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Uniqueness of the Suction 
Stress Characteristic Curve 
under Different Confining  
Stress Conditions
Seboong Oh* and Ning Lu
The soil water retention curve (SWRC) describes a soil’s constitutive relation 
between matric suction and volumetric water content. The suction stress 
characteristic curve (SSCC) describes a soil’s constitutive relation between 
suction stress and volumetric water content. Both the SWRC and SSCC are 
often established assuming a soil is nondeformable. Under a shallow field 
environment, however, the total stress can change several hundreds of kilo-
pascals due to self-weight variation with depth, surface structural loading, 
or soil excavation, leading to changes in volumetric strain and conse-
quently the SWRC and SSCC. This work experimentally examined the effect 
of a confining stress on the SWRC and SSCC under both drying and wetting 
conditions through a silty sand. The SWRCs were measured under different 
confining stresses up to 200 kPa, allowing assessment of the uniqueness of 
the SWRC or SSCC. We found that under wetting conditions, even though 
the SWRCs and SSCCs were different under different confining stresses, a 
unique SWRC or SSCC could be defined if the effective degree of saturation 
was used. Under drying conditions, the uniqueness of the SWRC or SSCC 
held approximately; the differences mainly reflecting in the air-entry pres-
sure. Furthermore, the failure envelope by the effective stress representation 
based on the SWRC was unique for either wetting or drying and was well 
represented by the saturated failure envelope. The SSCC inferred from the 
shear strength tests was similar to that from the SWRC measurement under 
the respective wetting or drying states. Therefore, the SWRC and SSCC are 
practically independent of the confining stress up to 200 kPa for a silty sand.

Abbreviations: IC, isotropic consolidation; SSCC, suction stress characteristic curve; 
SWRC, soil water characteristic curve.

Terzaghi’s (1943) effective stress is explicitly defined for soil under saturated 
conditions. It states that the stress variable effective in describing a soil’s strength and defor-
mation behavior is the “skeleton” stress, which can be defined as the difference between 
the total stress and pore water pressure. In the ‘50s, Bishop (1954), among many others, 
proposed a form of effective stress under unsaturated conditions. It explicitly modified the 
pore water pressure in Terzaghi’s effective stress by a factor of c, which varies between 0 
(for dry soil) and 1 (for saturated soil). Bishop’s definition of effective stress has encoun-
tered several difficulties to quantify the contribution of matric suction to effective stress 
with regard to its theoretical basis, practical interpretations, and experimental determina-
tions (e.g., Jennings and Burland, 1962; Fredlund and Morgenstern, 1977; Khalili et al., 
2004; Lu and Likos, 2006; Lu et al., 2010).

The foremost challenge in Bishop’s effective stress is the necessity to define the effective 
stress parameter c, which is bound to be zero or extremely small when soil is in a relatively 
dry state. This is unphysical for soil with fines such as silty and clayey soil because interpar-
ticle stress or suction stress is nonzero and could be as high as several thousand kilopascals 
when the soil is dry (Lu and Likos, 2006). To avoid the fate of such deficiency in Bishop’s 
c methodology, Lu and coworkers proposed a definition of effective stress based on the 

This experimental study examines 
the effect of confining stress on the 
soil water retention curve (SWRC) 
under both drying and wetting 
conditions through a silty sand. 
A unique SWRC or suction stress 
characteristic curve can be defined 
by the effective degree of satura-
tion. The uniqueness of failure 
envelopes under a shallow stress 
environment is verified for various 
saturations by the SWRC-based 
effective stress representation.

S. Oh, Dep. of Civil Engineering, Yeung-
nam Univ., Gyeongsan 712-749, Korea; 
and N. Lu, Dep. of Civil & Environmental 
Engineering, Colorado School of Mines, 
Golden, CO 80401. *Corresponding 
author (sebungoh@yu.ac.kr).

Vadose Zone J. 
doi:10.2136/vzj2013.04.0077
Received 10 July 2013.

Special Section: Principle of 
Effective Stress

© Soil Science Society of America 
5585 Guilford Rd., Madison, WI 53711 USA.

All rights reserved. No part of this periodical may 
be reproduced or transmitted in any form or by 
any means, electronic or mechanical, including 
photocopying, recording, or any information sto-
rage and retrieval system, without permission in 
writing from the publisher.



Vadose Zone Journal p. 2 of 10

concept of suction stress, which generalized Bishop’s stress (Lu and 
Likos, 2004, 2006; Lu et al., 2009, 2010; Oh et al., 2012). Suction 
stress is a stress variable established on the representative elemen-
tary volume of unsaturated soil, which describes the contribution 
of matric suction to eff ective stress. Because suction stress takes 
into account of all the possible interparticle stress mechanisms 
such as physicochemical forces, surface tension, and capillarity, it 
can realistically describe eff ective stress variation due to changes in 
soil saturation in all types of soil (Lu and Likos, 2006; Lu, 2008; 
Lu et al., 2010).

