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Determination of Critical State Parameters in Sandy Soils from
Standard Triaxial Testing (II) : Experiment and Recommendation
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Abstract

A set of standard triaxial testing was performed to identify underlying physical processes and inherent limitations
in the determination of critical state parameters in sandy soils. The experimental test results showed that the critical
state friction angle for a given soil is constant regardless of drainage condition while the critical state line on the e-log
p' space is significantly affected by drainage condition mainly because of insufficient strain attained in standard triaxial
tests and strain localization effects in undrained tests. It appeared that the best method to determine critical state
parameters in laboratory testing is to use homogeneous loose specimens under drained shear condition. In addition, a
reference state parameter was suggested to design tests that will avoid dilatancy or strain localization effects in drained

tests.

Keywords : Critical state, Critical state parameters, Friction angle, Post-liquefaction, Sandy soil, Strain locali-

zation, Shear strength, Standard triaxial test

1. Introduction shear strength). Criteria for liquefaction susceptibility
are summarized in Table 1.
Liquefaction is the phenomenon, which can be often Liquefaction is related to flow failures, lateral

found in sandy soils, whereby a soil deposit experiences spreading, and level-ground liquefaction. These pheno-

a drastic reduction in shear strength. The remaining
resistance to shear deformation is referred to as the

post-liquefaction shear strength (i.e. reliable ultimate

mena fall under two categories: cyclic mobility and flow
liquefaction (Table 2). Cyclic mobility produces unaccep-

table, large permanent deformations not because of
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Table 1. Criteria for liquefaction susceptibility

Criteria Contents Reference
« Moment magnitude (M.) vs time {t) for a | « Moment magnitude (M.) vs epicentral dis~ | Youd (1991),
given site. tance {x). Ambraseys
(1988)
i : MW“ . hd ¢ Wiy . : )
ngtO(lcal . Liquefaction Liquefaction 7,
criterion . * o o6
o, ©° ° .o ] I
° e N‘% llquoef?ctlon > No liquefaction
t logx
= Depositional environment: uniform grain size distribution and loose state in fluvial, colluvial | Youd and
and aeolian deposits =9 high susceptibility to liquefaction. Hoose (1977),
Geological « Hydrological environment: liquefaction susceptibility increases with decreasing groundwater | Kramer (1996)
criterion depth.
» Age of a soil deposit: the susceptibility of newer soil deposits to liquefaction is generally
higher than that of older deposits {Holocene age > Pleistocene age).
+ Gradation: poorly—graded soils are more susceptible to liquefaction than well—graded soils. | Wang (1979),
« Particle shape: rounded—shaped soils are more susceptible to liquefaction than angular— | Finn et al.
shaped soils. (1994),
» Particle size: the effect of particle size on liquefaction susceptibility is controlled by two | Kramer (1996}
competent factors such as compressibility and permeability for a given soil. In general, the
Compositional criterion of particle size is broad (i.e., fine—grained soils ~ gravels).
criterion « Liquefaction susceptibility criteria for fine—grained soils
Chinese criteria (U.S. Army Corps of Engineers criteria)
— Fraction finer than 0.005mm < 15% (5%)
— Liquid limit, LL 35% (36%)
— Natural water content = 0.9 LL (0.92 LL)
— Liquidity index < 0.75
« Liquefaction susceptibility depends on the initial state such as void ratio and stress. Castro (1969),
- Steady state line can be obtained from laboratory test. Casagrande
A {1976),
Steady e Steady state line '(310;2;(5))8 et al.
cr?tteartiin Susceptible to Been .aNd
liquefaction Jefferies (1985)
Not susceptible
to liquefaction -
e
- Estimate Cyclic Stress Ratio (CSR) induced by earthquake. Seed and |driss
« Obtain Cyclic Resistance Ratio (CRR) from cyclic triaxial test. (1971),
» Assess susceptibility from safety factor. Youd and ldriss
Cyclic (1997)
stress CSR___T“"E =0_65.£_m£. g, .. CRR= l -C, .D’
criterion o', g o, ° 2.0, |, 50
CRR F£S > 1 =% No liquefaction
FS="7sR FS < 1 Liquefaction
« Determine 7. and n. Dobry et al.
- Compare 7. with the threshold strain of the soil. (1982)
. < If 7. < 7, no liquefaction will occur. Otherwise, estimate Au/s’y.
Cyc!nc - The value of Au/o’, estimated is used to decide if the site will experience initial liquefaction
strain (du/s",=1.0) or not.
criterion

a g r
¥y, =065 . — — 4
g Guw (G/Gou),
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Table 1. (Continued)

