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ABSTRACT

This study aimed to examine the performance of fly ash mixed materials with bentonite binder (FAB) as a recent
low-cost containment system to withstand leachate infiltration. The mixture of fly ash with clay (bentonite) can
increase the strength of stability and strengthen cohesion bonds between molecules. Direct shear, falling head,
Atterberg limit and specific gravity test have been conducted as a preliminary study to determine the precise
mixture composition of fly ash-bentonite (FAB) landfill liners. Some bentonite composition: 0% (FAB ), 15%
(FAB,J), 20% (FAB,), 25% (FAB,,) and 25% — cured with NH,CI (FAB,; ) for 24 hours, which mixed with fly ash,
showed the value of shear stability at normal stress reaching 9.5 kNm2, 15.48 kNm, 45.06 kNm?2, 46.26 kNm™
and 13.67 kNm?, respectively. It showed that the greater the content of bentonite in the mixture, the higher the
shear stress produced. Curing with saline solution can reduce the shear stress of the FAB mixture. The safety test
results using Geoslope/W® show that the addition of bentonite will increase bonding between particles, bearing
capacity, and shear strength of the material. The largest safety factor of 1.674 obtained from FAB20 material meets
the safety standard for short-term slope stability. The use of fly ash material with bentonite is expected to be an

alternative landfill liner material.
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INTRODUCTION

Liner system is a semi-permeable layer that
functions to prevent the occurrence of pollutant
diffusion and resist leachate infiltration into the
soil (Alla et al., 2017). Landfill waterproof layers
generally consist of the materials that have low
permeability to minimize pollutant infiltration
(Mukri et al., 2018). Various types of minerals are
often used as a waterproof liner model because of
the low permeability coefficient, including ben-
tonite (Ruiz et al., 2012), kaolinite (Vimonses et
al., 2009), and montmorillonite (Coruh and Er-
gun, 2010). Although bentonite has advantages in
the low potential of pollutant infiltration, benton-
ite has a shear stability that is not too strong, so
it has the potential to collapse when used in slope
areas (Bergado et al., 2006).
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In general, stabilization of leachate-retaining
soils can be done mechanically and chemically.
In principle, mechanical soil stabilization is done
by increasing strength and carrying capacity to
the existing soil by regulating the gradation of the
relevant soil grain and increasing its density. Add-
ing and mixing local soil (natural soil) with other
types of soil can be applied to obtain a new and
better gradation (Turan and Ergun, 2009). Critical
factors in the use of mechanical soil stabilization
methods are the level of soil gradation that has
binding capacity (composite material) and water
content (Lin et al., 2018). The method for im-
proving soil properties is also very dependent on
the duration of curing because the chemical pro-
cesses that occur in the course of improving soil
properties require time to react (Sivapullaiah and
Baig, 2011). The base layer of the landfill must
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have sufficient stability to avoid any degradation
or cracking that might occur.

The efforts to improve the stability of water-
proof soil leachate retaining substrate by using
waste materials have actually been widely stud-
ied. Kalkan (2006) as well as Coruh and Ergun
(2010), for example, used red mud produced from
the bauxite industry to increase hydraulic con-
ductivity, unconfined compressive strength and
vertical swelling percentage values (Coruh and
Ergun, 2010; Kalkan, 2006). The use of mining
waste for landfill liners was also investigated by
Maritsa (2016) who used spilitic sand recovered
from ferronickel mining. The addition of 3.0 wt%
bentonite can reduce the permeability coefficient
to less than 10 m/s which — if spilitic sand is
used alone — has a hydraulic conductivity value
of 3.65 10°° m/s. The use of fiber (Ehrlich et al.,
2019), rubber (Cokca and Yilmaz, 2004) and tire
chips (Mukherjee and Mishra, 2017) may be able
to reduce the occurrence of cracks and increase
hydraulic conductivity. In addition, several other
waste materials such as fly ash (Alla et al., 2017;
Coruh and Ergun, 2010; Mishra and Ravindra,
2015; Sivapullaiah and Baig, 2011), cementitious
materials (Ganjian et al., 2004), sewage sludge
(Herrmann et al., 2009), paper pulp sludge (Slim
et al., 2016), and coal gangue (Wu et al., 2017)
also has been proven to be used effectively as a
base coating for landfills. The purpose of add-
ing/mixing waste materials with local soil is to
strengthen the stability of the subgrade, especial-
ly when there is a static or dynamic load that is
capable of disrupting the stability of the subgrade.
In addition, the cost of stabilizing waste materials
(commonly categorized as hazardous materials)
can be reduced due to the value of the benefits of
using by-product material as a base coating for
landfills (Kalkan, 2006).

