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Abstract

To assess the behavior of sand-silt mixtures, strain-controlled monotonic triaxial

tests were conducted on sand-silt mixtures of specimen size 71 mm in diameter and
142 mm in height at various relative densities but same isotropic effective confin-

ing pressure of 100 kPa. Concept of limiting fines content (LFC) was verified by these
undrained monotonic triaxial tests. LFC was found to be the very important parameter
to understand the behavior of sand-silt mixtures. The behavior of sand-silt mixture
changes approximately at LFC. At constant relative density, increase in silt content
decreases the undrained peak shear strength till LFC. After LFC the strength becomes
near about same till pure silt sample. The reason of behavior could not be explained. At
constant global void ratio, the peak shear strength decreases with increase in silt con-
tent till LFC and for further increment of silt content the peak shear strength increases.
Sand-silt mixtures containing certain amount of silt which is near to the LFC showed
flow type as well as brittle behavior. Failure of structure on this type of soil will be cata-
strophic during earthquake. In the case of permeability decreased with increasing silt
content up to LFC. After the LFC, dry density is decreasing with increasing silt content
but permeability remains constant till pure silt.

Keywords: Liquefaction, Nonplastic silt, Peak shear strength, Limiting fines content,
Relative density

Introduction

Nonplastic silt is a common alluvial deposit in the flood plain of Bangladesh. It is finer
than sand and behaves like sand but different from elastic silt and clay. Sand and non-
plastic silt are liquefiable whereas clay and elastic silt are not liquefiable. On the other
hand, nonplastic silt content in sand—silt mixtures controls the behavior of the soil under
monotonic and cyclic loading. Many researches are found in literature on the effect of
nonplastic silt content in sand-silt mixtures. But, their findings are sometimes contra-
dicts each other. Therefore, it is necessary to study the topic more. Moreover, design
engineers are not aware of the behavior of nonplastic silt-sand mixtures.

As a result of build-up of excess pore water pressure, the effective confining pressure
decreases (0 = o — u) triggering liquefaction. Due to the lack of drainage within very
short time during earthquake, this phenomenon mainly occurs and thus the undrained
testing is commonly employed by the researchers to study the liquefaction behavior of soil.
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Liquefaction behavior by cyclic loading was well observed during the earthquake in Nii-
gata in 1964. Liquefaction may occur under static and seismic loading. For instance, slope
failure at hill side and embankment due to heavy rain or dam [1] and tailing disposal fail-
ure [2] for non-cyclic loading are also liquefaction, which is termed as static liquefaction.
From the experiences of past earthquakes, it is found that sandy deposits which contain
significant amount of fine-grains (silty sands, clayey sands) and/or gravel liquefy during
earthquakes and cause lateral spreading [3—5]. Despite this, clean sands were assumed to
have similar behavior that of silty sands. That is why many researchers performed research
on clean sands [6]. Afterwards, debate started that which is more liquefiable, clean sand or
silty sand. The field tests, standard penetrometer and cone penetrometer tests were con-
ducted and outlined that the higher silt content mitigates the probability of liquefaction [7,
8]. Besides, initially it was thought that the resistance of loose sand deposit improves with
increasing silt content [3, 9]. Later on, Zlatovic and Ishihara [10], Thevanayagam et al. [11]
and Yang et al. [12] suggested that this understanding could have limitations.

However, some studies indicated that silt content in sand increases the liquefaction
potential [13, 14] and other specified that the resistance initially decreases as the silt con-
tent increases thereafter increases as the silt content continues to increase [15]. Besides,
Kuerbis et al. [16] concluded that the presence of fines in the void spaces makes the soil
slightly more dilative. Belkhatir et al. [17, 18] imply that the strength silty sand up to 50%
fines content is less then that of the clean sand for constant dry density approach. Dash
and Sitharam [19, 20] proposed that the strength parameter initially increases till 5%
silt content and thereafter decreases rapidly till around the limiting fines content (LFC)
(explained in “Limiting fines content”) and finally remain relatively constant for all the
silt contents till even pure silt at constant relative density approach, though Karim and
Alam [21] found this peak (for 5% silt content) when the specimens were prepared by air
pluviation method not for moist temping method.

The undrained liquefaction behaviour under static and cyclic loading was generally
analyzed in terms of density indices such as the relative density, D, [22, 23] and void
ratio, e [24]. In this study, relative density was varied and corresponding void ratio was
calculated. To explain the behavior of sand-silt mixtures and go insight, permeability
tests of sand-silt mixtures were conducted. In addition, X-ray diffraction (XRD) tests
were performed on clean sand and pure silt to identify percent of mica content and
other minerals. Scanning electron microscopic images were studied to see the shape of
the particles. Consolidated undrained static triaxial tests were performed at various rela-
tive densities and silt content.

