Experimental Validation of Suction Stress Characteristic
Curve from Nonfailure Triaxial K 0 Consolidation Tests
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Abstract: In recent years, the suction stress characteristic curve (SSCC) has been shown to represent a key constitutive relationship for deﬁning effective stress in variably saturated soils. The SSCC can be deduced either from shear strength tests under variably saturated conditions
or from soil water retention tests. This paper provides an alternative way to obtain the SSCC by conducting nonfailure K0 consolidation tests.
Multiple remolded specimens from two different granitic residual soils, a silty sand (SM) and a clayey sand (SC), were evaluated in suctioncontrolled triaxial tests under K0 conditions. The results from these tests show that the stress paths for remolded specimens with different initial
suction values differ during K0 consolidation when plotted in terms of the net normal stress, but follow a single path when plotted in terms of the
effective stress deﬁned using the SSCC. This observation conﬁrms the validity of the effective stress principle before failure. Further, the results
of the shear strength tests under different matric suctions show that the failure envelope can be uniquely deﬁned by the effective stress
representation, a reconﬁrmation of the validity of the effective stress principle in describing the shear strength behavior of soils. The results
obtained from the K0 consolidation tests also reveal that K0 (or the horizontal to vertical stress ratio) deﬁned by effective stress is invariant to
matric suction, whereas K0 deﬁned by the total stress varies greatly with matric suction. These results provide a further conﬁrmation of the
validity of the effective stress principle. Because the SSCCs deduced independently in this study from shear strength tests, soil water retention
tests, and K0 consolidation tests compare favorably with each other, the SSCC-based effective stress can be used to describe the consolidation
and shear strength behavior of unsaturated soils. DOI: 10.1061/(ASCE)GT.1943-5606.0000880. © 2013 American Society of Civil Engineers.
CE Database subject headings: Effective stress; Suction; Shear strength; Soil consolidation; Triaxial tests; Saturated soils.
Author keywords: Effective stress; Suction stress; Shear strength; Consolidation; Triaxial tests.

Introduction
For saturated soils, Terzaghi (1936, 1943) deﬁned a stress (s9) that
is effective in describing a water-saturated soil’s strength and deformation as the total stress s minus the pore water pressure uw
s9 ¼ s 2 uw

(1)

Extending Terzaghi’s effective stress, Eq. (1), to unsaturated
conditions, Bishop (1954, 1959) and Bishop and Blight (1963)
deﬁned an effective stress as
s9 ¼ ðs 2 ua Þ þ xðua 2 uw Þ

s9 ¼ ðs 2 ua Þ 2 s s

(3)

(2)

where (s 2 ua ) 5 net normal stress or adjusted total stress, and
(ua 2 uw ) 5 matric suction and is Bishop’s effective stress parameter. The second term xðua 2 uw Þ in Eq. (2) represents the
1

contribution of matric suction to the effective stress. Bishop further
stated that the parameter x is equal to 1 for the saturated state and
0 for the dry state, which implies that matric suction makes no
contribution to the effective stress when a soil is either in a dry or
a saturated state. Lu and Likos (2006) showed that, under a dry state,
matric suction makes deﬁnite contributions to effective stress in
silty and clayey soils. Considering all the possible physicochemical
forces in soils, Lu and Likos (2006) expanded Bishop’s effective
stress by deﬁning a new stress variable called suction stress in the
effective stress equation
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in which suction stress ss can be considered as the negative of
the second term in Eq. (2). Lu and Likos (2006) deﬁned the relationship between suction stress and matric suction as the suction
stress characteristic curve (SSCC), but the theoretical and physical
implications go far beyond this simple mathematical equivalency.
The concept of suction stress overcomes all the aforementioned
inherent problems of Bishop’s effective stress parameter x. Just like
the pore water pressure in Terzaghi’s effective stress [Eq. (1)] for
the saturated state, suction stress completely accounts for changes,
other than the total stress, in the effective stress. Most noticeably,
the SSCC allows the inclusion of an accurate physical description
of the zero suction stress for sand and the nonzero suction stress
for silty and clayey soils when the matric suction is high or the soil
is dry.
Based on the energy concept and the thermodynamic principle,
Lu and coworkers (Lu and Likos 2004; Lu 2008; Lu et al. 2010)
further deﬁned suction stress as the work done by the matric suction
in soil water per unit soil volume
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ss ¼ 2

u 2 ur
ðua 2 uw Þ ¼ 2Qe ðua 2 uw Þ
us 2 ur

(4)

where u 5 volumetric water content; ur 5 residual volumetric water
content; us 5 saturated volumetric water content; and Qe 5 effective
saturation. The negative sign of the suction stress in Eq. (4) signiﬁes
the lower energy state of the soil water compared with the free water
(Lu et al. 2010). This deﬁnition of suction stress is an expansion
of previous work by Houlsby (1997) and Borja (2004) on the
contribution of matric suction to effective stress, by including the
role of physicochemical forces in the normalized degree of saturation on the suction stress.
With the deﬁnition of suction stress or SSCC in Eq. (4), a closedform equation for the SSCC under full matric suction range is
derived (Lu and Likos 2004; Lu et al. 2010)

121=n
1
ss ¼ 2ðua 2 uw Þ
1 þ ½aðua 2 uw Þn

(5)

where the two parameters a and n are identical to those deﬁned in
the soil water retention curve (SWRC) by van Genuchten’s (1980)
model

Qe ¼

1
1 þ ½aðua 2 uw Þn

analyzed based on the SSCC. If the effective stress principle is valid,
the stress path under K0 consolidation would follow a characteristic
path before failure. In theory, the suction stress is an invariant before
and at the failure when matric suction or the degree of saturation
remains unchanged. If this is valid, the stress paths under different
matric suctions in the K0 tests would provide a way to deduce the
SSCC, as described subsequently.

