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Abstract: The three fundamental constitutive relations that describe fluid flow, strength, and deformation behavior of variably saturated soils
are the soil-water retention curve (SWRC), hydraulic conductivity function (HCF), and suction-stress characteristic curve (SSCC). Until re-
cently, the interrelations among the SWRC, HCF, and SSCC have not been well established. This work sought experimental confirmation
of interrelations among these three constitutive functions. Results taken from the literature for six soils and those obtained for 11 different soils
were used. Using newly established analytical relations among the SWRC, HCF, and SSCC and these test results, the authors showed that these
three constitutive relations can be defined by a common set of hydromechanical parameters. The coefficient of determination for air-entry pres-
sures determined independently using hydraulic andmechanicalmethods is.0:99,.0:98 for the pore size parameter, and 0.94 for the residual
degree of saturation. One practical implication is that one of any of the four experiments (axis-translation, hydraulic, shear-strength, or
deformation) is sufficient to quantify all three constitutive relations.DOI:10.1061/(ASCE)GT.1943-5606.0001085.© 2014 American Society
of Civil Engineers.
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Introduction

Darcy’s law commonly is used to describe fluid flow in saturated
porous media and states that the specific flux, q, in porous media is
proportional to the hydraulic gradient,=h. The proportionality con-
stant, K, is the hydraulic conductivity

q ¼ 2K=h (1)

where h5 total head5 z1 hm; z 5 elevation head; and hm 5 pore
water pressure head.

Darcy’s law is equally applicable to variably saturated porous
media. However, the hydraulic conductivity K is no longer a con-
stant and typically is portrayed as a function of either the degree of
saturation or hm. This functional relationship is called the hydraulic
conductivity function (HCF). Furthermore, hm under unsaturated
conditions is negative, or tensile, indicating it is smaller than the
ambient pore air pressure head, ha. The quantity hm also charac-
teristically is dependent on the degree of saturation and such de-
pendence is called the soil-water retention curve (SWRC). Thus,
quantifying fluid flow in a continuous water phase in a variably
saturated soil using Darcy’s law [Eq. (1)] requires explicit knowl-
edge of the SWRC and HCF of the soil.

In describing strength and deformation in saturated porous me-
dia, according to Terzaghi (1943), an effective stress can be de-
scribed generally as a stress variable representing “that part of the
total stresswhich producesmeasurable effects such as compaction or
an increase of the shearing resistance.” Although the search for
a stress variable suitable for unsaturated conditions continues, the
meaning of effective stress has not changed over the years. Terzaghi
mathematically defined effective stress under saturated conditions as
the skeleton stress, s9, which can be simply quantified as the dif-
ference between the total stress, s, and pore water pressure, uw

s9 ¼ s2 uw (2)

where uw 5 gwhm; and gw 5 unit weight of water. The search for
stress variable(s) effective for both strength and deformation be-
havior of soil under unsaturated conditions has been active; some
along the path of Terzaghi’s effective stress definition (Bishop 1959;
Blight 1967; Khalili and Khabbaz 1998; Lu and Likos 2006), others
along independent stress state variables (Fredlund and Morgenstern
1977). Most of these past works emphasized models for strength or
deformation behavior that involve parameters for defining effective
stress or shear strength, or deformation. Most of these parameters
have not been defined on the same physical basis as those defining
the SWRC and HCF.

Three fundamental constitutive relations are used to describe
fluid flow, strength, and deformation behavior of unsaturated soil
(Lu and Likos 2004): (1) SWRC, (2) HCF, and (3) the suction-stress
characteristic curve (SSCC). In the literature, three types of labo-
ratory experiments were used independently to measure each of
these material properties. The axis-translation technique common-
ly was used to measure SWRCs (Hilf 1956), hydraulic or flow
technique to measure HCFs (Daniel and Benson 1990), and shear-
strength tests to measure SSCCs (Lu and Likos 2004). Some ex-
perimental efforts as well as theoretical studies have attempted to
concurrently measure or link two or more of the three characteristic
functions. For example,Daniel (1983) andChiu andShackelford (1998)
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explored an instantaneous profile method to characterize the SWRC
and HCF of the same specimen. Vanapalli et al. (1996) proposed
a linkage between the SWRC and shear strength with some addi-
tional parameters. Wayllace and Lu (2012) employed a transient-
flow method to concurrently measure the SWRC and HCF. Lu and
Kaya (2012) developed a drying-cake (DC) technique to concur-
rently measure the SSCC, SWRC, and HCF. Among many math-
ematical models for the SWRC, van Genuchten (1980) proposed an
equation for the SWRC with the same set of parameters as those
proposed byMualem (1976) for the HCF. Recently, Lu et al. (2010)
established a closed-form equation for the SSCCwith the same set of
parameters as van Genuchten’s (1980) SWRC model.

