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Abstract: The part of effective stress resulting from soil moisture or soil suction variation can be defined by the suction stress characteristic
curve (SSCC). For a given soil, the SSCC can be experimentally determined from shear-strength tests. Recent work shows that the SSCC can
be uniquely linked to the soil-water characteristic curve (SWCC). The uniqueness of the SSCC determined from both shear strength and soil
moisture retention tests is examined for several residual soils in Korea. The validity of the effective stress principle is demonstrated by
showing that effective stress-based on the SSCC describes the same unique failure criterion as that for the saturated failure criterion.
The measured SSCCs are also shown to predict the soil-water retention curves within a few percentage. The SWCCs of these residual soils,
determined directly from soil moisture retention tests, also accord well with the SSCCs determined directly from triaxial shear-strength tests
with the difference within several tens of kPa. Therefore, we show that the suction stress characteristic curve or soil-water retention curve
alone can be used to describe both the effective stress and soil-water retention characteristics of variably saturated soils. DOI: 10.1061/
(ASCE)GT.1943-5606.0000564. © 2012 American Society of Civil Engineers.
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Introduction

Research on the effective stress in unsaturated soil was actively pur-
sued in the 1950s and early 1960s (e.g., Bishop 1954, 1959;
Jennings and Burland 1962; Bishop and Blight 1963). The most
significant work during that period was Bishop’s effective stress
relationship, whereby changes in effective stress attributed to the
unsaturated nature of a soil are cast as the product of matric suction
(ua � uw) and Bishop’s effective stress parameter χ

σ0 ¼ ðσ � uaÞ þ χðua � uwÞ ð1Þ
in which the first term on the right-hand side is the total normal
stress or external stress and the second term is the part of effective
stress attributed to the saturation state or internal stress. The value
of χ, as suggested by Bishop, is simply the degree of soil satura-
tion, and leads to χ ¼ 1:0 (or the change in effective stress is equal

to the change in pore-water pressure regarding the prevailing air
pressure) for the saturated state and χ ¼ 0 (or change in effective
stress is zero) for the dry state.

Effective stress cast in the form of Eq. (1) has several difficulties
with regard to its theoretical basis, practical interpretations, and ex-
perimental determinations (e.g., Jennings and Burland 1962;
Fredlund and Morgenstern 1977; Khalili et al. 2004; Lu and Likos
2006). Looking back, some of the difficulties may not have arisen
only because of flaws with Bishop’s conception, but rather misin-
terpretation of test results by other investigators. A theoretical dif-
ficulty is that Eq. (1) predicts zero effective stress for any soil in a
dry state under no external stress. However, many soils, such as
clays, under dry conditions, can have effective stresses of the order
of several hundred kPa (Lu and Likos 2006; Lu et al. 2010). One
practical problem encountered in determination of χ is that under
high suction conditions, (e.g., greater than 10,000 kPa), the value of
χ could be very small and approaches zero (by the definition of
Bishop’s effective stress, χ ¼ 0 at dry condition). The limitations
of current experimental techniques for shear strength prevent
accurate assessment of the χ-value because of the difficulties in
applying high suction greater than 10,000 kPa. Because of these
difficulties, Bishop’s effective stress relationship was largely
abandoned.

Recent advances in understanding the unsaturated soil behavior,
primarily from the experimental investigations, have revived dis-
cussions on the validity of Bishop’s effective stress relationship
and have opened the door to reexamine the validity of the effective
stress approach. Some previous experimental results have been rec-
onciled by using Bishop’s effective stress with some further refine-
ment (Khalili and Kabbaz 1998; Khalili et al. 2004; Nuth and
Laloui 2008) that the effective stress parameter χ can be defined
by a unique function of matric suction.

Lu and Likos (2004, 2006) conceptualized the effective stress
in unsaturated soil as suction stress and illustrated that the
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contribution of matric suction to effective stress is not zero when
soil is dry. This highlights one of the flaws in Bishop’s effective
stress relationship. By accounting for all the forces at the interpar-
ticle level, Lu et al. (2009) showed that suction stress in dry sandy
soils is zero but can be up to several hundred kPa in dry silty and
clayey soils (Lu and Likos 2004, 2006; Lu et al. 2010). One im-
portant aspect of effective stress in unsaturated soils is the role of
the residual water content. Lu et al. (2010) provide a thermody-
namic justification for including residual water content in calcula-
tions of effective stress. Residual water should be considered
carefully as it plays different roles in defining the magnitude of
interparticle stress in different soils. In Bishop’s effective stress
and virtually all the other effective stress approaches that follow
(e.g., Houlsby 1997; Khalili and Kabbaz 1998; Borja 2006; Nuth
and Laloui 2008), the degree of saturation, rather than the effective
degree of saturation, has been used. The effective degree of satu-
ration is defined as the difference between the current volumetric
moisture content and the residual moisture content normalized by
the difference between the porosity and the residual moisture con-
tent [also see Eq. (3)],

The suction stress introduced by Lu and Likos (2004, 2006) and
Lu et al. (2010) unifies effective stress under both saturated and
unsaturated conditions with one closed-form equation. The suction
stress characteristic curve (SSCC) concept expands the form of
Bishop’s effective stress form to avoid the direct use of the effective
stress parameter χ, thus overcoming all the aforementioned diffi-
culties encountered in Bishop’s effective stress relationship. The
hypothesis of the effective stress-based suction stress includes
the following important features. Suction stress can be defined
at the interparticle level, by van der Waals force, double-layer force,
surface tension, and solid-liquid interface pressure change attrib-
uted to capillarity (Lu and Likos 2006). Second, suction stress
is a stress variable independent of the internal friction angle and
is equal to the isotropic tensile strength on the representative
elementary volume level that describes the contribution of matric
suction to the effective stress (Lu et al. 2009). This feature marks a
fundamental difference between suction stress (or the isotropic ten-
sile strength) and the apparent cohesion (Lu et al. 2009). The ap-
parent cohesion, as shown in Fig. 1(a), defined as suction stress
times the ratio of p to q (M), is a shear stress resulting from the
mobilization of the isotropic tensile stress by the internal friction.