Failure Envelope in Triaxial Tests
From unsaturated strength tests, the SSCC can be determined from
the unsaturated failure envelopes shown in Fig. 1(a) (Lu and Likos
2006; Lu et al. 2010). For triaxial tests, the mean stress is deﬁned as
p 5 ðs1 1 2s3 Þ=3, the mean effective stress is deﬁned as p9 5
ðs1 1 2s3 Þ=3 2 ss , and the deviatoric stress is deﬁned as q 5
s1 2 s3 . The friction angle of unsaturated soils has been observed
to be equal to the effective friction angle (Cui and Delage 1993;
Vanapalli et al. 1996); thus, it is invariant to matric suction. For
a given matric suction, the apparent suction stress that includes
the drained cohesion contribution is evaluated by projecting the
unsaturated failure envelope linearly onto the (p-ua ) axis. The

121=n
(6)

The parameter a is equal to the inverse of the air entry pressure ub ,
and the parameter n reﬂects the pore size spectrum. The most
signiﬁcant advancements of the effective stress [Eq. (3)] with the
SSCC [Eq. (5)] are its complete avoidance of the problems associated with Bishop’s parameter x and its ability to physically
describe the effective stress change for all types of soils (Lu et al.
2010).
Eq. (5) was experimentally validated by Lu et al. (2010) using
published SWRCs and unsaturated shear strength results for 28
different silty and clayey soils (Blight 1967; Satija 1978; Maswaswe
1985; Escario and Sáez 1986; Gan et al. 1988; Krahn et al. 1989; Cui
and Delage 1993; Fredlund et al. 1995; de Campos and Carrillo
1995; Wheeler and Sivakumar 1995; Vanapalli et al. 1996; Khalili
and Khabbaz 1998) and by Lu et al. (2009) using SWRCs and tensile
strengths for three different sands (Schubert 1984; Kim 2001; Lu
et al. 2007). Furthermore, Oh et al. (2012) evaluated the SSCC for
Korean residual soils and found that the failure criteria were deﬁned
uniquely for all saturations with the effective stress [Eq. (3)], conﬁrming again that the SSCC-based effective stress concept is valid
for the failure behavior of variably saturated soils.
The validity of the effective stress on the mechanical behavior of
unsaturated soils before failure remains undetermined. Recent advances provide instructional interpretations of the nonfailure behavior. For example, Gallipoli et al. (2003) described the volume
change with respect to effective stress before failure, in which a
unique compression curve can be deﬁned by a normalized void ratio
using a function of matric suction and saturation ratio. In quantifying
the behavior of the modulus of unsaturated soils, Sawangsuriya et al.
(2009) performed the desorption SWRC and used the bender element
to measure shear modulus as a function of matric suction. They
showed that quantitative predictions of small-strain shear modulus
in unsaturated soils could be made by applying the effective stress
concept.
In this study, the applicability of the effective stress principle in
describing mechanical behavior before failure for variably saturated
soils is examined experimentally using K0 consolidation tests. The
effective stress paths during K0 consolidation and shear failure are

Fig. 1. Conceptual illustrations of SSCC calculations from (a) MohrCoulomb-type failure criteria and (b) nonfailure K0 test in the p-q and
p9-q spaces
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suction stress is obtained by subtracting the isotropic tensile stress at
the saturated state (the origin of the cohesion c9 or d in the p-q space).
By evaluating suction stress values at shear failure under different
matric suctions, the SSCC can be quantiﬁed [Fig. 1(a)].
The failure criterion can be deﬁned by the effective stress in terms
of p9 and q as follows:

c9 ¼

d
tan w9
M

(9)

Following Eq. (7b), suction stress ss as a function of matric suction
or the SSCC can be quantiﬁed from the triaxial tests.

qf ¼ d þ Mp9f

(7a)

Stress Paths in Triaxial K0 Consolidation Tests

qf ¼ d þ Mðp 2 ua Þf 2 Mss

(7b)

Based on the effective stress principle, the coefﬁcient of effective
earth pressure at rest or K09 can be deﬁned as follows:

where in the ðp-ua Þ-q space, M 5 slope of the failure envelope and
d 5 intersection of the failure envelope at full saturation [Fig. 1(a)]. The
subscript f refers to the state of failure. In triaxial tests, the saturated friction angle and cohesion can be derived from M and d
as follows:
w9 ¼ sin21 ½ 3M=ð6 þ MÞ

K09 ¼

sh9
s9v

(10)

Substituting Eq. (3) into Eq. (10) yields




sh 2 ua ¼ K09ðsv 2 ua Þ þ 1 2 K09 s s

(8)