This work sought systematic experimental confirmation for the
interrelations among the SWRC, HCF, and the SSCC proposed by
Mualem (1976), van Genuchten (1980), and Lu et al. (2010). Be-
cause such verification requires experimental data for at least two of
the three constitutive functions for the same soil, the existing data are
limited; therefore, previous systematic efforts to examine these
relations have been few. Consequently, both the existing experi-
mental data and new testing data for a wide range of soils were used
here.

Analytical Relations among SWRC, HCF, and SSCC

Mualem (1976) proposed the following model to describe the
variation of hydraulic conductivity K in Eq. (1) with the effective
degree of saturation Se:

K ¼ KsS
1=2
e

�
12 Se

�
Sn=ð12nÞ
e 2 1

�ðn21Þ=n�2
(3)

where n 5 pore size parameter; Ks 5 saturated hydraulic conduc-
tivity; and the effective degree of saturation can be defined as

Se 5
S2Sr
12Sr

(4)

where Sr 5 residual saturation. The variation in magnitude and
dependence of hydraulic conductivity on saturation for represen-
tative sandy, silty, and clayey soils are illustrated in Fig. 1(a). As
shown, hydraulic conductivity of a soil generally decreased abruptly
(as much as 8 orders of magnitude) from its saturated value,Ks, with
decreasing saturation.

Among the many available SWRC models, van Genuchten
(1980) developed the following closed-form equation for the SWRC
using the same parameter n as in Mualem’s HCF model:

ðua2uwÞ5 1
a

�
Sn=ð12nÞ
e 2 1

�1=n
(5)

where a 5 inverse of the air-entry suction. The variation in mag-
nitude and dependence of matric suction on saturation for repre-
sentative sandy, silty, and clayey soils is illustrated in Fig. 1(b).

Bishop (1959) defined an effective stress for unsaturated soils
as

s9 ¼ s2 ua þ xðua 2 uwÞ (6)

where x 5 effective stress coefficient. The coefficient varies from
zero for dry soil to unity for saturated soil. Lu and Likos (2004)
generalizedBishop’s effective stress [Eq. (6)] and expandedTerzaghi’s
effective stress [Eq. (2)] to variably saturated soil in the following
form:

Fig. 1. Conceptualization of (a) HCF, (b) SWRC, and (c) SSCC for
representative soils

© ASCE 04014007-2 J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng. 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

C
ol

or
ad

o 
Sc

ho
ol

 o
f 

M
in

es
 o

n 
03

/1
7/

14
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



s9 ¼ s2 ua 2ss (7)

Lu and Likos (2004) and Lu et al. (2010) developed a closed-form
equation for the SSCC with the same set of parameters as those in
Mualem’s HCF or van Genuchten’s SWRC models

ss ¼ 2
Se
a

�
Sn=ð12nÞ
e 21

�1=n
(8)

wheres s 5 suction stress, which is the change in effective stress due
to change in saturation.

The pattern and variation in magnitude of the dependence of
suction stress on the saturation for the same representative sandy,
silty, and clayey soils shown in Figs. 1(a and b) are illustrated in
Fig. 1(c). The clayey soil exhibited monotonic variation of suction
stress with saturation and the lowest suction stress (maximum in
absolute value) occurred at the residual saturation. In contrast, the
silty and sandy soils could exhibit nonmonotonic behavior in the
relation between suction stress and saturation; the maxima occurred
at both the residual and full saturation with a minimum that occurred
somewhere between. For sandy soil, suction stress at the residual
saturation could be zero; but, for silty soil, suction stress at the
residual state could be several to tens of kPa. Notably, the nonzero
suction stress for both silty and clayey soils at their residual satu-
rations marks one of the features in Lu et al.’s effective stress
[Eqs. (7) and (8)] that distinguishes it from Bishop’s effective stress
[Eq. (6)]. Bishop’s effective stress predicts zero suction stress at the
residual saturation for all soils (x5 0).