Third, the SSCC can be described by a sole function of matric
suction or the effective degree of saturation, eliminating the need
for χ to define effective stress (Lu et al. 2010). Fourth, the SSCC
can be correlated directly to the soil-water characteristic curve
(SWCC) (Lu 2010) with the same parameters described in the next
paragraph. Finally, under the SSCC representation of effective
stress, the shear-strength behavior of any soil is invariant to satu-
ration, leading to elimination of any modification to saturated shear
failure criteria.

Lu et al. (2010) proposed and validated a closed-form equation
for effective stress in unsaturated soil in which the contribution of
matric suction, χðua � uwÞ can be defined by a sole function of
matric suction or the effective degree of saturation. The closed-
form equation requires only two parameters; the inverse of the
air-entry pressure α, and the pore-size parameter n. These two
parameters construct the SSCC and are also identical to the com-
monly used SWCC equation proposed by van Genuchten (1980).

As summarized in Lu et al. (2010), only a few of the available
data on unsaturated shear-strength and SWCCs contain both mea-
sured SWCC and SSCC. Furthermore, most data used for the val-
idation of the effective stress for unsaturated soils are from tests on
transported soils (Bishop and Blight 1963; Khalili et al. 2004, Lu
and Likos 2006; Nuth and Laloui 2008; Lu et al. 2010). However,
residual soils are widespread not only in temperate climates but also
in tropical regions (e.g., Lumb 1962; Lee and Coop 1995; Kim and
Lee 2010). For example, residual and decomposed granitic soils are
commonly found in Asia and are used frequently as construction
materials on the Korean Peninsula. The defining feature of residual
soil is its natural formation in situ under unsaturated conditions
without soil transportation. Residual soils are from the parent rocks
and are formed commonly under deep groundwater table at the
high elevation environment. In comparison with the transported
soils, residual soils have distinct texture and contrasting particle
sizes, leading to soil-water retention in a wide range of matric
suctions.

This study is focused on the quantitative validation of the effec-
tive stress-based on the SSCC for residual soils. Lee (2004) per-
formed a series of triaxial shear-strength tests, pressure plate
extractor tests, and osmotic desiccator tests. The SSCC deduced
from the shear-strength tests will be used to predict SWCC, and
the SWCC deduced from the pressure plate extractor test will

(a) (b)

Fig. 1. Conceptual illustrations of the SSCC: (a) procedure for quantifying SSCC from Mohr-Coulomb–type failure experiments in p� q space;
(b) the relationship between SWCC and SSCC for two distinct types of soils: n ≤ 2:0 and n > 2:0
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be used to predict SSCC. Thus, the comparisons can be drawn and
the validity of the effective stress-based on the SSCC concept can
be evaluated.

Effective Stress Representation by Suction Stress
Characteristic Curve

Under the concept of the SSCC, effective stress in variably satu-
rated soils can be described as (Lu and Likos 2006)

σ0 ¼ ðσ � uaÞ � σs ð2Þ

in which σs = suction stress defined as the SSCC of the soil for
being a sole function of either matric suction or the effective degree
of saturation. The effective stress is directly defined by the stress
variable of suction stress, not by matric suction or/and another var-
iable such as χ in Bishop’s effective stress (Bishop 1959). The ef-
fective stress cast regarding suction stress retains the same form as
Terzaghi’s effective stress (Lu and Likos 2006).

Based on the broad experimental data available in literature and
thermodynamic equilibrium principle, Lu et al. (2010) show that
the suction stress can be described as

σs ¼ �ðua � uwÞθe ¼ �ðua � uwÞ
θ� θr
θs � θr

ð3Þ

in which θe = effective volumetric water content in which volumet-
ric water content θ is normalized by the difference between satu-
rated and residual values, i.e., θs and θr . In Eq. (3), the volumetric
water content can be substituted by the corresponding degree of
saturation.

The SWCC by van Genuchten’s model (1980) can be described
as the relationship between the effective volumetric water content
θe and matric suction

θe ¼
�

1
1þ fαðua � uwÞgn

�
1�1=n

ð4Þ

in which α = 1=ub; ub = the air-entry pressure; and n = pore-size
spectrum number. In general, the larger the value of n is, the wider
the range of pore sizes. Depending on the geologic conditions and
climatic conditions of soil formation, soils with a wide range of
particle sizes may lead to a wide range of pore sizes, such as is
typical for loess soils, but may also lead to a narrow range of pore
sizes such as is common for residual soils.

In light of Eqs. (3) and (4), suction stress can be written in a
closed-form equation (Lu et al. 2010) either as a function of matric
suction or effective volumetric water content

σs ¼ �ðua � uwÞ
�

1
1þ fαðua � uwÞgn

�
1�1=n

ð5a Þ

σs ¼ � 1
α
θ� θr
θs � θr

��
θ� θr
θs � θr

� n
1�n � 1

�
1=n

ð5b Þ

Eqs. (4) and (5) show that suction stress or the part of effective
stress attributed to soil’s wetness can be evaluated completely by
the SWCC or vice versa.