Criteria Contents Reference
» Cyclic Stress Ratio (CSR) vs in—situ measurement (SPT, CPT, etc.) Seed (1979),
A Seed, Idriss
and Arango
CSR for a given My (1983),
° Robertson and
Back analysis ° e Campanella
criterion o (1985),
° Youd and ldriss
° No liquefaction (1997)
Penetration resistance or Vs
= Standard penetration resistance versus earthquake shaking conditions Chinese
N, =N,[1+0.125(D, -3)-0.05(D, -2)] puiang code
- +0. -3)-0. - .
Empirical e 0 s v (1974; from
correlation « Cone penetration resistance versus earthquake shaking conditions 183883) etal.,
criterion !
o = a,[1-0.065(D,, - 2)[1-0.05(D, -2)] Zhou (1980)
Note: Neiw and qgcrit separate liquefiable from nonliguefiable conditions to a depth of 15m.
« Probability of liquefaction Liao et al.
(1988)
P, =1+ expl- (8, +B, In(CSR)+ B, (N, ), JI'
Probabilistic
approach where {Ni)eo is the corrected SPT resistance,
Bo = 1017, By = 4193, B, = —0.244 for all sands,
Bo = 16.45, By = 6.460, B> = —0.398 for clean sand soils,
Bo = 6.483, By = 2.685, B, = —0.182 for silty sands.
Notation:
e void ratio

¢’ effective confining pressure

Tag- average shear stress

n: number of cycles

&y, ¢’y total and effective overburden pressure

amax. horizontal maximum acceleration at the ground surface
g acceleration of gravity

Ogc. Cyclic deviator stress

G: a correction factor (cyclic — field condition)

rq: stress reduction factor

D field relative density in percent

Gmax: shear modulus of the soil at very small cyclic strain (~107'%)

Odc
[2"7'vL5 shear stress ratio causing liguefaction for Dr = 50%

(G/Gmﬂx) . * effective modulus reduction factor of the soil corresponding to the cyclic strain, 7.
Ds: depth to sand layer under consideration, in meters

Dw: depth of water below ground surface, in meters

No & Qo: a function of the shaking intensity as follows

Modified Mercalli Intensity (blowg/" foo) (Mq;a)
vil 6 4.6
vili 10 1.5
X 16 17.6

Determination of Critical State Parameters in Sandy Soils from Standard Triaxial Testing (ll) : Experiment and Recommendation 79



Table 2. Comparison of flow liquefaction and cyclic mobility

Flow Liguefaction Cyclic Mobility
A
q q
Behavior
SCSL T~ “Tstatic SCSL n
p’
initial T Tstatc = Scst Tstatic < Scst
Soil type Contractive Low & medium densities
Not sensitive to initial conditions Sensitive to
Depends on ¢’ & & -0 &6
Factors Possible effect of loading path — amplitude excitation
May be affected by plastic fines* - initial stiffness (aging, prestrain, cementation, fabric)
— % plastic fines*
Engineering Slope problems Level ground
problems (Lateral deformation, flow) Early role in slope instability
Uniqueness Quite unigue — easy determination of SS line in e—p’ | Many parameters affect strength due to characteristic of
q space pore water pressure generation
Design Strength is considered Deformation is considered
approach
Design . Strength @ 5% double—amplitude strain @ 15cycles
h L )
parameter Min{[SS strengthly, [SS strengthluna} (5% criterion: good for clean and silty sands)

*Note: % fines may play a more critical role in field performance than in laboratory measurements (¢ of # dissipation versus ¢ of

earthquake).
SS is steady state.
Notation: Scs is the critical state shear strength on p’-g space.