Limiting fines content

As fines (pure silt) are added to the sand, it passes from one phase to the other through a
transition point called as the limiting fines content (LFC). Below this point the soil struc-
ture is generally a sand dominated one with silt contained in a sand-skeleton whereas
beyond this point there are enough fines such that the sand grains loose contact with
each other and the soil structure becomes predominantly a silt dominated one. The LFC
is generally calculated using the following expression [25]:
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where, W;,e. is the weight of fines and Wy,,,4 is the weight of sand in a sand—silt mixture.
Similarly, Gy, Gy, es and e;. stand for specific gravity and maximum index void ratio of
fines and sand, respectively.

For clarification, a hypothetic sketch is shown in Fig. 1. In Fig. 1a the microstructure of
clean sand grains is exhibited. For adding certain amount of silt, the void within the sand
grains fills (as in Fig. 1b). At that certain amount of silt, silt particles play an active role of
separator named limiting silt content or limiting fines content (LFC). In this situation for
adding more silt, sand particles state to displace from each other. Between Fig. 1b, c the
sand particles become significantly displaced from each other by the silt particles until
reach Fig. 1d (pure silt).

Using the Eq. (1), the limiting silt content of this studied sand and silt mixtures was
calculated 30%. The LFC is normally found between 20 and 30% for sands and non-plas-
tic silt [26-28] and less than 20% for clay [29]. Thevanayagam et al. [11] named LFC as
threshold values (FC,,). When the fines content (FC) is greater than threshold values
(FC > FC,,), the fine grain contacts begin to play a greater role as the sand grains begin
to loose contact with each other and provide a secondary reinforcement effect until they
are separate sufficiently. This imposes a limiting fines content, above which the fines
control the shear behavior [11]. The range of limiting fines content is very close, 1 or 2%.
It is very difficult to detect this range from real test. On account that in this paper the
LFC and FC,, are assumed same and for further explanation the LFC is employed only.

Experimental program

Materials used and index tests

Fine sand and silt were collected from sandbars of Padma River, Mawa, Munshiganj,
Bangladesh, near Padma Bridge site. Collected samples were oven dried and then sieved
through 75 pm sieve to obtain the clean sands and silts. In Fig. 2 the grain size distribu-
tion of clean sand and pure silt are shown. It was tried to determine plastic limit of silt
and observed that the silt is non-plastic. X-ray diffraction (XRD) tests have been per-
formed on sand and silt, at a scanning speed of 0.02° (26) s™! by using a CuKa (1.542 A)
radiation range of 5° to 65°. The name of compound, percent (by atomic weight) and for-
mula of each of the minerals in sands and silts are presented in Table 1. It was found that
there was no mica in sand whereas 4% mica was found in silt. What is more, silt con-
tains 8% clay mineral while it showed nonplastic behavior in Atterberg limit test. Index
properties of sands and silts are shown in Table 2. Clean sand and silt specimens were
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Fig. 1 Visualization of limiting fines content
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Fig. 2 Grain size distribution of samples used in this study
Table 1 Quantitative X-RD test result
Compound name Percent (%) (by atomic weight) Formula
Sand Quartz 81.10 SiO,
Albite 11.28 Na(AlSi;Og)
Feldspar 7.62 KosNag sAISi;Og
Silt Quartz 66.62 Sio,
Chlorite 572 (Mg, Alg(Si, Al),O,o(OH)g
Albite 824 Na(AlSi;oq)
Clay mineral: lllite 811 (K, H;O)AISIAIO, o(OH),
Mica: Muscovite 4.35 Kal,(AlSi;0,)(OH),
Vermiculite 4.89 Mg 4S5 55Al; 1044(0H),(H,0)5
Magnesium iron silicate 207 Mg gFeq,(SiFg)H,0)g
Table 2 Index properties of sand and silt used in the study
Soil type Clean sand Pure silt
USCS classification symbol Poorly graded sand Silt
Mean grain size Ds, (Mm) 0.203 0.022
Uniformity coefficient (C,) 225 5.82
Coefficient of gradation (C,) 117 215
Specific gravity (G,) 2.69 272
Liquid limit (%) NP 38
Plastic limit (%) ND ND
Plasticity index (%) NP NP

NP non-plastic, ND not determinable

viewed under scanning electron microscope (SEM) to see the shape of particles which
are shown in Fig. 3. From these two images, it is clearly seen that the fine sand and silt
particles are angular and rough.

