water content is a constant of ρm-water
(Zhang and Lu 2018b, 2019a):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N
3
SSAext ¼ wm-ext
ð3aÞ
Mρ2m-water

SSAint

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N
3
¼ 2wm-int
Mρ2m-water

(a)

ð3bÞ

6. Use SSAext and SSAint to calculate the SSAtot :
SSAtot ¼ SSAext þ SSAint

ð3cÞ

A widely used assumption when using Eqs. (3a) and (3b) in all
previous methods to deduce SSA from isotherms is a constant soil
water density universally equal to unity or 1.0 g=cm3. However,
it has been known for over a half century that soil water density
is not unity (e.g., De Wit and Arens 1950; Norrish 1954;
Mackenzie 1958; Martin 1960; Zhang and Lu 2018b). Values as
high as 1.7 g=cm3 for clayey soils under low water content conditions have been documented (De Wit and Arens 1950). If so,
the common usage of unity for the soil water density may lead
to significant errors in deducing SSA from isotherm data. It is also
known that the soil water density is a highly varying function of the
water content (e.g., De Wit and Arens 1950; Martin 1960; Mitchell
and Soga 2005; Zhang and Lu 2018a, b). In bulk soil water, the soil
water density recovers to unity. Fig. 4 synthesizes some experimental and theoretical results of the soil water density as a function of
the water content for a nonexpansive clay (Georgia kaolinite) and
expansive clay (Wyoming bentonite). For Georgia kaolinite, the
soil water density has been measured as high as 1.70 g=cm3 at
the water content of 0.005 g=g (De Wit and Arens 1950), but
quickly recovers to unity as the water content increases. In comparison, for an expansive clay (Wyoming bentonite), soil water
density as high as 1.40 g=cm3 has been measured at the water content of 0.10 g=g, but slowly recovers to unity (e.g., De Wit and
Arens 1950; Martin 1960; Zhang and Lu 2018a). Therefore, for
clayey soil at low water content, say <0.05 g=g (monolayer coverage water content for most soils), the usage of unity as the soil
water density in SSA calculation from water isotherms is nontrivial
and will result in significant errors as high as 42% in relative error
(Zhang and Lu 2018b).
Recent works (e.g., Zhang and Lu 2018b, 2019b; d; Lu and
Zhang 2019) conclude that there are two reasons for the observed
abnormally high soil water density: compressive pressure and structure change both due to the existence of soil sorptive potential. To
rigorously predict a soil’s water density–water content function, it
requires the soil’s water adsorption isotherm, soil sportive potential–
water content function, and proper water density–pressure function
(Zhang and Lu 2019b). All three functions are coupled, and an iterative algorithm is needed to determine them (Zhang and Lu 2019b).
Alternatively, an improved yet simple estimation of the soil water
density at the monolayer coverage water content can be done by
using an empirical mathematical model (Zhang and Lu 2018b),
yielding the upper- and lower-bound water density functions as
© ASCE

(b)
Fig. 4. Measured soil water density (SWD) of selected soils and the
upper and lower bound determined from an empirical soil water density
function by Zhang and Lu (2018b): (a) Georgia kaolinite; and (b)
Wyoming bentonite.

shown in Fig. 4. For nonexpansive clay of Georgia kaolinite, the
external monolayer coverage water content is 0.004 g=g, and the
corresponding calculated soil water density for the upper and lower
bound is respectively 1.71 and 1.24 g=cm3 [Fig. 4(a)]. For expansive clay of Wyoming bentonite, the external monolayer coverage
water content is 0.03 g=g, and the corresponding calculated soil
water density for the upper and lower bound is respectively 1.66
and 1.55 g=cm3 [Fig. 4(b)]. Using the end-member clays of nonexpansive and expansive soils and their upper- and lower-bound soil
water density at the external monolayer coverage water contents, the
upper-bound soil water density of 1.71 g=cm3 is used for all soils at
the monolayer coverage water content for all the SSA calculations
by Eq. (3) because existing experimental techniques tend to underestimate the soil water density (Zhang and Lu 2018b).
Extensive experimental isotherm data including water, ethylene glycol monomethyl ether (EGME), and nitrogen isotherms
of a variety of silty and clayey soils are used to test the previously
mentioned procedure for quantifying the total SSAtot , external
surface SSAext and internal surface SSAint of soil, as described
in the next section.

