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ABSTRACT: Natural soils, which usually contain plastic fines, are different from clean sands in mechanical response and property.
The behavior o f the natural soils predicted from their basic geotechnical properties-such as density, void ratio, plasticity index, and
SPT N-values—are not perfectly understood at present. In this paper, consolidated drained and undrained tests under monotonie
loading are performed to investigate the effects o f the plasticity index on stress-strain relationships with three different stress ratios.
Especially, dilation and limited liquefaction are considered by comparing drained and undrained behaviors o f silty sand and silt-clay
mixture sand during monotonie loading tests. Samples prepared by moist tamping method are tested with varying percentages of
plastic fines by rate in weight. Test results are analyzed with respect to plasticity index, gradation with the amount o f percentages of
plastic fine, volumetric strain, and stress-strain relationships.
RÉSUMÉ: La réponse méchanique et la propriété de la terre naturelle, qui contient normalement des pièces plastique, sous la
condition des charges monotones ou périodiques sont différentes de celles des sables propres. Actuellement, les comportements de ces
terres, fondés sur les propriétés principales et géotechniques comme; la densité, la proportition vide, l’index de plasticité et la valeur
standard de pénétration, ne sont pas parfaitement compris. Dans cet traité, on a accompli des expériments des charges monotones qu’
ils sont asséchés ou non-asséchés, pour enqueter sur les éffets de l’index de plasticité et les relations entre la tension et trois différents
proportions de pression. Surtout, on a mis en considération la dilatation, la liquéfaction limitée en comparant les comportements des
sables asséchés et non-asséchés pendant les expériments des charges monotones. Les échantillons, préparés par durciant avec
humidité, sont expérimentés avec plusieur pourcentages des pièces plastiques et non-plastiques en proportion de poids. Les résultat
des expériments sont analysés considérant l’index de plasticité, la variation à la pourcentage des pièces plastiques, la tension
volumétrique et la relation entre la tension et différentes proportions de pression pendant les expériments des charges monotones.

1 INTRODUCTION

consolidated medium dense silty sand specimens. Also, the
steady state behavior o f these specimens is investigated.

Since 1980, several geotechnical engineers have performed static
and cyclic triaxial tests on isotropically and anisotropically
consolidated specimens made out o f clean sands. From these
results, three different types o f stress-strain behavior, illustrated
for isotropically consolidated specimens in Figure 1 are
abstracted. Loose specimens (such as Type 1 in Figure 1) exhibit
a peak-undrained strength at small shear strain and then
collapses to flow rapidly to large strains at low effective
confining stress. This type o f behavior is now recognized as flow
liquefaction. Dense specimens (Type 3) initially contracts but
then dilates until a relatively high constant effective confining
pressure and a large-strain strength is reached. At medium dense
sand (Type 2), the excess o f peak strength at low strain is
followed by a limited period o f strain-softening behavior, which
ends with the onset o f dilation at intermediate strains. Further
loading produces continued dilation to higher effective confining
pressures and, consequently, to higher large-strain strengths.
This type o f behavior is termed lim ited liquefaction.
However, most natural soils encountered in-situ contains
some quantity o f fines or clays, so their relative densities (Dr) are
higher than those o f clean sands. To define the potential limited
liquefaction response o f the remolded silty sand and silt-clay
mixtures with different stress ratio (Kc = ct 3'/ ct ,'), it is useful to
research the effects o f the plasticity index on the behavior of
saturated medium dense sand because the plasticity index is a
function o f fine contents.
The objective o f this research is to define the effects of
plasticity index and stress-hardening behavior o f saturated
medium dense silty sands. For the purpose o f this research,
Monotonie undrained triaxial compression tests are carried out
with isotropically (Kc= l) and anisotropically (Kc=0.7 and K0)
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Figure 1. Schem atic o f liquefaction, limited liquefaction, and hardening
behavior under m onotonic loading

2

EXPERIM ENTAL PROCEDURES

2.1

Material properties and testing conditions

To accomplish the objective described above, samples with
varying plasticity indices (1.7%, 3.0%, 4.3%, and 12.6%) are
prepared. The fine contents o f samples range from 0 to 20%. The
physical properties o f the samples used in this study are
summarized in Table 1. The silty soils are prepared by crushing
the Jumunjin standard san d -all o f the silts passing No. 200
sieve-and the silt-clay mixtures are prepared by mixing silt with
kaolinite clay.
Relative density is a well-documented indicator to delineate
between liquefiable and non-liquefiable clean sand deposits.
However, because o f the difficulties in measuring maximum and
minimum densities, some researchers (Ishihara 1980; Koester
1992) have preferred the use o f post-consolidation void ratio in
silty sand or clayey soils. Based on this concept, 50% and 0.932
are adopted as a target relative density and a post-consolidation
void ratio respectively. The actual relative density after
remolding samples ranges from 49% to 52%, and the void ratio
ranges from 0.938 to 0.920. Note that the relative density and
void ratio are interdependent. Maximum and minimum voids o f
each sample containing various amounts o f low plastic fines are
derived by ASTM -4253-93. Tests o f each sample are repeated
three times to obtain an average value o f the physical properties.
Table 1. Physical properties o f m aterials used
Plasticity
Index (Pl,%)