Suction stress is a stress variable equal to the isotropic tensile
stress (Lu 2008; Lu et al. 2009), in which the unsaturated failure
envelope is projected linearly to normal component of total stress
(σ � ua) axis through the apparent cohesion, as illustrated in
Fig. 1(a). Thus, suction stress at specific values of matric suction

can be directly calculated as the apparent cohesion divided by the
slope of linearized failure envelope. This process decouples the
isotropic tensile stress from the frictional dependent apparent co-
hesion (Lu et al. 2009). On the basis of the overwhelming exper-
imental evidence in the literature, the unsaturated internal friction
angle is assumed to be equal to the effective friction angle obtained
from shear-strength tests on saturated state and is invariant to sat-
uration or matric suction. Suction stress defined by Eq. (5a) can
then be defined by fitting results from strength tests conducted
at various levels of matric suction. Therefore, the intergranular
stress at specific values of matric suction is captured from the SSCC
defined by Eq. (5a) to obtain unsaturated parameter α and n.

By using the available shear-strength and SWCC data in the lit-
erature, Lu et al. (2010) found that the part of effective stress attrib-
uted to a soil’s wetness or suction stress is intrinsically related to the
SWCC. Depending on the value of n, the SSCC can be classified in
two distinct types: n ≤ 2 for Type I and n > 2 for Type 2. Suction
stress for Type I monotonically decreases with matric suction,
whereas suction stress for Type II decreases and then increases
as matric suction increases. Most clayey and silty soils under sedi-
mentary and residual environments will form Type I soils, whereas
most sand and mixture soils such as loess under wind formation
environments will form Type II soils (Lu et al. 2009, 2010).

Fig. 1(b) illustrates two types of soil-water characteristic curves
and the corresponding suction stress characteristic curves predicted
by using Eqs. (4) and (5b). For Type I soils, suction stress is zero
when matric suction is zero and decreases monotonically as matric
suction increases. For Type II soils, suction stress is zero at zero
matric suction and at sufficiently large values of matric suction.
It reaches a minimum value at a certain matric suction. It is impor-
tant to note that, among all the existing effective stress formula-
tions, this nonmonotonic behavior can only be described by the
suction stress representation.

Shear Strength and Soil-Water Retention Tests on
Residual Soils

Residual soils in this study have a maximum suction stress larger
than 100 kPa and belong to the Type I category because of the
presence of some fine-grained soil and residual formation environ-
ments. Those decomposed granite soils are from Korea (see Fig. 2)
and are classified as sandy soils, as shown in Table 1. Because the
particle size distribution for these residual soils is dominated by
sand, the residual volumetric moisture content is typically very
small, less than 3%.

Chungcheongbuk-do
North 
Korea

China

Chungcheongnam-do Daejeon

Okcheon

Seochang

YeonkiSouth 
Korea

Chungcheongnam do Daejeon

0 33.3 km

Fig. 2. Location of the residual soils tested in this study
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Experimental validation of the unique relationship between
SSCC and SWCC requires independent soil-water retention tests
and shear-strength tests. In this study, weathered granitic soils were
quantitatively measured for both SWCC and SSCC, which were
collected from the Seochang, Okcheon, and Yeonki areas in Korea,
as shown in Fig. 2 (Lee et al. 2003; Lee 2004). The SWCC and
shear-strength tests were performed under various compacted water
contents and void ratios as shown in Table 1.

The specimens were prepared by a kneading compaction tech-
nique. To consider the effects of water volume and void structure on
dry density, the specimens were compacted densely at 95% maxi-
mum dry density corresponding to both wet and dry of optimum
moisture content (OMC). On the wet side of OMC, some speci-
mens were also compacted to the in situ void ratio (Okcheon 3)
and others were compacted with finer soils passing sieve #20
(Yeonki 3).

The soil-water retention tests were performed by pressure plate
extractor (i.e., axis-translation technique) and osmotic desiccator.
In the volumetric pressure plate extractor, the test procedure com-
mences with submerging and placing the specimen on top of the
high air-entry disk that has been saturated. The drying branch of
the SWCC was first measured, followed by measurements for
the wetting branch. Drying and wetting curves could be further re-
peated subsequent to the first cycle, which are generally shown to
converge to the same wetting-drying loop. However, Okcheon 1
sample was performed only on the first drying curve.

In the higher suction range, the humidity control technique was
adopted by using an osmotic desiccator. The specimens after com-
pletion of the pressure plate tests were used to complete the
SWCCs by placing them in a glass desiccator with salt solutions.
The salt solutions in the glass desiccators control the relative hu-
midity, thus vapor pressure in the specimen. Four salt solutions—
sodium chloride, magnesium nitrate, magnesium chloride, and
lithium chloride—were used for suction-control. The suction val-
ues for these salts and saturated solutions are known in advance
from the standard tables (e.g., Lu and Likos 2004). They provide
suction range from 400 to 297,600 kPa.

Triaxial tests under saturated conditions were performed for
various cell pressures to evaluate the saturated strength, as shown
in Table 1. A multistage triaxial test technique was used for each
specimen at a constant total confining pressure (σ � ua) for various
matric suction values to avoid the effect of variability from using
different specimens. Matric suction varied generally from 50 to
400 kPa and was limited by the air-entry value of the ceramic disk,
whereas the total normal stress (σ � ua) was maintained at 100 kPa.

The range of matric suction was dependent on experiment per-
formance and equipment capacity. In the triaxial tests, the values of
matric suction under which shear tests were performed generally
ranged from 50 to 400 kPa, except for the Okcheon 1 sample

which ranged from 25 to 400 kPa for more data points. In the
SWCC tests, the pressure plate extractor tests were used over the
range of matric suctions from 0 to 200 kPa and the osmotic des-
iccator tests from 400 to 297,600 kPa. Therefore, triaxial tests were
performed in the suction range from 50 to 400 kPa that overlaps
with the pressure plate extractor and osmotic desiccator methods
in obtaining SWCCs.