Furthermore, the suction stress characteristic curve (SSCC) is 
intrinsically related to the soil water retention curve (SWRC). Lu 
et al. (2010) validated that there exists a unique relation between 
SWRC and SSCC; thus, both of them can be uniquely defi ned by 
the same set of material parameters. Like SWRC, SSCC can be 
defi ned by a sole function of matric suction or the eff ective degree 
of saturation. Nevertheless, in defi ning suction stress or eff ective 
stress by using the SWRC, it has been assumed that the SWRC 
is unique for a soil; however, the SWRC has been shown to be 
aff ected by changes in the void ratio or volume and by hydraulic 
hysteresis exhibited in drying and wetting processes (e.g., Vanapalli 
et al., 1996; Ng and Pang, 2000; Miller et al., 2002; Pham et al., 
2003; Nuth and Laloui, 2008; Lu et al., 2013; Fredlund and 
Houston, 2013; Salager et al., 2013; Zhang et al., 2013). Hence, 
the contribution of matric suction to eff ective stress could be 
dependent on the SWRCs, which could vary with in situ depths 
or confi ning stresses. In the eff ective stress approach, the variation 
in SWRCs due to changes in the void ratio could be formulated 
mathematically, but experimental evidence is required to quan-
tify the dependency of the SWRC on the void ratio (Mašin, 2010, 
Nikooee et al., 2013).

To consider the eff ect of confi ning stress, Tarantino (2009) and 
Gallipoli (2012) proposed a modifi ed van Genuchten equation of 
the water retention curve, which includes a variable for normalized 
suction to obtain the degree of saturation. Using the modifi ed van 
Genuchten equation, the uniqueness of SWRCs can be observed 
in their experiments for each drying and wetting branch under 
various confi ning stresses or void ratios.

Th is study focused on the behavior of the SWRC and SSCC under 
different confining stresses representative of shallow environ-
ment (depth up to 10 m). A series of pressure plate extractor tests 
under diff erent confi ning stresses were conducted to measure the 
SWRCs of a decomposed granitic soil undergoing both drying 
and wetting conditions. Th e uniqueness of the soil water retention 
behavior was examined and provided the basis or deducing the rep-
resentative SSCC from the SWRC. Furthermore, shear strength 
tests under both isotropically consolidated and K0 consolidated 
triaxial settings were conducted, and the eff ective stress behavior 
at failure was further examined to verify the dependence of the 
SWRC and SSCC on confi ning stresses.

 6Soil Water Retention 
Behavior and Effective
Stress Relation
Th e SWRC is defi ned as the constitutive relation between the 
matric suction (ua − uw) (defi ned as the diff erence between air pres-
sure, ua, and pore water pressure, uw) and the soil volumetric water 
content, q. Th is relation generally exhibits hydraulic hysteresis or 
depends on the initial water content and confi ning stress condi-
tions (via a diff erent initial porosity). As illustrated in Fig. 1, for 
initially saturated soil with water content qs

d during a drying pro-
cess, the pore water decreases as matric suction increases beyond 
the air-entry pressure, ub, of a soil. At high matric suction, the 
pore water approaches the soil’s residual water content, qr. From 
this state, if the matric suction decreases, the water content will 
increase (wetting process), but follow a diff erent path than the 
drying state, and eventually reach its saturated water content, qs

w. 
Th e saturated water contents qs

d and qs
w are generally diff erent 

between the processes of drying and wetting due to the existence 
of occluded air bubbles during the wetting process (e.g., Vanapalli 
et al., 1996; Ng and Pang, 2000; Lu and Likos, 2004).

Soil undergoing a drying process generally tends to retain a greater 
amount of pore water than when undergoing a wetting process 
for the same magnitude of matric suction (Vanapalli et al., 1996; 
Ng and Pang, 2000; Lu and Likos, 2004). Figure 1 also illustrates 
the hydraulic hysteresis in the matric suction–volumetric water 
content relation under two diff erent confi ning stresses. Hysteretic 
behavior in the SWRC is attributed to mechanisms such as (i) 
the “ink-bottle” eff ect, (ii) diff erent liquid–solid contact angles 
for drying and wetting menisci, (iii) entrapped air during wetting, 
and (iv) swelling and shrinking of the volume of pore fabric (e.g., 
Haines; 1930; Mualem, 1984; Israelachvili, 1992; Nimmo, 1992; 
Iwata et al., 1995; Likos and Lu, 2004). More recently, based on 
thermodynamics, it has been hypothesized that nonequilibrium 