(11)

Table 1. Geotechnical and Hydromechanical Properties of Decomposed Granitic Soils at Iksan and Gimcheon
Sample

USCS

Gs

Passing
No. 200 (%)

Void
ratio

rd,max ðg=cm3 Þ

rd ðg=cm3 Þ

OMC (%)

w (%)

PI (%)

c9 (kPa)

f9
(degrees)

ub (kPa)

ur

n

Iksan
SC
2.71
33.9
0.514
1.84
1.74
14.8
14.8
14.2
5.97
26.5
75.1
0 1.26
Gimcheon
SM
2.75
20.1
0.627
1.88
1.69
13.0
22.8
—
35.1
27.9
1.72
0 1.19
Note: Iksan soil is compacted at 95% rd,max of OMC and Gimcheon soil is compacted at 90% rd,max at the wetter condition than OMC. Gs 5 speciﬁc gravity;
OMC 5 optimum moisture content; rd 5 dry density of samples; rd,max 5 maximum dry density; PI 5 plasticity index; USCS 5 Uniﬁed Soil Classiﬁcation
System; w 5 gravimetric water content.

Fig. 2. Illustrations of a suction-controlled triaxial apparatus for shear strength and K0 consolidation tests (Kim 2011)
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Substituting the SSCC [Eq. (5)] into Eq. (11), the relationship between the total horizontal stress and the total vertical stress can be
written as a function of matric suction




sh 2 ua ¼ K09ðsv 2 ua Þ 2 1 2 K09 ðua 2 uw Þ

121=n
1

n
1 þ ½aðua 2 uw Þ

(12)
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The total stress ratio of the horizontal stress to the vertical stress,
K0 , can be deﬁned as
K0 [

sh 2 ua
sv 2 ua

(13)

The relationship between the total stress K0 and the effective stress
K90 can be established by Eqs. (12) and (13)

121=n


u 2 uw
1
K0 ¼ K09 2 1 2 K09 a
sv 2 ua 1 þ ½aðua 2 uw Þn

(14)

If the effective stress principle is valid, K0 should follow Eq. (14),
which predicts that K0 varies decreasingly as the matric suction
increases and increasingly as the net vertical stress increases.
Under the at-rest or K0 triaxial consolidation conditions, the
ratio of the deviatoric stress to the mean effective stress, h0 , can be
deﬁned as

q 3 1 2 K09
h0 [ ¼
p9
1 þ 2K09

(15)

If K90 remains constant or relatively unchanged, an indication of the
validity of the effective stress before failure, the stress ratio h0 should
also remain constant by Eq. (15), as illustrated in Fig. 1(b). Substituting Eq. (3) into Eq. (15) yields

q ¼ h0 ðp 2 ua Þ 2 h0 ss

(16)

In the p-q plane, the effective stress paths in the K0 consolidation
would be linear and the parallel stress ratio h0 for the different matric
suctions shown by Eq. (16) would provide a simple way to evaluate the SSCC in a similar manner to the shear failure tests shown in
Fig. 1(a).

Experimental Program
Residual soils were collected at two different road construction sites
(Iksan and Gimcheon) in Korea, both of which contain considerable
ﬁne material (∼20–40% by weight). The Uniﬁed Soil Classiﬁcation
System classiﬁcation for the Iksan soil is SC or clayey sand and for
the Gimcheon soil is SM or silty sand. For the clayey sand, a total of
10 specimens were prepared by static compaction using a jack with
the soils passing sieve No. 10 and compacted to 95% of the maximum dry density at the optimum gravimetric moisture content
(14.8%) corresponding to the standard Proctor compaction effort.
For the silty sand, specimens (a total of four) were compacted to
90% of the maximum dry density at the wetter condtion (22.8%) than
optimum moisture content by the same compaction technique. The
soil properties are summarized in Table 1. Both the nonfailure K0
consolidation and the shear failure tests were conducted for each
specimen in a suction-controlled triaxial setup, as shown in Fig. 2
(Kim 2011). During saturation, carbon dioxide gas and deaired water
were provided through the sample. The cell pressure remained 20
kPa higher than the specimen back pressure, and the B value was
checked until saturation. Air pressure for matric suction was applied
to equilibrate until the end of the water ﬂow.
The triaxial cell includes an inner cell (acrylic resin) to measure
the lateral displacement of the sample or the ﬂoating position of the
target using a gap sensor, which indicates lateral deformations of
the specimen by measuring changes in the eddy current. Within
and without the inner cell, the same cell pressure is applied, which
prevents the volume change induced by elastic expansion of the cell

Table 2. Stress Results of K0 Consolidated Triaxial Tests for Consolidation and Failure States
K0 consolidation stage

Sample
Iksan
clayey
sand

Matric
suction
(kPa)
0

Suction
stress
(kPa)

Mean
net
stress
(kPa)

Horizontal net
stress after
consolidation
(kPa)

Vertical net
stress after
consolidation
(kPa)

Mean net
stress after
consolidation
(kPa)

Failure stage
Deviator
stress after
consolidation
(kPa)

Mean net
stress at
failure
(kPa)

Deviator
stress at
failure
(kPa)