SWCCs were fit to results from both pressure plate extractor and
osmotic desiccator tests by using least squares regressions and the
retention curve (RETC) code for analyzing the unsaturated soil hy-
draulic properties by Eq. (3) (van Genuchten et al. 1991). In volu-
metric pressure-plate extractor tests, the SWCCs were interpreted
for repeatable features of the data by excluding the first drying
curve, except Okcheon 1. The parameters α and n are then evalu-
ated to calculate the SWCC.

The shear-strength data were also fit by using least squares re-
gressions to Eq. (5a) to calculate the SSCC. Ideally, the parameter
α would be best evaluated in the low range of matric suction. How-
ever, no shear-strength tests were conducted at suctions less than
50 kPa. This limitation leads to uncertainties in the α value esti-
mated from the triaxial tests. For the convenience of comparison,
the parameter α (or ub) was selected as the same value obtained
from the SWCC fitting and n is the sole parameter to be evaluated
from triaxial tests for comparisons. Table 2 summarizes the param-
eters evaluated for the SWCC and the SSCC from both soil-water
retention tests and triaxial shear-strength tests.

Validity of Effective Stress Framework

The Mohr-Coulomb failure criteria regarding effective stress can be
written as

τ f ¼ c0 þ σ0 tanϕ0 ð6Þ
in which τ f and σ0

f = shear stress and effective normal stress at
failure on the failure surface; c0 = saturated drained cohesion;
and ϕ0 = the saturated drained friction angle. Eq. (6) postulates that
the failure criteria for various matric suction values would converge
to a unique saturated criterion if the effective stress principle is
valid for all saturation.

For triaxial tests, the volumetric stress invariant p is defined
as p ¼ ðσ1 þ 2σ3Þ=3, and the deviatoric stress q is defined as
q ¼ σ1 � σ3. Volumetric stress can be defined by effective stress
regarding suction stress as follows:

p0 ¼ ðp� uaÞ � σs ð7a Þ

p0 ¼ ðp� uaÞ þ ðua � uwÞ
�

1
1þ fαðua � uwÞgn

�
1�1=n

ð7b Þ

Table 1. Results of Soil Classification, Compacted Conditions, and the Saturated Shear-Strength Parameters for Residual Soils from Korea; Some Gravel Is
Present in Seochang and Yeonki Soils

Region Notation Sample description USCS
Sand
(%)

Silt/Clay
(%)

Void
ratio ρd (g=cm3)

Water
content (%) c0 (kPa) ϕ0 (°)

Seochang Seochang 1 0.95 ρd;max compaction (wet) SC 79 14 0.61 1.64 20.6 5.97 36

Seochang 2 0.95 ρd;max compaction (dry) SC 79 14 0.61 1.64 4.4 3.07 38

Okcheon Okcheon 1 0.95 ρd;max compaction (wet) SP 95 5 0.57 1.7 19.9 20.44 37

Okcheon 2 0.95 ρd;max compaction (dry) SP 95 5 0.57 1.7 7.9 22.51 35

Okcheon 3 In-situ void ratio SP 95 5 0.77 1.51 19.9 12.79 34

Yeonki Yeonki 1 0.95 ρd;max compaction (wet) SP 93 2 0.48 1.78 18.8 17.15 41

Yeonki 2 0.95 ρd;max compaction (dry) SP 93 2 0.48 1.78 8.5 7.8 41

Yeonki 3 Passing #20 sieve SP 95 5 0.48 1.78 18.8 15.5 36
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The failure criterion is defined by effective description of volu-
metric stress

qf ¼ d þMp0f ð8a Þ

or regarding suction stress

qf ¼ d þMðp� uaÞf �Mσs ð8b Þ

in which, on ðp� uaÞ � q space, M = slope of failure criteria;
d = intersection of failure criterion when saturation [see Fig. 1(a)].
Subscript f refers to the state of failure. In triaxial tests, the satu-
rated drained friction angle and cohesion can be derived from M
and d as follows:

ϕ0 ¼ sin�1f3M=ð6þMÞg ð9Þ

c0 ¼ d
M

tanϕ0 ð10Þ

Following Eq. (8b), suction stress σs as a function of matric suc-
tion can be calculated from the triaxial tests

σs ¼ d þMðp� uaÞf � qf
M

ð11Þ

For the Seochang residual soil (composed of 79% sand and 14%
fines), the deviatoric strength from the triaxial tests increased
as matric suction increased for a given total volumetric stress
(p� ua), as shown in Fig. 3(a). Seochang 1 and Seochang 2 are
identical in dry density, but the former was initially prepared on the
wet side of OMC and the latter was on the dry side of OMC.
Saturated failure envelopes are shown as the lines in Fig. 3(a).
Unsaturated soil samples were first consolidated to the same total
volumetric stress of 100 kPa. As depicted in Fig. 1(a), the unsatu-
rated strength can be projected to the negative axis of total stress
(p� ua) for a given matric suction, and the intercept is the suction
stress at the given matric suction defined by Eq. (11). The resulting
suction stress data for both wet and dry sides of OMC are shown in
Fig. 3(b).

By using the deduced suction stress data and the parameter α
obtained from the SWCC tests (shown in Table 2), the SSCCs for
Seochang 1 and Seochang 2 can be obtained by the least squares
fitting. The resulting SSCCs and fitted parameter n are shown in
Fig. 3(b) and Table 2. It can be observed that the SSCCs represent
the suction stress data from the shear-strength tests quite well. The
SSCCs are very similar between Seochang 1 and Seochang 2 sam-
ples within a few%, whereas the saturated and unsaturated strengths
are quite different, as much as 50% difference in deviatoric stress,
as shown in Fig. 3(a).

By using the identified SSCCs shown in Fig. 3(b), the failure
criteria under all matric suction values (or saturations) can be uni-
fied or replotted by the failure criterion regarding effective stress
[Eq. (8a)]. As shown in Fig. 3(c), the effective stress description
of measured failure state for the Seochang residual soil completely
follows the corresponding saturated criterion, indicating the valid-
ity of the effective stress principle.