Fig. 1. Conceptual illustration of changes in soil water retention 
curves between two diff erent confi ning stresses under both drying and 
wetting processes.
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and time-dependent effects also add to the complexities (e.g., 
Beliaev and Hassanizadeh, 2001; Hassanizadeh et al., 2002). 
According to thermodynamic considerations, the reason for hys-
teresis in the relationship between macroscale capillary pressure 
and saturation is the fact that many different distributions of fluids 
at a given saturation are possible, depending on the hydraulic his-
tory. Hassanizadeh and Gray (1993) suggested that a measure of 
the distribution of fluids (at a given saturation) is the fluid–fluid 
specific interfacial area. The nonequilibrium and time-dependent 
effects increase the observed hysteresis in the capillary pressure–
saturation relationship. It has been shown that the SWRC of a soil 
is not unique from the thermodynamic viewpoint and depends on 
the macroscopic distribution of the volume fractions of each phase 
and the change in saturation with time.

The SWRC during each of the drying and wetting processes has 
a unique relation under the fixed volume conditions. If the initial 
condition of confining stress or void ratio is different, however, 
the volume could change due to soil consolidation and the SWRC 
may not be evaluated uniquely. As shown in Fig. 1, as the con-
fining stress increases, the volumetric water content decreases for 
the same matric suction (e.g., Vanapalli et al., 1996; Ng and Pang, 
2000). The SWRC is dependent on the applied confining stress if 
it is expressed in terms of the volumetric water content.

Some models of the SWRC include a normalized variable for satu-
ration or water content, and a common such variable is the effective 
degree of saturation, Qe, defined as

r
e

s r

q-q
Q =

q -q
 [1]

where qs is equal to qs
w during the wetting process and equal to 

qs
d during the drying process. In van Genuchten’s (1980) model, 

the SWRC is defined by the relation between Qe and the matric 
suction:

( )

1 1/

e
1

1

n

n
a wu u

-ì üï ïï ïï ïQ =í ýï ïé ù+ a -ï ïë ûï ïî þ

 [2]

where a (in kPa−1) is the inverse of the air-entry pressure, ub (in 
kPa), and n is a dimensionless parameter reflecting the pore size 
distribution of a soil.

Under the unsaturated state, Bishop defined an effective stress as 
(Bishop, 1954, 1959; Bishop and Blight, 1963)

( ) ( )a a wu u u¢s = s- +c -  [3]

where s¢ is the effective stress and s is the total stress. The second 
term, c(ua − uw), is the contribution of matric suction and soil 
saturation to the effective stress. As pointed out above, effective 
stress cast in such form suffers from the fate of predicting a zero 
value for the stress term c(ua − uw) when the soil is dry or nearly 

zero when the matric suction is high. Lu and coworkers (Lu and 
Likos, 2006; Lu, 2008, Lu et al., 2010) showed that this is unphysi-
cal for many soils, thus the requirement of the parameter c to be 
zero when the soil is dry in Bishop’s Eq. [3] is flawed.

Using the suction stress concept, the effective stress for variably 
saturated soils can be generalized as (Lu and Likos, 2006)

( ) s
au¢s = s- -s  [4]

Based on the thermodynamic equilibrium principle, the suction 
stress is defined as (Lu et al., 2010)

( )s
a w eu us =- - Q  [5]

If Qe is dependent only on the matric suction as shown in Eq. [2], 
suction stress is also a function of matric suction, which is the 
SSCC (Lu and Likos, 2006).

From Eq. [2] and [5], a closed-form equation for the SSCC can be 
derived for all types of soil (Lu et al., 2010):

( )
( )

1 1/

s
a w

a w

1

1

n

nu u
u u

-ì üï ïï ïï ïs =- - í ýï ïé ù+ a -ï ïë ûï ïî þ

 [6]

From Eq. [5] or [6], the SSCC can be evaluated by the same set of 
material parameters (a and n) as the SWRC defined by Eq. [2], or 
vice versa. Using Eq. [2] and [6], suction stress and effective stress 
are uniquely related to soil water retention characteristics. It has 
been validated experimentally (Lu et al., 2010; Oh et al., 2012) 
that suction stress expressed in the form of Eq. [6] can correctly 
represent nonzero suction stress and smooth transient for clayey 
and silty soils under high matric suction values or dry conditions.

If the SWRCs are dependent on the confining stress in hysteresis, it is 
necessary to quantify the effect of the confining stress on the SSCC 
in Eq. [6] and the generalized effective stress Eq. [4]. In both Eq. [2] 
for the SWRC and Eq. [5] for the SSCC, however, q is not the state 
variable—Qe is. Hence, the confining stress effect on Qe is important 
to the uniqueness of the SWRC under different confining stresses. If 
Qe is independent of the confining stress, then it can be reasoned that 
both the SWRC and SSCC can be defined uniquely or independent of 
the confining stress. This bears important practical implications in the 
application of both the SWRC and the SSCC in many geotechnical 
engineering problems in shallow soil environments.