From Eqs. (3), (5), and (8), it can be seen that the three con-
stitutive functions forwater-retention,flow, and stress phenomena in
unsaturated soil, despite being conceptualized differently for dif-
ferent phenomena, can be described fully by the same set of hy-
dromechanical parameters, namely, a, n, Sr, and Ks.

Soil-Water Retention and Shear-Strength Results
from the Literature

To examine the interrelations among the SSCC, SWRC, and the
HCF[Eqs. (3), (5), and (8)], both existing test results and results from
a new testing program were used. The existing data were obtained
using conventional shear-strength and soil-water retention tests for
six different soils: Hume Dam clay (Khalili et al. 2004), glacial till
(Vanapalli et al. 1996), decomposed tuff (Fredlund et al. 1995),
Barcelona silt (Vaunat et al. 2002), Ottawa sand (Willson et al.
2012), and limestone agglomerates (Schubert 1984). The SWRCs
for these six soils were obtained using axis-translation methods, and
shear strengths were obtained using either suction-controlled direct
shear or triaxial shear tests. The van Genuchten SWRC model and

the Lu et al. (2010) SSCC model were fit to the soil-water retention
and shear-strength test results, respectively. The best-fit hydrome-
chanical parameters using a least-squares method are summarized in
Table 1. For reference, the geotechnical index properties and soil
classifications also are listed in Table 1. Note that, in deducing the
SSCCs from shear-strength data, it was assumed that the Mohr-
Coulomb criterion was valid. The procedures for obtaining the
hydromechanical parameters from either soil-water retention or
shear-strength tests can be found in the literature (van Genuchten
et al. 1991; Tinjum et al. 1997; Lu and Likos 2004).

Testing Program

Soils

To further examine the interrelations among the SSCC, SWRC, and
the HCF for various types of soils using independent measurement
methods, the authors conducted transient-flow tests using the tran-
sient water release and imbibitions method (TRIM) (Wayllace and
Lu 2012) and deformation tests using the DC method (Lu and Kaya
2012) on 11 different soils that ranged from sandy soils (Ottawa sand
and Esperance sand), to silty soils (Hopi silt, BALT silt, Elliot Forest
silt, Iowa loess, Bonny silt, and Golden silt), to clayey soils (Georgia
kaolinite, Denver claystone, and Denver bentonite). The geotechni-
cal index properties and soil classifications for these soils also are
listed in Table 2.

Ottawa sand is commercially available sand that is used for
a variety of applications and has been characterized previously
(Willson et al. 2012). The Esperance sand is a glacial outwash sand
from a landslide-prone coastal hillslope near Seattle, Washington
(Godt et al. 2009). For the silty soils, Hopi silt is an agricultural soil
from the Hopi Reservation, Second Mesa, Arizona; BALT silt is
from a landslide-prone area near Castro Valley, California (Lu et al.
2013); and Elliot Forest silt is an organic-rich silty soil collected
from the Elliot State Forest near Reedsport, Oregon (Morse et al.
2012). The Golden silt is a silty soil collected near the Colorado
School of Mines in Golden, Colorado; the Iowa loess is an agri-
cultural soil from an Iowa State University research station in
western Iowa (Ashlock and Lu 2012); and the Bonny silt is from
a potential thermal foundation site in easternColorado (Khosravi and
McCartney 2012). For the clayey soils, Georgia kaolinite is a non-
expansive clay (Likos and Lu 2002); Denver bentonite is a Ca-
Montomorillinite clay that is abundant in the Front Range of the
RockyMountains andwas obtained nearMorrison, Colorado (Likos
and Lu 2003). Denver claystone is also known as Pierre shale, which
is found throughout the east slope of the Front Range of the Rocky
Mountains. It is predominately composed of the mineral illite (Likos
and Lu 2003).