For Okcheon residual soil (95% sand and 5% fines in gain
sizes), the deviatoric stresses at failure in the triaxial tests regarding
total stress (p� ua) are shown in Fig. 4(a). The failure envelopes
under saturated state are shown as lines. Unsaturated soils were first
consolidated to the same total volumetric stress of 100 kPa before
applying deviatoric stress. Okcheon 1 residual soil (wet of OMC)
shows more strength and suction stress than those of Okcheon 2
residual soil (dry of OMC). For Okcheon 3, the initial void ratio of
0.77 was prepared and is equal to the in situ void ratio. This value is
more than 0.57, the value where 95% of the maximum dry density
was applied to both the wet and dry of OMC states. The initial
water content for the Okcheon 3 is the same with Okcheon 1
(wet of OMC).

The measured suction stress values shown in Fig. 4(b) indicate
that Okcheon 2 (dry of OMC) and Okcheon 3 (with in situ void
ratio) have similar SSCCs. In contrast, Okcheon 1 residual soil
(wet of OMC) shows much more suction stresses. Because the
parameter α from the SWCC tests was used, the fitted SSCC shows
slight discrepancy with the suction stress data from the triaxial tests
but predicts the overall trend quite well. For this residual soil, the
kneading compaction under wet of OMC clearly promotes strong
interparticle forces, leading to much more suction stress under the
same matric suction.

By using the calculated SSCC, the failure envelopes for both
saturated and unsaturated states are shown in Fig. 4(c). It can be
observed that, whereas each Okcheon soil under different matric
suction follows its saturated failure envelope very well, the slight
differences among the wet of OMC state, dry of OMC state, and in
situ state can be distinguished. The effective stress principle defined
by the SSCC is apparently valid for the Okcheon soils.

For Yeonki residual soil, the deviatoric stress at failure under
various matric suction conditions regarding the total stress (p� ua)
is shown in Fig. 5(a). The suction stress values deduced from the
triaxial tests shown in Fig. 5(a) by using Eq. (11) are shown in
Fig. 5(b). It can be observed that Yeonki 1 (wet of OMC) and
Yeonki 2 (dry of OMC) have similar suction stresses regarding
matric suction. For this soil compacted to the in situ void ratio
(Yeonki 3), the deviatoric stresses at failure [Fig. 5(a)] and the de-
duced suction stresses [Fig. 5(b)] are significantly more than those
of Yeonki 1 and Yeonki 2. This may be attributed to the fact that
Yeonki 3 contains more fines (4.9%) than Yeonki 1 and Yeonki 2
(1.6%), leading to more interparticle forces and thus suction stress

Table 2. Results of Unsaturated Soil Parameters and Correlation Coefficients for SSCCs and SWCCs for Residual Soils from Korea

Region Notation θs ub (kPa)

SSCC SSCC from
SWCC fit R2

SWCC SWCC from
SSCC fit R2θr n R2 θr n R2

Seochang Seochang 1 0.358 11.022 0.000 1.363 0.94 0.61 0.000 1.301 0.99 0.96

Seochang 2 0.418 11.251 0.000 1.370 0.90 0.66 0.023 1.431 1.00 0.99

Okcheon Okcheon 1 0.324 21.160 0.000 1.211 0.93 0.65 0.000 1.327 0.99 0.92

Okcheon 2 0.343 3.625 0.000 1.295 0.96 0.95 0.000 1.286 0.99 0.99

Okcheon 3 0.410 1.369 0.000 1.244 0.98 0.96 0.000 1.234 0.99 0.99

Yeonki Yeonki 1 0.255 2.654 0.000 1.276 0.66 0.61 0.000 1.259 0.99 0.98

Yeonki 2 0.272 0.885 0.000 1.217 0.77 0.65 0.000 1.193 0.98 0.97

Yeonki 3 0.334 9.440 0.000 1.262 0.85 0.84 0.030 1.250 0.99 0.96
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(a)

(b)

(c)

Fig. 3. Shear-strength test results for Seochang residual soils: (a) un-
saturated shear-strength values and saturated failure envelopes in
ðp� uaÞ � q space; (b) deduced suction stress values and fitted SSCC;
(c) unsaturated shear-strength values and saturated failure envelopes in
p0 � q space [p0 ¼ ðp� uaÞ � σs]

(a)

(b)

(c)

Fig. 4. Shear-strength test results for Okcheon residual soils: (a) unsa-
turated shear-strength values and saturated failure envelopes in
ðp� uaÞ � q space; (b) deduced suction stress values and fitted SSCC;
(c) unsaturated shear-strength values and saturated failure envelopes in
p0 � q space [p0 ¼ ðp� uaÞ � σs]
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values. The fitted SSCCs [shown in Fig. 5(b)] generally follow the
deduced data well for all Yeonki residual samples. When using the
SSCC to describe the failure state by Eq. (6) [Fig. 5(c)], it shows
again the uniqueness of the failure envelope for each of these sam-
ples under all matric suction (or saturations).

As shown from Figs. 3–5, the effective stress form regarding
SSCC can describe the unsaturated failure behavior uniquely, as
the shear-strength criterion is invariant to saturation for three
weathered residual soils. The SSCC could be estimated by the iso-
tropic tensile stress from the triaxial tests and be quantified as the
contribution of matric suction to effective stress. Because the suc-
tion stress is a stress variable, which is a function of matric suction,
the parameter such as χ in Bishop’s description of the effective
stress does not need to be involved at all.