Experimental Data Sets and Isotherm Patterns
A suite of 25 silty and clayey soils is used to assess the procedure
to quantify SSAtot, SSAext , and SSAint . The water, EGME, and
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Soil
Alb1
Alb2
Albany red
Balt silt I
Balt silt II
Bonny silt
Ca bentonite
Denver bentonite
Denver claystone
Georgia kaolinite
Heifangtai silt
Hopi silt I
Hopi silt II
Houston brown
Iowa silt
Kamm clay
K bentonite
KF1
KF2
Mg bentonite
Mon2
New Orleans
Sacramento
WCS Andrews
Wyoming bentonite

LL (%)

PL (%)

PI (%)

USCS
classification

Chen’s expansive
soil classification

28
36
30
26
28
25
—
118
44
44
26
26
—
41
33
49
—
42
41
—
31
30
39
50
485

17
14
16
19
23
21
—
45
23
26
21
19
—
16
24
21
—
23
15
—
17
12
22
18
353

11
22
14
7
5
4
—
73
21
18
5
7
—
25
9
28
—
19
26
—
14
18
17
32
132

CL
CL
SC
CL-ML
SM
ML
—
CH
CL
CL
ML
SC-SM
—
CH
ML
CL
—
CL
—
—
CL
CL sandy
—
CH
CH

Nonexpansive to moderate
Moderate to high
Nonexpansive to moderate
Nonexpansive to low
Nonexpansive to low
Nonexpansive to low
—
Very high
Moderate to high
Moderate
Nonexpansive to low
Nonexpansive to low
—
Moderate to high
Nonexpansive to low
Moderate to high
—
Moderate
Moderate to high
—
Nonexpansive to moderate
Moderate
Moderate
Moderate to high
Very high

nitrogen isotherms of some of these soils are used. Some of them
(water and EGME) are from the literature (Akin and Likos 2014;
Khorshidi et al. 2017), and others (nitrogen) are measured during this
study using a Micromeritics ASAP 2000 Analyzer (Micromeritics
Instrument, Norcross, Georgia). The names, sources, geotechnical
properties, and Unified Soil Classification System (USCS) classifications (ASTM 2010) of these soils are listed in Table 1. The solid mass
of soil samples is determined after oven-drying. These soils cover a
wide range of geotechnical indexes, i.e., for 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 132. These soils
also represent a wide range of swelling behavior, i.e., the expansive
soil classification using the method of Chen (1975) covers the full
range from nonexpansive to moderate, to high, and to very high.
Both water and EGME are polar materials and can be adsorbed on
both the external and internal surfaces of soils (e.g., Newman 1983;
Akin and Likos 2014). As such, these adsorption isotherms can be
used to fit the augmented BET to directly yield the SSAtot , SSAext ,
and SSAint . The behavior of the adsorption isotherms for different
soils is illustrated in Fig. 5(a). As shown, the isotherms of nonexpansive soils like Georgia kaolinite and Bonny silt, and moderate expansive soils like Denver claystone follow a linear pattern because
the adsorption surface in these soils is dominated by the external
particle surface (relatively homogeneous adsorption surface). In contrast, the isotherms of high and very high expansive soils like
Wyoming bentonite and Denver bentonite follow a nonlinear pattern
because of the coexistence of both external particle surface and internal intracrystalline surface or heterogeneous adsorption surfaces.
Nitrogen is a nonpolar material and known to be only adsorbed
on the external particle surface (e.g., Mooney et al. 1952b; Aylmore
1970; Ravikovitch et al. 2005). The van der Waals attraction between the clay lamellae in soils provides a sufficient energy barrier
to impede the internal surface adsorption. As such, these adsorption
isotherms can be used to fit either the BET or the augmented BET
to directly yield the SSAext . Together with the SSAtot yielded from
© ASCE