Table 1. Geotechnical Properties and Hydromechanical Parameters Deduced from Axis-Translation and Shear-Strength Tests for Six Soils Reported in the
Literature

a ðkPa21Þ n

Soil
Axis-

translation test
Shear-

strength test
Axis-

translation test
Shear-

strength test ur PI
USCS

classification Reference Porosity

Hume Dam clay 0.01 0.01 1.37 1.36 0.15 12.0 CL Khalili et al. (2004) 0.23
Glacial till 0.02 0.03 1.46 1.46 0.13 19.0 — Vanapalli et al. (1996) 0.37
Ottawa sand 0.45 0.42 2.50 2.80 0.01 — SP Kim (2001) 0.50
Decomposed tuff 0.02 0.02 1.89 1.80 — — — Fredlund et al. (1995) 0.50
Barcelona silt 0.07 0.06 1.13 1.12 0.01 16.0 — Vaunat et al. (2002) 0.21
Limestone agglomerates 0.89 0.88 12.68 9.00 0.11 — — Schubert (1984) 0.50
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Preparation and Testing Methods

All the specimens were prepared using the same procedures; the
soils first were mixed with a predetermined amount of water and
statically compacted in a cylindrically shaped mold to the desired
porosity at nearly full saturation. The inner diameter of the cylin-
drical mold varied from 5 to 15 cm, depending on the type of soil and
the amount of total deformation. The thickness of the prepared
specimens ranged from 10 to 15 mm. Three identical specimens
were prepared for each of the 11 soils: one for the TRIM tests and
two for the DC tests. Two specimens were needed for the DC tests:
(1) for the measurement of the elastic modulus and (2) for the de-
formation measurement by particle image velocimetry (PIV) at
different saturation stages as the specimens were undergoing the
drying process.

The TRIM (Wayllace and Lu 2012) is an outflow method in
which the transient outflow or imbibition of water from/into
a specimen in response to applied suction is used as an objective
function in an inverse numerical modeling procedure (Gribb 1996;
�Sim�unek et al. 1999). The inverse modeling procedure provides
a robustway to identity hydromechanical parameters such as those in
Eqs. (3), (5), and (8). Recently, results from this method were
corroborated experimentally by Wayllace and Lu (2012) in com-
parison with results from traditional axis-translation, constant-flow,
and shear-strength tests using soils that ranged from sandy to silty
and clayey soils. The TRIM possesses several advantages over other
methods as follows: (1) short testing times, such that the entire
drying path for most soils can be obtained in 3 days or less; (2) the
technique can accommodate both remolded and undisturbed
specimens, because it does not require the intrusive emplacement of
sensors in the specimen; (3) the applied suction can be manipulated
easily, such that imbibition as well as outflow can be measured,
providing a means to determine both the wetting and drying loops of
the SWCC aswell as any hysteretic behavior; and (4) the SWRC and
HCF can be determined concurrently. Because the TRIM is a flow
test, the HCF deduced was only constrained for a continuous pore
fluid phase condition, which corresponds to hydraulic conductivity
values .1028

–10210 cm/s depending on types of soils.
The DC method (Lu and Kaya 2012) is a technique whereby

sequential digital imagery is used to monitor the deformation of
a disk-shaped soil specimen (cake) in an environment where the
evaporation rate is controlled and gravimetric water content of the
cake is measured. The digital images are processed using a PIV
technique (White et al. 2003). The spatially and temporally de-
pendent displacement field obtained from the PIV analysis of the
sequential images is then used to calculate a field of suction stress
as a function of saturation using an analytical solution for linear

elasticity theory in an incremental form. Results from this method
have been corroborated recently with those obtained using the
traditional axis-translation, constant-flow, and shear-strength meth-
ods and TRIM for soils that ranged from sandy to silty and clayey
soils. Interested readers are referred toLu andKaya (2012) for detailed
information.

The hydromechanical parameters obtained from a best fit of
vanGenuchten’smodel for the SWRC to results from the TRIM tests
and of Lu et al.’s model for the SSCC to results from the DCmethod
are summarized and listed in Table 2 for the 11 soils. Saturated
hydraulic conductivity for these 11 soils wasmeasured independently
using a standard constant-headmethod and the results also are listed in
Table 2.