Validation of Intrinsic Relationship between SSCC
and SWCC

In the previous section, the SSCCs were first constructed by
Eq. (5a) from the triaxial tests in which the parameter n have been
fitted by using a known value of the parameter α identified from the
corresponding soil-water retention curve by Eq. (4). To show the
interrelationship between SSCC and SWCC, two types of compar-
isons will be conducted: (1) SWCC between the test data of soil-
water retention and SWCC inferred from the SSCC, and (2) SSCC
between the test data of triaxial and SSCC inferred from the
SWCC. A cross correlation between SWCC and SSCC can show
the intrinsic relationship between the suction stress and the water-
retention behavior in unsaturated soils, and a cross-examination
from the two independent types of tests can further validate such
an intrinsic relationship.

For the Seochang residual soil, both measured soil-water reten-
tion data and SWCCs predicted by using the triaxial test results
are shown in Fig. 6(a). The soil-water retention data were acquired
by the combination of pressure plate extractor tests and osmotic
desiccator tests. As shown, the SWCC deduced from triaxial tests
(or the SSCC fit) matches the measured values reasonably well
(correlation coefficient R2 ¼ 0:96 in Table 2). In the case of the
Seochang 2 (dry of OMC), the SWCC from the SSCC predicts
the measured volumetric water contents very accurately (correla-
tion coefficient R2 ¼ 0:99 in Table 2). In the higher suction range
over 400 kPa, the SWCC was measured by osmotic desiccator tests
and the SWCC from the SSCC can capture the trend of those
test data.

The comparisons for the SSCCs between the suction stress data
from the triaxial tests and the SSCC predicted from the soil-water
retention data are shown in Fig. 6(b). The suction stress data were
obtained by Eq. (11) and the SSCCs (shown as curves) were ob-
tained by fitting the soil-water retention test data to Eq. (4) by using
RETC and putting the parameters α and n into Eq. (5a). As shown
in Fig. 6(b), the suction stress data deduced from the triaxial tests
agree fairly well with the SSCC from SWCC tests (correlation co-
efficient R2 ¼ 0:61� 0:66). The differences are within a few tens
of kPa in suction stress. Considering some inherent uncertainties on
the wetting/drying state in kneading compaction, the difference in
suction stress could be within the experimental errors.

In Fig. 6(a), two parameters α and n from the SSCCs are almost
the same for both Seochang 1 (wet of OMC) and Seochang 2 (dry
of OMC). The difference between the two SWCCs is in the fit value
for the saturated water content, with Seochang 1 approximately
0.36 and Seochang 2 approximately 0.42. However, in the SWCCs
of Fig. 6(b), the wetter sample of Seochang 1 has less n value (1.29)
than Seochang 2 (1.43) and thus larger suction stresses. The suction

(a)

(b)

(c)

Fig. 5. Shear-strength test results Yeonki residual soils: (a) unsaturated
shear-strength values and saturated failure envelopes in ðp� uaÞ � q
space; (b) deduced suction stress values and fitted SSCC; (c) unsatu-
rated shear-strength values and saturated failure envelopes in p0 � q
space [p0 ¼ ðp� uaÞ � σs]

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JANUARY 2012 / 53

J. Geotech. Geoenviron. Eng. 2012.138:47-57.

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 
10

/0
9/

12
. 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.



stress predicted from SWCC is more than the measured triaxial test
results in Seochang 1 but less in Seochang 2. Both results of SWCC
tests and SSCC tests are not consistent in Seochang samples, which
could be responsible for the observed difference in both SSCCs in
Fig. 6(b). Triaxial test samples are generally more difficult to be
compacted in keeping uniquely the internal wetness of the soil
specimen than those thin specimens in pressure plate tests. Overall,
the cross predictions for the SWCCs [shown in Fig. 6(a)] are better
than the cross predictions for the SSCCs [shown in Fig. 6(b)], par-
tially because of the narrow range of matric suction (50 to 200 kPa)
controlled in the triaxial shear-strength tests. In contrast, in soil-
water retention tests, matric suction varied between 0.1 and
297,600 kPa.

For the Okcheon residual soil, the cross predictions of the
SWCCs and SSCCs are shown in Figs. 7(a) and 7(b), respectively.
The soil-water retention data shown in Fig. 7(a) were acquired by
combination of pressure plate extractor tests and osmotic desiccator
tests. As shown, for the Okcheon 1 residual soil (wet of OMC), the
pressure plate extractor test data cannot be connected with osmotic
desiccator tests in a smooth fashion, possibly because the pressure

plate extractor test data were performed by only the first drying
cycle. The SWCC deduced from the triaxial tests for Okcheon 1
shows a higher ub value than others. The overestimation of ub re-
sulted in significant discrepancies between the SWCC and the
water-retention test data, as shown in Fig. 7(a), which has a similar
effect on the SSCC in Okcheon 1, as shown in Fig. 7(b).

For the Okcheon 2 soil (dry of OMC) and the Okcheon 3 soil
(compacted to the in situ void ratio from wet of OMC), the SWCCs
deduced from the triaxial tests predict the measured volumetric
water contents accurately. Even for suctions greater 400 kPa, the
deduced SWCCs can accurately capture the trend of soil-water re-
tention data. Because the Okcheon 2 soil and the Okcheon 3 soils
were compacted to different void ratios (0.57 versus 0.77), the re-
sulting values of saturated water content θs � θr (0.34 versus 0.41)
and air-entry pressure ub (3.62 kPa versus 1.37 kPa) are different.
However, the values of parameter n identified from the triaxial tests
(1.29 for Okcheon 2 and 1.24 for Okcheon 3) and soil-water reten-
tion tests (1.29 for Okcheon 2 and 1.23 for Okcheon 3) are similar
and range from 1.23 to 1.29.