Likos’ expansive
soil classification
Nonexpansive to
Nonexpansive to
Nonexpansive to
Nonexpansive to
Nonexpansive to
Nonexpansive to
Very high
Very high
Moderate
Nonexpansive to
Nonexpansive to
Nonexpansive to
Nonexpansive to
High
Nonexpansive to
Moderate
High
Very high
High
Very high
Nonexpansive to
Nonexpansive to
Very high
Moderate
Very high

low
low
low
low
low
low

low
low
low
low
low

low
low

Reference
Akin (2014)
Akin (2014)
Akin (2014)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Khorshidi et al. (2017)
Akin (2014)
Khorshidi et al. (2017)
Akin (2014)
Khorshidi et al. (2017)
Akin (2014)
Akin (2014)
Khorshidi et al. (2017)
Akin (2014)
Akin (2014)
Akin (2014)
Akin (2014)
Khorshidi et al. (2017)

(a)

(b)
Fig. 5. Selected adsorption isotherms for silty and clayey soils:
(a) water adsorption; and (b) nitrogen adsorption.
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Table 2. Fitted parameters for the BET equation and augmented BET (A-BET) equation
Soil

Adsorbate

wm-ext a

wm-int a

cext

cint

RH0

RHe

RHm-ext

RHm-int

R2

Alb1
Alb1
Alb2
Albany red
Balt silt I
Balt silt II
Bonny silt
Bonny silt
Ca bentonite
Denver bentonite
Denver bentonite
Denver claystone
Denver claystone
Georgia kaolinite
Georgia kaolinite
Heifangtai silt
Heifangtai silt
Hopi silt I
Hopi silt II
Houston brown
Iowa silt
Kamm clay
Kamm clay
K bentonite
KF1
KF1
KF2
KF2
Mg bentonite
Mon2
Mon2
New Orleans
New Orleans
Sacramento
Sacramento
WCS Andrews
Wyoming bentonite
Wyoming bentonite

Water
Nitrogen
Water
Water
Water
Water
Water
Nitrogen
Water
Water
Nitrogen
Water
Nitrogen
Water
Nitrogen
Water
Nitrogen
Water
Water
Water
Water
Water
Nitrogen
Water
Water
Nitrogen
Water
Nitrogen
Water
Water
Nitrogen
Water
Nitrogen
Water
Nitrogen
Water
Water
Nitrogen

0.009
11.595
0.006
0.014
0.013
0.013
0.011
22.869
0.020
0.020
18.079
0.018
25.986
0.004
4.697
0.006
6.760
0.015
0.013
0.020
0.014
0.020
18.665
0.010
0.020
39.337
0.020
33.871
0.020
0.012
19.250
0.005
12.309
0.020
32.997
0.014
0.014
19.950

0.001
0.001
0.000
0.000
0.001
0.000
0.004
0.002
0.066
0.072
0.002
0.000
0.003
0.002
0.000
0.001
0.001
0.001
0.001
0.012
0.002
0.009
0.002
0.022
0.016
0.004
0.011
0.004
0.053
0.002
0.002
0.001
0.002
0.018
0.004
0.005
0.076
0.002

125.3
374.30
3.4
441.0
11.6
6.6
28.9
630.88
999.8
1,000.0
554.32
8.4
459.66
9.7
254.98
44.2
329.50
25.7
30.0
999.9
12.5
998.2
409.36
7.2
52.0
482.37
994.4
443.50
998.8
12.8
411.93
7.7
312.66
1,000.0
405.96
36.1
11.9
476.98

8.7
N/A
N/A
N/A
0.3
N/A
2.6
N/A
5.0
5.0
N/A
N/A
N/A
6.8
N/A
1.8
N/A
2.4
11.6
11.9
12.4
9.2
N/A
1.1
10.9
N/A
9.0
N/A
7.5
12.5
N/A
6.3
N/A
8.8
N/A
10.3
0.9
N/A