0

100
73
168
104
95
135
200
200
155
313
208
158
270
347
300
223
470
305
248
404
543
20
219:3
100
93
182
104
89
144
212
300
239
504
308
265
376
468
50
245:4
100
112
240
104
128
145
248
200
184
402
207
217
269
403
300
262
551
308
289
392
540
80
268:8
100
142
270
105
129
163
304
400
368
746
414
378
517
687
714a
Gimcheon
0
0
100
82
135
100
53
500a
200
281:5
300
260a
381a
303a
121a
silty sand
50
226:4
150
119
230
156
112
218
334
100
246:4
200
150
298
199
147
293
428
250
297:7
350
272
505
350
233
527
764
a
No successful test or different procedure; the specimen was consolidated to 100-kPa mean net stress under saturated conditions and then to 300 kPa under matric
suction of 200 kPa, after which the specimen was sheared to failure. However, the deviator stress was reduced unintentionally before reaching the shearing stage.
Thus, no failure test was performed for 100-kPa mean net stress and no data were collected in the consolidation under 300 kPa mean net stress.
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base of the specimen is maintained at atmospheric pressure. Elevated air pressure is applied to the top of the soil specimen through
a coarse porous stone. For the clayey sand, the applied matric suctions were 20, 50, and 80 kPa, and the applied net conﬁning pressures ranged from 73 to 368 to reach 100, 200, 300, and 400 kPa in
the level of mean net stress, as shown in Table 2. For the silty sand,
the matric suctions were 50, 100, 200, and 250 kPa, and the net
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caused by the pressure difference. Under K0 consolidation, vertical
loading increases gradually by the slow rate of 0:001 mm=min, and
compression is done under the strain control. During this process, the
cell pressure is controlled using a servo valve to maintain zero lateral
strain.
Water is permitted to drain through the high air entry porous disk
on the base pedestal of the triaxial cell. The water pressure at the

Fig. 3. Suction stress characteristic curve deduced from soil water retention test for (a) Iksan soil and (b) Gimcheon soil
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rate of dissipation of the pore water pressures through the high air entry
porous disk (Gibson and Henkel 1954). For additional comparison,
a few triaxial shear tests were performed under controlled matric
suction after isotropic consolidation.

Experimental Results and Interpretations
Soil Water Retention Behavior
The tests for the SWRCs of the Iksan and the Gimcheon compacted
soils commenced with submerging for saturation and placing the

Downloaded from ascelibrary.org by Colorado School of Mines on 10/08/13. Copyright ASCE. For personal use only; all rights reserved.

conﬁning pressures ranged from 82 to 272 kPa to reach 150, 200,
300, and 350 kPa mean net stresses. A higher matric suction was
applied to the silty sand than to the silty clay. The K0 consolidated
triaxial tests were performed under various matric suctions for both
granitic soils. The testing program for each specimen proceeded in two
steps: K0 consolidation and triaxial failure. The horizontal or conﬁning
stress was automatically adjusted to maintain zero-horizontal deformation. After equilibrium under the K0 consolidation, a deviator stress
was applied under drained conditions by a sufﬁciently slow rate of
0.002 (Iksan soil) or 0:005 mm=min (Gimcheon soil) until failure
occurred. The shearing rates were slow enough that the rate of generation of the shear-induced pore water pressure was slower than the

Fig. 4. Stress path during K0 consolidation in major and minor principal stress plane: (a) total stress paths for Iksan soil; (b) effective stress paths
for Iksan soil; (c) total stress paths for Gimcheon soil; (d) effective stress paths for Gimcheon soil
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specimen on top of the presaturated high air entry disk. The disk was
submerged to ensure that no gas bubbles appeared and then, in the
pressure extractor cell, pressure (50 kPa) was applied to saturate the
disk until there was a steady-state ﬂow of water through the ceramic
disk. The SWRC was measured by applying matric suction values in
stages up to a maximum matric suction of 200 kPa and waiting for
equilibrium in the outﬂow after each stage. To ensure saturation, the
Iksan SWRC was deduced from the second drying process after the
wetting process, and the Gimcheon SWRC from the second wetting
process after the drying process in the hysteresis. For the Gimcheon
soil, an osmotic desiccator test was used for high suction results, and
pressure plate extractor tests under various conﬁning stresses were
performed. In the process of wetting, a unique relationship was

measured between the effective saturation and the matric suction,
which deﬁned a representative SSCC by using Eq. (5).
The results of the SWRC tests are shown in Fig. 3. These data
were ﬁtted to Eq. (6) using the Rapid Excavation and Tunneling
Conference (RETC) code for analyzing the SWRC and hydraulic
conductivity functions (van Genuchten et al. 1991). The ﬁtting
results are reported in Table 1 and show that the air entry value ub
or a21 for the Iksan clayey sand was 75.1 kPa, and the parameter n
was 1.26. Using the identiﬁed a and n, the SSCC of the clayey sand
could then be evaluated as a function of matric suction by Eq. (5) or
as a function of effective saturation as shown in Fig. 3(a). The ﬁtted air
entry value ub for the Gimcheon silty sand was 1.72 kPa and the parameter n was 1.19. The corresponding SSCC is shown in Fig. 3(b).