(a)

(b)

Fig. 6. Cross predictions of the SWCC and the SSCC for Seochang
residual soil from shear-strength tests and soil-water retention tests:
(a) SWCC predictions; (b) SSCC predictions

(a)

(b)

Fig. 7. Cross predictions of the SWCC and the SSCC for Okcheon
residual soil from shear-strength tests and soil-water retention tests:
(a) SWCC predictions; (b) SSCC predictions
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The comparisons for the SSCCs deduced from the shear-
strength tests and the SSCCs deduced from the soil-water retention
tests for Okcheon residual soil are shown in Fig. 7(b). The SSCCs
deduced from the water retention tests predicts the suction stress
data deduced from the triaxial tests very well for both the Okcheon
2 and the Okcheon 3 samples but not for the Okcheon 1 sample. A
possible reason for this discrepancy is the lack of consistent and
unique procedure in preparing the compacted soil samples regard-
ing wetting and drying states, leading to the hysteretic behavior in
both the SWCC and SSCC.

For the Yeonki residual soil, the cross predictions of the SWCCs
and SSCCs are shown in Figs. 8(a) and 8(b) respectively. In
Fig. 8(a), the soil-water retention data were acquired by pressure
plate extractor tests for suctions less than 200 kPa and by osmotic
desiccator tests for matric suctions greater than 400 kPa. The
SWCCs shown in curves were deduced from the triaxial tests.

For the Yeonki 1 (wet of OMC with 1.6% fines) and Yeonki 2
(dry of OMC with 1.6% fines) samples, the SWCCs deduced from
the triaxial shear-strength tests can accurately predict the measured
soil-water retention characteristics, even in the high matric suction
range from 400 to 297,600 kPa. Furthermore, SWCCs deduced

from the triaxial shear-strength tests for both the Yeonki 1 and
Yeonki 2 samples [shown in Fig. 8(a)] are similar; both the param-
eter n and saturated water contents θs are very close in values (1.28
versus 1.22 for n and 0.26 versus 0.27 for θs), except some differ-
ence in the air-entry pressure ub (2.65 kPa versus 0.89 kPa). This
similarity can also be evidenced in the suction stress data shown in
Fig. 8(b). The SSCCs [shown in Fig. 8(b)] deduced from the soil-
water retention data shown in Fig. 8(a) for both Yeonki 1 and
Yeonki 2 samples are very similar, confirming the similarity of
SWCCs in Fig. 8(a). In addition, the SSCC deduced from SWCC
tests can predict the measured SSCC from triaxial tests reasonably
well.

For the Yeonki 3 sample (with 4.9% fines), the SWCC deduced
from the triaxial tests predicts the measured soil-water retention
data reasonably well, except for matric suction greater than
1,000 kPa [shown in Fig. 8(a)]. The SSCC deduced from the
soil-water retention tests compares very accurately with the suction
stress data [Fig. 8(b)] because the SWCCs were matched very well
under 400 kPa as shown in Fig. 8(a). Overall, the cross predictions
for the SWCCs [shown in Fig. 8(a)] are equivalent to the cross pre-
dictions for the SSCCs [shown in Fig. 8(b)] in Yeonki samples.

The overall comparisons of all the unsaturated parameters are
shown in Figs. 9(a) and 9(b), in which the values of n and
θs � θr deduced from the triaxial shear strength tests are directly
compared with those from the soil-water retention tests. All three
residual soils show excellent matches for the values of n and θs � θr
obtained independently from the SSCC and the SWCC. One set of
unsaturated parameters (i.e., n, α, θs, and θr) for a given soil is
shown to completely define both soil-water retention characteristics
and effective stress under unsaturated conditions.

Quantitative analysis of the fitting for SWCCs and SSCCs and
the correlations between the predicted SWCCs and SSCCs from the
two independent types of tests are conducted and summarized in
Table 2. The correlation coefficient R2 varies between 0.90 and
0.98 in the SSCC fit, except for Yeonki soils, in which R2 varies
between 0.66 and 0.85. The correlation coefficient R2 in the SWCC
fit is excellent, varying between 0.98 and 1.00.

The correlations of the cross predictions on the SWCCs deduced
from the soil-water retention tests and the SWCCs deduced from
the shear-strength tests, as shown in Figs. 6(a), 7(a), and 8(a),
are excellent (0:92 < R2 < 0:99). The correlations of the cross
predictions on the SSCCs deduced from the soil-water retention
tests and the SSCCs deduced from the shear-strength tests, as
shown in Figs. 6(b), 7(b), and 8(b), vary from fair to excellent
(0:61 < R2 < 0:96).

Ideally, the SWCC measurement should be conducted over a
wide range of the degree of saturations to capture the shape of
the SSCC in the full range of matric suction. Conducting a wide
range of the degree of saturation is also necessary to assess the ef-
fects of different mechanisms of interparticle stresses on the suction
stress, which may be important in compacted residual soils under
high suctions. However, in this study, the triaxial tests were only
performed up to suctions of 400 kPa, hence the SWCCs deduced
from the shear-strength tests are dominated by the behavior of the
soils at low suctions [see Figs. 6(a), 7(a), and 8(a)]. Within this
suction range (0–400 kPa), the pore-water is likely connected,
and interparticle stresses probably are governed by capillarity.
At high suctions, the SWCC comparison shows large differences
of volumetric water contents in the cases of Okcheon 1 and Yeonki
1, as shown in Figs. 7(a) and 8(a). Similarly, the SSCCs deduced
from the shear-strength tests do not always fit the SSCCs deduced
from the soil-water retention tests at high suctions, as shown in
Figs. 6(b), 7(b), and 8(b). Although the SWCCs deduced from the
shear-strength tests correlate well with the SWCCs from the water

(a)

(b)

Fig. 8. Cross predictions of the SWCC and the SSCC for Yeonki re-
sidual soil from shear-strength tests and soil-water retention tests:
(a) SWCC predictions; (b) SSCC predictions
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retention tests at low suctions, validation of the intrinsic relation-
ship at high suctions remains inconclusive.