 6Shear Strength Behavior 
and Effective Stress Relation
The SSCCs can be inferred from shear strength tests. The apparent 
suction stress is evaluated by projecting the unsaturated failure 
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envelope linearly onto the (p − ua) axis, as illustrated in Fig. 2. 
Subsequently, the suction stress is obtained by the axis translation 
technique (e.g., Lu and Likos, 2004) for the isotropic tensile stress 
in the saturated state.

By applying the eff ective stress concept, the Mohr–Coulomb fail-
ure criterion can be defi ned as follows (e.g., Lu and Likos, 2006; 
Oh et al., 2012):

f fq d Mp ¢¢= +  [7a]

( ) s
ap p u¢= - -s  [7b]

where the mean stress p = (s1 + 2s3)/3 and the deviatoric stress 
q = s1 − s3 under the conventional triaxial test conditions, M is 
the slope, and d¢ is the intersection of the failure criterion at full 
saturation. Th e subscript f refers to the failure state. Suction stress 
ss at a known matric suction value can be deduced from the stress 
state at failure:

( )a fs fd M p u q
M

¢+ - -
s =   [8]

Th e principle of eff ective stress, if it is valid, describes a unique fail-
ure criterion based on the SSCC for variably saturated soil that is 
the same as the saturated failure criterion (e.g., Khalili et al., 2004; 
Lu and Likos, 2006; Oh et al., 2012).

Th e uniqueness of the SSCC expressed by Eq. [6] for a given soil 
under diff erent porosities is important in validating the eff ec-
tive stress principle. In this study, the SWRCs were measured 
experimentally under various confi ning stresses. Th e parameters 
identifi ed in these SWRCs are commonly used to construct the 
SSCCs of the tested soil. Th e validity of the eff ective stress prin-
ciple thus requires the uniqueness of the SWRC in Eq. [2] under 
various confi ning stresses and was examined by the shear strength 
behavior in triaxial tests.

6Tested Soil Samples
and Testing Programs
Decomposed granitic soils were collected in Gimcheon, Korea, 
and the grain size distribution was reconstituted to ensure sam-
ples with suffi  cient fi nes and without coarse grains. A 20% fi nes 
(<0.075 mm) by weight from the same soil was added and grain 
sizes >2.00 mm removed. Under the Unifi ed Soil Classifi cation 
System, the soil is SM or silty sand, and the soil properties are 
summarized in Table 1. Multiple samples were prepared by static 
compaction using a jack. Th e soil was compacted to 90% of the 
maximum dry density on the wet side of the optimal moisture 
content by the standard Proctor compaction eff ort.

Soil Water Retention Tests for Soil Water 
Retention Curves
Figure 3a shows the volumetric pressure plate extractor with con-
trolled vertical stress (Vanapalli et al.; 1996, Ng and Pang, 2000). 
Th e high-air-entry disk is fi rst submerged in water to ensure no gas 
bubbles. It is then placed in the pressure extractor cell. A pressure 
of 50 kPa is then applied to saturate the disk until a steady-state 
fl ow of water through the disk is established.

Multiple samples are saturated and consolidated to each confi ning 
stress by the conventional oedometer tests, where vertical displace-
ment is measured to record the initial volume before placing the 
samples in the pressure plate extractor. In the pressure plate extrac-
tor, each confi ning stress is maintained by a constant weight, and 
the soil water retention curves during drying and wetting pro-
cedures are measured with multistep matric suction values to a 
maximum matric suction of 200 kPa on the presaturated high-
air-entry disk. In each of the four samples, the vertical confi ning 
stress was applied at 0, 50, 150, and 200 kPa.

Fig. 2. Conceptual illustration of soil suction characteristic curve 
(SSCC) calculations from Mohr–Coulomb type failure criterion and 
shear strength tests (p = eff ective volumetric stress, ua = pore air pres-
sure, uw, pore water pressure, ss = suction stress, q = deviatoric stress, 
M = slope of the failure envelope).

Table 1. Geotechnical properties of decomposed granitic soils compacted at 90% of the maximum dry density on the wet side of the optimal moisture 
content.

Soil
Specifi c 
gravity

Particles 
< #200 Void ratio Dry density

Gravimetric 
water content

Maximum 
dry density

Optimum 
moisture 
content Plasticity index

M–C† 
intercept

M–C†
slope

% g cm−3 % g cm−3 —————— % —————— kPa

Silty sand 2.75 20.0 0.627 1.69 22.8 1.88 13.0 NP 22.9 1.21
† M–C, Mohr–Coulomb.
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To minimize the uncertainties in establishing the SWRCs, osmotic 
desiccator tests were used to measure soil water–matric suction 
equilibrium points in the high suction range, i.e., for matric suc-
tion ³38,000 kPa, without confi ning stress.