0.06
N/A
N/A
N/A
0.20
N/A
0.10
N/A
0.03
0.01
N/A
N/A
N/A
0.15
N/A
0.12
N/A
0.09
0.08
0.01
0.12
0.01
N/A
0.11
0.08
N/A
0.01
N/A
0.03
0.12
N/A
0.11
N/A
0.01
N/A
0.10
0.21
N/A

0.34
0.25
0.64
0.23
0.40
0.48
0.29
0.25
0.36
0.31
0.25
0.49
0.25
0.46
0.28
0.26
0.25
0.35
0.37
0.23
0.42
0.27
0.25
0.21
0.39
0.25
0.25
0.25
0.34
0.37
0.25
0.56
0.25
0.28
0.25
0.37
0.65
0.22

0.08
0.06
0.35
0.05
0.23
0.28
0.16
0.05
0.03
0.03
0.05
0.26
0.05
0.24
0.10
0.13
0.07
0.16
0.15
0.03
0.22
0.03
0.06
0.27
0.12
0.05
0.03
0.06
0.03
0.22
0.05
0.26
0.07
0.03
0.05
0.14
0.22
0.05

0.31
N/A
N/A
N/A
0.84
N/A
0.48
N/A
0.34
0.32
N/A
N/A
N/A
0.43
N/A
0.55
N/A
0.48
0.31
0.23
0.34
0.26
N/A
0.60
0.31
N/A
0.26
N/A
0.30
0.34
N/A
0.39
N/A
0.26
N/A
0.34
0.72
N/A

0.99
0.99
0.99
0.99
0.99
0.98
1.00
0.94
0.98
0.95
0.94
1.00
0.95
0.99
0.97
0.73
0.95
0.99
1.00
0.99
0.99
1.00
0.94
1.00
1.00
0.95
1.00
0.95
1.00
1.00
0.95
0.99
0.95
1.00
0.95
1.00
1.00
0.99

a

Unit: (g/g) for water adsorption and (cm3/g) for nitrogen adsorption.

those isotherms of water or EGME, the SSAint can be deduced. The
behavior of the adsorption isotherms of nitrogen for different
soils is illustrated in Fig. 5(b). As shown, all isotherms, no matter
whether they are of expansive or nonexpansive soils, follow the
same “S” shape depicted by the classical BET equation: nonlinear
for RH < 5%, linear for RH between 5% and 55%, and nonlinear
again for RH > 55%. Because isotherms of nitrogen only reflect
the external particle surface adsorption, the orders of the magnitude
of the adsorbate of these soils exhibit differently than those water
isotherms. For example, the nitrogen isotherm of Denver claystone
is above the other selected soils [Fig. 5(b)], indicating that Denver
claystone has the highest external surface area (SSAext ), whereas
the water isotherm of Denver claystone is only above two nonexpansive soils: Georgia kaolinite and Bonny silt [Fig. 5(a)], implying
that the total surface area (SSAtot ) including both external surface
area (SSAext ) and internal surface area (SSAint ) of very high expansive soil of Denver bentonite and Wyoming bentonite is higher than
the total surface area (SSAtot ) of Denver claystone.

Validating External SSA and Internal SSA
Following the procedure outlined in the preceding section, the isotherm data for all 25 soils listed in Table 1 are used to fit Eq. (1)
© ASCE