insufficient strength but because of the accumulation of
shear strain experienced during cyclic earthquake shaking.
On the other hand, flow liquefaction produces very large
permanent deformation due to insufficient strength reached
during monotonic loading, cyclic loading (e.g. earthquakes),
and nonseismic vibration sources (e.g. pile driving, train
traffic, geophysical exploration, and blasting). Flow lique-
faction has been observed in natural and man-made
deposits of contractive soils. Examples include the
Sheffield Dam failure during the Santa Barbara earth-
quake in 1925, the Turnagain Heights landslide during
the Alaska earthquake in 1964, Kawagishi-cho apartment
buildings failure during the Nigata earthquake in 1964,
and the Lower San Fernando dam failure during the San
Fernando earthquake in 1971.

The post-liquefaction shear strength must be properly

determined in order to judge whether or not flow

80 sSt=XgtEsr|=E8 MH192 M=

liquefaction can occur at a site. As suggested as an
example in the former paper, the post-liquefaction shear
strength can be reliably estimated from the critical state
parameters and void ratio. However, the proper method-
ology for the determination of critical state parameters
has not been established. In this paper, underlying
physical processes and inherent limitations are identified
through experimental tests and a proper procedure is
suggested to obtain the critical state parameters from

standard triaxial testing.

2. Experimental Setup

A set of conventional triaxial compression tests was
performed to identify underlying physical processes and
inherent limitations on the determination of critical state

parameters in sandy soils.



2.1 Tested Soil - lts Properties

The tested soils include blasting sand, Ottawa 20-30
sand, and sandboil sand. The blasting sand is angular

Table 3. Tested soil-Properties

while the Ottawa 20-30 sand is round. The sandboil sand
is a natural soil obtained from a paleoliquefaction site (a
site where liquefaction occurred previously) in Arkansas,

USA. Relevant information for these materials is sum-

Material Emax Emin (me:]) (r[r?;z) C Ce Gs R S M( ges”) A r
Blasting sand 1.025  0.698 0.7 0.42 1.94 094 265 030 055 1.29(32) 0.069 1.099
Ottawa 20-30 sand  0.742  0.502 0.72 0.65 115  1.02 265 0.90 0.90 { 1.07 (27) 0.047 0.802
Sandboil sand 0.790 0.510 0.36 0.17 2.41 1.29 262 055 0.70 i 1.33 (33) 0.051 0.785

Notation: Coefficient of uniformity - C, = Dso/ D10, Coefficient of curvature - C; = Dsp¥ D1o-Dsp. Specific gravity - Gs, Roundness - A {mean
value), Sphericity - S (mean value), Strength parameter - M = 6sin ¢cs/{3-Sin ¢cs), Critical state friction angle - ¢cs, slope of CSL on

e-log p’ - A, and intercept of CSL at p’ = 1kPa on e-log p’ - I

Note: The maximum void ratio emax is determined by ASTM D4253-93 and the minimum void ratio emn is by ASTM D4254~91.

[Blasting sand]

[Ottawa sand]

[Sandboil sand]

(a) Microphotographs
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(b) Particle size distribution

Fig. 1. Microphotographs and particle size distribution for three tested soils
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marized in Table 3. Microphotographs and particle size

distributions are shown in Fig. 1.

2.2 Preparation and Test Procedures

Specimens have a nominal diameter of 75 mm and
height of 150 mm (i.e. a length-to-diameter ratio of 2).
A circular aluminum split mold and a 0.033 cm thick
latex membrane are used to form and hold the specimen.
Full diameter porous stones and a layer of filter paper
are placed at the top and bottom plates.

Loose contractive specimens for drained and un-
drained tests are prepared using the moist tamping
procedure. Other sample preparation methods such as
air pluviation, water pluviation (for details refer to
Park, 2000), and a mixture of soil with salt or ice are
attempted to obtain homogeneous loose specimen.
However, the moist tamping method is often preferred
because of its ability to make specimens loose above
maximum void ratio (the spatial variability of speci-
mens made by this method is significant, as discussed
in Cho, 2001). Blasting sand and Ottawa 20-30 sand
specimens are prepared at 3% water content while 4%
water content is used to prepare the sandboil sand.
Specimens are compacted in ten layers, scratching and
stirring the surface of each layer before placing the next
layer to enhance homogeneity.