Triaxial Tests for Shear Strength Behavior
Triaxial tests under K0 consolidation are conducted for multiple 
samples in the suction-controlled triaxial setup shown in Fig. 3b. 
A K0 consolidation is a type of consolidation test under which the 
vertical loading is applied while zero horizontal displacement is 

maintained by automatically adjusting the cell pressure. 
First, the sample is fully saturated in the triaxial device. 
Th en a step-by-step consolidation procedure with a con-
stant matric suction value is applied under K0 conditions. 
Finally, the sample is sheared until failure occurs to mea-
sure the shear strength under K0 consolidated triaxial 
conditions.

To ensure that the samples were initially fully saturated, 
CO2 gas and deaired water were provided to the samples. 
Th e cell pressure was maintained at ?20 kPa higher than 
the backpressure, and the B value, defi ned as the ratio of 
pore water pressure response to the applied pressure under 
undrained conditions, was checked until saturation was 
reached (B > 0.95).

To establish a constant matric suction value for each sample, 
a constant air pressure was applied and water fl ow was per-
mitted until a new equilibrium was reached (no water fl ow). 
Water was permitted to drain through the high-air-entry 
porous disk on the base pedestal of the triaxial cell. Th e 
water pressure at the base of the sample was maintained at 
atmospheric pressure. Th e high-air-entry disk is placed on 
the base pedestal to drain pore water, whereas the coarse 
porous stone below the top cap is used to control the pore air 
pressure. Th e applied matric suctions were 50, 100, and 250 
kPa for each equilibrium state for each of the three samples.

Th e triaxial cell includes an inner cell to measure the lateral 
displacement of the sample or the fl oating position of the 
target using a gap sensor, which infers lateral deformations 
of the sample by measuring changes in the eddy current 
(e.g., Oh et al., 2013). Th e same cell pressure is applied to 
both the inside and outside of the inner cell to prevent any 
volume change induced by elastic expansion of the cell due 
to pressure diff erence. Under the K0 consolidation, the verti-
cal load increased gradually at a rate of 0.001 mm min−1 so 
that the compression was done under strain-control condi-
tions. During this process, the cell pressure was controlled 
using a servo valve to maintain zero lateral strain (e.g., Oh 
et al., 2013).

Aft er the K0 consolidation was reached, a deviator stress was 
then applied to the same sample under drained conditions by a suf-
fi ciently slow vertical displacement rate of 0.005 mm min−1. Th e low 
rate was maintained to keep the testing under a drained condition so 
that the pore water pressure change was negligible in establishing the 
applied matric suction. To measure the shear strength, the sample 
was sheared until failure occurred under the constant matric suction 
and confi ning pressure conditions.

In addition to these tests, a few triaxial shear tests aft er isotropic 
consolidation (IC) were performed under controlled matric 

Fig. 3. Unsaturated soil testing apparatuses (from Kim, 2011): (a) pressure plate 
extractor apparatus for measuring soil water retention curves under confi ning stress, 
and (b) suction controlled triaxial test apparatus for measuring shear strengths.
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suction. An IC test is a type of consolidation test under which an 
all-around total stress is applied by cell pressure while an isotropic 
volume change is maintained. Aft er the isotropic consolidation, 
each of the three tested samples were sheared by deviator stress 
under saturated conditions, and an individual sample was sheared 
in a multistage procedure of deviatoric loading and unloading 
under controlled matric suctions of 50, 100, and 200 kPa.

6Confi ning Stress Effect on 
Soil Water Retention Curves
Th e results of the SWRCs determined by the pressure plate extrac-
tor test, fi tted to Eq. [2] using the RETC code (van Genuchten 
et al., 1991), are shown for various confi ning stresses in Fig. 4. 
As shown, the van Genuchten model fi t the measured SWRCs 
accurately for each individual test under both drying and wetting 
processes. Th e fi tting results are summarized in Table 2.

Th e drying SWRCs show that ub or a−1 was 9 to 23 kPa and n
was 1.25 to 1.38. As the confi ning stress increased, q s decreased 
from 0.39 to 0.32, whereas qr remained zero for all samples. For 
the wetting SWRCs, ub was from 1.1 to 2.1 kPa and n was about 
1.2. Under diff erent confi ning stresses, qs varied from 0.32 to 0.37.

