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Characteristics of Shear Behavior of Remolded Nak-dong
River Sandy Silt

MYHE 452 22E MES| MTAS SA

Kim, Young-Su' AN
Tint, Khin Swe’ REAEX
Kim, Dae-Man’ FARNR -
e X
2 EROAS AE Fasol B mefol e AR Suels 5 ulels AEUSAHNCIU L NCID)
bl = o

& VR SITh SRTEEE 100~400kpastol A AE The-80] 63% W67 el ARE AMgIte] AW S
gk AR, Zed Al 7)ol dEo] HAw M SH-HPE T AEH o A2
S Barh A AEQ] AXEo ko A EXo 7 0l3le] HES mefRc) v|sle] 1 BEAS HARI7}

O

Al

L. o ol
el
o
—_

982

ek 53], AR ok 5 Aol BAHRAS Herk mejd ARe) ARAFH HSEASE
$E-H%E A%} Mohr-Coulomb 7|57 20] Jste] A=), HeASL 93] F WHE st 5} 2ol
AP Z7kske A02 WAS|YTh & Roll mad s Mutuby Fok] SYRE AT 7
THe B okl AAAYS b AP Fegol s Derch

Abstract

The results from normally consolidated isotropic drained and undrained triaxial compression tests (NCIU and
NCID) on sand with high silt content were presented in this paper. The experiments were performed on specimens
of Nak-dong River sand with 63% silt content under effective confined pressures, 100 kPa to 400 kPa. From test
results, Sandy silt became initially compressive but eventually appeared to provide dilatancy response throughout
the entire stress-strain curve. The behavior of sandy silt was more difficult to characterize than that of clay and
sand due to lower plastic characteristic. Especially, the samples exhibited dilatancy development during shear after
failure. The shear behavior and shear strength parameters of sandy silt can be determined as stress-strain behaviors
are described by the Mohr-Coulomb failure criterion. The shear behaviors were observed increasing dilatancy volume
change tendency with strain-softening tendency after failure. In this paper, the behavior of dilatancy depends on

not only sand content but also fine content with low-cohesion during shear in the samples of sandy silt.
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1. Introduction

The sandy silt is more difficult to characterize than the
behavior of clay or sand because of its tendency to dilate
during shear and establish a consistent and practically
useful failure criterion (Yamamuro 2001). When granular
soils contain a certain amount of fines, the characteristics
of shear strength vary with fines content. The shear
strength parameters of soil for foundation designs
essentially require the shear strength of the soil to check
the stability and settlements of soil. From the experiment
results, the appropriate shear strength parameters that can be
used to foundation design are important. The stress-strain
curve is significant for safety structure limitation and the
development of soil failure depends on the range of
stress-strain response obtained from triaxial compression
tests. Preparing sandy silt samples for triaxial and con-
solidation testing without sampling disturbance is very
difficult. Disturbance influences the measured shear strength
in triaxial tests and obscures the past consolidation
pressure in consolidation tests. Sandy silts tend to dilate
during shear, and changes in pore water pressure decrease
due to strains increase. In this paper, to study the normally
consolidated isotropic drained and undrained shear strength
behaviors of Nak-dong River sandy silt, series of standard
triaxial tests were performed on the soil specimens which
isotropically consolidated in the remolded conditions. From
the test results, the stress-strain rélationship is nonlinear
and peak shear strength develops at intermediated axial
strain and critical-state shear strength (corresponding to
no volume change during shearing) develops with large
axial strains after failure. If the pore pressures decrease
to values below the vapor pressure of water, cavitations
occur and bubbles of air are liberated from the pore water
(Brandon 2006). When this happens, shear does not-occur
at constant volume but the specimens were exhibited with
no volume change at critical state in shearing under
loading. Normally consolidated tests were carried out for
various confining pressures. The soil specimens used in
this paper consisted of silt-sand mixtures that include
fine-grained surface soils which is defined as ML (sandy

silts) according to Unified Classification System (Yilmaz
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2004). The samples were sheared to failure under static
loading to investigate the strength and deformation response
in triaxial compression test. Remolded soils had a sig-
nificant effect on the stress-strain and pore water pressure
behavior under undrained condition. The increment of
undrained strength was a result of the reduction in water
content that occurred when the remolded sample was
consolidated. The strength values in laboratory are higher
than the field strength (Fleming 1990). An increase of
dilatancy with fines content is related to the greater fines
content (Salgado 2000). When granular soils contain a
certain amount of fines, the characteristics of shear strength
vary with fines content. The focus of the laboratory testing
program was to develop shear strength parameters and
shear behaviors of drained and undrained consolidated
(CD and CU triaxial tests) on Nak-dong River sandy silt.
Shear strength parameters and shear behaviors can be
determined as the Mohr-Coulomb failure criterion is
commonly used to describe shear failure in soils and
stress-strain responses. Moreover, the laboratory tests
included soil classification, primary consolidation, unit
weight, Atterberg limit, saturation and consolidation in

triaxial tests.

