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ABSTRACT

The liquefaction of soil occurs when a soil loses strength and stiffness because of an
applied stress, such as an earthquake or other change in stress conditions that result in
a loss of cohesion, in which material that is ordinarily a solid behaves like a liquid. The
existence of liquefiable soil promotes the decrease of the soil's bearing capacity and thus
causes massive damage to the soil. Hence, a method for improving the strength of
liquefiable soil needs to be developed. Many techniques have been presented for their
possible applications to mitigate the liquefiable soil. Recently, an alternative method
using biopolymers (such as xanthan gum, guar gum, and gellan gum), a non-traditional
additive, has been introduced to stabilize fine-grained soils. However, there is no study
on the use of carrageenan as a biopolymer for soil improvement. However, because of
its rheology and chemical structure, carrageenan has the potential to be used as a
biopolymer for soil improvement. The goal of this research is to investigate the effect of
adding carrageenan on soil strength in the treated liquefiable soil. In the preliminary
research, the properties of the soil used are tested first, and it is confirmed that it enters
the liquefiable soil category. The biopolymers that were used were carrageenan (as a
new biopolymer), xanthan gum, and guar gum as the comparison. Then, the sand
samples were made in the tube (5 x 10 cm) by the dry mixing method. Based on the
results of the previous study, the amount of each biopolymer used was 1%, 3%, and 5%
of the total sample volume with a moisture content of 20%, and, the samples were cured
with two methods, first without oven at a temperature 30°C + 2 for 7 days, second with
oven at a temperature 60°C for 24 hours. The samples were tested with the direct shear
test, the UCS test and SEM-EDX test. Based on the results of the test, carrageenan has
the potential to be used as an alternative to biopolymers because it can increase soill
strengthening above the liquefaction strength limit.

1. INTRODUCTION

Soil liquefaction is a process that transforms saturated sand into a non-cohesive state
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as a result of repetitive shaking, such as that caused by earthquake waves ((Syukri,
2011). When co-seismic surface movements exceed a threshold value, liquefaction
occurs in places prone to major earthquakes that are composed of saturated sand layers
with low density (Tsaparli et al., 2016). It promotes a decrease in the soil's bearing
capacity and consequently produces significant soil degradation. Therefore, a technique
for enhancing the strength of liquefiable soil must be developed.

Numerous approaches for mitigating liquefiable soil have been proposed,
including induced partial saturation (Eseller-Bayat E et al., 2011) and bio-chemical
grouting (Baharuddin et al., 2013; van Paassen et al., 2009). Bio-chemical grouting is
seen as a potential technique for strengthening liquefiable soil. Experiments on 100 m3
of soil yielded shear strengths ranging from 1 to 12 MPa. However, there remain
unanswered questions regarding the utilization of bacterial cells in the biochemical
grouting technique. Complex microbial activities make it difficult to deploy the approach
on a commercial basis (Anbu et al., 2016). In addition, large quantities of chemicals
suppress bacterial development (Nemati et al., 2005); hence, soil bacterial activity is
ineffectual (Sharma & R., 2016).

Recently, an alternative method using biopolymers such as xanthan gum, guar
gum, and gellan gum, a non-traditional additive, has been introduced (Ayeldeen et al.,
2017a; Chang et al., 2015, 2019). The results indicated that the ability of xanthan gum,
guar gum, and gellan gum to be used as improvement materials for soil treatment. It was
chosen as a material for soil improvement mostly because it has high viscosity properties,
so it is hoped that it can bind between soil particles that can improve soil that has
problems, especially in terms of strength (Chang et.al 2020).

Carrageenan is an extracted hydrocolloid from red seaweed. In the industry,
carrageenan is also capable of possessing high viscosity qualities, so in this case
carrageenan has rheological similarities to xanthan gum and guar gum. At room
temperature, it has the remarkable ability to generate a variety of gel textures. In other
industrial applications, it can be employed as a suspending, gelling, emulsifying,
stabilizing, and water-retaining agent (Zia et al., 2017). Carrageenan has the potential to
be utilized as a biopolymer for soil improvement based on its rheology and chemical
structure. However, there are few investigations into its application as a biopolymer for
soil improvement.