As the confi ning stress increases or the void ratio decreases, the 
air entry suction ub tends to increase in the drying SWRC (e.g., 
Vanapalli et al., 1996; Miller et al., 2002; Pham et al., 2003; Lee 
et al., 2005; Nuth and Laloui, 2008). As shown in Table 2, in 
the drying SWRCs, ub increased generally as the confi ning stress 
increased, except for the SWRC at the confi ning stress of 50 kPa. 
Th e data from the initial part of the drying SWRC tests are scat-
tered. Th e plausible explanations are either the sample was not fully 
saturated or increasing the confi ning stress had a more pronounced 
eff ect on reducing the large pores. On the contrary, in the case 
of the wetting curves, ub was similar in each case and increased 
slightly as the confi ning stress increased. A plausible explanation 
is as follows. During wetting, ub refl ects the air-expulsion pressure, 
which is largely controlled by smaller pores. Because the confi ning 
stress has less eff ect on smaller pores, the air-expulsion pressure (ub) 
is much less aff ected by the confi ning stress. Because the confi ning 
stress has less eff ect on smaller pores, ub is 
much less aff ected by the confi ning stress.

Figure 5 shows the SWRCs in Fig. 4 but in 
terms of the eff ective degree of saturation 
shown in Eq. [1]. Th e drying SWRCs in 
Fig. 5a are approximately parallel to each 
other for the measured points beyond ub, 
indicating that the pore size distribution 
remained unchanged. Th e drying SWRCs 
also show slightly diff erent air-entry pres-
sure values, which increased generally as 

the confi ning stress increased. Th is trend has been shown in some 
previous works (e.g., Vanapalli et al., 1996; Lee et al., 2005).

On the contrary, during the wetting process, as shown in Fig. 5b, 
the SWRCs were nearly identical and the relation between matric 
suction and Qe was shown to be unique for various confi ning 

Fig. 4. Th e soil water retention test data plotted in terms of volumet-
ric water contents (a) from the drying state, and (b) from the wetting 
state (VG refers to the van Genuchten model).

Table 2. Parameters of the van Genuchten model for soil water retention curves (SWRCs) under dif-
ferent confi ning stresses from 0 to 200 kPa.

Parameter†

Drying SWRC parameters Wetting SWRC parameters

0 kPa 50 kPa 150 kPa 200 kPa Total fi t 0 kPa 50 kPa 150 kPa 200 kPa Total fi t

ub 11.20 8.90 19.63 23.03 13.86 1.13 1.70 1.43 2.11 1.72

n 1.25 1.31 1.37 1.38 1.31 1.16 1.20 1.18 1.20 1.19

qs
0.387 0.362 0.357 0.317 – 0.369 0.368 0.337 0.321 –

qr
0 0 0 0 – 0 0 0 0.0055 –

† ub, air-entry pressure; n, pore size spectrum parameter; qs, saturated volumetric water content; qr, residual 
volumetric water content.
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stresses. Th us, it may be concluded that in the wetting SWRCs, 
the confi ning stress aff ects only the saturated water content and 
does not aff ect Qe.

Figure 6 shows the hysteresis of the SWRCs between the processes 
of drying and wetting. Th e measured data include the results from 
both pressure plate extractor tests and desiccator tests. Th e van 
Genuchten model was fi tted for both drying and wetting tests; ub
was 13.86 kPa and n was 1.31 in the drying process, while ub was 
1.72 kPa and n was 1.19 in the wetting process (also see Table 2). 
As shown, the wetting SWRC could be uniquely defi ned to fi t the 
measured data very well, independent of the confi ning stress values 
(R2 = 0.994). In the drying SWRC, the measured eff ective satura-
tions were slightly underestimated by the fi tted SWRC in the low 
range of matric suction, but overall they were well represented by 
the fi tted SWRC (R2 = 0.972). In summary, the representative 
SWRC in the wetting process is unique, indicating the indepen-
dence of the SWRCs from the confi ning stress if the SWRCs are 

cast in terms of Qe. In the drying process, the SWRCs in Eq. [2] 
can be modeled by a representative SWRC fairly well for matric 
suctions higher than the air-entry pressure ub; the n parameter 
is unique or approximately the same (see Table 2), but the air-
entry pressure parameter ub depends on the confi ning stress. Th e 
invariance of the n parameter confi rms the common notion that 
it refl ects the pore size spectrum (e.g., van Genuchten, 1980) as 
well as other experimental confi rmation (Lu et al., 2013; Likos 
et al., 2013).

6Failure Envelope 
Representation by the 
Suction-Stress-Based 
Effective Stress
Th e validity of the eff ective stress principle can be examined by 
shear strength tests under triaxial K0 consolidation conditions. For 
better comparison, the shear strengths under IC were also con-
ducted and evaluated by triaxial tests. Figure 7a shows the failure 
test results from both K0 and IC tests under both saturated and 
unsaturated conditions in the space of deviatoric stress q and mean 
total stress (p − ua).