2. Experimental Methods
2.1 Physical Properties

Atterberg limits tests were performed on the sandy silt
to classify the soils and to establish their geotechnical
engineering properties after remolding. Laboratory tests
in this paper included physical properties and two types
of triaxial tests (Consolidated drained and undrained tests).
The soil materials were obtained from Nak-dong River
in Gumi. The soil was prepared with sieve No.40 and
remolded before preconsolidation test. The physical pro-
perties of Nak-dong River sandy silt and loose sand are
presented in Tables 1 and 2. The soil classifications based
on grain-size distribution curve of Nak-dong River sandy
silt and loose sand are shown in Figs. 1 (a) and (b). The

soil was graded between No.10 and 200 sieve sizes.
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Fig. 1. Grain size distribution of (a) Nak-dong River sandy silt and (b) loose sand

Table 1. Physical properties of Nak-dong River sandy silt

Gs | Deo (mm) | Dg (mm) | Dyo (mm) | C, C. Emax

Emin LL (%)

Pl (%) | Sand (%) | Silt (%) |Clay (%) | USCS

2:64 0.045 0.01 0.0018 | 25 | 1.235 | 0.713

0.631 25 6 26 63 11 ML

Table 2. Physical properties and grain sizes of Nak-dong River loose sand

Gs Deo (mm) | Dgg {(mm) | D1p (mm) C, C.

Sand (%) | Silt (%) | Clay {%) | USCS

Emax Emin

2.676 0.43 0.37 0.27 1.593 1.179

1.137 0.765 100 0 0 SP

2.2 Primary Consolidation Test

The cylindrical preconsolidation apparatus in diameter
28 cm and height 50 cm is shown in Fig. 2. The sandy
silt was provided as a bulk sample which is mixed with
water and remolded before testing. The soil slurry was
applied to by preconsolidated pressures, 7.5, 15, 30 and
60 kPa respectively during one month. The settlements

of preconsolidation test results by using primary pressures

Fig. 2. Preconsolidation test

step by step are shown in Fig. 3. The primary consoli-
dation test is conducted on a remolded sample of sandy
silt. After the sample of sandy silt is set up and an initial
small load 7.5 kPa is applied to it, the amount of
compression that the soil undergoes is measured over
time. Firstly the samples will be compressed rapidly under
initial preconsolidation pressure 7.5 kPa as the water flows
out of the sample and grains shift position to decrease
the size of the voids. Therefore the settlements of samples
are very large in the beginning of pressure. Eventually
the rate of consolidation will slow and the settlements
are not as large as initial stage because the samples start
to consolidate under increasing preconsolidation pressure.
The height of sample decreased and the settlement
happened continuously until constant value of settlement
due to consolidation under preconsolidation pressures as
shown in Fig. 3. If the settlement is constant under each
of preconsolidation pressures, the current consolidation
step is ended and the preconsolidation pressure is
increased to next step. The total settlements of samples
are 14 cm in about one month. The water content is

calculated after maximum load was exposed to the soil.
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Thus some of the soils have been taken from top, middle
and bottom layers of center and edge of the precon-
solidation sample for checking of water content after
preconsolidation test. The values of water content for
samples are approximately the same and the soil is appro-
ximately homogenous as shown in Fig. 4. The water
content was 27.1% and the unit weight of dry density,

4 is 15.11 KN/m’ after preconsolidation test. The water

(a) Saturation and consolidation

(b) Triaxial shear test

content, ® was 74% before preconsolidation test. The
sample were extruded and coated with wax prior to triaxial

testing.

2.3 Preparation for Specimen and Shear Test

Normally consolidated isotropic drained and undrained
triaxial compression tests were performed on cylindrical
specimens measuring S0 mm in diameter by 100 mm in
height as shown in Fig. 5. The specimens were trimmed
as a necessary cylindrical shape before triaxial testing. The
void ratio of the test specimens ranged from 0.713 (initial
stage) to 0.631 (before shear). The undrained shear strength
significantly depends on the initial void ratio and water
content of the each sample due to the changing of excess
pore water pressure. Water content is little different from
among the specimens after preconsolidation test because
of taking the setting time for the triaxial test. The
saturation of sample was performed by cell pressure, 50
kPa and back pressure, 45 kPa at the beginning and
gradually increased during saturation stage until B-value
is at least 0.95. A back pressure was used to prevent
cavitations of the pore water and to ensure full saturation
in all tests (Yamamuro 2004). The effects of membrane
penetration and filter paper were not considered signi-
ficant during shear test because for soft and very soft soil
the membrane effect can form an appreciable proportion
of the measured strength and for soils of high strength,
the effect of the membrane restraint is insignificant and
is usually neglected. After saturation stage, the specimens
were consolidated under isotropic effective confining
pressures, 100, 200, 300 and 400 kPa respectively.