The vibration table method [30] is limited to a maximum fines content of 15%, while
Proctor tests do not always produce accurate, repeatable results for clean sands. There-
fore, vibration table and standard and modified Proctor tests were all performed upon
each soil mixture. In agreement with the findings of Lee and Fitton [31], the vibration
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Fig. 3 Scanning electron microscopic view of (a) clean sand and (Scale 200 pm), b pure silt used in this study
(Scale 100 um)

table tests yielded maximum dry densities similar to those produced by the modified
proctor test. So, modified proctor test was used for all samples to determine maximum
dry density. Minimum index dry density was determined by minimum density test using
free fall in water method [32]. In Fig. 4, maximum dry density increased with increase
in silt content thereafter decreased; on the other hand minimum dry density decreased
with increase in silt content. This minimum dry density line (decreasing with increase in
silt content) was different from other researcher [19, 20, 33], because the minimum den-
sity tests were conducted by Water method.

Specimen preparation and placing

Soil specimens used in this study were of 71 mm in diameter and 142 mm in height. In
moist tamping method the soil structure is homogenous. So the specimens were formed
by using moist tamping method in a split mold. Firstly, desire amount of dry sample was
taken and 10% of water (percent of dry weight of soil) was mixed. Afterwards, the moist
soil was divided (by weight) into target number of layers. Then each weighted moist soil
sample was poured into the split mold and compacted. Number of layers and blows per
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Fig. 4 Variation of maximum and minimum index dry density of sand-silt mixtures

layer were determined by trial to achieve target relative density. The weight of hammer
was 1 kg and had a drop height of 150 mm. In order to obtain a uniform density through-
out the specimen, the compaction method of specimen preparation suggested by Ladd
[34] was followed.

When the sample preparation was completed, it was gripped by membrane after
placing the filter paper and porous stone both sides, top and bottom. The height of the
membrane was maintained two times as much as the sample so that it can cover the top
sample cap and sample base grooves. Afterwards, the gripped sample with filter papers
and porous stones were placed on sample base. The sample cap with screwed piston rod
was kept on the sample. Next, unfolding of extra portion of membrane at top and bot-
tom were done and o-rings were placed in the grooves which were already covered by
membrane. Once the cell chamber was assembled, it was filled with water. To confirm
the close contact between the load sensor and piston rod a negligible amount of force
was applied.

Cyclic and static triaxial tests can be conducted by this machine. In cyclic loading
the upper force actuator is activated whereas the lower actuator for static loading. In
this triaxial machine all sensors are external and the pipes of same diameter (in the cell
chamber and outside) were used to remove the head loss due to sudden expansion or
contraction of pipe line. What is more, two pipe lines came out, one from top cap of the
sample, other from bottom and ended connecting into a single pore pressure measuring
transducer. That means while test runs the top and bottom pore pressure will be mixed
up which will provide the average pore pressure inside the sample. Besides, from this
sample base, a pipe came where back pressure is applied. The axial displacement trans-
ducer was placed beneath the ramp of the cell chamber.

Saturation, consolidation and monotonic axial load

Initial saturation of the specimen was done by passing carbon dioxide (CO,) about one
hour through the specimen. Afterwards, distill water was passed through the specimen
by gravity pressure (nearly 5 kPa) for 3-5 h. At that moment, 20 kPa confining pres-
sure was maintained. Ending this process the saturation phase was started. The machine
is capable of applying sufficient back pressure till it was ensured that the Skempton’s B
parameter equal to 0.95. The specimens were then isotropically consolidated to a desired
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effective confining stress of 100 kPa. The duration for the process of consolidation was
varied from about 0.5 h (for clean sands) to about 2 h (for pure silt). All relative densi-
ties reported here were calculated prior to consolidation. After consolidation undrained
monotonic axial load was applied at a strain rate 0.05% per minute till maximum axial
strain 15% (ASTM-D4767-02) [35]. The static undrained tests were conducted at slower
rate, so that the loading or excess pore water pressure can uniformly transfer into the
whole soil specimens (or soil structure).