The specimen is held with a vacuum of 80 kPa before
the mold is disassembled. Actual specimen dimensions
are carefully measured with calipers to the nearest 0.01
mm, and the initial volume is calculated. After assem-
bling the triaxial cell, the cell is fully filled with water.
This allows monitoring volume changes during specimen
saturation to accurately evaluate the initial void ratio of
the specimen at the time of testing, All specimens are
vacuum and back-pressure saturated to ensure that
specimens have a high degree of saturation, with
Skempton’s B values greater than 0.995. Isotropic con-
solidation is applied in small increments until the selected
effective confining stress is reached.

The strain-controlled triaxial tests are performed with
a 0.5%/min strain rate for blasting and Ottawa 20-30

82 s=RAESEe=Ed Aod A=

sands, and 0.25%/min strain rate for the sandboil sand.
These slow strain rates, experimentally determined, promote
uniform pore-water pressure within the specimen. Loading
continues until 35% axial strain is reached. The automatic
data acquisition system records the axial strain, volumetric
strain, pore water pressure, and principal stress every
0.01% strain.

End platens are not lubricated in this study since there
is little effect of end restraint on the failure stress and
volume changes in contractive homogeneous specimens
(see Wood, 1990; Hird and Hassona, 1990; Desrues et
al., 1996). Membrane stiffness may have an effect on test
results when the specimen is subjected to low confining
stresses. The additional radial stress contributed by the
membrane stiffness is determined by measuring the
pressure that must be applied inside the membrane to
cause it to expand laterally similar to the final expansion
observed during the test. Then, the applied effective
confining stress is corrected to exclude the stress

contributed by the membrane stiffness.

3. Experimental Results
3.1 Drained Test Results — Localization

Figures 2, 3 and 4 show drained test results for
blasting, Ottawa 20-30, and sandboil sand specimens
with different initial void ratios at the same effective
confining stress. As the initial void ratio decreases, the
axial strain at peak stress decreases. The shear stress
approaches a similar value in all specimens after ~20%
axial strain. However, “globally computed” void ratios
do not converge to the same value due to strain
localization in the dense specimens, which develop shear
bands during testing. The critical state friction angles for
blasting sand and sandboil sand (angular particles) are
greater than that of Ottawa 20-30 sand (subrounded
particles).

Figures 5, 6 and 7 show drained test results for
specimens of three sands at similar initial void ratio but
with varying effective confining stresses (the initial void

ratio decreases with confining stress due to the initial
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Fig. 2. Drained test results for blasting sand with different initial void ratios at the same effective confining stress (¢'s = 313 kPa)
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Fig. 3. Drained test resuits for Ottawa 20-30 sand with different initial void ratios at the same effective confining stress (¢'s = 160 kPa)
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consolidation of the specimen). All specimens are formation 1s observed. Critical state is reached at about
prepared in loose homogeneous condition in order to 30% axial strain. Critical state parameters fcs, ' and A
avoid localization effects. All stress-strain responses are summarized in Table 3.

show decisively contractive behavior and no shear band
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Fig. 9. Undrained test results for Ottawa 20-30 sand with different void ratio at the same initial effective confining stress
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3.2 Undrained Test Results

Figures 8, 9 and 10 show undrained test results for the
three soils with specimens prepared at different void
ratios but confined to the same initial effective confining
stress. The stress-strain response is determined by the
initial void ratio. Loose/contractive specimens display
post-peak behavior and strain localization should be
expected. Meanwhile, dense/dilative specimens show the
strain-hardening behavior (water cavitation may be
reached). It is worth noting that unlike the drained test
results, most undrained test results do not reach critical
state even at axial strains in excess of 30%. Thus, critical
state strength may not be properly determined with

undrained tests. One isotropically preloaded specimen
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was tested and its results confirm that preloading does
not affect the critical state strength (Fig. 10a).