Specific
Gravity
Gs

1.7%
3.0%
4.3%
12.6%

2.66
2.66
2.65
2.64

Uniform ity
Coefficient
Cu

5.22
2.99
2.69
2.20

Curvature
Coefficient

c8
1.20
0.95
0.77
0.89

Moreover, comprehensive tests to examine the effects of
stress anisotropy on the characteristics o f medium dense sand
with plastic fines and three kinds o f initial principal stress ratios
are conducted. The test conditions are summarized in Table 2.

soils in seven-layered sample. Each successive layer is
compacted until the specimen reaches a unit weight required. To
avoid local densification, capillary stresses at 5% water content
are applied to the samples. Increment o f strength o f sample due
to capillary stresses is monitored on the prepared samples.
Details o f this method can be found in several references
including Ladd (1978) and Vasquez-Herrera and Dobry (1989).
Test specimens are saturated by flushing de-aired water from
the base o f the specimen to top. The B value, pore water pressure
parameter, after the saturation procedures is about 0.97 or
greater. The strain-controlled monotonic triaxial compression
tests are performed with isotropical ( K ^ l . 0 ) and anisotropical
(Kc=0.7 and K 0=0.4) consolidation conditions o f medium dense
sand (Dr=50%), where Kc = ct37 CTi'. Anisotropically
consolidated specimens are prepared in a different way. To
produce initial stress condition o f Kc=0.7 and K0, an incremental
axial load, Aoi', and a coincident incremental Act3' are applied to
each specimen. The time interval for each step o f incremental
loading is 1 minute per unit kPa.

3

3.1

RESULTS

Monotonic undrained triaxial compression tests

The series o f monotonic undrained triaxial compression tests
under an axial strain rate o f 0 . 1%/min are performed to obtain
the shear strength. Figure 2 shows the stress-strain curves
isotropically (Kc=1.0) and anisotropically (Kc=0.7 and K0)
consolidated medium dense silty sands with PI o f 4.3% and Dr of
50%. Also, Figure 3 presents stress paths on p'-q space.
It can be stated from Figure 2 and Figure 3 that both behavior
o f isotropically and anisotropically consolidated silty sand show
the same trend in large strain region beyond 1% or 2 % o f axial
strain, where effective stress paths fall onto the same failure line,
which means failure is independent o f the initial effective mean
stresses. The specimens at large axial strains exhibit a strainhardening response as shown in Figure 3.

Table 2. The list o f m onotonic triaxial com pression tests
Method o f
test control

Stress ratio
Kç= ct 3'/ a i'
1.0

Undrained test
and
Drained test

Consolidation pressure Plasticity index
<Tj' (kPa)
PI(%)
100

0.7
Ko
1.0
0.7
K<,
1.0
0.7
K,,
1.0
0.7
Ki,

1.7
100
100
100
100
100
100
100
100
100
100
100

1.7
1.7
3.0
3.0
3.0
4.3
4.3
4.3
12.6
12.6
12.6

Axial strain, e
Figure 2. M onotonie stress-strain curves for
anisotropically consolidated silty sand (PI= I.7% )

isotropically

and

The Automated Triaxial Testing System is utilized to perform
the monotonic undrained/drained tests under strain controlled
loading. This system includes a loading frame, a triaxial cell, a
load piston, and a volum e-m easuring device with three pressure
transducers. All modes o f loading are controlled by closed-loop
feedback schemes. This apparatus possessed by Yonsei
University in Korea.
2.2

M ethods o f sample preparation

The moist tam ping method is utilized for sample preparation.
This method using the under-compaction procedure (Ladd 1978)
can simulate a relatively hom ogeneous soil condition. The
procedure incorporates a tamping method o f compacting moist