Specimen for permeability test

The permeability tests were conducted by falling head method. At the beginning 10 per-
cent of water (by weight of soil) was mixed with oven dry soil sample. Thereafter the
moist soil sample was divided into four equal weights. Each portion was poured into
64 mm diameter permeameter cell and compacted by hammer. The height of the speci-
men was kept 85 mm. In order to obtain a uniform density throughout the specimen, the
compaction method of specimen preparation suggested by Ladd [34] was used. CO, was
applied through the specimen from the bottom pipe of falling head permeability appara-
tus. Later water was passed through the same pipe until the sample fully submerged and
water comes out through the upper pipe. To get better saturation ratio the sample was
kept submerged into the permeameter cell for 24 h. In this way it is possible to get the
saturation ratio near about 0.89 [36].

Results and discussion

The undrained monotonic triaxial tests were performed on sand—silt mixtures at 30, 60
and 78% relative densities (initial relative density) and effective isotropic confining pres-
sure of 100 kPa. A total of 30 undrained monotonic triaxial tests have been conducted
and the test program is given in Table 3. Here, to explain the results, the percent of silt
content is considered as parameter. For instance, a sample prepared by mixing 80% sand
and 20% silt was addressed by 20% silt content sample.

Effect of initial saturation and consolidation

The 30% relative density is very loose condition. By moist temping method with 10%
moisture content, specimen of 30% relative density was possible to prepare, as between
each grain there is a little blob of water (due to 10% moisture content) and the surface

Table 3 Program of undrained monotonic triaxial test

Soil type (named) Relative density, D, (%) o3 Total no. of experiment
(Kpa)
Clean sand 30, 36, 40, 60 100 5
90% sand + 10% silt 30, 50, 60 100 3
80% sand +20% silt 30,60, 67,78 100 5
70% sand + 30% silt 30,60, 74,78 100 4
65% sand + 35% silt 60, 68, 78 100 3
40% sand + 60% silt 30,60, 78 100 3
10% sand + 90% silt 60, 78, 82 100 3
Pure silt 30,60, 70,78 100 4
Total 30
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tension. During initial saturation phase, after applying CO,, distilled water was passed
through the specimen. When the water was passing through the specimen the water
saturation makes surface tension force zero and the whole structure rearranged [37, 38]
causing the wrinkles on the surface of the membrane of 60 and 100% silt content speci-
mens (see Fig. 5a, b). In Fig. 5a(1) and 5b(3) the vertical wrinkles appeared when water
was passing through the 60 and 100% silt content specimens, respectively. In the fol-
lowing stage (at shearing), a lot of horizontal wrinkles appeared presented in Fig. 5a(2)
and 5b(4) for 60 and 100% silt content specimens, respectively. The dry densities of 60
and 100% silt content specimens were 12.21 and 9.85 kN/m?, respectively. More wrin-
kles were found on pure silt specimen [see Fig. 5b(3)] than 60% silt content specimen
[see Fig. 5a(1)]. In the initial saturation (while the water was passing) the effective pres-
sure was near about 15 kPa (cell pressure 20 kPa and back pressure 5 kPa). The volu-
metric strain during initial saturation phase (for effective pressure 15 kPa) for 60% silt

1) Before Shear 2) After Shear
Loading Failure

3) Before Shear 4) After Shear
Loading Failure

b

Fig. 5 Photograph of a specimen with 60% silt content and b pure silt specimens
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content and pure silt specimens (at 30% initial relative density) were measured from the
cell volume change and used to calculate the final relative density. Relative density of 60
and 100% silt content specimens prepared at 30% relative density became 45 and 55%
respectively, after initial saturation. For the specimens of equal and less than 30% silt
content, this initial consolidation was not significant and wrinkles in membrane was
not appeared on those specimens. That means, at 30% initial relative density, particle
arrangement of 60 and 100% silt content specimens are very much unstable. Practically,
this relative density is not possible for alluvial deposits of silt which formed in water sub-
merged condition.

When B-value 0.95 reached, the consolidation was started at 100 kPa all around confin-
ing pressure. In Fig. 6, the consolidation graphs of sand—silt mixtures are shown for differ-
ent initial relative densities. As expected, volumetric strain decreased with the increasing
initial relative density. For same relative density, volumetric strain also increased with
the amount of silt content in sand-silt mixture. The summarized results of volumetric
strain at 100 kPa consolidation pressure are shown in the Fig. 7. It is observed that at 30%
initial relative density, an increase in fines content increases the compressibility [39] till
pure silt. What is more, the rate of volumetric strain also increased with the amount of
silt content [39]. In case of specimens of initial relative density 60% the volumetric strain
increased till LFC. Afterwards, it was nearly same till pure silt. However, at 78% relative
density, volumetric strain during consolidation is not significant.