3.3 Comparison Between Drained and Undrained
Test Results

Figures 11, 12 and 13 show the comparison between
drained and undrained test results for the three sands.
There is good agreement between drained and undrained
test results on the p’-g space in terms of M, but there
is a significant difference on e-log p’ space in terms of
I and M. The projection of the critical state line on the
e-log p' space from drained tests renders a higher
intercept than from undrained tests. This discrepancy in

the critical state line projection on the e-log p’ space is
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Fig. 11. Comparison between drained and undrained test results for blasting sand
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Fig. 13. Comparison between drained and undrained test results for sandboil sand

attributed to insufficient strain level in standard triaxial
testing as well as localization in undrained tests. On the
other hand, results in Figures 11 (a), 12 (a) and 13 (a)
seem to indicate that limitations in strain level and

localization do not have an impact on the measured

critical state friction angle (p-qg projection).

Equation 4.6a
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4. Discussion

4.1 Stress Dilatancy Behavior

As given in the former paper, the energy-based

analysis proposed by Taylor (1948) and Bishop (1950;

1954) supports the Mohr-Coulomb criterion. For axisym-

metric compression tests (Feda, 1982), the stress dilatancy
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Fig. 14. Stress-dilatancy behavior for three different soils at different confining stresses
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equation is:
o, 1-¢&/1-¢, sing,
0’35 1—singg 1—sing,
at any stress ratio N

Fig. 14 shows the stress dilatancy behavior for the
three soils at different confining stresses. The effective
stress ratio is directly related to the ratio of increments

of strains in terms of critical state friction angle.

4.2 Recommended Test Procedure to Determine
CS Parameters

Chu and Lo (1993) suggested the use of dilative
specimens subjected to drained loading to failure, followed
by undrained shear to measure constant stress at constant
volume. However, the soil in the specimen has localized
most likely during the first stage.

Verdugo and Ishihara (1996) recommended using the
undrained tests (mostly on contractive specimens) to
avoid the scatter in drained test results. However, the
main reason for the scatter is attributed to strain
localization in medium dense and dense specimens
subjected to drained tests.

Been et al. (1991) recommended using drained tests
on dense specimens or undrained tests on loose specimens
to obtain the critical state line. However, both test
conditions are prone to strain localization.

Most researchers, who study the flow liquefaction and
the instability of landslides, recommend using high
confining stresses to promote contractive tendency in
undrained triaxial compression testing (Casagrande, 1975;
Poulos, 1981; Vaid and Chern, 1985; Alarcon-Guzman
et al., 1988; Konrad, 1990; Ishibara, 1993; Lade and
Yamamuro, 1996; Riemer and Seed, 1997). However,
this procedure is likely to cause post-peak, localization
behavior and to hinder the proper assessment of critical
state parameters. While localization is expected in the
field, laboratory studies must attempt to identify the
response of “a point” in the medium, through . the
homogeneous deformation of the specimen.

Based on results presented in this paper and the study

of localization in Cho (2001), it is suggested that the best
method to determine critical state parameters involves
testing homogeneous loose specimens subjected to drained
shearing. This approach prevents strain localization (or
shear banding) observed in the dilative-drained, contractive-
undrained and dilative-undrained (cavitation) cases. The
critical state points should be selected at the ultimate
state after large strains. Thus, this approach renders a
unique critical state line for a given soil.

For completeness, the conventional triaxial test has
been used for the determination of critical state para-
meters. However, it is time-consuming and the required
set of tests is relatively expensive for common geo-
technical tasks. Thus, a simplified test procedure (named
simple CS test procedure) is developed by Santamarina
and Cho (2001) to determine critical state parameters for
sandy soils. On the grounds of economics, effectiveness,
and accuracy, the simple CS test procedure appears as
a very convenient and reliable alternative approach for

the determination of critical state parameters.