(nitrogen isotherms) and Eq. (2) (nitrogen, EGME, and water isotherms). A least-squares fit is used and the resulting best-fit parameters for the isotherm equations are listed in Table 2. Eq. (3) is then
used to calculate the SSA and the resulting SSAs are listed in
Table 3. The augmented BET Eq. (2) demonstrates excellent performance in fitting the sorption isotherms of soils, as shown in
Fig. 6. It is predicted that Wyoming bentonite exhibits significant
internal surface adsorption whereas Georgia kaolinite only exhibits
minor internal surface adsorption. The minor internal surface adsorption of Georgia kaolinite should be caused by the significant
particle–particle contact area among the very fine particles. In
Fig. 6, the RH axis is limited to 40% because the onset RHe for
capillary condensation is predicted as 46% for Georgia kaolinite
and 65% for Wyoming bentonite, as summarized in Table 2.
Several observations can be made. The SSAtot deduced from
the augmented BET equation is compared with the independent
deduction of the SSAtot by the EGME isotherms using the BET
Eq. (1), as shown in Fig. 7. The relationship between the total
SSAtot of the two methods follows the 1∶1 line with a high coefficient of correlation R2 value of 0.93 as shown, indicating the
augmented BET can well describe the total SSAtot for a variety
of soils.
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Table 3. SSAs estimated by the augmented BET equation for water and
nitrogen
Water

Downloaded from ascelibrary.org by HUNAN UNIVERSITY on 11/26/19. Copyright ASCE. For personal use only; all rights reserved.

Soil
Alb1
Alb2
Albany red
Balt silt I
Balt silt II
Bonny silt
Ca bentonite
Denver bentonite
Denver claystone
Georgia kaolinite
Heifangtai silt
Hopi silt I
Hopi silt II
Houston brown
Iowa silt
Kamm clay
K bentonite
KF1
KF2
Mg bentonite
Mon2
New Orleans
Sacramento
WCS Andrews
Wyoming bentonite

Nitrogen

SSAext
(m2 =g)

SSAint
(m2 =g)

SSAtot
(m2 =g)

SSAtot
(m2 =g)

31
23
51
48
47
40
72
72
66
14
23
55
48
72
50
72
36
72
72
72
43
17
72
50
49

11
2
3
7
0
27
475
519
1
12
5
5
10
85
12
62
161
117
76
380
13
6
130
33
545

41
24
55
54
47
67
547
591
67
26
28
61
57
157
62
134
196
189
148
453
56
22
202
83
594

22
—
—
—
—
28
—
30
39
10
8
—
—
—
—
30
—
51
47
—
26
15
50
—
29

(a)

(b)

To assess the validity of the augmented BET in describing the
SSAext , three cross-comparisons are drawn: (1) between the SSAext
deduced from the classical BET Eq. (1) and the augmented BET
Eq. (2) using the nitrogen isotherms, (2) between the SSAext deduced from the water isotherms and nitrogen isotherms using the
augmented BET Eq. (2) with a soil water density value of unity, and
(3) with an improved soil water density value of 1.71 g=cm3 .
The results for Comparison 1 between the SSAext with different
adsorption equations for the nonpolar nitrogen isotherms are shown
in Fig. 8(a). An excellent match with 1∶1 relationship and a coefficient of correlation value of 1:00 is shown, indicating that the augmented BET Eq. (2) can be reliably used in lieu of the classical
BET Eq. (1) for the external particle surface calculation.
Because nitrogen is a nonpolar material, and thus can be only
adsorbed on the external particle surface, a strong correlation between the SSAext deduced from nitrogen isotherms and the SSAext
deduced from the water isotherms would demonstrate the validity
of the augmented BET equation and the procedure to quantify the
external SSAext by the augmented BET equation. The results of
Comparison 2 between the SSAext using different adsorption isotherms of nitrogen and water by the augmented BET Eq. (2) with
the commonly used soil water density value of unity are shown in
Fig. 8(b). A clear linear relationship and a coefficient of correlation
value of 0.78 are shown. The ratio between the SSAext deduced
from the water isotherms and the SSAext deduced from the nitrogen
isotherms is ∼1.6∶1, a value quite different than 1∶1.
The deviation of the trendline from the 1∶1 line and the fluctuation of the data points along the linear trendline could be caused
by two errors in the soil water density: a much higher soil water
density at the monolayer coverage water content, and variation of
the soil water density at the monolayer coverage among different
soils. The first error can be greatly overcome by using an improved
estimation of the soil water density at the monolayer coverage
© ASCE