In this study, several comparison tests between xanthan gum, guar gum, and
carrageenan as the potential materials were investigated to know the effect of adding
carrageenan on soil strength in the treated liquefiable soil. By measuring the direct shear
test (DS) and unconfined compressive strength (UCS) test, the comparison of the
reinforcing effect between the types of biopolymers and carrageenan on soil specimens
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can be observed. SEM analysis was also performed to investigate the macro- and micro-
interactions of soil-biopolymer mixtures.

2. MATERIALS AND EXPERIMENTAL PROCEDURES
2.1. Soil tested

Keisha sand No.4 (coarse) is a natural silica sand produced in Oishida Town, Yamagata
Prefecture, Japan (manufacturer: Tohoku Sisago Co., Ltd.). It is a white natural silica
sand with round particles and good fluidity. This sandy soil is classified according to
USCS as poorly graded sand (SP) with emax; emin; the coefficient of uniformity (Cu); and
the specific gravities (Gs) of 0.834; 0.591;1.53; and 2.63, respectively. The curve of the
grain size distribution of silica sand is shown in Fig.3.

2.2. Carrageenan

Carrageenan is a hydrocolloid extracted from some red seaweed belonging to the
Eucheuma (kappaphycus), Chondrus, Gigartina, and Hypnea species. It is located in the
cell wall and intercellular matrix of the seaweed plant tissue. It is a high molecular weight
polysaccharide with a 15% to 40% ester-sulfate content. It is formed by alternate units
of D-galactose and 3.6 anhydro-galactose (3.6-AG) joined by a-1,3 and -1,4 —glycosidic
linkage (Zia et al., 2017). In this study, the carrageenan (kappa) was obtained from
IndoGum (Indonesia) with a viscosity of 30 to 300 cps in water solution at 1.5% at 75°C.

2.3. Specimen preparation

The main biopolymer used in this study was carrageenan (as a novel biopolymer).
In addition, xanthan gum and guar gum (both were obtained from IndoGum, Indonesia)
were also employed for comparison. The liquefiable soil with a moisture content of 20%
was mixed with the biopolymers using the dry mixing method according to Chang et al.
(2015). Different concentrations of biopolymers were applied (i.e., w/w=1% and w/w=3%
and w/w=5%), respectively. Purified biopolymers were thoroughly mixed with dried
liquefiable soil before adding water (i.e., 20%) for mixing.

The biopolymers-soil mixture was placed into a cylindrical (5 cm x 10 cm) mold
for an unconfined compressive strength (UCS) test, and a cylindrical (6 cm x 2 cm) mold
for a direct shear (DS) test. Then, the samples were cured with two methods, first without
oven at a temperature 30°C + 2 for 7 days, second with oven at a temperature 60°C for
24 hours. The experimental procedure for the dry mixing method is shown in Fig. 1.
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Fig. 1 Sample preparation of dry mixing for DS and UCS test
2.4. Test Procedure

The DS test was based on ASTM D3080 (Standard test method for direct shear
tests of soils under consolidated undrained conditions). The direct shear test was carried
out utilizing a square shear box. During the test process, the displacement due to shear
forces and changes in the thickness of the specimen are recorded for each load. The
test findings are depicted in a graph illustrating the connection between shear stress and
shear displacement for each normal load.