Constant relative density method

Three initial relative densities, 30, 60 and 78%, were maintained for sand—silt mixtures
under this research work and the behavior of sand-silt mixtures for each density is
explained separately.

Response at 30% relative density

The Fig. 8 shows the deviator stress versus axial strain graph of sand—silt mixtures. Here
initially the deviator stresses increased with axial strain. For all specimens containing silt
less than or equal to 30%, the peak deviator stress appeared when the axial strain was
near about 1%. Later, it decreased with increasing axial strain. This behavior is named
as “flow type” by Ishihara [40]. “Flow type” behavior was dominant for 10, 20 and 30%
silt content specimens whereas for clean sand it was not significant. For 60% silt con-
tent specimen “flow with limited deformation” [40] was observed. In case of pure silt,
non-flow or dilative behavior was observed. Because, changes of relative density during
saturation and consolidation phase were significant for 60 and 100% silt content speci-
mens. Relative density of 60 and 100% silt content specimen became 50 and 65% respec-
tively after completion of consolidation whereas relative density of other specimens were
34-37%.

Yamamuro and Lade [41] examined the liquefaction resistance by plotting the brittle-
ness index (Iz = q,,;,/4;s) concept. Where, g;¢ the peak deviator stress at the beginning of
instability and ¢,,,, is the minimum deviator stress attained after the ;. For g,,;,/q,5 = 0,
the specimen shows flow liquefaction behavior and stable behavior for g,,,,/q;; — 1. The
brittleness index versus percent of silt content graph is shown in Fig. 9. Here, the rela-
tive density after consolidation is denoted as D,,,. With reference to this graph, the I,
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Fig. 6 Consolidation of sand-silt mixtures prepared at relative density. a 30%, b 60% and ¢ 78%

decreased with increasing silt content up to 20% and increased again. The I for sand is
nearly 0.78 but for 10, 20 and 30% silt content specimens the values were below 0.5. That
means, the failure was more catastrophic for 10, 20 and 30% silt content specimens than
clean sand. In contrast, due to consolidation (initial at 15 kPa and final at 100 kPa) 60%
silt and 100% silt content specimens became more dense and stable. That is why, the I
for 60% silt and pure silt are close to 1.

Excess pore water pressures of same specimens are exhibited in the Fig. 10. It increased
substantially for all samples except pure silt. Besides, the excess pore pressure generation
rate was slower in pure silt compared to other specimens. Because, relative density of
pure silt was 65%. Within 2% axial strain 80 kPa of excess pore water pressure was devel-

oped in the specimens. Maximum pore pressure was 100 kPa which generated in 30%
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Fig. 9 Brittleness index of sand-silt mixtures at initial relative density, D, = 30%

silt content specimen. The pore pressure of each specimen became constant after reach-
ing 5% axial strain. At 34—37% relative density all the specimens of sand—silt mixtures
showed contractive behavior irrespective of silt content, as positive excess pore pressure
generated for all specimens [42].
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The effective stress path is shown in Fig. 11 on the p’—g diagram, where p’is assigned
to horizontal axis and g is plotted on the vertical axis. The effective failure line and effec-
tive failure angle are also shown here. These effective stress paths again proved that
all the specimen of the sand—silt mixtures showed contractive behavior which may be
termed as static liquefaction [41]. On the other hand, silt content more than LFC showed
contractive behavior having quasi steady state point which is termed as temporary insta-
bility [41]. The average angle of effective failure line is calculated as 27°.

The undrained monotonic peak shear strength versus silt content for initial relative
density of 30% is plotted in Fig. 12. The post consolidation relative density of each tested
specimen is also shown here. It presents that the peak shear strength decreased with
increasing percent of silt content till 30° silt content (LFC). For 60 and 100% silt content,
post consolidation relative density was significantly different with other specimens. So,

120 I I
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Fig. 11 Effective stress path of tested specimens at 30% relative density
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these two specimen result could not be used explained here. In the consolidation phase
for 100 kPa confining pressure the pure silt specimen became denser, greater than 60%,
as a result it exhibited more shear strength than that of other specimens.

