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ABSTRACT: Previous studies showed that the addition of coconut shell ash (CSA) to soil improved the
California Bearing Ratio, Maximum Dry Density, and Unconfined Compressive Strength. But the effect of
CSA in decreasing soil susceptibility to static liquefaction has yet to be investigated. Static liquefaction is a
major concern because it is defined as when soil loses its strength and behaves like a fluid. This causes
settlements, damages buildings, and endangers lives. The loss in soil strength is attributed to the increase in
pore water pressure. Pore water pressure buildup is more likely to happen in loose and saturated sands. This
study hypothesizes that the particle size and the chemical property of CSA can reduce the liquefaction
susceptibility of sands by decreasing pore water pressure buildup when the sand is subjected to vertical loads.
For the experiment, the consolidated undrained (CU) triaxial test was conducted. The Cam-Clay model was
used to analyze soil behavior between the control samples and the samples mixed with CSA. Results show that
administering 5 % CSA expanded the soil’s yield surface, improving soil’s ability to respond elastically to
deformations. Five percent CSA decreased pore water pressure buildup in the samples subjected to 50 kPa and
100 kPa consolidating pressures by 6.53 % and 5.55 %, respectively. However, for the sample subjected to 25
kPa consolidating pressure, 5 % CSA caused an adverse effect by increasing pore water pressure buildup by
10.73 %. The low consolidating pressure negates the effect of CSA and there should be a sufficiently high
consolidating pressure to decrease pore water pressure buildup.
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1. INTRODUCTION particle size of CSA was 34.3 microns. With its
small particle size, CSA can occupy soil voids and
Soil liquefaction is a phenomenon where the reduce the amount of water held by the soil, which
strength of soil is decreased by loads. Soils are made can decrease pore water pressure buildup [35]. The
up of an assemblage of individual soil particles. The effect of CSA as a stabilizer for the base course of
weight of these particles produces contact forces pavements has been investigated. Dosages of 5 %,
among the particles. Contact forces are responsible 10 %, and 15 % CSA were tested, and it was found
for holding the particles together and giving the soil that 5 % CSA produced the best results [36]. The
its strength. Liquefaction occurs in saturated soils, Philippine Institute of Volcanology and Seismology
which are soils with voids filled with water. During (PHILVOCS) declared the areas of Malabon,
loading, soils break down into a denser Manila, Pasay, Marikina, Pateros, Pasig, and the
configuration. The water in the voids is compressed, coastal area of Muntinlupa to have very high
and water pressure is generated. Water pressure liquefaction susceptibility. Heavy loads from
decreases the contact forces among the soil particles. buildings in these areas can trigger pore water
In severe cases, high water pressures cause the pressure buildup [37]. It is the objective of this
particles to completely lose contact with each other. study to measure and compare the generation of the
This causes soil to behave like a liquid [1]-[4]. The pore water pressure, under consolidated undrained
current trend in geotechnical engineering is to (CU) triaxial test, among the sand samples at 0 %
improve soil using waste materials instead of and 5 % CSA mixtures, at a target relative density.
conventional processes and additives, like fly ash The objective also includes determining shear
and cement [5]-[16]. Using locally available waste strength parameters and validating stress-strain
materials will help the environment and reduce responses of modified soil through obtaining an
construction costs [17]-[28]. Previous experiments overconsolidation ratio.
concluded that the introduction of additives like
slag, Bassanite, fibers, grout, and denitrifying 2. RESEARCH SIGNIFICANCE
bacteria decreased pore water pressure generation
in soils. However, past studies have yet to Pore water pressure buildup is unwanted as it
investigate the effect of coconut shell ash (CSA) in can lead to liquefaction. Liquefaction is a concern
reducing pore water pressure generation [29]-[34]. for people who live in liquefaction zones, like
With a scanning electron microscope, the mean coastal areas, places near-earth dams, and places

65



International Journal of GEOMATE, Jan., 2022, Vol.22, Issue 89, pp.65-72

with rising water tables. The application of this
study extends to roads and pavements. This study
benefits engineer, contractors, land and building
owners who look for cheaper alternatives to
decrease liquefaction susceptibility. The reuse of
coconut shell waste addresses the pollution surplus,
benefiting the community and the environment.