The UCS test was based on ASTM D 2166 (Standard Test Method for Unconfined
Compressive Strength of Cohesive Soil). All geometric dimensions and specimen mass
were measured, and the specimen's top and bottom surfaces were trimmed slightly to
prevent uneven stress distribution during testing. Samples were loaded to failure and
their residual compressive strength was measured. Three measurements were averaged
for each case, and all data points deviated from the mean by less than 5%. The testing
process of the DS test and UCS test is described in the figure Fig. 2.
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DS Test

» 2
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v

Fig. 2 The illustration of DS test and UCS test

A JSM-7001FA device was also used to capture Scanning Electron Microscope
and Energy Dispersive X-Ray (SEM-EDX) images. To prevent electron scattering on the
surface of the specimens, the samples were dried and coated with platinum (Pt) for 90
seconds using JEC-3000FC (JEOL Ltd. Japan) to prevent charging. The interactions of
biopolymers with the soil were then documented.
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3. STRENGTHENING PARAMETERS OF CARRAGEENAN TREATED SOIL
3.1. Liquefiable soil

Rafferty (2021) conclude that the characteristics of liquefiable soil are fine-grained
soils that are poorly drained, such as sandy, silty, and gravel soils. Hence, soil property
tests were carried out to observe the characteristics of the sandy soil and make sure that
the soil used was potentially liquefied. Based on it, the soil used in this study has a value
of Cu<4 and Cc<1 and it was categorized as poorly graded sands (SP) with gravelly
sands and little or no fines by the Unified Soil Classification System (USCS).
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Fig. 3 Grain-size distribution of the sandy soil used in this study

The Fig.3 shows the grain size distribution of the soil used in this study. The graph
shows that the gradation curve tends to be upright, which means it has a slight/uniform
variation in grain size. Poorly graded sand with a uniform grain size tends to form
unstable soil grain configurations. In the event of an earthquake, the soil does not form
an interlocking configuration so that the soil can be released easily, and a liquefaction
process occurs. So, based on the results of the properties test, the soil used in this study
is liquefiable soil.

3.2. Carrageenan content

The cohesion and internal friction angle values of carrageenan-treated soil with
different carrageenan content (i.e., 1%, 3%, and 5%) are shown in Fig. 4. The graph also
shows the values of xanthan gum-treated soil and guar gum-treated soil as comparisons.
The concentration of each biopolymer is the same as the carrageenan content. The result
in Fig. 4 shows that the cohesion level of the treated soil tends to increase with an
increase in the carrageenan content. At each sample, an increase in the original
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cohesionless soil (i.e., c=0 kPa) value becomes a sample with a cohesion value of 22 to
60% of untreated soil. Furthermore, the treatment of liquefiable soil using biopolymers
seems to influence the internal friction angle. It makes the characteristics change from
very loose sandy sail (i.e., $=29°) increased by 60 to 92% to very dense sandy soil (Swiss

Standard SN 670 010b).

100 100
Untreated @ Carrageenan ® Xanthan Gum mGuar Gum

Soil f—

I [N Cohesion [kPa] —

80 [ ——e—— |nternal Friction Angle [7] 1 80 =

© @

al o

X oo | 60 <

3} I <C

- .“\. g
c

(@] .ﬂ\. — =

GJ o | -

< ' -

(1]

© . c

| -

20 20 9

&

0 ' 0

0 1 3 5
Biopolymer [%]

Fig.4 Direct shear test result

The compressive strength values of biopolymer-treated soil (carrageenan as an
alternative, xanthan gum, and guar gum as comparison) with different biopolymer content
(i.e., 1%, 3%, and 5%) on the 7" day of curing are shown in Fig. 5.
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Fig. 5 Unconfined compressive strength (UCS) test result

It shows all the treated samples exceed the liquefaction limit based on Kawasaki
and Akiyama (2013). Carrageenan-treated soil has the highest compressive strength
compared with others. The compressive strength values of soils treated with
carrageenan tend to increase as the carrageenan concentration rises. In this liquefiable
soil, a higher carrageenan concentration is predicted to result in a larger and denser
carrageenan matrix. On the other hand, xanthan gum makes a difference. The
compressive strength of xanthan gum-treated soil decreased in 5% of xanthan gum
content. The 5% samples were less workable because the viscosity of the soil-xanthan
gum-water mixture significantly increased (Chang et al., 2015). It means that the 5% of
xanthan gum has reach the viscosity limit of the treatment and the most effective amount
of xanthan gum appears to be approximately less than 3%. So far, the concentration of
5% carrageenan is still within an acceptable viscosity range. However, additional
research must be conducted on the viscosity limit of carrageenan which can make it less
effective as a treatment.