Response at 60% relative density

A total of 10 undrained monotonic triaxial tests were conducted on sand-silt mix-
tures at a initial relative density of 60%. The stress—strain response of these specimens
is presented in Fig. 13a and b. Figure 13a illustrates two types of stress—strain behavior
obtained from undrained shear tests on saturated and consolidated samples of sand—silt
mixtures at 60% relative density. When it was clean sand, the sample displayed strain-
hardening behavior where the shear stress always went up with increasing axial strain.
The clean sand, in such state is referred to as being dilative or non-flow type behavior
[40]. The sand mixed with 10% silt also exhibited the similar type of behavior but show-
ing less shear strength than that of clean sand. When the silt content was greater than
20% (Fig. 13b), the strain-softening behaviors were exhibited by the samples. In 20, 30
and 35% specimens the deviator stress declined over the axial strain (1-15%) signifi-
cantly whereas this behavior less dominant in 60 and 100% silt content specimens.

Brittleness index of sand-silt mixtures at 60% initial relative density is plotted in
Fig. 14. Brittleness index (I3) (Fig. 14) decreased with increasing silt content up to 35%
silt content and increased after 35% silt content.

The excess pore pressure response of sand-silt mixture with 0-100% silt content
is shown in Fig. 15. For clean sand and 10% silt content (Fig. 15a), initially the excess
pore water pressure increased till 2% axial strain and for further strain it decreased, it
made them to appear contractive behavior initially afterwards dilative. Besides, the rate
of decreasing excess pore pressure was higher for clean sand than that of 10% silt con-
tent specimen. It means that increasing fines content decreases the rate of generation of
negative excess pore water pressure. At 60% relative density all the specimen of sand—
silt mixtures except clean sand and 10% silt content showed contractive behavior, since
positive excess pore pressure generated in those specimens. For sand—silt mixtures, with
20-100% silt content (Fig. 15b) the excess pore pressure increased with increasing axial

strain up to 5% axial strain, after that all became steady. Excess pore pressure generation
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Fig. 12 Effect of silt content on undrained monotonic peak shear strenght of sand-silt mixtures at Canstant
initial relative density of 30%
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was found maximum for 30 and 35% silt content specimens where the effective pres-
sures reached to nearly zero.

In Fig. 16 the effective stress path of sand-silt mixtures at 60% relative density is
shown. The angle of effective failure line is calculated about 31° The effective stress paths
of clean sand and 10% silt content sample (Fig. 16a) were seen to deviate upwards from
phase transformation point increasing the strength which is termed as stable behavior
[41]. For 20% silt content, the stress path neither decreased nor increased after touching
the failure line. The samples having 20—-100% silt content (see Fig. 16b), showed the con-
tractive behavior which is called static liquefaction by Yamamuro and Lade [41].

The undrained monotonic peak shear strength of sand-silt mixtures (initial relative
density 60%) with post consolidation relative density is exhibited in Fig. 17. The relative
density increased near about 1-2% for sand dominant part’s specimens and 4—6% for silt
dominant part’s specimens. The shear strength decreased with increasing silt content till
LEC, after LFC the strength became constant up to pure silt content.
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Response at 78% relative density

A total of seven undrained monotonic triaxial tests have been performed on sand-silt
mixtures with an initial relative density of 78% After consolidation, the relative density
increased about 1-2% for all these specimens. The stress—strain response of these speci-
mens is presented in Fig. 18a and b. The capacity of the triaxial test machine exceeded,
what make the author to stop the test of clean sand (Fig. 18a) of initial relative density
78% after reaching 4.5% axial strain, at that point the deviator stress was 1030 kPa.
Elasto-plastic behavior was appeared at 20% silt content specimen. But in Fig. 18a it can
be seen that all specimens exhibit elasto-plastic behavior except 35% silt content speci-
men. In other word, all specimens showed strain-hardening except 20, 30 and 35% silt
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content specimens. Brittleness index of 78% relative density specimens are plotted in
Fig. 19. All the specimens showed stable behavior except slight brittle behavior of 20 and

35% silt content specimens.
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Figure 20a and b shows excess pore water pressure response of sand silt mixtures of
pre-consolidation relative density 78%. Referring this Fig. 20a, for clean sand and 20%
silt specimens the excess pore water pressure increased rapidly due to loading until
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nearly 1% axial strain. For further strain the negative excess pore pressure generated. The
negative excess pore water pressure became constant after 11% axial stain, for 20% silt
content specimen whereas for clean sand specimen, the maximum loading capacity of
triaxial test machine was reached that is why no further value was able to measure after
4.5% stain. The values for other specimens are not clear in Fig. 20a, therefore in Fig. 20b
those are shown. Concerning this figure, accept 35% silt content specimen, the excess
pore water pressure started to decline gradually after sharp increasing due to increase
of axial stain. Consequently, in all specimens, initially contractive (increase of excess
pore water pressure) behavior was exhibited afterwards dilative (decrease of excess pore
water pressure). Besides, it increased for 35% silt content specimen till 15% axial strain.
Though, initially the excess pore pressure grew sharply till 1% axial strain later slowly. It
means just the contractive behavior is observed in this specimen.