Fig. 6. Fitted augmented BET equation for water adsorption isotherm
for (a) Georgia kaolinite; and (b) Wyoming bentonite.

described in an earlier section. The second error can also be overcome by using proper theory for soil water-pressure distribution,
soil sorptive potential, and water isotherm function as demonstrated
in Zhang and Lu (2019b). However, this involves more information
than the current study on all these soils and such error is not
corrected here.
Using the average soil water density of 1.71 g=cm3 , the SSAext
deduced from the water isotherms are recalculated by using Eq. (3),
and the results for Comparison 3 are shown in Fig. 8(c). As shown,
with the improved soil water density value, the relationship between the SSAext deduced from the isotherms of nitrogen and water
follows a 1∶1 trendline, a clear indication that soil water density
much higher than unity should be used for the SSA calculation
from the water isotherms, and validity and capability of the augmented BET equation in quantifying the external SSA for various
soils.

Practical Implications of SSAs in Soil Behavior
The SSAs are important to many geotechnical properties such as
Atterberg limits (e.g., Dolinar et al. 2007), soil shrinkage curve (Lu
and Dong 2017), permeability (Leão and Tuller 2014), soil water
characteristic curves (e.g., Tuller and Or 2005; Lu and Khorshidi
2015; Lu 2016; Arthur et al. 2013), suction stress characteristic
curve (Zhang and Lu forthcoming), among others. Furthermore,
the external SSA and internal SSA are also known to have different
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Fig. 7. Comparison between the specific surface areas deduced by the water isotherm with the augmented BET (A-BET) equation and EGME
isotherm with the BET equation.

roles and implications to hydrological, mechanical, and biological
processes in soils. The importance of the total SSA, particularly the
internal SSA in swelling behavior and the importance of the external SSA in adsorption behavior, is examined in the next section.
Linkage between Internal SSA and Swelling Behavior
Although some expansive classification methods have been developed in the past (e.g., Chen 1975; McKeen 1992; Likos 2008),
they are empirical and semiquantitative. Robust and quantitative
methods for classification of expansive soil remain to be established. A commonly used method is classification method of Chen
(1975), in which the PI ranges are used to describe the expansive
soil behavior. In Chen’s method, a soil is classified as nonexpansive
or low if PI < 15, moderate if 10 < PI < 35, high if 20 < PI < 55,
and very high if PI > 35. For better comparison, both the total
SSA (SSAtot )-based and internal SSA (SSAint )-based methods
are suggested as follows. For the SSAtot -based method, a soil is
classified as nonexpansive or low if SSAtot < 50 m2 =g, moderate
if 50 m2 =g < SSAtot < 200 m2 =g, high if 200 m2 =g < SSAtot <
400 m2 =g, and very high if SSAtot > 400 m2 =g, shown in
Fig. 9(a) cross-imposed with Chen’s method. Similarly, for the
SSAint -based method, a soil is classified as nonexpansive or low
if SSAint < 30 m2 =g, moderate if 30 m2 =g < SSAint < 100 m2 =g,
high if 100 m2 =g < SSAint < 200 m2 =g, and very high if SSAint >
200 m2 =g, shown in Fig. 9(b) cross-imposed with Chen’s method.
There are two fundamental physical mechanisms for the soil
swelling behavior: osmotic swelling that is associated with the
formation of the electrical double layer at high water content
(e.g., Anandarajah and Lu 1991; Mitchell and Soga 2005), and crystalline swelling that is due to the internal exchangeable cation hydration at low water content (e.g., Laird 1996; Likos and Wayllace
2010). Because all the SSAs are deduced at low water content,
the monolayer internal adsorption and external adsorption are most
pronounced. For expansive clay, the internal adsorption is dominated
by the internal exchangeable cation hydration, thus SSAint should be
higher and better correlated to the expansive soil behavior than that
of SSAtot or external SSA (SSAext ). Existing research demonstrates
that the cation-exchange capacity (CEC) highly correlates with SSA,
and thereby should also highly correlate with Atterberg limits
(e.g., Lu and Dong 2017; Woodruff and Revil 2011).
In Fig. 9, the upper and lower boundaries of the shaded
boxes denote the upper and lower limits for the plasticity index
© ASCE

