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Abstract: The Atterberg limits are empirical indices of the critical water contents defining mechanical states of soil-water mixtures between
the semisolid state and plastic state (the plastic limit or wP), and between the plastic state and liquid state (the liquid limit or wL). They reflect
semiquantitatively a fine-grained soil’s ability to resist external loading. They are controlled by four fundamental factors: soil mineralogy,
particle size distribution, pore fluid chemistry, and pore structure. However, general quantitative relationships among the Atterberg limits and
these controlling factors are yet to be established. The authors hypothesize that the total amount of adsorptive water content for a given soil is
directly related to the soil’s wL and wP. A broad suite of 35 soils with measured soil-water retention (SWR) and the Atterberg limits from the
literature were synthesized to explore these relationships. Using the measured SWR data and interpreting them through a generalized SWR
model, the adsorptive water contents of all 35 soils were quantified. The authors demonstrate that the Atterberg limits, including wP, wL, and
plasticity index IPð¼ wL − wPÞ, were all correlated to mechanisms of soil-water interaction, specifically to a soil’s total adsorptive water
content in terms of gravimetric water content, confirming the hypothesis. Further, the correlation between the Atterberg limits and a soil’s
volumetric water content was poor, indicating the Atterberg limits’ independence from capillary water retention mechanism. The correlations
provide a new pathway to move beyond the Atterberg limits to classify soil directly using more representative soil physical properties like
adsorption suction stress, which could be linked to all four fundamental factors of soil mineralogy, particle size distribution, pore fluid
chemistry, and pore structure. DOI: 10.1061/(ASCE)GT.1943-5606.0002463. © 2020 American Society of Civil Engineers.
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Introduction

Atterberg limits are empirical indices of the critical water contents
defining mechanical states of soil-water mixture between the semi-
solid state and plastic state (the plastic limit or wP), and between the
plastic state and liquid state (the liquid limit or wL). They reflect
semiquantitatively a fine-grained soil’s ability to resist external
shear loading (Seed et al. 1966; Wroth and Wood 1978; Sharma
and Bora 2003; Das 2006).

The Atterberg limits are widely used to classify fine-grained soil
[ASTM D2487 (ASTM 2017)]. They are also used to link to other
geotechnical properties such as compression, reloading and unload-
ing indices (Kulhawy and Mayne 1990), swelling potential (Chen
1975), and, recently, soil shrinkage rate (Lu and Dong 2017). The
Atterberg limits are directly proportional to clay mineral contents
and are affected by pore fluid chemistry (Lambe 1951; Skempton
1953; Seed et al. 1964; Lambe and Whitman 1969; Mitchell and
Soga 2005). Clay minerals are generally defined as hydrated alu-
minosilicates with distinct layered crystal structure. Fundamentally,
the Atterberg limits are controlled by soil mineralogy, particle size
distribution, pore fluid chemistry, and pore structure. In general, the
higher the wL is, the higher the water content below which soil

behaves plastically (easily to be molded), and the higher the plas-
ticity index IPð¼ wL − wPÞ is, the higher the water content range
within which soil consistently behaves plastically. A soil’s specific
surface area and mineral composition, together with pore fluid
chemistry and structure govern the Atterberg limits and IP
(Farrar and Coleman 1967). A soil’s specific surface area can
be defined as particle surface area per unit soil mass (m2=g) and
depends on particle size distribution and mineral composition
(Mitchell and Soga 2005). Mineral composition controls physico-
chemical forces between soil solids and soil water through the spe-
cific surface area (Farrar and Coleman 1967; Mitchell and Soga
2005). These physicochemical forces provide resistance to the
applied external forces like dynamic shearing in the liquid limit
testing and static rolling in the plastic limit testing.

Specific surface area depends not only on soil particle sizes, but
also mineral composition (Hatch et al. 2012; Khorshidi et al. 2017).
This is because soil-water interaction generally occurs on both par-
ticle surfaces and within particles (interlaminar surfaces) (Mitchell
and Soga 2005; Khorshidi et al. 2017). Nevertheless, to date, there
is no established general quantitative relationship among the Atter-
berg limits, specific surface area, mineral composition, pore fluid
chemistry, and pore structure. Although Atterberg limits are easy
and quick to perform, they are empirical, tedious in testing, hard to
be automated, and subject to some uncertainties in interpreting test
results. As such, it is desirable to seek alternative indexes that can
be directly linked to soil properties, namely, specific surface area,
pore structure, mineral composition, and pore fluid chemistry.

Soil-water interaction generally involves two physical mecha-
nisms: capillarity and adsorption (Edlefsen and Anderson 1943;
Nitao and Bear 1996; Tuller et al. 1999). In soil pores, menisci
capillary water occurs due to interfacial tensions of air, liquid,
and solid through contact angles and curved air-water interface,
whose mechanical balance is governed by the Laplace-Young
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equation (Defay et al. 1966). On particle and interlaminar surfaces,
adsorptive water occurs due to various mineral hydrations, which is
governed by soil sorptive potential (Lu and Zhang 2019; Zhang and
Lu 2019). In general, adsorption dominates air-water-solid energy
equilibrium under low matric potential or high matric suction
environment, whereas capillarity dominates air-water-solid energy
equilibrium under high matric potential or low matric suction
environment. The equilibrium energy condition for each soil, as
illustrated in Fig. 1, is called soil-water retention curve (SWRC)
or soil-water characteristic curve (SWCC).