4.3 Reference State Parameter

A “softening factor” can be defined following Cornforth
(1973)’s density factor. For drained, axial compression

triaxial test ( ¢’;= constant),

(U'I_G'B)ma_x 1 (2)

softening factor = CREr D
1 ult

where ¢’ and ¢, are the major and minor principal

effective stresses, respectively, “max” is the maximum

“ ”

state, and “ulf” is the ultimate critical state. The
softening factor approaches 0.0 for specimens with loose,
contractive (no post-peak), strain hardening behavior,
which experience no localization. The softening factor
can be related to the state parameter, which is the
difference of initial void ratio and the void ratio at critical
state (Been and Jefferies, 1985). Fig. 15 shows the
relationship between softening factor and state parameter
for the tested sands. As the state parameter decreases, the
softening factor increases for all soils. The relationship

between the softening factor and the state parameter is
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Fig. 15. Relationship between softening factor and state para-
meter for the tested soils. Notation: Points are from
experimental tests and a solid line is a general trend.
The reference state parameter ¥y is the state para-
meter where the softening factor is zero.

unique for a soil regardless of the confining stresses. The
slope of the trend between the state parameter and the
softening factor is inversely related to the slope of critical
state line. Two regions can be identified in Fig. 15 (a).
Clear shear banding and localization appear when the
softening factor exceeds about 0.3. Even low softening
factors, however, are associated with shifts in the critical

state line (e-log p’ space). The state parameter at which
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the softening factor is nil is herein called the reference
state parameter Yr. The reference state parameters for
blasting, Ottawa 20-30 sand, and sandboil sands are Yx
= 0.085 (C, = 1.94), ¥g = 0.07 (C, = 1.15), and Y= 0.12
(Cy = 2.41), respectively. It appears that as angularity and
the coefficient of uniformity C, increase, the reference
state parameter Yr increases.

These results suggest that in order to avoid dilatancy
or localization effects in drained tests, the initial void
ratio of the specimen should be greater than the critical
state void ratio e corresponding to the given state of
stress increased by the reference state parameter Y¥g.
Alternatively, a higher confining stress can be applied to
cause definite loose contractive condition, for an initial
void ratio e;. The confining stress should satisfy the

following constraint:

0’3210 T 1 kPa 3)

where the critical state parameters I' and A are the
intercept (at 1 kPa) and the slope of critical state line
on the e-log p’ space, respectively.

According to experimental results at very low effective
confining stresses performed on the Space Shuttle by
Sture et al. (1998), the dilatancy angle can reach 30 to
31 (note that 35.3 of dilatancy is expected for the dense
tetrahedral packing). Considering a critical state friction
angle of 30°, the maximum softening factor will be
around 9.0, and the state parameter will be negative and
close to the interval of emin - emax. Note that the critical
state void ratio at very low confining stress like 1 kPa
can be greater than the maximum void ratio (see also
Sture et al., 1988). Therefore, even very loose specimen

can dilate at sufficiently low confining stresses.

5. Conclusions

The goals of this paper were to identify underlying
physical processes and inherent limitations through
experimental tests, and to suggest a proper procedure to
determine critical state parameters from standard triaxial

testing. The main findings are as follows:



(1) When soil specimens are subjected to drained shear-
ing, the shear stress approaches a similar value
regardless of the initial void ratio of specimens.
However, globally computed void ratios do not
converge to the same value due to strain localization
in the dense specimens, which develop shear bands
during testing.

(2) The ultimate state at large strains, at least more than
30% axial strain, should be considered as critical
state. Otherwise, the uniqueness of critical state
parameters for a given soil will be violated.

(3) The drainage condition, i.e. undrained or drained
condition, little affects the critical state friction angle
but does affect the critical state line on the e-log p’
space significantly because of insufficient strain
attained in standard triaxial tests and strain localiza-
tion effects in undrained tests.

(4) The effective stress ratio is directly related to the
ratio of increments of strains in terms of critical state
friction angle, showing a unique relationship for a
given soil.

(5) The best method to determine critical state parameters
in laboratory testing is to use homogeneous loose
specimens under drained shear condition. This approach
prevents strain localization. Otherwise, reliable critical
state parameters may not be obtained from standard
triaxial testing.

(6) The state parameter is related to the proposed softe-
ning factor regardless of effective confining stresses.
The trend of the softening factor against the state
parameter is dependent upon soil type.

(7) The suggested reference state parameter Yr can be
used to design experiments that will avoid any
dilatancy and localization effects in drained tests. It
is recommended that at a given confining stress, the
initial void ratio should be greater than the sum of
the reference state parameter and the critical state

void ratio.
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