(c) shear condition

Fig. 5. Normally consolidated isotropic drained and undrained triaxial test of Nak-dong River sandy silt
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Table 3. Normally consolidated isotropic triaxial test

Sample Conditons Final effective consolidated stress
(kPa)
100
) NCIU 200
Sandy silt NCID 300
400

Significant volume changes of specimen may occur
particularly during the consolidation. The following Table
3 is presented for normally consolidated isotropic condition
of triaxial compression test. Shear strength tests were
conducted on the remolded samples of sandy silt after
consolidation phase. Normally consolidated undrained and
drained tests were performed in strain rate 0.1% per
minute and 0.05% per minute under shear condition
because the maximum rate of strain to be applied is equal
to & /tr% per minute. The value of # which is the time
from the start of compression to failure is obtained from
1.81100 minutes for CU test and 14490 for CD test with
side drains (the use of filter paper).

500

3. Test Results

3.1 Normally Consolidated Isotropic Undrained Tests
(NCIU)

In a series of undrained triaxial compression tests, the
strength didn’t increase with further straining and dilatency
because deviator stresses exhibited softening tendency
after the specimen statically collapsed. The typical behavior
of normally consolidated isotropic undrained triaxial test
for Nak-dong river sandy silt is shown in Fig. 6. The
deviator stress and axial strain responses are presented
in Fig. 6 (a). A stress-strain curve can be delineated into
three regions: initial elastic region, hardening region and
softening region. The peak of deviator stress is smooth
in higher confining pressure and is not presented in lower
confining pressure due to the dilatency during undrained
shearing. The following distinguishing features are: (1) the
peak and the ultimate points of the deviator stresses are
one and the same; (2) pore- water pressure buildup is

positive; (3) the effective stress path from mean effective
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Fig. 6. Results of normally consolidated isotropic undrained triaxial tests for Nak-dong River sandy silt
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stress, p'=100, 200, 300 and 400 kPa are approximately
geometrically similar; and (4) the failure points lie on a
line (the critical state line, CSL) that passes through the
origin of the p’-g space (Anandarajah 2000) as shown in
Fig. 6 (c). The maximum deviator stresses between o’
5=100 and 400 kPa are 81.65 kPa (14.56% failure strain),
330.31 kPa (13.01% failure strain) as shown in Fig. 6
(a). Moreover, the plots of deviator stresses are constant
under effective confining pressure, 0'5=100 kPa and showed
the softening tendency under o's=200, 300 and 400 kPa
after peak deviator stress.

When the deviator stresses increase, the effective vertical
stress, 0’1 decreases and total vertical stress, 01, effective
confining pressure, 0’3 and pore water pressure, u increase
and total confining stresses are constant before failure.
The pore water pressures decrease and then the void ratio
of the samples increase due to dilatant behavior beyond
failure during shearing as shown in Fig. 6 (b). All of peak
pore water pressures exist between 120 kPa (0'5=100 kPa)
and 360 kPa (0'5=400 kPa) in 2 to 5% failure strain. The
maximum pore water pressure is exhibited in small strain
and decreased as axial strain increase after critical state.
Due to the dilatancy, the bonding tendency among the
soil particles is destroyed and happened with no inter-
locking at failure state. The peak strength of sandy silts
is insignificantly influenced by interlocking because the
undrained stress paths are different from the drained stress
paths that converged toward the right side of each mean
effective stress, p’ to the critical state line since the excess
pore water pressure development is positive (Horpibulsuk
2004). The effective confining stress has major influence
in changing the behavior of sandy silt from contractive to
dilative. M is a critical state frictional constant, (the slope
of the critical state line on a g-p’ plot at failure condition)
which is a function of ¢, (from M= 6sing/(3-sing)) and
essential for critical state model in Fig. 6 (c). The para-
meter, M(qr/p’p) is 0.66. The sample is sheared with
constant pore water pressure at the steady or critical state.
The effective stress ratios and axial strain are shown in
Fig. 6 (d). All of stress ratios declined slightly that the
sample exhibited dilatancy after the peak values of stress

ratio.
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The limiting stress ratio suggests that the true frictional
angle should not be changed throughout the stress-strain
history. Peak undrained strength followed a lower stress
ratio for the critical state condition (Been 2004). According
to the normally consolidated undrained triaxial tests, the
shear strength increases with the amount of greater silt
content owing to higher dilatancy by Salgado (2004). The
angle of internal friction, ¢ is 34° and the failure deviator
stresses in Mohr’s circle are shown in Fig. 6 (e). The
shear strength increases due to increasing shear stress with

higher effective normal stress in Fig. 6 (e).