Because the potential levels for each of these two soil-water
retention mechanisms are different and, more importantly, are con-
trolled by different fundamental properties of soil, i.e., capillarity is
greatly affected by pore structure and adsorption by specific surface
area and cation exchange capacity (CEC), their roles in macro-
scopic soil properties like permeability, suction stress, and stiffness
are quite different (Lu and Likos 2004; Mitchell and Soga 2005;
Dong and Lu 2017). Both the liquid limit and plastic limit tests
explore soil strength under varying water content conditions
(Sharma and Bora 2003). For the liquid limit test, the repeated sud-
den stops of the downward moving bowl create shear stress in the
soil in the Casagrande bowl. When the shear stress reaches the
shear strength of the wet soil, soil fails, leading to the closure of
the preopened groove. For the plastic limit test, the rolling of soil
thread provides tensile stress in the direction along the thread.
When this tensile stress exceeds the bounding strength or tensile
strength of the wet soil thread, the thread starts to crumb.

Both shear strength and tensile strength are provided by suction
stress, which is a characteristic function of soil-water content (Lu
and Likos 2006). Suction stress can be divided into two compo-
nents along soil’s water retention mechanisms: capillary suction
stress and adsorption suction stress (Lu and Likos 2006; Zhang
and Lu 2019). In coarse-grained soil, capillary water dominates
(Lu et al. 2009), leading to little or no strength, or resistance, or
nondefinable wL and wP. On the other hand, in fine-grained soil,
specific surface area is relatively large and physicochemical forces
through adsorptive water dominate suction stress (Lu and Likos
2006), leading to a wide range of water content within which suc-
tion stress can resist the external loadings. Therefore, the authors
hypothesize that the total amount of adsorptive water content for
a given soil is directly related to both the soil’s wL and wP, thus IP.

In the following, the authors use the experimental data set of a
broad suite of 35 soils from the literature to test this hypothesis.
These 35 soils are selected because both the Atterberg limits data
and soil-water retention data are available. For soil-water retention
data, high suction range are necessary to quantify adsorptive water
content. A generalized soil-water retention curve model (Lu 2016)
is used to interpret the soil-water retention data for quantification of
the total adsorptive water content for these soils. The deduced ad-
sorptive water contents for all of these soils are used to examine the
correlation between the Atterberg limits and soil adsorptive water.

Experimental Database

To examine the correlation between the Atterberg limits and soil
adsorptive water, soil-water retention data with matric suction
greater than 10 MPa are needed. Soil-water interactions are due
to two physical mechanisms: capillarity and adsorption (Edlefsen
and Anderson 1943; Nitao and Bear 1996). Capillarity occurs in
soil pores where the air-liquid-water interface is curved due to
mechanical equilibrium of interfacial tension and liquid-water-soil
contact angle in pores. For most soils, water-in-pore volume with
capillary water retention mechanism is under matric potential
greater than −10 MPa (matric suction is the negative of matric po-
tential) (Lu and Likos 2004). In contrast, adsorption occurs on the
surface of soil particles or the surface of intracrystalline where
matric potential is generally much lower than that of capillarity and
can be down to a few negative GPa (Khorshidi et al. 2017).

The authors have identified SWRC data of 35 soils from 16
articles over the last two decades in the literature. The basic soil
physical and geotechnical properties of these soils are listed in
Table 1. Some of these soils have multiple samples with the same
or different soil compositions or initial void ratios or initial water
contents. Depending on the types of measured soil-water contents,
hysteresis conditions, and initial water contents, the data from these
35 soils were grouped into four categories: SWR data measured in
terms of gravimetric water content under drying conditions (Soils
#1–15), SWR data measured in terms of gravimetric water content
under both drying and wetting conditions (Soils #16–20), SWR
data measured in terms of gravimetric water content under drying
with different initial water content conditions (Soils #21–26), and

Fig. 1. Soil-water retention mechanisms and energy equilibrium: (a) physical interaction mechanisms; and (b) soil-water retention curve.
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Table 1. Geotechnical properties, soil composition, and minerology of the 35 soils

Soil no.
Soil name

and reference LL (%) PL (%) USCS Particle size component Mineralogy
Suction
control

1 FoCa7a 112 50 MH N.D. Interlayered kaolinite-smectite
80%, kaolinite 7%, quartz, iron

oxides

(a) (c)

2 Georgia kaoliniteb 45 28 ML Clay 35% Kaolinite (b)
3 Wyoming smectiteb 485 132 CH Clay 100% Discrete smectite, trace quartz
4 Soda Lakes claystoneb 49 24 CL Clay 55% Mixed layer illite/smectite, trace

kaolinite, quartz, gypsum
5 Soda Lakes smectiteb 111 35 CH Clay 90% Discrete smectite, trace kaolinite,

Quartz, K-feldspar
6 Vertisolic expansive soilc 83 30 CH Clay 66% Smectite, illite, and chlorite (d) (e)
7 MX80 bentonited 437 63 CH Silt 4%, clay 96% Montmorillonite dominant (a) (c) (e)
8 Yellow bentonited 135 58 MH Silt 3%, clay 97% Montmorillonite dominant
9 Speswhite kaolind 51.4 32 MH Silt 2%, clay 98% Kaolinite dominant
10 Calcigel bentonitee 178 56.1 CH N.D. Montmorillonite 78%, quartz 4%,

illite 8%, kaolinite 2%, calcite
3.5%, dolomite 3%

(a) (c) (d)

11 NX illitee 77.8 32.3 CH N.D. Illite 77%, kaolinite 10%, calcite
12%

12 Spergau kaoline 53.4 30.1 MH N.D. Quartz 8%, illite 16%, kaolinite
76%

13 Tabuk shalef 60 25 CH Sand 2%, silt 59%, clay 39% N.D. (a)
14 Al-Qaliabah shalef 39 22 CL Silt 62%, clay 38% N.D.
15 Al-Ghat shalef 63 29 CH Sand 3%, silt 22%, clay 75% N.D.
16 Boom clayg 56 29 CH Clay 50% Kaolinite 20%–30%, illite20%–

30%, smectite10%–20%
(a) (e)