Using Eq. [7a], the saturated failure envelope was fi tted by M = 
1.21 and d¢ = 22.9 kPa (R2 = 0.982). Th e measured unsaturated 
shear strengths shown in Fig. 7a are all higher than the saturated 
failure envelope. Th ese unsaturated shear strength data can be used 
to infer suction stress for each individual value of matric suction, 
as illustrated in Fig. 2. Th e results of such extrapolation of suction 
stress are presented in the space of suction stress vs. matric suction 
in Fig. 7b.

Fig. 5. Th e soil water retention test data plotted in terms of the eff ec-
tive degree of saturation (a) from the wetting state, and (b) from the 
drying state VG refers to the van Genuchten model).

Fig. 6. Th e representative soil water retention curves (SWRCs) plotted 
in terms of the eff ective degree of saturation from both the drying and 
wetting states (VG refers to the van Genuchten model, ub = air-entry 
pressure, n = pore size spectrum parameter).
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Figure 7b compares the suction stress data from the shear strength 
data in the triaxial tests using Eq. [8] with the SSCCs using Eq. 
[6] with a and n identifi ed from the soil water retention tests. As 
shown, the measured suction stresses from the triaxial tests are 
in good agreement with the SSCCs from the soil water retention 
curve under both wetting and drying conditions. Th e coeffi  cient 
of correlation R2 is 0.830 for all unsaturated shear strengths inter-
preted by the SSCC under the drying condition and 0.833 under 
the wetting condition, indicating that there exists a relationship 
between the SWRC and SSCC under the respective wetting and 
drying conditions.

In the results of the triaxial tests, suction stresses could be evalu-
ated from Eq. [6] by using the parameters a and n identifi ed from 
the wetting soil water retention tests (Table 2). Th e eff ective volu-
metric stress could be obtained at failure from Eq. [7b]. In Fig. 8a, 
the p¢–q relation shows the eff ective stress state at failure from the 
triaxial tests, which was calculated from the SSCC Eq. [6] based 
on the parameters a and n identifi ed from the wetting soil water 
retention tests (ub = 1.72 kPa, n = 1.19 in Fig. 6). As shown, the 
shear strengths or q at failure described by the suction-stress-based 
eff ective stress converge to a unique failure envelope for diff erent 
matric suction values. When the unsaturated shear strengths are 
directly fi tted in the p¢–q space, the unsaturated failure envelope 
is very similar to the saturated envelope as M = 1.16 and d ¢= 
42.2 kPa (R2 = 0.994). In particular, the unsaturated failure enve-
lope is fi tted the same as the saturated envelope in the p¢–q space 
with M = 1.21 and d¢ = 22.9 kPa. Th e coeffi  cient of determination 
R2 is 0.992, indicating the uniqueness of the failure envelope under 
the eff ective stress representation despite of the large variation in 
soil saturation.

We found that the wetting SSCC can describe the eff ective stress 
at failure. Th e representative SWRC in Fig. 6 defi nes the SSCC 
uniquely in the wetting process for various confi ning stresses. Such 
uniqueness in the failure envelope provides strong experimental 
evidence for the validity of the suction-stress-based eff ective stress 
principle in the shear strength behavior under the consolidation of 
both isotropic stress and K0 conditions.

In Fig. 8b, the p¢–q relationship of the soil is depicted from the 
SSCC Eq. [6] by using the parameters a and n identifi ed from 
the drying soil water retention tests (Table 2). Th e shear strengths 
described by the suction-stress-based eff ective stress for various 
matric suctions follow the saturated failure envelope with M = 
1.21, d¢= 22.9 kPa, and R2 = 0.992, whereas the direct fi t of unsat-
urated shear strengths results in a similar line with M = 1.17, d¢ = 
33.4 kPa, and R2 = 0.994. It can be seen that the suction-stress-
based failure envelope derived from the parameters a and n that 
were identifi ed from the drying soil water retention tests (ub = 13.9 
kPa and n = 1.31 in Fig. 6) can also describe the eff ective stress at 
failure, and the calculated p¢ values are very similar to that of the 
wetting SSCC shown in Fig. 8a.

Th e suction stresses based on the drying SWRC are 5 to 7 kPa 
higher than those based on the wetting SWRC in the measured 
range of matric suction, as shown in Fig. 7b, which results in a 
very small diff erence of the inferred p¢ values on the unsaturated 
test data shown in Fig. 8a and 8b. Th erefore, any of the drying or 
wetting SSCCs could well describe the shear strength under the 
respective drying or wetting state. Th eoretically, both the wetting 
and drying SSCCs, due to the hydraulic hysteresis, will lead to 
diff erent failure criteria. In this silty sand, the wetting SSCC repre-
sents the eff ective failure envelope at full saturation better than the 
drying SSCC. As shown here experimentally, however, the shear 
strengths in both the wetting and drying states were similar to 
those of the saturated failure criterion. From a practical point of 