3. CAM-CLAY MODEL

Use at most three levels of headings that
correspond to chapters, sections, and subsections.
The first level headings for chapter titles should be
in 10pt, bold, justified, and upper case font. Leave
one blank line before and after the first level
headings, respectively. geotechnical engineers
because it incorporates volume changes in
modeling soil behavior. The Cam-Clay Model
states that all soils will fail in a unique failure
surface defined by deviatoric stress (q), effective
mean stress (p’), and void ratio (e). It is used when
sufficient soil tests cannot be conducted or when
there is a need to estimate soil responses to changes
in loading during and after construction. An
example is when a client makes a last-minute
change by adding another story to a structure but
does not want to finance any further soil testing. The
Cam-Clay model is used to determine whether the
soil can support an additional story [38]. It is known
that the buildup of pore water pressure accelerates
after soil yields. With void ratio considered, the
Cam-Clay model defines the range of stresses that
would result in soil yielding. With this, engineers
can determine when to slow down the rate of
construction or how to manage heavy machinery on
the construction site, to avoid failure caused by
excess pore water pressure generation [39]. Other
models incorporate critical state concepts, like the

Modified Cam-Clay model and the Nor-Sand model.

The Cam-Clay model was used because it is simple,
consistent, and arguably still the most influential
soil model proposed [40]. Many sophisticated
critical state models have been proposed but these
models still adopt the original Cam-Clay model as
their backbone [41].

In this study, the original Cam-Clay model was
used for undrained analysis, proving its suitability
for this study. The elements of the Cam-Clay model
include the yield surface, critical state line in the g-
p’ space, critical state line in the e-In p’ space and
normal consolidation line. These are defined by Eq.
1, Eq. 2, Eq. 3, and Eq. 4, respectively. The Cam-
Clay model also consists of the total stress path and
the effective stress path. The total stress path and
the effective stress path are plotted using the data
from the consolidated undrained triaxial test.
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4. EXPERIMENTAL PROGRAM
4.1 Index Tests

The index properties of the CSA were obtained
by ASTM standards. The following are the tests
performed: Specific Gravity Test (ASTM D854),
Maximum Void Ratio Test (ASTM D4253), and
Minimum Void Ratio Test (ASTM D4254).

4.2 Consolidated Undrained Triaxial Test

The consolidated undrained triaxial test was
performed based on ASTM D4767 — 02. The
sample preparation method used was the air
pluviation method. Two percentages of CSA were
adopted in this study. Zero percent and five percent
CSA were mixed with loose Ottawa sand. For the
saturation phase, the cell pressure is kept at a
pressure difference of 5 kPa from the backpressure
to prevent sample swelling. A full saturation
condition is attained when Skempton’s B-value is
greater than 0.95, this is defined by Eqg. 5.

AU 0.95 (5)

O3

B=

For the consolidation phase, the consolidating
pressures were set at 25 kPa, 50 kPa, and 100 kPa.
In this study, the samples are allotted thirty minutes
to consolidate. For the shearing phase, the rate of
loading for an undrained condition is usually 1 %
axial strain, but this did not cause any significant
change in pore water pressure. The axial strain was
slowly increased to 2 % and 5 %, before settling for
a 10 % axial strain. Ten percent axial strain caused
enough pore water pressure generation required for
this study. The strain was applied until the stroke
limit was reached.

5. RESULTS AND DISCUSSION
5.1 Index Test

Summarized in Table 1 are the index properties
of CSA. The specific gravity of CSA falls within the
range of values found in previous studies [42-43].
5.2 Strain Curves

Larger consolidating pressures allow sand to
take more stress at the same strain. The samples

subjected to the 100kPa consolidating pressure are
denser than the other samples subjected to 25 kPa
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and 50 kPa consolidating pressures. A peak is
observed in the samples subjected to 100k Pa
consolidating pressure because denser soils tend to
dilate and exhibit peaks. Critical state was taken at
10 % axial strain. The stress-strain curves for the
samples are shown in Fig. 1 and Fig. 2.