3.2 Normally Consolidated Isotropic Drained Tests
(NCID)

In four drained triaxial compression tests, there are no
distinct peak deviator stress and smooth curve under
effective confining pressure, 300 and 400 kPa and then
the peak deviator stresses do not appear under effective
pressure, 100 and 200 kPa as shown in Fig. 7 (a). The
deviator stresses at 0’3 kPa decreased slightly but these
at o's = 100 to 300 kPa decreased smoothly and showed
softening tendency after the peak value of deviator stress
in Fig. 7 (a). The peak deviator stresses are between 200
kPa (15% axial strain) at 0’3 = 100 kPa and 750 kPa
(16.25% axial strain) at ¢’; = 400 kPa. The volumetric
strain at 6’3 = 100 kPa decreased to negative value (i.e.
swelling) after failure. The behavior of specimens showed
the first strain hardening character at o’; = 200 to 400
kPa because of the (positive) compressive volumetric
strains, (i.e. contraction of volume) before failure and the
second strain showed a strain-softening tendency due to
the expansive volumetric strains (i.e. dilation of volume)
after failure in Fig. 7 (b). Based on the test results, the
specimens exhibited the decrement of volume under
higher confining pressure before failure. The minimum
and maximum values of volumetric strains at 6'; = 100
kPa and 400 kPa are between 0.05% (4% failure strain)
and 0.12% (7.6% failure strain) as shown in Fig. 7 (b).

The results indicated that the failure stress levels,
overall trends of the stress-strain behavior and the volume

change behavior are significantly influenced by the presence



of silt (Shapiro and Yamamuro 2003). For tests conducted
with  kPa, the samples at the end of testing were distinctly
dilatant and hence critical state had not been approached
in volumetric strains. For 0's = 400 kPa, the samples at
failure (or the end of test) were closed to constant volume.

Failure deviator stresses exist on a unique line which
is a critical state line (CSL) as shown in Fig. 7 (c). The
stress paths are similar and converged to the right side
of the each mean effective stress towards a critical state
line and then all of the failure points terminated at the
critical state line in the stress paths diagram. Furthermore,
the mean effective stresses and deviator stresses were
increased to CSL. The slope of critical state line in the
stress paths is denoted by M, a material parameter which
is 0.49. When the specimen of soil reaches a critical state,
the sample is sheared continuously and causes failure as

constant shear stress and no volume change tendency with
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increasing shear strain (Boukpeti 2000). The frictional
angle ¢ is 29° as shown in Fig. 7 (d).

It is possible to trace the stress paths of the specimens
during shearing in the tests to determine if the stress paths
would eventually reach the extended Mohr-Coulomb
failure envelope which is significant for the shear strength
of specimens (Rahardjo 2004). According to the analysis
of test results, the volume of sample tends to decrease
because the void ratio is smaller with higher confining
pressures and the strength increases as the effective
normal stress increases before critical state. When the
deviator stresses hardened, the effective vertical stress, ¢’
and total vertical stress, 0’1, also increased and then the
effective confining pressure, 0’5, total confining stress, '3
are constant with increasing axial strain before failure.
When the deviator stresses softened, the effective vertical

stress, o'y and the total vertical stress, 01, decrease after
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Fig. 7. Normally consolidated isotropic drained triaxial tests results of Nak-dong River sandy silt
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failure condition during shearing. From these results, tests
were conducted for compression at lower confining stress

during the initial stage of shearing before failure.