17 Jossigny loamh 37 16 CL Clay 35% N.D. (a) (c) (f)
18 FoCa smectiteh 112 50 MH N.D. N.D.
19 Jingmen expansive soili 42.1 20.9 CL Sand 13%, silt 72%, clay15% Illite 35%, bontmorillonite/illite

mixture 5%, kaolinite 40%, quartz
20%

(a) (e)

20 MX80 bentonitej 385 43 CH Silt 16%, clay 84% Montmorillonite 76%, cristoballite
14%, quartz 10%

(a) (c)

21 Silty soilk 41 28 ML Sand 49%, silt 36%, clay 15% N.D. (d)
22 White clayk 46 25 CL Silt 39 %, clay 61% N.D.
23 Bl 300 140 MH Sand 10%, silt 8%, clay 82% Montmorillonite, illite (d) (e)
24 Kl 54 27 CH Silt 46%, clay 54% Kaolinite, illite
25 0.1 SFRm 55 30 MH Sand 10%, fines 90% N.D. N.D.
26 0.8 SFRm 38 15 CL Sand 45%, fines 55% N.D.
27 Boardman soiln 24 20 CL-ML Sand 16%, silt 72%, clay 12% N.D. (d) (e)
28 Clayey sando 28 14 CL Sand 59%, silt 23%, clay 18% N.D. (d) (e)
29 Silto 28 17 CL Sand 12%, silt 82%, clay 6% N.D.
30 Lean clay-1o 42 18 CL Sand 9%, silt 64%, clay 27% N.D.
31 Lean clay-2o 26 17 CL Sand 36%, silt 45%, clay 15% N.D.
32 Fat clayo 85 33 CH Sand 3%, silt 21%, clay 75% N.D.
33 SSp 44 34 ML Sand 56%, silt 33%, clay 11% Albite, anorthite, montmorillonite (d) (e) (g)
34 WCp 54 28 CH Silt 46%, clay 54% Kaolinite, illite
35 CSp 61 37 MH Sand 24%, silt 44%, clay 32% Quartz, anorthite, montmorillonite

Note: LL = liquid limit; PL = plastic limit; N.D. = no data; USCS = Unified Soil Classification System, sand (0.425–0.075 mm), silt size fines
(0.075–0.002 mm), clay size fines (<0.002 mm); and suction control: (a) = isopiestic humidity control (salt solutions), (b) = two-pressure humidity control,
(c) = osmotic technique, (d) = chilled-mirror dew-point technique, (e) = axis translation method, (f) = tensiometric plates, and (g) = filter paper method.
aData from Delage et al. (1998).
bData from Likos and Lu (2003).
cData from Ito and Azam (2013).
dData from Tripathy et al. (2014).
eData from Baille et al. (2014).
fData from Elkady (2014).
gData from Romero et al. (1999).
hData from Fleureau et al. (2002).
iData from Zhou et al. (2013).
jData from Tripathy et al. (2015).
kData from Thakur et al. (2006).
lData from Iyer et al. (2013).
mData from Fredlund et al. (2011).
nData from Benson et al. (2007).
oData from Sawangsuriya et al. (2009).
pData from Sreedeep and Singh (2011).
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SWR data measured in terms of volumetric water content under
drying conditions (Soils #25–35).

The relationship between the plasticity indexes and liquid limits
of these soils is shown in the plasticity chart in Fig. 2. These soils
cover a wide range of classifications according to the Unified Soil
Classification System (USCS) [ASTMD2487 (ASTM 2017)]: ML,
MH, CL, CH and CL-ML; various sand, silt, and clay composi-
tions; and various mineralogy, including quartz, gypsum, feldspar,
kaolinite, illite, montmorillonite; etc., as shown in Table 1. As illus-
trated in Fig. 2, these soils represent a broad range of the Atterberg
limits: liquid limit up to 485 (Wyoming smectite) and plastic limit
up to 140 (Clay B). Each of these four categories allows us to ex-
amine different aspects of the correlation between the Atterberg
limits and adsorptive water content. The SWR data for all of these
35 soils are plotted in Fig. 3 in the possible spaces of matric suction
versus gravimetric water content [Fig. 3(a)], and matric suction
versus volumetric water content [Fig. 3(b)], illustrating a wide cov-
erage of soil-water retention regimes. Testing in the high-suction

Fig. 2. Atterberg limits and plasticity chart for the 35 soils.

(a) (b)

(c)

Fig. 3. (a) Soil-water retention data (matric suction versus gravimetric water content) for Soils #1–26; (b) soil-water retention data (matric suction
versus volumetric water content) for Soils #25–35; and (c) conceptual illustration of generalized soil-water retention curve.
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Table 2. Measured (ws or θs) and fitted soil-water retention parameters for the 35 soils

Soil
no.

Soil name and
reference

ws
a or
θs

b
wamax

a or
θamax

b m α n
ψcmax
(−kPa)