Fig. 5. Stress state after K0 consolidation in major and minor principal stress plane: (a) total stress representation for Iksan soil; (b) effective stress
representation for Iksan soil; (c) total stress representation for Gimcheon soil; (d) effective stress representation for Gimcheon soil
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K0 Consolidation Behavior
Fig. 4(a) shows the stress paths under K0 consolidation in the net
stress plane of the major and minor principal stresses for the clayey
sand. In triaxial tests, the horizontal stress is equal to the minor
principal stress and the vertical stress to the major. Table 2 shows the
conditions of matric suction with various net stresses in the tests.
Under each matric suction, the consolidation paths for various net
stresses showed little difference and coincided closely. The net

Downloaded from ascelibrary.org by Colorado School of Mines on 10/08/13. Copyright ASCE. For personal use only; all rights reserved.

From Table 1, it can be seen that although most of the hydromechanical properties of these two soils are similar, the clayey sand had
much less drained cohesion (5.87 kPa) and higher air entry pressure (75.1 kPa) than did the silty sand (c9 5 30:1 kPa and ub 5
1:72 KPa). The higher air entry pressure was probably related to the
higher clay content (SC) of the Iksan soil than of the Gimcheon soil
(SM), as well as the lower void ratio (0.514 for SC and 0.627 for
SM). The calculated SSCCs were used to interpret the effective
stress in the triaxial failure and K0 consolidation test results.

Fig. 6. Void ratio as a function of mean effective stress under different matric suctions for (a) Iksan soil and (b) Gimcheon soil
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horizontal stress responded linearly to the increases in the vertical
stress in the higher stress level, whereas the shape of the stress paths
was nonlinear in the initial response portion. The conﬁning stress
was started from around 20 kPa in the consolidation procedure.
In the initial stage of consolidation with the nonlinear paths, the
change of void ratio was small and the compression behavior was
within loading-reloading sequences. As the applied matric suction
increased, the net horizontal stress decreased for the same vertical
stress [Fig. 4(a)]. The saturated consolidation path followed a
straight line through origin with a slope of 0.48 (K90), as shown in
Fig. 4(a).
Fig. 4(b) shows the effective stress paths during K0 consolidation.
The suction stress was estimated from the SWRC by Eq. (5) and
summarized for each matric suction, as shown in Table 2. Except
for the initial stage of consolidation, the effective stress path converged to a unique line as the level of consolidation stress increased.
In particular, the converged consolidation paths coincided with the
saturated consolidation path [Fig. 4(b)]. The deviations during the
initial stages of consolidation were caused by different initial effective stress values.
For the silty sand, the saturated consolidation path followed a
straight line through the origin with a slope of 0.60 (K09), as shown in
Fig. 4(c). The net horizontal stress decreased for the same vertical
stress, as the applied matric suction increased, which is similar to
Fig. 4(a). Fig. 4(d) also shows that the effective stress path converged to a unique line as the level of consolidation stress increased.
Similar to Fig. 4(b), the silty sand also shows that the converged
consolidation paths closely followed the saturated consolidation
path.
At the completion of the K0 consolidation step, the horizontal
total stress in response to the vertical total stress is shown in Fig. 5
(a) for the Iksan soil and in Fig. 5(c) for the Gimcheon soil. As
shown in Figs. 5(a and c), the horizontal total stress decreased in
response to the vertical total stress as the applied matric suction
increased [see also Figs. 4(a and c)]. Under the effective stress
representation shown in Figs. 5(b and d), the horizontal effective
stresses with respect to the vertical effective stresses follow the
same unique line as the saturated case, supporting the notion that
the K90 values remain unchanged under the unsaturated K0
conditions.
The void ratio as a function of the mean effective stress is plotted
in Fig. 6(a) for the Iksan SC soil and in Fig. 6(b) for the Gimcheon
SM soil under different matric suction values. It can be observed that
although the consolidation curves under different matric suction
values are nearly parallel to each other, they follow different consolidation paths. This is because of the hysteric effect as curves under
different matric suction values experience different effective stress
paths. Although hydrologic and mechanical hysteresis for variably
saturated soils has been recognized in recent years, quantitative
models are still lacking. Fig. 6 shows that mechanical hysteresis for
both Iksan SC and Gimcheon SM soils is signiﬁcant and warrants
future study.
The experimental results of K0 [from Figs. 5(a and c)] and K90
[from Figs. 5(b and d)] as functions of matric suction are shown in
Fig. 7(a) for the Iksan soil and in Fig. 7(b) for the Gimcheon soil.
For comparison, the predicted K0 by Eqs. (13) and (14) for different
vertical total stress values are also plotted in Fig. 7. It can be observed
that the measured K0 decreased with increasing matric suction or
with decreasing net vertical stress, following similar trends predicted
by Eqs. (13) and (14). It can also be observed that the measured K90
remained relatively unchanged for different matric suctions and
closely followed the constant line for the saturated consolidation for
K09 5 0:48 in Fig. 7(a) and for K09 5 0:60 in Fig. 7(b). It was found that
the effective stress based on the SSCC can reasonably describe the