4. Comparison of Undrained Nak-Dong River
Sandy Silt with Loose Sand

According to the undrained test results of shear strength
of loose sand as shown in Fig. 8, the framework of
understanding is stress-dilatancy theory because the pore
water pressure showed negative value after maximum
pore water pressure. The samples of saturated loose sand
were sheared to failure and showed only a hardening
tendency and a significant decrease in pore water pressure
due to the increment of effective stress and strength and
then deviator stresses of sandy silt showed softening
tendency after failure in stress-strain response. The loose
sands do not increase in volume to failure (Been 2004)
and tend to dilate due to development of the negative pore
water pressure (i.e. swelling of volume) after critical state
(Pestana 2002). The sandy silts exhibited only positive
value of pore water pressure which decreased slowly after
failure and showed a little dilation behavior. In stress-strain
behavior of sand and sandy silt, the critical state is the
same as the failure state in sand because there is no peak
deviator stress. However, the peak deviator stress of sandy
silt appears under higher confining pressure and then the
critical state is the same as the failure state at lower
confining pressure similar to loose sand behavior. In sand,
critical state typically occurs after effective stress failure
at large strains. At the critical state, all samples remain
constant values of pore water pressure and effective
stresses at large strains (Yamamuro 1998). Deviator stresses
of sand are more than those of sandy silt at 0’; = 100
to 300 kPa except 400 kPa. Moreover, the deviator stress
of sand hardened at small strain within 0.5% and that of
sandy silt increased stiffly at large strain within 2.5% at
the beginning condition. The maximum failure strain of
pore water pressures of sandy silt is 5% and 2% in loose
sand. The pore water pressure of sand has more softening
tendency than that of sandy silt which showed only

positive value but pore pressure of sand happened to be
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negative values after failure. The failure deviator stresses,
g of sandy silt are shorter length than these of sand on

the critical state line. The peak values of ¢ with maximum
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Fig. 8. Results of laboratory tests using Nak-dong River loose sand
(Kim Young-Su, 2004)



effective confining pressures are 200 kPa of sandy silt
and 400 kPa of sand on the failure line in stress paths.
All of failure deviator stresses followed to a critical state
line (CSL) when specimens of sandy silt and loose sand
are sheared. From analysis of results, deviator stress of
normally consolidated sandy silt is failure at 12.5% strain

but loose sands didn’t exhibit the failure exactly.

5. Conclusions

Analysis of the experimental study on Nak-dong River
sand with high silt content was conducted. From the
laboratory test results of normally consolidated isotropic
undrained of sandy silt, the deviator stress increased to
peak value as a strain-hardening tendency until failure and
showed strain-softening tendency after failure. Peak deviator
stresses are not distinct and smooth under increasing
effective confining pressure and not appeared under lower
effective confining pressure. Pore water pressure decreased
and exhibited as the dilative behavior of the samples after
failure during shearing. Stress paths converged to the left
side of the each mean effective stress towards the critical
state line. Stress ratios decreased and presented a unique
line and dilatancy of sample with increasing axial strain
after failure. Shear stresses increase under higher effective
confining pressure. Undrained shear behavior of sandy silt
showed dilatancy and the shear strength increased with
higher effective normal stress.

Normally consolidated drained triaxial compression
tests of Nak-dong River sandy silt also indicated that
deviator stresses at failure were constant for o’ = 100
kPa hence the sample approached to the critical state.
However, for tests conducted with 0’3 = 100, 200 and
300 kPa, the deviator stresses were softened at the end
of testing so that the critical state had not been approached
after failure. The initial strain before failure hardened up
to peak value and exhibited compression volumetric strains
and then the final strain after failure softened and presented
expansive volumetric strains under various effective con-
fining pressures after failure condition. Stress paths converged
to the right side of the each mean effective stress towards

the critical state line. Drained shear behavior of sandy

silt exhibited more dilatancy with lower effective confining
pressure and the shear strength increased with shear stress
and the effective normal stress.

Nak-dong River sandy silt and sand have different
behaviors in normally consolidated isotropic undrained
tests. The deviator stress of sand with small strain and
sandy silt with large strain increased stiffly at the initial
condition during shear.

From analysis of these results, the deviator stress of
sandy silt showed strain-softening tendency after failure
but loose sand exhibited a strain-hardening tendency until
the end of test. There are no peak deviator stresses in
sand but the peak deviator stresses of sandy silt appeared
smoothly under high confining pressure until failure. The
pore water pressure of sandy silt showed only positive
value but pore pressure of sand was exhibited by
decreasing to negative after failure. The failure deviator
stresses of sandy silt are shorter than that of sand along
the critical state line. All of the stress paths are similar
in each test and all failure deviator stresses followed to
a unique line which is a critical state line (CSL) or steady
state line in stress path diagram.

The axial strain for peak strength of the interlocked
structure of soil specimens increases with confining pressure.
The strength derived from the interlocking increases with
increasing confining pressure. If we consider soil properties
in terms of effective stress, the most marked feature of
which the failure criterion must take account is the incre-
ment of strength as the effective stress increases. The pore
water pressure build-up is reduced under undrained loading
and undrained strength increase in stress paths diagram.
The dilation component contributes to a portion of total
strength whereas for the higher effective confining stress,
the strength after the peak is dominated by dilation with

lower plasticity.
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