ψmax
(−MPa) R2 Remark

1 FoCa7c 0.40 0.10 0.041 0.007 1.347 10,000 1,000 0.98 Drying
2 Georgia

kaolinited
0.32 0.04 0.035 0.001 1.562 5,000 1,173 0.98 Drying

3 Wyoming
smectited

1.80 0.33 0.011 0.100 5.090 5,995 1,200 0.90 Drying

4 Soda Lakes
claystoned

0.50 0.07 0.075 0.021 1.526 10,000 1,200 0.98 Drying

5 Soda Lakes
smectited

1.11 0.20 0.122 0.422 1.279 10,000 1,200 0.97 Drying

6 Vertisolic
expansive soile

0.39 0.15 0.041 0.088 1.207 5,000 1,200 1.00 Drying

7 MX80
bentonitef

3.20 0.44 0.016 0.010 2.485 5,000 1,200 0.99 Drying

8 Yellow
bentonitef

1.07 0.32 0.081 0.012 1.456 10,000 1,200 0.99 Drying

9 Speswhite
kaolinf

0.49 0.01 0.542 0.005 1.384 5,000 1,200 0.99 Drying

10 Calcigel
bentoniteg

1.96 0.19 0.088 0.051 1.522 10,000 1,200 1.00 Drying

11 NX illiteg 0.86 0.21 0.024 0.059 1.336 10,000 1,200 1.00 Drying
12 Spergau

kaoling
0.59 0.01 0.751 0.142 1.080 5,000 1,200 0.99 Drying

13 Tabuk shaleh 0.08 0.03 0.071 0.0003 2.376 10,000 1,000 0.97 Drying
14 Al-Qaliabah

shaleh
0.10 0.05 0.060 0.0002 1.629 8,775 1,000 0.99 Drying

15 Al-Ghat shaleh 0.20 0.09 0.054 0.0003 23.02 5,000 1,200 0.99 Drying
16 Boom clayi 0.34 0.11 0.036 0.003 1.484 5,000 1,000 1.00 Drying

Boom clayi 0.33 0.08 0.055 0.014 1.340 8,499 1,000 1.00 Wetting
Boom clayi 0.25 0.12 0.030 0.004 1.294 7,580 1,199 1.00 Drying
Boom clayi 0.2.46 0.10 0.035 0.007 1.321 5,463 1,000 1.00 Wetting

17 Jossigny loamj 40 0.08 0.081 0.113 1.261 5,053 1,000 1.00 Drying
Jossigny loamj 0.25 0.07 0.028 0.087 1.443 4,016 1,200 1.00 Wetting

18 FoCa smectitej 1.43 0.13 0.198 1.251 1.187 8,059 1,000 0.98 Drying
FoCa smectitej 0.54 0.17 0.063 0.581 1.139 6,548 1,000 0.98 Wetting

19 Jingmen
expansive soilk

0.37 0.11 0.092 0.075 1.198 10,000 1,200 0.99 Drying

Jingmen
expansive soilk

0.33 0.10 0.088 0.090 1.221 10,000 1,200 1.00 Wetting

20 MX80
bentonitel

1.70 0.23 0.112 0.009 1.594 8,153 1,050 1.00 Drying

MX80
bentonitel

1.30 0.26 0.019 0.005 2.120 4,881 1,200 0.99 Wetting

21 Silty soilm 0.368 0.092 0.136 0.043 1.279 7,266 1,200 0.98 Drying
Silty soilm 0.345 0.106 0.091 0.056 1.227 6,852 1,200 0.97 Drying
Silty soilm 0.294 0.079 0.216 0.005 1.397 5,000 1,200 0.99 Drying
Silty soilm 0.256 0.123 0.074 0.002 1.557 9,514 1,200 0.99 Drying
Silty soilm 0.238 0.117 0.080 0.001 1.671 6,493 1,200 0.98 Drying

22 White claym 0.422 0.106 0.052 0.968 1.131 5,000 1,200 0.99 Drying
White claym 0.379 0.091 0.075 2.000 1.087 6,397 1,000 0.98 Drying
White claym 0.326 0.094 0.105 0.071 1.111 5,000 1,000 0.97 Drying

23 Bn 4.182 0.328 0.011 0.003 2.297 9,837 1,200 0.98 Drying
Bn 3.730 0.398 0.035 0.004 1.994 10,000 1,000 0.91 Drying
Bn 3.000 0.259 0.034 0.059 1.242 5,000 1,000 0.89 Drying

24 Kn 1.000 0.341 0.002 0.017 4.860 10,000 1,000 0.97 Drying
Kn 0.750 0.167 0.002 0.105 1.290 5,000 1,200 0.99 Drying
Kn 0.500 0.100 0.006 0.007 1.343 5,000 1,000 0.99 Drying

25 0.1 SFRo 0.770 0.062 0.031 0.951 1.242 5,000 1,200 1.00 Drying
0.1 SFRo 0.470 0.023 0.104 0.057 1.240 5,000 1,200 1.00 Drying

26 0.8 SFRo 0.250 0.009 0.317 0.034 1.238 5,000 1,200 1.00 Drying
0.8 SFRo 0.700 0.036 0.001 2.943 1.270 5,000 1,000 1.00 Drying

25 0.1 SFRo 0.67 0.04 0.190 0.805 1.115 5,000 1,200 1.00 Drying
0.1 SFRo 0.53 0.04 0.130 0.023 1.195 5,000 1,000 1.00 Drying

26 0.8 SFRo 0.37 0.02 0.270 0.010 1.310 5,000 1,200 1.00 Drying
0.8 SFRo 0.63 0.01 1.300 0.967 1.171 5,000 1,200 0.99 Drying

27 Boardman soilp 0.39 0.05 0.029 0.018 1.589 5,000 1,200 1.00 Drying
28 Clayey sandq 0.28 0.05 0.090 0.009 1.404 6,310 1,000 0.99 Drying
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range commonly involves applications of different techniques for
suction control as each of the techniques available can only cover
limited ranges of matric suction. Techniques for suction control
conducted for these soils are also listed in Table 1.

Generalized Soil-Water Retention Model

Quantification of adsorptive water content is conducted through in-
terpretation of the SWR data of these soils by using a generalized
soil-water retention model (Lu 2016). Lu’s (2016) SWRC model is
one of the first models explicitly representing soil-water retention
in terms of adsorptive and capillary water contents. This model is
an improved model of an earlier model by Revil and Lu (2013),
explicitly considering soil-water cavitation as a soil-water drainage
mechanism. This mechanism provides a physical upper limit of ma-
tric suction for capillary water retention mechanism, which occurs
in the transition between capillarity and full adsorption, as illus-
trated in Fig. 3(c).