Fig. 7. Ratio of horizontal stress to vertical stress K0 and ratio of
horizontal effective stress to vertical effective stress K09 under different
matric suction values for (a) Iksan soil and (b) granitic soil

consolidation stress path under K0 conditions. Because the effective
stress herein was deﬁned by the SSCC that was identiﬁed from the
SWRC tests in Table 1, the invariant nature of K09 to matric suction
and its equivalency to K09 under saturated consolidation suggest
that the effective stress paths under the various matric suctions in
the K0 tests are as unique as the saturated path, as shown in Figs. 5(b
and d).
The measured stress states for the K0 consolidation tests in the
ðp-ua Þ-q space are shown in Figs. 8(a and c). Overall, the measured
data for the unsaturated soils were above the line of consolidation
stresses for the saturated soils. Using the SSCC, the measured data
could be replotted in the p9-q space, as shown in Figs. 8(b and d). It
is apparent that all the data collapse to the unique stress path for
the K0 consolidation under the saturated condition for both soils,
a strong indication of the validity of the effective stress principle
before failure.
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Fig. 8. K0 consolidation stress state in (a) p-q space for Iksan soil; (b) p9-q space for Iksan soil; (c) p-q space for Gimcheon soil; and (d) p9-q space for
Gimcheon soil

Failure Behavior
The validity of the effective stress principle for these two soils at
a state of failure could be further examined by triaxial failure tests
after the K0 consolidation step in the testing program (Fig. 9). The
shear strengths under isotropic consolidation are also included.
Figs. 9(a and c) show the stress states in the ðp-ua Þ-q space, whereas
Figs. 9(b and d) show them in the p9-q space. The same SSCCs as
those in the consolidation tests shown in Figs. 8(b and d) were used
to evaluate effective stress. The unique failure envelopes shown in
Figs. 9(b and d) are a clear conﬁrmation of the validity of the effective stress principle deﬁned by the SSCC.
For comparison, both the K0 consolidation and the triaxial failure
test results are summarized in Fig. 10 under the effective stress
representation. For each soil, the effective mean stresses at the K0
consolidation and shear failure conditions were deduced from the

same measured SWRC (ub 5 75:1 kPa and n 5 1:26 for the SC soil,
and ub 5 1:72 kPa and n 5 1:19 for the SM soil). The slope of the
line for consolidation stress is directly related to the coefﬁcient of
earth pressure at rest under full saturation by Eq. (15) and the slope
of the failure envelope is directly related to the friction angle and
drained cohesion under full saturation by Eqs. (8) and (9). It was
found that all test results converged to the corresponding saturated
stress states, the failure envelope (d 5 57:9 kPa and M 5 1:05 for
the SC soil and d 5 73:5 KPa and M 5 1:11 for the SM soil) for the
shear failure state and the consolidation stress path (h0 5 0:80 for the
SC soil and h0 5 0:55 for the SM soil) for the K0 stress state. This fact
clearly indicates the validity of the SSCC-based effective stress
concept for both prefailure and failure states. Thus, the slope of the
saturated K0 stress path h0 can be used to infer suction stress under
unsaturated conditions, as illustrated in Fig. 1(b).
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Fig. 9. Stress at failure in (a) p-q space for Iksan soil; (b) p9-q space for Iksan soil (c) p-q space for Gimcheon soil; and (d) p9-q space for Gimcheon soil

SSCC Deduced from SWRC, K0 Consolidation,
and Failure Tests
Suction stresses and SSCCs deduced from three independent tests of
SWRC, K0 consolidation, and triaxial failure are shown in Fig. 11 as
functions of matric suction. Eq. (7b) was used to deduce suction
stress from the triaxial failure tests as illustrated in Fig. 1(a). Eq. (16)
was used to deduce suction stress from the K0 consolidation tests as
illustrated in Fig. 1(b). For the Iksan soil (SC) shown in Fig. 11(a), it
was observed that suction stress values deduced from the shear
failure tests compared well with the SSCC (solid curve) deduced
from the SWRC, and suction stress values deduced from the K0
consolidation tests compared fairly with the SSCC deduced from
the SWRC. At a matric suction of 80 kPa, the difference in suction
stress was 224 kPa, a 35% difference. For the Gimcheon soil (SM),
the suction stresses deduced from the shear failure and K0 consolidation tests closely followed the SSCC deduced from the SWRC
at the relatively high matric suction range of 200 to 300 kPa but

exhibit large ﬂuctuations in the suction range of 0–100 kPa. Overall,
the SSCCs and the suction stresses deduced from the shear strength
tests, soil water retention tests, and K0 consolidation tests compared
favorably with each other for both soils.

Summary and Conclusions
In recent years, the SSCC has been shown to deﬁne effective stress
variations in variably saturated soils. The SSCC can be deduced
from either shear strength tests under variably saturated conditions
or soil water retention tests. This paper provides an alternative way
to validate the SSCC by conducting nonfailure K0 consolidation
tests. Multiple remolded specimens of different soils were used for
suction-controlled triaxial tests under K0 consolidation conditions.
The results of the shear strength tests show that the failure envelope
can be uniquely deﬁned by the effective stress representation, a
reconﬁrmation of the validity of the effective stress principle in
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Fig. 10. Comparisons of effective stress descriptions for both consolidation and failure tests in p9-q axis for (a) Iksan soil and (b) Gimcheon soil

describing the strength behavior of soils. The results obtained from
the K0 consolidations show that for the same remolded soil, the total
stress paths under different matric suctions are different but converge to a unique path under the effective stress paths deﬁned by
the SSCC, indicating the validity of the effective stress principle
before failure. From both the shear strength and the K0 consolidation
tests, it was found that the effective stress based on the SSCC can
describe the unsaturated behavior consistently from consolidation to
failure.