Figure 21 illustrates the effect stress path of sand—silt mixtures of pre-consolidation
relative density 78%. In Fig. 21a the results of low strength specimens are not under-
standable that is why in Fig. 21b the results are zoomed and presented again. However,
all samples exhibited strain-hardening behavior where the shear stress always went up
with increasing shear strain as in Fig. 21a and b. This type of behavior is dilative or non-
flow type behavior as denoted by Ishihara [40] and stable behavior as defined by Yama-
muro and Lade [41]. It is notable here that in all specimens the phase transformation
point was found (as in Fig. 21b).

The undrained monotonic peak shear strength within 15% axial strain versus percent
of silt content is plotted in Fig. 22. Here the peak shear strength of clean sand at 78%
relative is assumed 3000 kPa. The monotonic loading machine have a restriction, it can
produce maximum 1000 kPa, which was reached by this specimen at near about 4% axial
strain (Fig. 18a). The peak shear strength is decreasing with increasing silt content till
LEC, after LFC the strength becomes constant up to pure silt content. The brittleness
index of specimens at initial relative density 30, 60 and 78% are compared in Fig. 23. It
could be concluded that the specimens containing silt close to LFC are more risky than
others. Because the I; values of those specimens are going far down from 1. For this
studied sand-silt mixture, the LFC is 30 and the maximum I was for specimens con-
taining 20 to 40% silt, for different relative densities. However, specimens of 78% relative
density showed stable behavior having I;; close to 1. It may be concluded that more cata-
strophic failure may occur if the percent silt content at a site is in between 20 and 40%

and relative density is less than 78%.

Constant gross void ratio method

The gross void ratio (e) of a soil specimen is the ratio of the volume of void (V) to the
soil solids (V) in the specimen. It can be expressed as a function of dry density (y,) of
the soil specimen and the specific gravity (G) of the soil solids.

S l4e Yd - Wa/V

G G G
— Syw:e: SYw 1= SYw 1 (2)

vd
Specific gravity of sand and silt were 2.69 and 2.72 respectively. So the specific gravity
of sand-silt mixtures will vary from 2.69 to 2.72 depending on the silt content. As the
unit weight of water (y,,) is generally considered to be unique at normal temperature, the
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void ratio (e) solely depends on the dry weight (W) of the soil used and the volume (V)
of the specimen, if the variation of specific gravity of sand—silt mixture is neglected.

In Fig. 24 undrained monotonic peak shear strength versus silt content graph for a
constant void ratio 0.760 is shown. In this case total seven undrained monotonic triaxial
tests have been conducted at different percent of silt content at constant gross void ratio
0.760. It can be seen that the undrained monotonic peak strength parameter initially
decreased and reached a minimum value at the LFC and thereafter the trend was reverse
with further increase in silt content (Fig. 24).
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Discussion

Effect of dry density and relative density

The effect of relative density and fines content on undrained peak shear strength of
sand—silt mixtures is shown in Fig. 25. Reduction of the monotonic peak shear strength
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with increasing silt content up to LFC was observed in this figure. For silt content more
than LFC, monotonic peak shear strength remains constant with increasing silt content.
Dry density is plotted against silt content for different relative densities in Fig. 26. It is
seen that for same relative density, dry density increases slightly with increasing silt con-
tent up to LFC and again decreases with increasing silt content more than LFC.

Permeability

Permeability test results of sand—silt mixtures are exhibited in Fig. 27. At D, = 60% (ini-
tial relative density), permeability decreases with increase in silt content till LFC there-
after the permeability become near about constant till pure silt content. In consolidated
undrained test each specimen was consolidated at 100 kPa confining pressure. After
consolidation at 100 kPa, approximately 1-2 and 4—6% changes occurred in relative den-
sity for sand dominant and silt dominant part (from initial D, = 60% specimens) respec-
tively. So some permeability tests were conducted at post consolidated relative density.
In post-consolidation relative density similar behavior was observed and the post con-
solidation permeability was almost same as pre-consolidation permeability. From Fig. 26
(for D, = 60%) it is observed that after the LFC, dry density is decreasing with increas-
ing silt content but permeability remain constant till pure silt. The static shear strength
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Fig. 26 Variation of dry density with silt content at constant relative density
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becomes constant after LEFC for D, = 60 and 78%. In case of D, = 30% this concept could
not be validated, because at 100 kPa consolidation pressure the relative density after LFC

became 50-65% (see Fig. 12) after consolidation.