Under the generalized SWRC conception (Lu 2016), the
thermodynamic equilibrium concurrently holds adsorptive water
and capillary water under the same matric potential ψm, leading
to the validity of superposition in water content, i.e., the total water
content wtðψmÞ is the summation of adsorptive water content
waðψmÞ and capillary water content wcðψmÞ:

wtðψmÞ ¼ waðψmÞ þ wcðψmÞ ð1aÞ

waðψmÞ ¼ wamax

�
1 −

�
exp

�
ψm − ψmin

ψm

��
m
�

ð1bÞ

wcðψmÞ ¼
1

2

�
1 − erf

� ffiffiffi
2

p ψm − ψcav

ψcav

��

½ws − waðψmÞ�½1þ ð−αψmÞn�1=n−1 ð1cÞ

where ws = saturated gravimetric water content; wamax = total
adsorptive gravimetric water content (g=g); ψmin = minimum or
most negative matric potential (kPa or kJ=m3); m = adsorptive
strength; ψcav = mean cavitation matric potential (kPa or kJ=m3);
n = parameter related to the capillary pore-size distribution; and
1=α = parameter related to the air-entry matric potential (kPa).
Eq. (1) can also be expressed in terms of volumetric water content
θ (Lu 2016; Lu and Dong 2017).

Thus, seven parameters, as illustrated in Fig. 3(c), completely
define a soil’s SWRC in terms of capillary water and adsorptive
water: three for capillarity, namely, ws, n, and α; three for adsorp-
tion: namely, wamax, ψmin, and m; and one for transition between
capillarity and adsorption: ψcav. Recent studies (Lu and Khorshidi
2015; Khorshidi et al. 2017) indicate that the minimum matric
potential ψmin of a soil mainly depends on types of hydrations
(i.e., types of cation, anion, and valence) and it could be as low
as −1.6 GPa. Furthermore, because current techniques can only
control matric potential down to −0.7 GPa (Dong and Lu 2020)
and all SWR data reported here are for matric potential greater than
−0.4 GPa, the minimum matric potential ψmin and the adsorptive
strength m may not be reliable and will not be examined for its
correlation with the Atterberg limits. Since parameter wamax or
θamax (the total adsorptive water content in terms of volumetric
water content) represents the total quantity of adsorptive water
of a soil, it has been demonstrated that the total adsorptive water
content of a soil is highly correlated to its clay-size content (Chen
and Lu 2018) and its specific surface area (Lu and Dong 2017).
Therefore, the total adsorptive water content will be used here
as the main index to correlate the Atterberg limits. Note that since
each of these seven parameters has a distinct physical interpretation
as illustrated in Fig. 3(c), they are independent. As such, the un-
certainties of some parameters such as the minimum matric poten-
tial ψmin and the adsorptive strength m due to the limitation in high
suction data would have minimum effects on the fitted wamax or
θamax. By the same token, all of the used 35 SWRC data cover

Table 2. (Continued.)

Soil
no.

Soil name and
reference

ws
a or
θs

b
wamax

a or
θamax

b m α n
ψcmax
(−kPa)

ψmax
(−MPa) R2 Remark

29 Siltq 0.34 0.06 0.037 0.035 1.423 5,000 1,200 0.99 Drying
30 Lean clay-1q 0.38 0.11 0.061 0.005 1.374 8,341 1,000 1.00 Drying
31 Lean clay-2q 0.33 0.10 0.058 0.004 1.471 10,000 1,200 0.99 Drying
32 Fat clayq 0.54 0.14 0.062 0.003 1.353 9,009 1,054 1.00 Drying
33 SSr 0.50 0.16 0.053 0.266 1.244 5,000 1,200 0.87 Drying
34 WCr 0.52 0.06 0.030 0.233 1.057 5,000 1,200 0.96 Drying
35 CSr 0.54 0.14 0.045 0.003 1.577 10,000 1,200 0.96 Drying
aFor Soils # 1–26.
bFor Soils # 25–35.
cData from Delage et al. (1998).
dData from Likos and Lu (2003).
eData from Ito and Azam (2013).
fData from Tripathy et al. (2014).
gData from Baille et al. (2014).
hData from Elkady (2014).
iData from Romero et al. (1999).
jData from Fleureau et al. (2002).
kData from Zhou et al. (2013).
lData from Tripathy et al. (2015).
mData from Thakur et al. (2006).
nData from Iyer et al. (2013).
oData from Fredlund et al. (2011).
pData from Benson et al. (2007).
qData from Sawangsuriya et al. (2009).
rData from Sreedeep and Singh (2011).
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the suction range for the maximum adsorptive water content range,
i.e., for matric suction between zero and 10 MPa, the fitted wamax or
θamax would have the least uncertainties.

Quantified Soil Adsorptive Water Content

A least-squares method is used to fit the SWR data and Eq. (1) for
all of these soils. Some of these soils are multiple samples with
different initial porosities and water contents. Since the saturated
water content or porosity is known, only six parameters are needed
to be determined. The best-fit parameters are listed in Table 2. The
coefficient of determination or R2 is used to assess the fitness
between the data and the generalized SWRC model. In general,
the SWRC model can fit very well with both gravimetric water
content–based SWR data and volumetric water content–based
SWR data with R2 greater than 0.96 for Category 1 soils (Soils
#1–15), R2 greater than 0.97 for Category 2 soils (Soils #16–20),
R2 greater than 0.88 for Category 3 soils (Soils #21–26), and R2

greater than 0.86 for Category 4 soils (Soils #25–35).
The fitted SWRCs for Category 1 soils (drying in terms of gravi-

metric water content) are illustrated through three soils and are
shown in Figs. 4(a–c), respectively: Spergau kaolin (Soil #12),
NX illite (Soil #11), and yellow bentonite (Soil #8). In general,
soils with a high content of nonswelling clay like Spergau kaolin
[Soil #12: MH, Fig. 4(a)], Georgia kaolinite (Soil #2: ML), and
Speswhite kaolin (Soil #9: MH) have very low total adsorptive
water content (<4%). Soils with mixtures of swelling and nonswel-
ling clay like FoCa7 (Soil #1: MH), Soda Lakes claystone (Soil #4:
CL), Vertisolic expansive soil (Soil #6: CH), and NX illite [Soil
#11: CH, Fig. 4(b)] have medium total adsorptive water content
(<21%). Soils with a high content of swelling clay-like Wyoming
smectite (Soil #3: CH), MX80 bentonite (Soil #7: CH), and yellow
bentonite [Soil #8: MH, Fig. 4(c)] have high total adsorptive water
content, up to 44%. As shown in Figs. 4(a–c), the experimental
SWR data exhibit a noticeably rapid change in gravimetric water
content between 5 and 10 MPa of matric suction, which is well
captured by the generalized SWRC model.