classification method of Chen (1975). Accordingly, the SSAtot based classification method can be established via the left and right
boundaries of the shaded boxes. The results of the PI values and the
total SSA and internal SSA are plotted in Fig. 8.
Here, if a data point falls within the shaded box, it indicates
that for the corresponding soil the SSA-based method yields the
same classification with Chen’s method. In general, both the estimated total SSA and internal SSA show strong correlation with
plasticity indices of the selected soil samples, i.e., higher the PI
values, higher the total SSA and internal SSA (Fig. 8). Comparing
Figs. 9(a and b), it can be observed that more data points (17 of 21
versus 14 of 21 points) fall within the shaded boxes in Fig. 9(b)
than in Fig. 9(a), suggesting the internal SSA–based method is
more consistent with Chen’s method than the total SSA-based
method. Therefore, it can be concluded that both total SSA and
internal SSA can be used to characterize a soil’s swelling behavior,
but internal SSA is more consistent with the classical Chen method
and perhaps better reflects the swelling behavior.
In recent years, a method based on the water adsorption and the
corresponding suction for classifying expansive soil has been developed (Likos 2008). A single index called w75 is defined and used
for expansive soil classification. The w75 index is the equilibrium
gravimetric water content adsorbed by a soil at the relative humidity of 75%. Here, a soil is classified as nonexpansive or low if its
w75 < 4, moderate if 4 < w75 < 6, high if 6 < w75 < 8, and very high
if w75 > 8. The w75 -based classification method is compared with
the total SSA– and internal SSA–based methods, as shown in
Fig. 10. Generally, both the total SSA and internal SSA show
strong correlation with the w75 index, and the internal SSA–based
method better follows with the w75 -based method, as more data
points fall within the shaded boxes, i.e., 16 of 21 points are observed in the internal SSA–based method [Fig. 10(b)] versus 11
of 21 points in the total SSA–based method [Fig. 10(a)], further
illustrating the internal SSA’s ability to better characterize swelling
behavior.
Linkage between External SSA and Adsorption
Behavior
Surface adsorption plays an important role in mass storage and
transport processes in soils and can occur on both external surface
and internal surface, depending on the strength of the interacting
energies between the adsorbate (nonsoil materials) and adsorbent
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(a)

(b)
Fig. 9. Comparison of expansive soil classification methods between
Chen’s PI method and the SSA-based methods for 21 different soils.
Solid circles indicate the two classification systems in comparison are
consistent, and hollow circles indicate they are inconsistent.

Fig. 8. Comparisons among different methods for specific surface
area calculation: (a) external SSA calculations between the BET equation with nitrogen isotherm versus the augmented BET equation with
nitrogen isotherm; (b) external SSA calculations between the augmented BET equation with nitrogen isotherm versus the augmented BET
equation with water isotherm; and (c) external SSA calculations between the augmented BET equation with nitrogen isotherm versus
the augmented BET equation with water isotherm and an improved soil
water density value.

(soils). Polar materials like water, ammonia, and many electrolyte
solutes have strong interacting energies with soil minerals and
can be adsorbed on both the external and internal surfaces. Nonpolar materials like oxygen, carbon dioxide, nitrogen, and gasoline
© ASCE

generally can only be adsorbed on the particle or external surface.
Therefore, there should be a stronger correlation between the
external SSA and adsorbed mass or volume of nonpolar materials
than that between the total SSA and adsorbed mass or volume of
nonpolar materials.
Fig. 11(a) shows the plot between the total SSA by the augmented BET equation deduced from the water isotherms and the
monolayer nitrogen volume of 13 soils. There is a negligible correlation between the total SSA and the adsorbed nitrogen volume
for these soils. Fig. 11(b) shows the plot between the external SSA
by the augmented BET equation deduced from the water isotherms
and the monolayer nitrogen volume of 13 soils. There is a clear
correlation between the external SSA and the adsorbed nitrogen
volume for these soils, confirming the validity of the augmented
BET and the procedure to quantify the external SSA by the augmented BET equation, and the governing role of the external
surface in controlling the adsorption of nonpolar materials.