Response at shear

During isotropical consolidation the sand particles get closer to each (because of
medium dense sample) other. In silty sand, the silt particles located near contacts of sand
particles would tend to slide into the void spaces (void among the sand particles) [41].
This requires that the silt particle size (dy,) is much smaller than the pore size between
the sand particles (sand particle size, D). Typically this requires that the particle size
ratio (R = Dgy/ds,) is at least 6.5 [11] and that the silt content is less than LFC. The parti-
cle size ratio (R) of sand and silt used in this study is 9.23.

In case of clean sand (Fig. 15a), during application of deviator stress, initially the excess
pore water pressure increases with axial strain, later it decreases and becomes negative.
This can be explained by the probable structure as shown in Fig. 28. Figure 28 shows
the schematic diagram of sand-silt mixture at different silt content. During loading the
sand particles tend to split or roll over, as it is undrained triaxial test and the size of sand
particles are greater than 75 um, the particles cannot split or roll over easily (Fig. 28a).
Consequently a large amount of suction pressure (negative excess pore water pressure)
developed in the void. Due to the presence of more silt (10% silt content) (Fig. 28b) in the
specimen the silt particles fully confined within the sand particles (due to consolidation)
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Fig. 28 Probable structure of sand-silt mixtures at shearing
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[41]. Here the grain size ratio is R = D/d = 9.23 > 6.5. McGeary’s [43] and Lade et al.
[33] analyze data and showed that when D/d > 7, small particle migrate and fits in
between the gaps of large particle and produce localized lowest silt density and localized
maximum void ratio of silt [11, 44]. This phenomenon continues until LFC. So at 10% silt
content (<LFC) the silt particles cannot support the sand grains structure rather make
obstacle (reduce permeability, see Fig. 27) to develop excess pore water pressure. So, less
negative excess pore pressure developed at 10% silt content specimen (see Fig. 15). For
20% silt content specimen, the silt particles play the role of filler of intergranular voids,
which reduce the permeability more (see Fig. 27); consequently much positive excess
pore water pressure develops (see Fig. 15). For adding more silt (30% silt content) (see
Fig. 28c) the void spaces fully occupied with the silt particles, the silt particles start to
support the sand particles. Here the voids are fully occupied by silt so the permeability
becomes lower, that’s why the more excess positive pore pressure developed (Fig. 15).
That means at 30% silt content, the silt grains become active participants in the internal
force chain. For adding more silt (60% silt content) (Fig. 28e) the sand particle skeleton is
virtually unstable without the silt grain. Figure 28f presents pure silt. At D, = 60%, after
LEC the dry density decrease with the increase in silt content (see Fig. 26). So, variation
of silt content has effect on density, but variation of silt content has no effect on static
shear behavior [20]. At constant relative density the dry density is not constant after LFC
(for increasing silt content) but the permeability was constant (see Fig. 27). The static
shear strength becomes constant after LFC for D, = 60% as well as for D, = 78%, though
dry density decreases and permeability remain constant. So, it is very difficult to explain
the behavior of sand—silt mixture containing silt content more than 30%.

Conclusion

An experimental study on sand-silt mixture with different percent of silt content at dif-
ferent relative density was conducted. Undrained monotonic strain control triaxial tests
were performed on sand-silt mixtures. Based on the experimental evidences, the follow-

ing conclusions may be drawn:

1. Limiting fines content (LFC) was found to be the very important parameter to under-
stand the behavior of sand—silt mixture. The behavior of sand—silt mixture changes
approximately at LFC.

2. At constant relative density, increase in silt content decreases the undrained peak
shear strength till LFC. After LFC the strength becomes near about same till pure silt
sample. The reason of behavior could not be explained.

3. At constant global void ratio, the peak shear strength decreases with increase in silt
content till LFC and for further increment of silt content the peak shear strength
increases.

4. Sand-silt mixtures containing certain amount of silt which is near to the LFC
showed flow type and brittle behavior. Failure of structure on this type of soil will be
catastrophic during earthquake.

5. Permeability is decreasing with increasing silt content up to LFC. After the LFC, dry
density is decreasing with increasing silt content but permeability remains constant
till pure silt.
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