The fitted SWRCs for Category 2 soils (both drying and wetting
in terms of gravimetric water content) are illustrated through two
soils: Jossigny loam [Soil #17: CL, Figs. 5(a and b)] and MX80
bentonite [Soil #20: CH, Figs. 5(c and d)]. Here again, the exper-
imental SWR data exhibit a noticeably rapid change in gravimetric
water content between 5 and 10 MPa of matric suction, which is
well captured by the generalized SWRC model. For both soils, the
total adsorptive water contents quantified by the generalized SWRC
model are nearly identical from the drying and wetting SWR data,
i.e., the total adsorptive water content is between 7% and 8% for
Jossigny loam and between 23% and 26% for MX80 bentonite.
On the other hand, the saturated gravimetric water contents for each
of these two soils are quite different: 46% for drying and 25% for
wetting for Jossigny loam, and 170% for drying and 130% for wet-
ting for MX80 bentonite (Table 2), indicating that the differences
in water content between drying and wetting are in capillary water
content, as clearly illustrated in Figs. 5(a–d). As shown, the total
capillary water content for drying is 38%, whereas for wetting, it
is 18% for Jossigny loam. The total capillary water for drying is
147%, whereas for wetting, it is 104% for MX80 bentonite. The
observation of the total adsorptive water content remains similar
for both drying and wetting, and the total capillary water varies
greatly between drying and wetting, which applies to all soils in
Category 2, indicating that adsorptive water content is dependent
of soil mass (gravimetric) and independent of soil pore sizes. Quan-
tification of adsorptive water contents for this category of soils

further supports the notion that soil with high swelling clay content
exhibits high total adsorptive water content (Tables 1 and 2).

For soils with different initial gravimetric water contents
(Category 3 soils from Soils #21–26 listed in Table 1), the fitted
SWR parameters are summarized in Table 2. The generalized
SWRC model can fit very well with all of these soils with the R2

mostly close to 1.00 (Table 2). Fig. 6 illustrates SWR of silty soil
(Soil #21) with five different initial gravimetric water contents.
Given the variation of initial gravimetric water contents and satu-
rated water contents (23.8%–36.8%), the quantified total adsorptive

Fig. 4. SWR data and fitted SWRC for (a) Spergau kaolin; (b) NX
illite; and (c) yellow bentonite.
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water content remains similar (7.9%–12.3%), which is expected
since they are the same soil. The similar total adsorptive water con-
tent deduced from the same SWR model indicates that the gener-
alized SWR model can be used reliably to quantify adsorptive and
capillary water contents and their variations with matric suction.
Some discrepancies in the quantified total adsorptive water content
are likely due to the lack of test data for matric suction greater than
10 MPa (matric potential less than −10 MPa). Both the experimen-
tal SWR data and SWRCs show a clear soil-water retention tran-
sition between capillarity and adsorption at matric suction between
5 and 10 MPa [Figs. 6(a–e)]. Category 3 soils further support the
notation that soils with high swelling clay (e.g., Soil #23) have high
PL and LL, and PI, and high total adsorptive water content.

Category 4 soils (Soils #25–35) provide SWR data in terms of
volumetric water content. The best-fit SWRC parameters are listed
in Table 2. Two of these soils (Soils #25 and 26) have samples with
different porosities. These soils are mixtures of sand, silt, and clay
with little swelling clay (except Soil #32, fat clay), thus with low
Atterberg limits. Fig. 7 illustrates the SWR data and fitted SWRCs
for four of the Category 4 soils: Boardman soil [Soil #27, Fig. 7(a)],
clayey sand [Soil #28, Fig. 7(b)], silt [Soil #29, Fig. 7(c)], and fat
clay [Soil #32, Fig. 7(d)]. In general, the generalized SWR model
can fit the experimental data very well with the R2 mostly close to
1.00 (Table 2), indicating that the generalized SWR model can be
used reliably to delineate soil’s capillary water and adsorptive
water. It can be observed that the total adsorptive water content
for soils with low Atterberg limits is generally less than 10% volu-
metrically, whereas the total adsorptive water content in terms of
volumetric water content can be higher than 10% for soils with high

Atterberg limits (Tables 1 and 2). The SWR data of Category 4 soils
and the modeling of SWR further illustrate that the transition be-
tween capillary and adsorption occurs at a range of matric suction
between 5 and 10 MPa.

Correlation between Atterberg Limits and
Adsorptive Water Content

Correlation between the total adsorptive water content and liquid
limit can be examined by plotting the total adsorptive water con-
tent (gravimetrically) versus the liquid limit for the 26 soils (Soils
#1–26 defined in Table 1), as illustrated in Fig. 8(a). The R2 is used
to assess the fitness between the data and the fitted function, and the
root mean square deviation (RMSD) is used to assess the standard
deviation of the data away from the fitted function. Several obser-
vations can be made. It is evident that there exists some correlation
between a soil’s total adsorptive water content and its liquid limit;
the higher the liquid limit wL is, the higher the total adsorptive
water content wamax. The correlation can be described by a hyper-
bolic relationship with R2 ¼ 0.67:

wamax ¼ 2.7wL=ð4.3þ wLÞ − 2.4 for wL > 20% ð2Þ
In addition, there exists some persistent deviation, i.e., RMSD ¼

0.07 g=g, around Eq. (2) in the total adsorptive water content.
Possible reasons for such variation will be further analyzed in the
section.