Comparison of SWRCs, HCFs, and SSCCs

The distributions of hydromechanical parameters obtained from two
independent methods for all 17 soils are shown in Tables 1 and 2. To
quantitatively assess the match of the specific constitutive relation
drawn from different methods, the coefficient of determination (R2)
was used. The results of such statistical comparisons drawn from the
range of the test data are listed in the corresponding figures. Among
these soils, Georgia kaolinite had the smallesta value (0:004 kPa21)
or highest air-entry pressure (∼100 kPa), whereas Ottawa sand
had the largest a value (0:23 kPa21) or lowest air-entry pressure
(4.35 kPa). For most soils, the n parameter was less than 2.0. Only
three soils, Ottawa sand, Esperance sand, and Georgia kaolinite,
had n. 2:0. According to previous understanding (Brooks and
Corey 1964; van Genuchten 1980), small n values indicate that the
soil has a relatively narrow pore-size spectrum compared to soils
with large n values that have wide pore-size spectrum. According
to suction-stress theory (Lu and Likos 2004), soils with n, 2:0
exhibit a monotonic variation in suction stress with saturation,
whereas soils with n$ 2:0 exhibit a nonmonotonic variation in
suction stress with saturation.

Because the results for the six soils from the literature only in-
cluded SWRCs and shear strengths, comparisons were drawn only
between the SWRCs and SSCCs. Fig. 2(a) shows the comparison of
the SWRCs for the Hume Dam clay, glacial till, and Ottawa sand;
Fig. 2(b) shows the comparison of the SWRCs for the decomposed
tuff, Barcelona silt, and limestone agglomerates. For the HumeDam
clay [Fig. 2(a)], the SWRC obtained from the axis-translation tests
was below the SWRC obtained from the interpretation of the shear-
strength test results. However, the two curves differ by only a few
percentage. For the glacial till, the SWRC from the axis-translation
tests was similar to the SWRC obtained from the interpretation of

Table 2. Geotechnical Properties and Hydromechanical Parameters Deduced from Transient-Flow and Deformation Tests Performed as Part of This Study

a ðkPa21Þ n ur ks (cm=s)
Soil Flow test Deformation test Flow test Deformation test Flow test Deformation test Constant flow PI USCS classification Porosity

Esperance sand 0.18 0.20 3.00 2.80 0.02 0.02 3:103 1024 — SP 0.39
Ottawa sand 0.23 0.23 6.00 4.00 0.00 0.00 2:563 1023 — SP 0.38
Hopi silt 0.03 0.03 1.70 1.90 0.06 0.08 3:003 1026 13.0 SC 0.48
BALT silt 0.07 0.08 1.38 1.40 0.04 0.03 1:003 1024 6.0 ML 0.47
Elliot Forest silt 0.02 0.02 1.74 1.55 0.01 0.01 1:003 1024 3.0 OL 0.39
Iowa silt 0.06 0.04 1.70 1.90 0.03 0.04 5:003 1025 11.0 ML 0.45
Bonny silt 0.11 0.06 1.40 1.50 0.03 0.02 1:303 1024 4.0 ML 0.47
Golden silt 0.02 0.03 1.27 1.21 0.02 0.02 2:403 1024 14.0 ML 0.44
Denver claystone 0.02 0.02 1.40 1.35 0.01 0.01 8:583 1027 21.0 CH 0.55
Georgia kaolinite 0.00 0.01 2.10 2.20 0.05 0.05 1:103 1024 18.0 CH 0.58
Denver bentonite 0.02 0.02 1.41 1.40 0.09 0.10 5:443 1025 73.0 CH 0.74
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the shear-strength results and only differs by a few percentage. For
the Ottawa sand, results from both testing methods produced nearly
identical SWRCs, indicating the SWRC and SSCC are interrelated.
The SWRCs for the decomposed tuff and Barcelona silt obtained
from axis-translation tests were similar to those obtained from the
shear-strength tests [Fig. 2(b)]. For limestone agglomerates, the
differences between the SWRCs from the two different methods
were small, again indicating that the SWRC and SSCC are
interrelated.

Comparisons of the SSCCs for these six soils obtained using
axis-translation and shear-strength test results are shown in Fig. 3.
The differences between the SSCCs obtained from the results from
the two methods for the Hume Dam clay, decomposed tuff, and
Barcelona silt, in comparisons with glacial till, Ottawa sand, and
limestone agglomerates, are generally small. Overall, these results,
including the high R2 values, indicate that the interrelation between
SWRC and SSCC exists and theoretical unification of the SWRC and
SSCC [Eqs. (5) and (8)] is valid.