Subsequently, the compressive strength values of guar gum-treated soil are not
particularly high. The expected occurrence of this circumstance is due to the temperature.
Guar gum may be even more effective in a high-temperature environment. This is shown
from several previous studies regarding the use of guar gum in soil reinforcement.
Previous studies (Ayeldeen et al., 2017b; Sujatha & Saisree, 2019) used thermal
treatment by making soil samples in oven-dried conditions at 100°C to 105°C before
treatment.
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Fig. 6 The strengthening behavior of carrageenan-treated soil with different curing
method

In terms of observing at the effect of temperature on the carrageenan-treated soil
in this study, two different procedures of curing were used: without oven (i.e. 30°C + 2)
for 7 days and with oven (i.e. 60°C) for 24 hours. Both curing procedures were
implemented with the same conditions. The compressive strength results of different
curing method are shown in Fig.6. The compressive strength test results of the samples
with oven is bigger than the samples without oven with the difference is around 65%. The
compressive strength of the samples with oven is in the range of 1200-1500 kPa.
Meanwhile the sample without oven is only in the range of 500-800 kPa. However, the
results demonstrated that all of the carrageenan-treated samples exceed the liquefaction
limit. The method with oven at 60°C is more effective than without oven with 30°C * 2
when the purpose is to strengthen the soil, but the thermal treatment is inconvenient
especially in the field scale. This implies that the curing method without an oven would
be more appropriate for practical applications in the fields. Research on the effect of
temperature in this subject has not been finished. In-depth analysis is needed of how the
reaction process happens so that temperature has a substantial enough effect on this.

3.3. Microscopic behavior
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Fig. 7 The SEM images of untreated soil (a) and carrageenan-treated soil (b)

The SEM images of the untreated soil and carrageenan-treated soil are shown
in Fig. 7. The untreated soil (Fig. 7a) shows the pure sandy soil, and no bonds are
seen between the sand particles. The Fig.7b demonstrates that the carrageenan
treatment for liquefiable soil covered the grain surfaces and enhanced the contact area
among the soil particles, while also building connection bridges between particles that
are not directly in contact. This can happen because the dry mixing method, which
mixes the soil with carrageenan first, allows the carrageenan grains to fill between the
pores between the soil particles before the reaction occurs because biopolymers do
not interact with the soil itself (Chang et al., 2015). The reaction will occur when water
is added, it accumulates and align as yarns and textiles. This demonstrates how
strongly the strength of the carrageenan fiber matrix (in the form of threads or fabrics)
present in the pore space affects the strength values of soil that has been treated with
carrageenan.

4. CONCLUSIONS

The study of carrageenan as an alternative biopolymer for soil strengthening and xanthan
gum and guar gum as the comparison has been conducted through several experiment
tests. The results indicate that carrageenan is a great potential alternative biopolymer for
improving the strength of liquefiable soil. It can increase the cohesion value of liquefiable
soil of 22 to 60% of untreated soil. It also makes the characteristics of liquifiable soil
change from very loose sandy soil (i.e. $=29°) increased by 60 to 92% to very dense
sandy soil.

Carrageenan shown to have a significant effect to compressive strength and exceed the
liquefaction limit. The compressive strength values of soils treated with carrageenan tend
to increase as the carrageenan concentration rises. Thermal treatment may have an
effect on the strength of the carrageenan-treated soil, but the curing method without an
thermal treatment would be more appropriate for practical applications in the fields.
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Carrageenan treatment for liquefied soil covers the grain surface and increases the
contact area between soil particles, while building bridges between particles that are not
in direct contact. The strength of the carrageenan fiber matrix (in the form of yarn or cloth)
in the pore space affects the strength of the soil that has been treated with carrageenan.
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