Some correlation between the total adsorptive water content and
the plastic limit are evaluated by plotting the total adsorptive water

Fig. 5. SWR data and fitted SWRC for (a) Jossigny loam under drying; (b) Jossigny loam under wetting; (c) MX80 bentonite under drying; and
(d) MX80 bentonite under wetting.
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content (gravimetrically) versus the plastic limit for the 26 soils, as
illustrated in Fig. 8(b). Here, it is evident that there exists some
correlation between a soil’s total adsorptive water content and
its plastic limit; the higher the plastic limit wP is, the higher the
total adsorptive water content wamax. The correlation can also be
described by a hyperbolic relationship with R2 ¼ 0.55:

wamax ¼ 0.6wP=ð40.5þ wPÞ – 0.1 for wP > 15% ð3Þ

There exists some persistent deviation, i.e., RMSD ¼ 0.07 g=g,
around Eq. (3) in the total adsorptive water content.

Some correlation between the total adsorptive water content
wamax and the plasticity index IP for the 26 soils, as illustrated
in Fig. 8(c), is evident: the higher the plasticity index IP is, the

higher the total adsorptive water content wamax. The correlation
can be described by a hyperbolic relationship with R2 ¼ 0.64:

wamax ¼ 0.4IP=ð79.4þ IPÞ for IP > 10% ð4Þ

Similar to the correlation between the total adsorptive water
content and the liquid limit and between the total adsorptive water
content and the plastic limit, there exists some persistent deviation,
i.e., RMSD ¼ 0.06 g=g, around Eq. (4) in the total adsorptive
water content.

Possible explanations for such persistent variation for liquid
limit, plastic limit, and plastic index are as follows. The specific
surface area of soil can be physically divided into two areas: ex-
ternal particle surface and internal or intracrystaline surface, and
their role in adsorbing water and consequently in interparticle

Fig. 6. SWR data and fitted SWRC for silt soil under different initial gravimetric water content: (a) ws ¼ 0.368; (b) ws ¼ 0.345; (c) ws ¼ 0.294;
(d) ws ¼ 0.256; and (e) ws ¼ 0.238.
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forces or suction stress could be very different, also depending
highly on pore structure. Adsorptive water on the internal surface
is mostly through interaction between exchangeable cations and
water molecules and is most likely caused by crystalline swelling,
whereas adsorptive water on the external particle surface is mostly
through interaction between hydroxyl anions and water molecules
and the van der Waals interaction between particle surface and
water molecules. Adsorption on the external particle surface can
be further divided into two categories: near the interparticle contact
region and directly exposed to the pore void region. Both are likely
to be responsible for interparticle stress or suction stress, although
the roles in the magnitude of suction stress could be different. The
suction stress near the interparticle likely provides friction resis-
tance, whereas the suction stress between particle surfaces likely
provides repulsive or attractive stress. The interparticle stress
due to physicochemical (adsorptive) forces provides the resistance
to the external loadings during the Atterberg limits testing. There-
fore, although the total adsorptive water shows positive correlation
with the Atterberg limits, the adsorptive water content on the ex-
ternal particle surface or mechanically adsorptive suction stress is
more relevant to the Atterberg limits.

Correlation between the total adsorptive water content θamax
(volumetrically) and liquid limit, plastic limit, and plasticity index
IP for the 11 soils (Soils #25–35) were examined, as illustrated in
Figs. 9(a–c). There was no obvious correlation between the total
adsorptive water content in terms of volumetric water content
and each of the Atterberg limits. Why is this so? Volumetric water
content directly defines volume of water per unit total volume of
soil. Total volume of soil is controlled by both soil mass volume
and soil void volume, but the latter can vary greatly, depending of

drying, wetting, and external stress conditions. Thus, the total vol-
ume consisting of both capillary and adsorptive water volumes is
not a good quantity for the normalized variable. The poor correla-
tion further explains the well-known fact by Casagrande (1932) that
non-clay minerals like quartz and feldspar did not develop plastic
mixture with water, even when ground to sizes smaller than clay-
size particles (i.e., <2 μm). This is because water in bulk pores of
sandy soil is mostly capillary water, resulting in small suction stress
for resisting external loading, thus playing little role in the Atter-
berg limits. Gravimetric water content, in contrast, defines mass of
water per unit soil mass. The soil mass does not vary and is inde-
pendent of drying, wetting, and external stress conditions. There-
fore, adsorptive water content is better represented by soil mass,
i.e., gravimetric water content.

The positive correlations among the Atterberg limits and ad-
sorptive water content in terms of gravimetric water content for
these broad soils confirm the hypothesis that the total amount of
adsorptive water content for a given soil is directly related to
the soil’s Atterberg limits and plasticity index. Fundamentally,
the Atterberg limits are controlled by four factors: soil mineralogy,
pore structure, particle size distribution, and pore fluid chemistry.
These four factors provide mechanical resistance of a soil to the
applied external forces like dynamic shaking (liquid limit test)
and static rolling (plastic limit). Pore fluid chemistry, i.e., concen-
tration of dissolved counterions, controls adsorptive interaction be-
tween mineral particle surface and pore fluid. Different pore fluid
concentration of counterions would form different adsorptive
forces due to the electrical double layer near the mineral particle
surface. For the same clay, the liquid limit could be highly depen-
dent on solute concentration, a lower liquid limit for a higher solute

Fig. 7. SWR data and fitted SWRC in terms of volumetric water content for (a) boardman soil; (b) clayey sand; (c) silt; and (d) fat clay.
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concentration and vice versa. As such, the four factors could be
further deduced to two quantities: soil’s specific surface area and
interparticle physicochemical stress or adsorptive suction stress.