The results obtained from the K0 consolidations also reveal that
K90 (or the horizontal to vertical stress ratio) deﬁned by the effective
stress was invariant to the matric suction, whereas K0 deﬁned by the
total stress decreased by about 30% at maximum with the matric
suction in this study, a further conﬁrmation of the validity of the
effective stress principle. The uniqueness of K90 under both saturated
and unsaturated conditions indicates that the coefﬁcient of earth
pressure at rest based on the effective stress should be used to assess
ﬁeld problems such as excavation. The stress paths under the K0
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from the nonfailure triaxial K0 consolidation test results directly, and
the suction stress is not a unique function of the matric suction.
In Fig. 1, line OA is the K0 consolidation line of the saturated soil
in which matric suction is equal to 0. Line CB is the K0 line of the
unsaturated soil with a matric suction ua . From the authors’ Eq. (16),
the suction stress for both the saturated soil (line OA) and the unsaturated soil (line CB) in the K0 consolidated tests can be calculated
as
ss ¼ p 2

Jianzhong Li1

q
2 ua
h0

(1)
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Professor, School of Geosciences and Info-Physics, Central South Univ.,
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For the saturated soil in State A (Fig. 1), h0 can be deﬁned as
h0 ¼

The authors’ method to obtain the suction stress characteristic curve
from nonfailure triaxial K0 consolidation tests is fully granted. The
discusser’s point of view is that the suction stress can be calculated

qA
pA

(2)

As the authors pointed out, line OA of the saturated soil and line
CB of the unsaturated soil have the same slope h0 . Suppose the mean
stress of the unsaturated soil in State B is the same as that of the
saturated soil in State A and the deviator stress in State C is the same
as that in State A.
Substituting Eq. (2) into Eq. (1), the suction stress in State B can
be calculated as
sBs ¼ pB 2

qB
q
2 ua ¼ pA 2 B 2 ua
h0
h0

(3)

Suction stress in State C can be calculated in the same way as
sCs ¼ pC 2

qC
2 ua ¼ pC 2 pA 2 ua
h0

(4)

Eqs. (3) and (4) show that suction stress is not a unique function of
the matric suction. The value of suction stress depends not only on
the matric suction but also on the stress level of each stress state.

Fig. 1. Nonfailure triaxial K0 test in p-q space

Table 1. Stress Results of K0 Consolidated Tests
Before K0 consolidation
Sample
Iksan clayey sand

Gimcheon silty sand

© ASCE

After K0 consolidation

Matric
suction (kPa)

Suction
stress (kPa)

Mean net
stress (kPa)

Horizontal net
stress (kPa)

Vertical net
stress (kPa)

Mean net
stress (kPa)

Deviator stress
(kPa)

0
0
0
20
20
50
50
50
80
80
0
50
100
250
200

0
0
0
23.39
211.77
250.45
254.85
240.74
250.66
242.12
0
255.32
278.38
289.36
2125.3

100
200
300
100
300
100
200
300
100
400
100
150
200
350
300

73
155
223
93
239
112
184
262
142
368
82
119
150
272
260

168
313
470
182
504
240
402
551
270
746
135
330
298
505
381

104
208
305
104
308
104
207
308
105
414
100
156
199
350
303

95
158
248
89
265
128
217
289
129
378
53
112
147
233
121
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Fig. 2. Stress state after nonfailure triaxial K0 consolidation in the major and minor principal stress planes: (a) effective stress representation for Isan
soil; (b) effective stress representation for Gimcheon soil

To verify the validation of Eq. (3), the data presented in the
authors’ Table 1 were used. The discusser’s Table 1 presents the
suction stress in each stress state after nonfailure triaxial K0 consolidation calculated using Eq. (3).
Fig. 2 shows the stress state after nonfailure triaxial K0 consolidation in the major and minor principal stress planes where the
suction stress was calculated using Eq. (3) instead of the authors’
Eq. (5). It can clearly be seen that the stress states of both Iksan soil
and Gimcheon soil in the nonfailure triaxial K0 consolidated tests
converged to a unique line as the level of consolidation stress

© ASCE

increased (Fig. 2). This is consistent with the authors’ statement that
the horizontal effective stresses with respect to the vertical effective
stresses follow the same unique line as the saturated case, supporting
the notion that the values remain unchanged under the unsaturated
K0 conditions. The parameter h0 in Fig. 1 is little different from that
presented by the writers. It is clear that the suction stress calculated
using Eq. (3) is different from that calculated using the authors’
Eq. (5).
Eq. (4) can be veriﬁed in the same way with the results of tests
including K0 consolidated States A and C.
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p 2 ua ¼ ðs1 þ 2s3 Þ=3 2 ua ,

q ¼ s1 2 s3

(3)