In summary, for all experimental results on three residual soils
shown in Figs. 6–8, the SWCCs deduced from the triaxial shear-
strength tests predict the soil-water retention data very well within
the range of the applied matric suction, indicating an intrinsic re-
lationship between SWCC and SSCC. Similarly, the SSCCs de-
duced from the soil-water retention data can predict the overall
trends of the suction stress data deduced from the triaxial shear
strength, reconfirming the intrinsic relationship between SSCC
and SWCC. The fact that soils with similar soil-water retention
characteristics also show similar suction stress characteristics
(Okcheon 1 and Okcheon 2 soils, Yeonki 1 and Yeonki 2 soils)
is another confirmation of the intrinsic relationship between SWCC
and SSCC.

Theoretical and Practical Implications

On the basis of the systematic testing of shear strength and soil-
water retention characteristics on different residual soils, it was

demonstrated that the SSCC is directly correlated to and can be
used for predicting the SWCC or vice versa. Hence, suction stress
is shown to constitute a framework for effective stress that is in-
trinsically related to the traditional SWCC. One of the practical
implications is that only one type of test, either shear strength
or soil-water retention, is needed to fully describe both soil-water
retention characteristics and effective stress of a soil under unsatu-
rated conditions.

If the effective stress principle under the suction stress concept
can uniquely define the failure envelope for all soils under variably
saturated conditions, it bears several theoretical implications. First,
all the classical soil mechanics work, on the basis of the limit state
analysis established under saturated condition, can be readily ap-
plied to unsaturated conditions; i.e., no change occurs in the forms
of limit-state stress distributions for broad geotechnical applica-
tions such as retaining wall design, bearing capacity, and slope sta-
bility. The only expansion lies in the use of SSCC as a generalized
term in place of saturated pore pressure. This notion is illustrated
for earth pressures in active, passive, and at-rest states in Lu and
Likos (2004, pp. 267–322 in Chapter 7, ). The validity of the ef-
fective stress principle under all saturations also implies that all the
failure criteria for the saturated state are equally valid for unsatu-
rated states, because suction stress, not matric suction or/and χ,
plays the identical role as pore-water pressure under saturated con-
ditions in Terzaghi’s effective stress (Lu 2008).

One practical implication to unsaturated soil testing is that no
need exists to conduct shear-strength tests under unsaturated con-
ditions because the variation of shear strength with matric suction
is completely captured only with soil-water retention character-
istics by the effective stress principle on the basis of the suction
stress concept. The representation of effective stress by suction
stress, as cast in Eq. (2), eliminates several practical and theoretical
difficulties in the representation of effective stress by the effective
stress parameter χ cast in Bishop’s effective stress in Eq. (1). The
interparticle physicochemical force-based effective stress cannot be
captured accurately in Bishop’s effective stress when soil is dry or
matric suction is high because the effective stress parameter χ is
zero or very small. Suction stress–based effective stress defined in
Eq. (5) completely eliminates the need to determine the χ param-
eter because suction stress can be deduced directly from shear-
strength tests or soil-water retention tests, demonstrated here for
some residual soils.

Summary and Conclusions

An experimental program was conducted on various residual soils
from three sites in Korea under different remolding conditions: wet
of OMC, dry of OMC, finer grain condition, and in situ void ratio.
Suction-controlled triaxial shear-strength tests were carried out to
obtain SSCC and SWCC for these soils. Independent suction-
control soil-water retention tests were carried out to obtain SWCC
and SSCC of the same soils. For matric suctions less than 400 kPa,
the axis-translation technique was applied for both triaxial and soil-
water retention tests. For matric suction ranging from 400 to
297,600 kPa, the salt-solution desiccator technique was applied
to soil-water retention tests.

The deduced SSCCs were used to test the uniqueness of the fail-
ure envelope for each soil under various matric suction values, thus
examining the validity of the effective stress principle. The effective
stress principle regarding the suction stress concept is shown to be
valid for all these soils. The deduced SWCC and SSCC from both
shear strength and soil-water retention tests were cross-compared.
The results show an intrinsic relationship between SWCC and

θ
θ

θ θ

(a)

(b)

Fig. 9. Comparison of unsaturated parameters fitted to the SSCC and
the SWCC for Seochang, Okcheon, and Yeonki residual soils: (a) the
parameter n; (b) the difference between saturated and residual volu-
metric water contents, θs � θr
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SSCC for each residual soil; thus, a unique set of unsaturated
soil parameters, namely air-entry pressure ub (inverse of the param-
eter α), the parameter n, saturated water content θs, and residual
water content θr , can be independently identified from either
shear-strength tests or soil-water retention tests.

In general, the SWCCs deduced from the triaxial shear-strength
tests can predict the soil-water retention data very well and can pre-
dict the suction stress data deduced from the triaxial shear-strength
tests fairly. A set of unsaturated parameters for a soil is shown to
completely define both soil-water retention characteristics and
effective stress under unsaturated conditions. It is shown experi-
mentally that SWCC and SSCC are fundamentally correlated.
Therefore, soil-water retention tests can be directly used not only
for assessing seepage problems but also for stress distribution prob-
lems. If the acquired SWCC is representative for a soil, the com-
monly complicated and time-consuming shear-strength tests under
unsaturated conditions could be avoided.

The effective stress framework in the form of the SSCC retains
the consistency of the classic soil mechanics framework. Thus, the
classical theories, such as limit-state equilibrium and elastoplastic
stress strain laws developed under saturated conditions, can be di-
rectly used for geotechnical design and practice under unsaturated
conditions with inclusion of SSCC. From the measurement of
SWCC, the SSCC could be calculated by the same set of param-
eters defined in any SWCC model.
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