Specific surface area includes a soil’s individual particle surface
and interlamellar crystalline surface. The latter surface depends on
types of clay minerals and their abundance. Physicochemical forces
are adsorptive forces from physicochemical interactions among
clay mineral particle crystalline sheets, particle surface, and liquid
water. There are four distinguishable types of physicochemical

forces in a soil-air-water system: van der Waals attraction, electrical
double-layer repulsion, particle surface hydration, and exchange-
able cation hydration (Lu and Likos 2006). Adsorptive water is
water adsorbed on the particle surfaces both externally and inter-
nally by these physicochemical forces. As such, adsorptive water’s
properties such as freezing temperature and hydraulic conductiv-
ity are different than those bulk and capillary water (Mitchell and
Soga 2005). Furthermore, water adsorbed on the external surface,
although subject to some of these physicochemical forces, can

Fig. 8. Relationships between Atterberg limits and total adsorptive
water content (gravimetrically) for 26 soils: (a) total adsorptive water
content versus liquid limit; (b) total adsorptive water content versus
plastic limit; and (c) total adsorptive water content versus plasticity
index.

Fig. 9. Relationships between Atterberg limits and total adsorptive
water content (volumetrically) for 11 soils: (a) total adsorptive water
content versus liquid limit; (b) total adsorptive water content versus
plastic limit; and (c) total adsorptive water content versus plasticity
index.
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move relatively easier than those adsorbed on the internal or crys-
talline surfaces.

So, if water content changes in adsorptive water retention re-
gime, because of the internal surfaces, hydraulic conductivity
can maintain relatively constant and is somewhat invariant to types
of swelling clays over a wide range of water content. This striking
phenomena has been observed experimentally (Nagaraj et al. 1991)
in which hydraulic conductivity for six different clays remains
within twofold for void ratio variation from 1.674 to 9.240 at
the liquid limit of these soils. Good correlations among the Atter-
berg limits and total adsorptive water content offers a plausible
physical explanation for such phenomena.

Practical Implications for Moving beyond Atterberg
Limits

Physicochemical forces between the external particle surfaces and
adsorbed water have been conceptualized to form part of suction
stress. This adsorptive suction stress provides resistances for both
the liquid limit and plastic limit. Because these physicochemical
forces adsorb about the same gravimetric water content per unit
surface area (Farrar and Coleman 1967; Mitchell and Soga 2005),
specific surface area controls the total water contents at these limits
as the resistance or strength for these limits remains about the same,
i.e., ∼1.7 kPa for liquid limit and ∼170 kPa for plastic limit (Wroth
and Wood 1978; Sharma and Bora 2003).

Because the total adsorptive water content is related to the total
specific surface area, and the total specific area can be further di-
vided into external and internal areas, and their roles in the Atter-
berg limits are likely reflected in the adsorptive suction stress, there
exists some variation in the correlation between the Atterberg limits
and total adsorptive water content. Further research to link the
Atterberg limits to physically more representative variables like
suction stress would require better ways to quantify: (1) both ex-
ternal and internal particle surfaces, (2) the roles of these specific
surfaces in total adsorptive water content and physicochemical
forces or adsorptive suction stress, and (3) dependence of adsorp-
tive suction stress on adsorptive gravimetric water content.

Summary and Conclusions

Atterberg limits are empirical indices of the critical water contents
defining mechanical states of soil-water mixtures between the
semisolid state and plastic states (plastic limit or wP), and between
the plastic state and liquid state (liquid limit or wL). They reflect
semiquantitatively a fine-grained soil’s ability to resist external
loading. They are controlled by soil mineralogy, particle size dis-
tribution, pore fluid chemistry, and pore structure. However, gen-
eral quantitative relationships among the Atterberg limits and these
controlling factors or suitable variables are yet to be established.
The authors hypothesized that the total amount of adsorptive water
content for a given soil is directly related to the soil’s Atterberg
limits, and the plasticity index was proposed and examined exper-
imentally through a broad suite of 35 soils with measured soil-
water retention and the Atterberg limits data from the literature.

Using the measured SWR data and interpreting them through a
generalized SWR model, all 35 soils’ adsorptive water contents
were quantified. The excellent fitting of the generalized SWRC
model to the SWR data of all of these soils demonstrates the robust-
ness of the SWRC model in representing and separating both capil-
lary water and adsorptive water. The authors demonstrate that the
Atterberg limits, including wP, wL, and plasticity index IP, are all
somewhat correlated to mechanisms of the soil-water interaction,

specifically to a soil’s total adsorptive water content in terms of
gravimetric water content. Some hyperbolic relationships can be
established for the relationships between the Atterberg limits
and plasticity index and the total adsorptive water content. The cor-
relations support the hypothesis that adsorptive water controls the
Atterberg limits. There exists some persistent fluctuation in the re-
lationship between the adsorptive water content and liquid limit,
plastic limit, and plastic index, implying that other factors like soil
structure can also be important. A possible reason for this is that the
external particle surface and internal intracrystaline surface play
different roles in adsorbing water and, consequently, in interparticle
forces. Further research is needed to explore of high-resolution
SWRC data in the full range of matric suction, i.e., from 0 to
1.5 GPa, particularly for matric suction>10 MPa where adsorptive
soil-water retention dominates.

The authors further demonstrate that the correlation between the
Atterberg limits and a soil’s volumetric water content is poor, in-
dicating the Atterberg limits’ relative independence from capillary
water retention mechanism. The correlations provide a new path-
way to move beyond the Atterberg limits to classify soil directly
using soil physical properties like the external and internal specific
surface areas and adsorptive suction stress that can better represent
the fundamental properties of mineral composition, particle size
distribution, pore fluid chemistry, and pore structure.
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