The discusser’s Fig. 2 shows the stress state after the triaxial K0
consolidation in the s91 and s93 planes where the suction stress ss was
deduced from the same triaxial data set on the (s1 2 ua ) and
(s3 2 ua ) planes. This is a loop calculation returning to the same
point on line OA as shown in Fig. 1 of this closure, using the h0 value
for that stress path. Fig. 2 shows the relationship between s91 and s93
by the discusser’s method using the updated data in Table 1 of this
closure. As shown, the unsaturated stress states of both the Iksan soil
and Gimcheon soil in the triaxial K0 consolidated tests converge

The writers thank the discusser for raising the issue of the uniqueness of the suction stress determined from the triaxial K0 consolidation tests under unsaturated conditions.
Under the triaxial K0 consolidation conditions, the unique effective stress relationship is deﬁned linearly by the h0 deﬁned by Eq.
(15) of the original paper as
q ¼ h0 p9

(1)

For the full saturation, p9 5 p 2 uw . However, Eq. (2) in the discussion is derived assuming uw 5 0 and p9 5 p. The discusser apparently evaluated h0 as the average value of q=p from the saturated
stress states, whereas the writers calculated h0 by the slope of the
linear regression of the experimental data in the p-q axis from
Eq. (1). This is the reason why there is a difference in the h0 value
between the discussion (h0 5 0:83) and the original paper (h0
5 0:80) for the Iksan soil.
For unsaturated conditions, Fig. 1 in the discussion should be
corrected to in the ð p 2 ua Þ-q space and not in the p-q space. Fig. 1
in this closure shows that the horizontal distance between the parallel lines deﬁnes the magnitude of suction stress ss uniquely, and
thus the suction stress depends only on the matric suction. The two
terms in the discusser’s Eq. (1) can be rearranged as

Fig. 1. Illustration of the triaxial K0 consolidation tests in the
ð p 2 ua Þ-q space
Table 1. State of Stress at the End of the Consolidation Tests

Sample

s ¼ ð p 2 ua Þ 2 q=h0
s

(2)

The ﬁrst term ( p 2 ua ) is the horizontal distance from the origin O to
( p 2 ua ) and the second term q=h0 is the horizontal distance from
the suction stress to the current stress. As shown in Fig. 1, the discusser’s suction stress ss at State B is the same as at State C, independent of the stress ( p 2 ua ).
In tracking the discusser’s calculation, the writers found that the
original Table 1 reported the data at an inappropriate stage of the
consolidation tests. The writers reported the data at the beginning of
shearing instead of the stress state at the end of the consolidation
tests. The latter should be used to calculate the stress states. Table 1
of this closure shows the stress states at the end of the consolidation
tests. The mean net stress and the deviatoric stress in Table 1 are
deﬁned as
© ASCE

Iksan clayey
sand

Horizontal Vertical
Mean
Matric
suction, Stress net stress, net stress, net stress, Deviator
s1 2 ua
p 2 ua stress, q
ua 2 uw level s3 2 ua
(kPa) (kPa)
(kPa)
(kPa)
(kPa)
(kPa)
0

20
50

80
Gimcheon
silty sand
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0
200
50
100
250

100
200
300
100
300
100
200
300
100
400
100
300
150
200
350

71.6
154.9
223.0
73.2
219.8
62.3
135.0
212.3
61.6
287.9
82.0
260.0
118.8
150.4
272.1

165.5
312.7
471.0
161.7
484.6
190.1
352.3
501.5
190.3
666.0
135.0
381.0
230.4
297.5
505.1

102.9
207.5
305.6
102.7
308.1
104.9
207.4
308.7
104.5
413.9
99.7
300.3
156.0
199.4
349.7

93.8
157.8
248.0
88.5
264.8
127.8
217.3
289.3
128.7
378.1
53.0
121.0
111.6
147.2
233.1

J. Geotech. Geoenviron. Eng.

Downloaded from ascelibrary.org by Colorado School Of Mines on 07/21/14. Copyright ASCE. For personal use only; all rights reserved.

Fig. 2. State of effective stress at the end of the consolidation tests in
the major and minor stress planes

© ASCE

exactly (R2 5 1) to the saturated line. The K0 value for this stress
path is 0.48 for the Iksan soil and 0.6 for the Gimcheon soil.
As a result of the reported stress values at an inappropriate stress
state, there were errors in the calculation of ( p 2 ua ) and q in the
original Table 1. This also attributed to the discusser’s Fig. 2 showing the deviation of data from the regressed line (R2 5 0:980 for
the Iksan soil and 0.932 for the Gimcheon soil). If recalculating
( p 2 ua ) and q by Eq. (3) using the correct stress state shown in
Table 1 of this closure, the unsaturated data in the experiments are
located exactly on the unique line with the discusser’s h0 or K0 .
In summary, the discusser’s interpretation of the suction stress is
theoretically incorrect, which leads to the interpretation of nonuniqueness of the suction stress dependency on matric suction.
The correct equations are Eqs. (1)–(3), which were used in the
original paper. The data shown in the original Table 1 reported an
inappropriate stage of shearing. All the issues raised by the discusser
can be fully reconciled with the correct interpretation described in
the original paper [Eqs. (1)–(3) in this closure], which shows that the
suction stress deduced from the triaxial K0 is a unique function of
matric suction, regardless of the mean total stress.
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