Fig. 7. Shear strengths and suction stress characteristic curves (SSCCs): 
(a) shear strength in the (p − ua) − q space from the triaxial tests, and 
(b) SSCC from both the triaxial tests and soil water retention tests 
(SWRC is the soil water retention curve, IC is isotropic consolida-
tion, p = volumetric stress, ua = pore air pressure, q = deviatoric stress; 
K0 = ratio of horizontal stress to vertical stress under no horizontal 
displacement condition; qf = deviatoric stress at failure; pf¢ = eff ec-
tive volumetric stress at failure; ub = air-entry pressure; n = pore size 
spectrum parameter)



Vadose Zone Journal p. 9 of 10

view, a unique failure envelope based on eff ective stress could be 
defi ned from the representative SWRC in either the drying or 
wetting state.

Th e SWRC, which was shown experimentally here to be indepen-
dent of the confi ning stress, could construct a unique SSCC in 
either the drying or wetting state. Th erefore, any SSCC deduced 
from SWRCs in the hysteresis could represent suction stress and 

eff ective stress at failure under diff erent confi ning stresses. Hence, 
we found that the contribution of matric suction to eff ective stress 
is practically independent of the SWRCs, which could be diff er-
ent due to diff erent depths or confi ning stresses under infi ltration 
(wetting state) or evaporation (drying state).

6Summary and Conclusions
Systematic measurements of the SWRCs of a decomposed granitic 
soil were made with diff erent confi ning stresses under both drying 
and wetting conditions. Th e SWRCs were interpreted by the eff ec-
tive degree of saturation, and the representative SWRCs were 
evaluated for each process of the hysteresis. In the wetting process, 
the experimental data showed that the SWRC can be uniquely 
defi ned in terms of the eff ective degree of saturation; thus it is 
clearly independent of the confi ning stresses. Th e SSCC could be 
evaluated by a unique function of matric suction in each respective 
wetting or drying process, and the eff ective stress or SSCC could 
be described independently of the confi ning stresses for variably 
saturated soils.

Using triaxial shear strength tests, the eff ective stress states were 
evaluated for both shear strengths aft er IC and K0 consolidation, 
which were interpreted by the SSCCs inferred from the SWRCs. 
We showed experimentally that the SSCC inferred from the 
SWRC is similar to the SSCC inferred from the triaxial shear 
strength tests, which confi rms the relation between the SWRC 
and SSCC.

Based on the wetting SSCC, the shear strengths based on the 
suction-stress-based eff ective stress are uniquely defi ned for vari-
ous matric suctions and they closely follow the saturated failure 
envelope. Th e failure envelope based on the eff ective stress from the 
drying SSCC is very close to the saturated one, too. Th e eff ective or 
saturated failure criterion is unique and can practically refl ect the 
unsaturated shear strengths determined from the suction-stress-
based eff ective stresses from both the wetting and drying SSCCs.

We demonstrated experimentally that the eff ective stress prin-
ciple could describe the unsaturated shear strength behavior. For 
a silty sand under shallow hydraulic and mechanical loading con-
ditions, we showed that the eff ective stress in variably saturated 
soils is dependent only on matric suction under both wetting and 
drying conditions but is independent of the volume change due 
to changes in the confi ning stress. Th e uniqueness of SWRCs in 
terms of the eff ective degree of saturation plays a crucial role in 
describing the eff ective stress in the shear strength behavior; it can 
simplify the eff ective stress representation in many geotechnical 
engineering problems encountered in variably saturated shallow 
environments. Th e validity of the uniqueness of the SWRC under 
each wetting or drying state and under a large confi ning stress 
range for other types of fi ne-grained soils like clayey soils remains 
to be demonstrated.

Fig. 8. Failure criteria from the triaxial test results and from the predic-
tions by the suction-stress-based eff ective stress: (a) in the p¢–q space 
from the wetting state of the soil water retention curve (SWRC); and 
(b) in p¢–q space from the drying state of the SWRC. Th e saturated 
line was obtained from the unsaturated data of both isotropic con-
solidation (IC) and K0 triaxial tests by the equation q = 22.9 + 1.21p¢
to determine R2 for assessing the uniqueness of the failure envelope, 
whereas the unsaturated line was obtained from the unsaturated 
data of both IC and K0 triaxial tests. Th e direct fi tted equations are 
also shown for comparison (SSCC is the suction stress characteristic 
curve, p = eff ective volumetric stress, p¢= eff ective volumetric stress, 
pf¢ = eff ective volumetric stress at failure, q = deviatoric stress, qf = 
deviatoric stress at failure, ua = pore air pressure, ss =suction stress, K0
= ratio of horizontal stress to vertical stress under no horizontal dis-
placement condition, ub =air-entry pressure, n = pore size spectrum 
parameter)
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