Summary and Conclusions
The specific surface area of soil is an intrinsic property governing
many geotechnical and geoenvironmental engineering properties
such as Atterberg limits, permeability, cation exchangeable capacity,
among others. SSA can be physically divided into two categories:
the external or particle surface area and internal or intracrystalline
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(a)

(a)

(b)
Fig. 10. Comparison of expansive soil classification methods between
the Likos’s w75 method and the SSA-based methods for 21 different
soils. Solid circles indicate the two classification systems in comparison are consistent, and hollow circles indicate they are inconsistent.

surface area. Each of them is well known to play different roles in
physical, chemical, and biological processes in soils. To date, there
are many methods to quantify the total SSA of soils, but few methods have been developed to quantitatively distinguish between the
external and internal SSAs. Using a recent theoretical advancement
of an augmented Brunauer–Emmett–Teller adsorption equation for
soils, the writers develop a procedure based on using the measured
water adsorption isotherm to quantify the external and internal
SSAs. The procedure involves the measurement of the soil’s water
adsorption isotherm, the best fit of this isotherm by an augmented
BET equation for parameter identification, an assessment of the
proper soil water density, and the quantification of the external,
internal, and total SSAs.
To examine the validity of the augmented BET equation and
to validate the effectiveness of the procedure, water adsorption
isotherms, EGME adsorption isotherms, and nitrogen adsorption
isotherms of a variety of silty and clayey soils (25 soils) are used.
Water adsorption isotherms are used to deduce the external,
internal, and total SSAs. EGME adsorption isotherms are used to
provide independent measurements of the total SSA, and nitrogen
adsorption isotherms are used to provide independent measurements of the external SSA. Comparison of different methods for
the SSAs demonstrates that the augmented BET can be reliably
used to describe soil’s water isotherms, which may involve heterogeneous adsorption surfaces that the classical BET equation fails to
© ASCE

(b)
Fig. 11. Relationship between the adsorbed nitrogen volume at the full
monolayer coverage and the specific surface areas: (a) total SSA by
augmented BET with water isotherm; and (b) external SSA by augmented BET with water isotherm.

describe. The comparative study also shows that for nonexpansive
soils, the augmented BET equation can be reduced to the BET
equation, which can accurately describe the adsorption on the external surface. The comparative study further shows that the augmented BET equation can be used to calculate the external SSA and
internal SSA, and thus the total SSA. An improved soil water density value of 1.71 g=cm3 , much higher than the commonly used
unity, is needed for accurate SSA calculation using the water
adsorption isotherm data.
Further validations and practical implications are also provided
by linking the importance of the internal SSA to swelling behavior,
and the importance of the external SSA to adsorption of nonpolar
materials. It is demonstrated that both the total SSA and internal
SSA can be well correlated to the existing expansive soil classification methods of Chen (1975) (using PI range) and Likos (2008)
(using the water content at the relative humidity of 75%) to classify
expansive soil, and the internal SSA–based method is better correlated to the existing methods. The comparative study also shows
that the volume of the adsorbed nonpolar nitrogen in a variety
of soils is not correlated to the total SSA, but is well correlated
to the external SSA, further confirming the governing role of
the external surface in controlling the adsorption of nonpolar
materials.
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The demonstrated procedure to quantify external and internal
SSAs should provide a pressing and powerful method to understand physical, chemical, and biological processes in soils.

Data Availability Statement
Data used in this work are available from the corresponding author
by request.
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