Because independent transient-flow tests (using TRIM) and
deformation tests (using DC) were conducted on 11 soils, com-
parisons among the SWRC, HCF, and SSCC obtained from these
tests can be made. Fig. 4 shows the results for the comparisons of
six of the SWRCs. The SWRCs obtained for the two sands [Es-
perance sand shown in Fig. 4(a) and Ottawa sand shown in Fig.
4(b)] from the flow test and the deformation test results are very
similar. Of the six silty soils, the SWRCs obtained from the two
methods for three silts shown here [Hopi silt and Golden silt shown
in Fig. 4(a) and BALT silt shown in Fig. 4(b)] are in similarly close
agreement to the results obtained for the sands. For clayey soils, the
SWRCs of the Denver claystone showed some differences at high
suctions [Fig. 4(b)], but the overall coefficient of correlation is
high. Overall, the SWRCs obtained from both flow tests and de-
formation tests for these 11 soils were very similar (also see the
high R2 values in Fig. 4 and the subsequent text for further
quantitative comparison), indicating that the SWRC and SSCC are
interrelated.

Fig. 2. Results of the SWRCs obtained independently from axis-
translation and shear-strength tests for the six soils from the literature;
symbols are used to differentiate fitted curves from different tests

Fig. 3. Results of the SSCCs obtained independently from axis-
translation and shear-strength tests for the six soils from the literature;
symbols are used to differentiate fitted curves from different tests
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Fig. 5 shows the HCFs obtained independently from the flow
tests (shown in solid curves) and the deformation tests (shown in
dashed curves) for 6 of the 11 soils. The HCFs for the two sands
[Esperance sand shown in Fig. 5(a) and Ottawa sand shown in Fig.
5(b)] are very similar. Of the six silty soils, results for the BALT silt
[Fig. 5(b)] agreed within tens of percentage. For Hopi silt shown in
Fig. 5(a), the HCFs obtained from the twomethods agreed within an
order of magnitude. Results for the Golden silt [Fig. 5(a)] disagreed
by about two orders of magnitude at very small saturations. Overall,
the HCFs for the 11 soils obtained from both flow and deformation
tests agreed within one order of magnitude, indicating a strong
correlation between the HCF and SSCC.

The SSCCs obtained from both types of tests are shown in Fig. 6.
For the two sands, good coefficients of determination were observed
for the SSCCs between the two types of tests (R2 $ 0:78). The value
of the n parameter is greater than 2.0 for both sands obtained from

both the flow and deformation tests; n. 2:0 indicates that suction
stress varies nonmonotonically with saturation. For the Esperance
sand, n from the flow test (TRIM) was 3.0 and 2.8 from the de-
formation test (DC). For Ottawa sand, n from the TRIM test was 6.0
and 4.0 from the DC test. The consequence of the nonmonotonic
behavior of suction stress is illustrated clearly in theDC test results. As
the test proceeded and the cake dried from full saturation, suction stress
[Figs. 6(a and b)] for the two sands first decreased or became more
negative, leading to a decrease in volume of the two specimens (not
shown). Suction stress reached its minimum value of –3.45 kPa at
a saturation of 59% for the Esperance sand and 22.89 kPa at a sat-
uration of 79% for the Ottawa sand from both types of tests. At lower
saturations, suction stress increased (became less negative). Conse-
quently, the observed increase in volume of the specimens was
confirmed in the DC tests (data not shown here). This interesting
deformationbehavior in sandswasfirst reported inLuandKaya (2012)

Fig. 4.Results of the SWRCsobtained independently from the transient-
flow and deformation tests for the 11 soils tested in this study; symbols are
used to differentiate fitted curves from different tests

Fig. 5. Results of the HCFs obtained independently from the transient-
flow and deformation tests for 6 of the 11 soils tested in this study;
symbols are used to differentiate fitted curves from different tests
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and can be reconciled by the unified effective stress [Eq. (8)] pro-
posed by Lu and Likos (2004) and Lu et al. (2010).

The nonmonotonic suction-stress behavior that leads first to the
shrinking then swelling of the specimen with decreasing saturation
also was observed in the DC test for Georgia kaolinite (not shown).
This is reflected in the n parameter for this soil, which was 2.1 from
the TRIM test and 2.2 from theDC test (Table 2). The TRIM andDC
tests, though based on different physical phenomena of transient
flow and deformation, both led to nearly identical values of the n
parameter, which is yet another confirmation of the interrelations
among the SWRC, HCF, and SSCC. The nonmonotonic de-
formation behavior for Georgia kaolinite was first reported byVesga
(2009) and corroborated byLu andKaya (2012). Comparisons of the
SSCCs for two other clayey soils, Denver claystone and Denver
bentonite, showed overall high values of the coefficient of de-
termination between results obtained from TRIM and the DC
method (R2 $ 0:80).