Table 1. Index Properties

Index Property Value
Specific Gravity (Gs) 1.525
Maximum Void Ratio (max) 1.778
Minimum Void Ratio (emin) 0.804
0% CSA 25kPa CP
S 0% CSA 50kPa CP
S 050 0% CSA 100kPa CP
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Fig. 1 Stress-Strain Curve for 0% CSA Group
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Fig. 2 Stress-Strain Curve for 5% CSA Group
5.3 Pore Water Pressure Buildup

The pore water pressure-strain curves of the
samples are shown in Fig. 3to 5. It is observed that
pore water pressure fluctuates much more in
samples that were subjected to the 25kPa
consolidating pressure. Samples that were subjected
to the 100kPa consolidating pressure exhibited
fewer fluctuations and much flatter curves. Larger
consolidating pressures decreased pore water
pressure changes. Observing Figure 3, the graph of
0% CSA resembled a flat line once 5 % axial strain
was reached, while the graph of 5 % CSA exhibited
relatively more fluctuations. While both samples

were subjected to 50kPa consolidating pressure, the
sample mixed with 5 % CSA exhibited a flat stress-
strain curve. Five percent CSA was shown to
decrease fluctuations, thus resulting in more stable
pore water pressure-strain curve behavior. The
same is observed from the graphs in Fig. 4 and Fig.
5.
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5.4 Shear Strength Parameters

The shear strength parameters are tabulated in
Table 2. The effective friction angle was used to
find the slope of the critical state line in the Cam-
Clay model. The 5 % CSA caused the friction angle
in the total stress condition to increase from
31.7595° to 38.1076°. The five (5) percent CSA did
not cause a significant increase in friction angle in
the effective stress condition.

Table 2. Friction Angles

CSA ) ¢
0% 31.7595° 38.2902°
5% 38.1076° 38.2073°

5.5 Cam-Clay Model

The Cam-Clay model in the g-p’ space for the
sample at 5 % CSA and subjected to 25 kPa
consolidating pressure is presented in Fig. 6. The
stress paths lie to the right of the critical state line.
The same is also observed in all the other samples.
This indicates that all samples are normally
consolidated and lightly overconsolidated soils.
Thus, the samples will compress and undergo strain
hardening. For the sample at 5 % CSA and
subjected to 25 kPa consolidating pressure, the
equations for the yield surface and critical state line
in the g-p’ space are defined by Eq. 6 and Eq. 7,
respectively.
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Fig. 6 Mohr’s Circle and Failure Envelope at 5%
CSA and 25kPa Consolidating Pressure
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The parameters required to construct the Cam-
Clay model are tabulated in Table 3. The samples
without CSA have a critical state line slope value of
1.562, while the samples mixed with 5 % CSA have
a critical state line slope value of 1.558. This is
because the critical state line slope is computed
from the effective friction angle

Table 3. Cam-Clay Model Parameters and Void
Ratio After Consolidation Phase

Sample M I €e A

0;/;(;2: 1562 0463 0429 0.0108
DOA 1562 0416 0365 00144
Tooor 1562 0436 0415  0.0052
S orl 1558 0441 0390 00156
St 1558 0477 0388 00256
i?oi?;: 1558 0472 0402 0.0181

The Cam-Clay model in the g-a-e space is a 3D
model which shows the boundary surface. All
combinations of deviatoric stress, effective mean
stress, and void ratio within the boundary surface
will not result in soil failure and are considered safe.
The boundary surface shows that the yield surface
decreases as the void ratio increases. Soil becomes
more susceptible to failure at larger void ratios, or
looser soil states. In other words, the soil’s ability to
exhibit elastic responses improves at lower void
ratios or denser soil states. The Cam-Clay model in
the g-p’-e space for the sample at 5 % CSA and
subjected to 25 kPa consolidating pressure is
presented in Fig. 7.

YS

CSL (g-p’ space)
CSL (e-p’ space)
CSL (g-p’-e space)
S /e

Fig. 7 3D Cam-Clay Model at 5% CSA and 25kPa
Consolidating Pressure
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For the same sample, the critical state line in the
e-Inp” space and normal consolidation line are
defined by Eq. 8 and Eq. 9, respectively.