r-64

E ffective m ean principal s tr e s s , p '( k P a )
Figure 3. M onotonie effective stress path for
anisotropically consolidated silty sand (PI=1.7% )
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Table 3. Sum m ary o f measured mobilized friction angles
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Figure 4. M onotonic stress-strain curves for isotropically
anisotropically consolidated silt-clay mixture (PI= 4.3% )
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Figure 5. M onotonie effective stress path for isotropically
anisotropically consolidated silt-clay m ixture (PI=4.3%)
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It is interesting to note that for each series o f tests for a given
plasticity index, the mobilized friction angles—<J>PT' at phase
transformation and <J>SS' at steady state—are approximately
constant. However, the mobilized friction angles are changed
with the amount o f fine contents. A summary o f the mobilized
friction angles at phase transformation and steady state is shown
in Table 3. The strains at phase transform ation, ePT, are around
3%. The strains at phase transformation are similar regardless of
PI, but the PI affects the mobilized friction angles.
Figure 8 shows the variation o f void ratio with plasticity
indices o f the specimens under three different effective stress
ratios from pre-consolidation to the end o f consolidation. The
samples are prepared with the same initial void ratio. Based on
these results, large changes in void ratio occur during saturation
and consolidation. It is stated from this result that the void ratio
curves against PI are parallel with respect to different effective
stresses. Regardless o f the plasticity index, the specimens can be
like wisely compressible.
Figure 9 shows residual shear strength against plasticity
index. Based on this result, the residual shear strengths o f the
samples first decrease up to the PI o f about 4% (clay content of
10%). After this strength level, there is a little increase in
residual shear strength with increasing PI. The test results
present clearly that plasticity index has a definite influence on
residual shear strength o f silt-clay mixtures.
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Figure 6. M onotonic stress-strain curves for isotropically
anisotropically consolidated silt-clay m ixture (PI =12.6% )
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Figure 8. Void ratio and plasticity index with stress ratio
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Figure 7. M onotonic effective stress path for isotropically
anisotropically consolidated silt-clay m ixture (PI= 12.6%)
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Figure 9. Residual strength and PI with stress ratio

Figure 4 through Figure 7 represent that remolded specimens
with PI o f 4.3%, and 12.6% clearly show strain-softening
behavior. However, the strain softening behavior o f the
specimen with PI o f 12.6% is less clear than that o f the specimen
with PI o f 4.3%. These results indicate that there is little
difference between silt and silt-clay mixtures.

3.2

Monotonic drained triaxial compression tests

Several drained triaxial compression tests o f silt and silt-clay
mixtures are performed with an initial relative density o f 50% at
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the effective mean principal stress, 100 kPa, under the three
different stress ratios (such as IQ = K0, 0.7, and 1.0). The
specimens are sheared up to large strains to obtain steady state
conditions in the specimens with respect to PI. At steady state
condition, large axial strains can continue indefinitely without
further changes in volume. The deviatoric stress versus axial
strain relationship and the volumetric strain versus axial strain
relationship are shown in Figure 10(a), (b) respectively. From
these results, steady state conditions are only completed at large
axial strains.

tests on the specimens o f medium dense silt and silt-clay
mixtures to define effect o f plastic fines on liquefaction have
been presented in this paper. Conclusions from these results are
summarized as:
1.
Behavior o f both isotropically and anisotropically
consolidated silty sands shows the same trend in large strain
region beyond 1% or 2 % o f axial strain, where effective stress
paths fall onto the same failure line, which means failure is
independent o f the initial effective mean stresses.
2. Remolded specimens with PI o f 1.7% clearly show strainhardening behaviors. However, the limited liquefaction behavior
o f the specimen with PI o f 3.0%, 4.3% and 12.6% are observed.
3. The residual shear strengths o f these samples decrease first
up to the PI o f about 4%. These strength levels, there is little
increase in residual shear strength with increasing PI.
4. The peak volumetric strain curves observed in the silt and siltclay mixtures are uniquely correlated to the plasticity index. The
volumetric strains increase obviously at low axial strain level.
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In the Figure 11 it is shown that the volumetric strains are
plotted against the stress ratio. From this result, the peak
volumetric strain curves observed in the silt and silt-clay
mixtures are uniquely correlated to the plasticity index. The
volumetric strains increase obviously at low axial strain level.
The peak volumetric strains observed in specimen o f PI=4.3% is
the highest value and the one o f PI= 1.7% is the lowest
volumetric strain.
Figure 12 represents the void ratio versus mean effective
mean principal stress for the silt and silt-clay mixtures at the
beginning o f tests (post consolidation), at the state o f phase
transformation, and at the end o f tests in undrained monotonic
triaxial tests. Additional tests are performed to define the steadystate condition under monotonic loading. As a limited number o f
tests are performed, the inclination o f a steady-state line for each
soil is not shown in the tests starting from lOOKpa. This result
shows that the effective mean principal stresses o f post
consolidation, test completion, and phase transformation are
decreased with increasing PI. Figure 12 represents that as the
fine content is changed, the location o f steady state is also
changed. Therefore, for the range from 3.0% to 12.6% o f
plasticity index, the location o f steady state is lower than that of
silty sand (PI=1.7%).

4

CONCLUSIONS

Experimental results from the monotonie undrained and drained
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Figure 12. Steady-state results with PI
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