Results for two of the six silty soils obtained from the TRIM and
DC tests were similar at large saturations, i.e., the Golden silt shown
in Fig. 6(a) and BALT silt shown in Fig. 6(b). The SSCCs obtained
from the two testing methods for the other four silty soils were very
similar over the middle part of the range of saturation with some
discrepancies near both full and zero saturation, i.e., Hopi silt shown
in Fig. 6(a), and Bonny silt and Iowa silt.

Interrelations of the Hydromechanical Parameters
from SWRCs, HCFs, and SSCCs

The consistency between the values of the hydromechanical
parameters obtained from the axis-translation SWRC and shear-
strength SSCC was examined for the a parameter and n parame-
ter in Fig. 7. If a data point lies on the diagonal line, the parameter
value is the same, indicating that the parameter is specific or intrinsic
to the soil. The high correlation between the a parameter obtained
independently from the two testing methods shown in Fig. 7(a)
indicates that the value for the a parameter is specific to given soil
and can be obtained fromeither soil-water retention or shear-strength
tests. Similar results were found for the a parameter values for the
flow and deformation tests conducted on the 11 soils, as shown in
Fig. 7(a).

Fig. 7(b) shows the correlation of the n parameter obtained for the
results reported in the literature from axis-translation and shear-
strength tests. The parameter values were very similar except for
those for the limestone agglomerates. For the soils that were tested in
this study, the n parameter of 10 of 11 were also very similar re-
gardless of whether the values were obtained from flow or de-
formation tests [Fig. 7(b)]. The exception is the the n parameter
values obtained for Ottawa sand, again supporting the observation
that the hydromechanical parameter values are specific to a given
soil no matter if it is obtained from flow or deformation test.

The consistency of the residual saturation was examined only for
the 11 soils for which flow and deformation tests were conducted as
part of this study, because this informationwas not obtained from the
shear-strength tests results reported for the six soils from previous
studies. Fig. 7(c) shows that the residual saturation values from both
the flow tests and deformation tests are highly correlated. This result
indicates that residual saturation is specific to a given soil and can be
obtained independently from either testing method.

Practical Implications of the Interrelation among the
SWRC, HCF, and SSCC

Interrelations between the SWRCandHCFhave been researched for
years (Mualem 1976; van Genuchten 1980), and interrelations
between the SWRC and unsaturated shear strength also have been
examined (Fredlund et al. 1995; Vanapalli et al. 1996). If similar or
identical values for the hydromechanical parameters a and n can be
obtained from either conventional axis-translation tests (or flow
tests) or shear-strength tests (or deformation tests), the mathematical
equations for the SWRC and SSCC are interrelated. From the axis-
translation and shear-strength test results on six soils reported in the
literature and flow and deformation tests results obtained for 11 soils
with a broad range of textures, this is the case. Fundamentally, this
finding corroborates the notion that, under the same total stress
conditions, both soil-water interaction or retention phenomena and
soil interparticle-stress phenomena are governed by the same soil
pore characteristics, namely, the pore-size distribution and pore
constituent properties such as surface tension and the solid-liquid-air
contact angle.

Fig. 6. Results of the SSCCs obtained independently from the transient-
flowanddeformation tests for 6of the 11 soils tested in this study; symbols
are used to differentiate fitted curves from different tests
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These pore characteristics are described by the hydromechanical
parametersa and n, as the a parameter is the inverse of the air-entry
pressure and the n parameter reflects the pore-size spectrum (Brooks
and Corey 1964; Mualem 1976; van Genuchten 1980). Thus, the a
parameter is determined by not only the largest pore size of soil, but
also directly controlled by surface tension and the solid-liquid-air
contact angle. On the other hand, the n parameter is determined only
by the distribution of pore sizes or structures, not by surface tension
or the contact angle. This has been corroborated experimentally by
other studies focused on the hysteretic behavior of the SWRC and
SSCC, where the parameter a has been shown to be greatly con-
trolled by thewetting state but not the n parameter (Oh et al. 2012; Lu
and Kaya 2012; Lu et al. 2013). Practically, the fact that the same set
of hydromechanical parameters can describe both the SWRC and
SSCCof the same soil implies thatflow tests to determine the SWRC
could be used in lieu of conducting unsaturated shear-strength tests.