®)
©)

e =0.441+0.0156In p'
e =0.456+0.01561In p'

The friction angle for dense sands ranges between
36° and 41°. The samples in the study have a
relative density of 70 %, indicating dense sand. The
friction angles obtained fall within the range for
dense sands, verifying that the samples are in the
dense state [44]. Summarized in Table 4 is the pore
water pressure buildup at failure for the samples.

Table 4. Pore Water Pressure Buildup at Failure

Consolidation AUowcsa  AUsgcsa %p

Pressure[kPa] [kPa] [kPa] eorease
25 51.890 57.460 -10.73
50 77506 72.442 6.53
100 113.746 107.429 5.55

Five percent CSA decreased pore water pressure
buildup by 6.53 % and 5.55 % for the samples
subjected to consolidating pressures of 50 kPa and
100 kPa, respectively. The decrease in pore water
pressure buildup is attributed to the small particle
size of CSA, which occupies the soil voids and
reduces the amount of water that occupies the soil
voids. However, an adverse effect was observed in
the sample subjected to 25 kPa consolidating
pressure when mixed with 5 % CSA. The sample
exhibited a 10.73 % increase in pore water pressure
buildup. The low consolidating pressure negated the
effect of CSA. Sufficient consolidating pressure is
required for 5 % CSA to decrease pore water
pressure buildup.

The effect of CSA on the yield surface is
analyzed by comparing the yield surfaces at 0 %
CSA and 5 % CSA. Results are shown in Figs. 8 to
10.
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Plastic deformations are unrecoverable and
occur when stress states lie beyond the yield surface.
Within the vyield surface, soils exhibit elastic
responses to deformations. An expanded vyield
surface indicates that soil is more able to respond
elastically to heavier loads. In other words, soil
deformations become much more recoverable. It
can be seen in Fig. 8 and 10, for 5 % CSA mixture
with 25 kPa and 100 kPa consolidation pressure
their yield surface expanded. However, for 50 kPa
consolidation pressure 5 % CSA as shown in Fig.
10 it did not experience expansion. It was observed
upon inspection of the sample after the experiment
most of the CSA settled at the bottom. This was due
to the lack of contact of CSA to the soil sample.

Summarized in Table 5 are the preconsolidation
stresses, the current consolidating pressures ( c3),
and the over consolidation ratios. R, values less
than or equal to 2 define normally consolidated and
lightly overconsolidated soil. From the R, values
obtained, all samples fall into the classification of
normally consolidated and lightly overconsolidated
soil. Normally consolidated soil is expected to have
a stress-strain behavior that does not exhibit a linear
elastic state. For this type of soil, strain hardening is
more pronounced and it behaves as an elastoplastic
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material. A lightly overconsolidated soil is expected
to exhibit a linear elastic state then followed by
strain hardening. Also for this type of soil, it
behaves as an elastoplastic material. To a
considerable extent, the stress-strain curves of the
samples, shown in Fig. 1 and Fig. 2, resemble the
expected behavior of both a normally consolidated
and lightly soil, respectively.

Table 5. Overconsolidation Ratios

Sample po’ [kPa] o3[kPa] Ro
0%CSA 25kPa 67.008  63.000 11
0%CSA 50kPa  126.627  94.100 1.3

0%CSA 100kPa  123.086 138.100 1.0
5% CSA 25kPa  122.619  69.800 1.8
5% CSA50kPa  107.662  88.000 1.2
5%CSA 100kPa 235.364 130.500 1.8

6. CONCLUSION

No liquefaction occurred in all samples because
the pore water pressure buildup for all samples was
insufficient to induce liquefaction. The five (5)
percent CSA resulted in decreased fluctuations in
the pore water pressure-strain graphs. A reduction
in pore water pressure generation was also observed
from the graphs. Five percent CSA effectively
expanded the yield surface, which makes the soil
more able to respond elastically to heavier loads and
recover from deformations. Five percent CSA
reduced the pore water pressure buildup in the
samples subjected to 50kPa and 100kPa
consolidating pressure by 6.53% and 5.55%,
respectively. Therefore, five (5) percent CSA is
effective in decreasing pore water pressure
generation in sands at 70% relative density. To a
considerable extent, the expected stress-strain
behavior of soil is in agreement with the actual soil
behavior of the samples. The Cam-Clay model
validated the samples to be normally consolidated
and lightly overconsolidated soil.
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