Many geotechnical engineering problems, such as consolidation
settlement, strength of earthen structures, and seepages, are under
variably saturated conditions and often coupled. However, mathe-
matical models developed to analyze these problems often are based
on different physical assumptions and, thus, not defined by a com-
mon set of parameters. In unsaturated soil mechanics, theories and
models developed for the SWRC often define parameters that are
different from those used in models for shear strength or effective
stress. This study shows that, although strength and effective stress
are based on different principles (i.e., momentum balance) than fluid
flow (i.e., mass conservation), the constitutive relations can be
unified and defined by a common set of physical parameters. This
has some practical implications for soil testing and measurement.

The state of the art is relatively mature regarding soil-water re-
tention tests comparedto unsaturated shear-strength testing. For
example, it is impractical to measure shear strength of clayey soil
using suction-control triaxial test equipment for suctions greater
than ∼1 MPa. Thus, if the research objective is to understand
strength and stress behavior of such soil, measurement of the SWRC
could be sufficient. The shear strength and effective stress can be
quantified using a SSCC inferred from the retention test results and
shear-strength parameters obtained under saturated conditions. The
interrelations among SWRC, HCF, and SSCC point to a promising
avenue of future research seeking the common underpinnings
among different physical phenomena, such as fluid flow, heat
transfer, chemical transport, electric flow, and the state of stress in
soil.

Summary and Conclusions

The three fundamental constitutive relations that describe fluid flow,
strength, and deformation behavior of variably saturated soils are the
SWRC, HCF, and the SSCC. In the literature, three types of labo-
ratory experiments have been used, often independently, to measure
each of these material properties. The axis-translation technique
commonly is used to measure the SWRC. Hydraulic or flow tech-
niques commonly are used to measure the HCF. Shear-strength tests
commonly are used to measure shear strength or the SSCC. Only
a few experiments have been reported where the same soils were
tested with more than one of these three techniques; thus, the
interrelations among the SWRC, HCF, and the SSCC are not well
established. This study sought experimental corroboration of the
interrelations among these three constitutive functions. By exam-
ining the shear-strength and soil-water retention test results reported
in the literature for six soils and conducting systematic flow tests and
deformation tests on 11 new soils that ranged in texture from sandy
to silty to clayey, the authors quantified the SWRCs and SSCCs.

Fig. 7. Results of the hydromechanical parameters obtained in-
dependently using axis-translation, shear-strength, transient-flow, and
deformation tests for the six soils from the literature and the 11 soils
tested in this study: (a) comparison of a parameter; (b) comparison of
n parameter; (c) comparison of ur parameter
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Comparison of axis-translation results for six soils reported in
the literature obtained from axis-translation tests showed that the
SWRCs were very similar or of the same order of magnitude as the
SWRCs inferred from shear-strength tests on the same soils. This
comparison suggests that the mathematical equation for the SWRC
[Eq. (5)] is intrinsically related to the mathematical equation for the
SSCC [Eq. (8)]. The analysis also showed that the SSCCs deduced
from axis-translation testswere of the same order ofmagnitude as the
SSCCs deduced from shear-strength tests, again suggesting that the
SWRC and the SSCC are interrelated. Results from the testing
programperformed as part of this study on 11 soils of varying texture
showed that the SWRCs, HCFs, and the SSCCs deduced from the
transient-outflow tests also were very similar to or of the same order
of magnitude as the SWRCs, HCFs, and the SSCCs deduced from
the deformation tests, reinforcing the argument that the mathe-
matical equations for the SWRC [Eq. (5)], HCF [Eq. (3)], and SSCC
[Eq. (8)] are intrinsically related.

The authors conclude from this study that the SWRC, HCF, and
the SSCC are interrelated and can bemodeled using a common set of
hydromechanical parameters. One practical implication is that one
of any of the four types of experiments (axis-translation, hydraulic-
flow, shear-strength, or deformation) is sufficient to quantify ex-
perimentally all three constitutive relations fundamental to flow,
strength, and deformation phenomena in variably saturated soils.
When one of these constitutive relations is used to infer the others, it
is important to note that those inferred relations are only valid under
the range of suction tested.
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