The use of fly ash as a base coating for land-
fill has been extensively studied by researchers.
Leachability test of trace elements using fly ash
have been carried out by Sivapullaiah and Baig
(2011) under various conditions of pH, addition
of gypsum and lime and Coruh and Ergun (2010)
by comparing the performance of phosphogyp-
sum, fly ash and red mud as a leachate barrier
(Coruh and Ergun, 2010; Sivapullaiah and Baig,
2011). Mishra and Ravindra (2015) as well as
Alia et al. (2017), studied the characteristics of
fly ash as a base coating for landfill by testing the
level of compressibility, hydraulic conductivity,
and volumetric shrinkage of a mixture of fly ash

with local soil (Alla et al., 2017; Mishra and Ra-
vindra, 2015). Fly ash is a very fine material with
very uniform gradations derived from the com-
bustion of biomass (Coruh and Ergun, 2010). Fly
ash includes the materials referred to as pozzo-
lanic, because they contain pozzolanic materials
such as silica (Si0,), iron oxide (Fe,0,), alumi-
num oxide (ALQO,), calcium oxide (Ca0O), mag-
nesium oxide (MgO), and sulfate (SO,) (Sivapul-
laiah and Baig, 2011). However, the evaluation of
the mechanical stability of soil that uses fly ash
as a base coating for landfill has not been found
yet. The addition of fly ash in expansive soils is
intended to form a pozzolanic reaction, which is
the reaction between the calcium contained in fly
ash with alumina and silicate in soil. This chemi-
cal compound has self-cementing properties (the
ability to harden and increase strength when re-
acting with water), so it can increase the stability
of shear soil (Slim et al., 2016). To date, the shear
tests that consider forcing failure have only been
found in the studies of Lin et al. (2018) who stud-
ied the behavior of GCL shear strength on com-
posite liners. The exact value of mixtures between
bentonite as the main mineral in local soil and fly
ash is very important to know, because it will af-
fect the optimum shear strength and permeability.
In addition, the selection of the right composition
can prevent the occurrence of landslides in land-
fills (Lin et al., 2018). This study aimed to ana-
lyze the shear strength and optimize the addition
of bentonite and ripening to the shear strength and
the value of fly ash permeability as a waterproof
soil for leachate retaining.

METHODOLOGY

Materials preparation

Bentonite clay was obtained from the Giri-
woyo sub-district, Wonogiri district, Central Java,
in the form of fine powder bentonite materials that
passed 0.075 mm mesh filter with specific grav-
ity of 2.75, 43% optimum moisture content and >
75% smectite content. Therefore, the fly ash used
as the main material in this study was taken from
one of the steam power plants in Indonesia. The
fly ash used is classified as a Class F fly ash, con-
taining less than 10% CaO, which is the result of
burning anthracite or coal bitumen. Other com-
pounds contained in the fly ash typically include:
Si0, (30-50%), Al,O, (45-60%), MgO, K,O and
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a little Na,O. Before using it, fly ash was activat-
ed using an alkaline solution for 60 minutes and
heated at 90°C. Then, it was washed with distilled
water until the neutral pH returned. Then, the fly
ash was reheated at 140°C for 1 hour and dried at
room temperature. Fly ash cannot be settled be-
cause of the small CaO content.

Various variations of fly ash and benton-
ite mixes of 0% (FABO), 15% (FABILS5), 20%
(FAB20) and 25% (FAB2S5) were hydrated for
24 hours with distilled water and one mixture of
FAB was hydrated in a salt solution (NH,CI 1 N)
with a concentration of 7.1 gL-1 (FAB,, ). The
amount of concentration was obtained from the
characteristics of the Jatibarang Landfill salinity
which is the main landfill in Semarang City, Indo-
nesia. The variation of bentonite used in this study
is in line with the research conducted by Pandey
and Jain (2017) which stated that the use of ben-
tonite by 20% has a permeability coefficient of
0.9 x 10-7 cm.s"'(Pandey and Jain, 2017). Inor-
ganic salts, which were used to hydrate bentonite
liners, are known to reduce swelling volume, lig-
uid limit, compression index, increase hydraulic
conductivity (Budihardjo, 2016; Shariatmadari et
al., 2011) and increase the desiccation cracking
in the vertical liner. Cracking increases the value
of bentonite permeability in the liner system. In
addition, alkaline pore water can cause bentonite
dissolution, thereby reducing the swelling capac-
ity of bentonite (Xu et al., 2018). Therefore, the
impact of the presence of liner hydration on salt
solutions was considered in this study.

Experimental procedures

A preliminary test was conducted by using
Proctor Standart Test, Atterberg Limit Test, and
Material Composition Test. Direct shear and per-
meability (using falling head methods) tests were
also conducted to determine the optimum mix-
tures of fly ash — bentonite (FAB) liner. Proctor
Standard Tests were carried out using gravimetric
techniques to determine the relationship between
the optimum moisture content (OMC) and soil
density of each mixture. At the next stage, the At-
terberg limit test was used to determine the liquid
limit of the plastic limit and specific gravity. Liq-
uid limit is the boundary between the soil with a
liquid state and a plastic state. This situation is
determined by the Casagrande device (ASTM
D-4318), where — at a certain moisture content
— a scratch of 12.5 mm in the center of the test
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specimen closes at 25 beats. Plastic limit is the
boundary between the soil in plastic and semi-
plastic states. This situation can be achieved if a
soil with a certain water content can be formed
into a roll of soil with a diameter of 3.18 mm
having a little cracking on the outside (ASTM
D-4318). Plasticity index is calculated from the
difference between plastic and liquid limit. Scan-
ning electron microscope — energy-dispersive
X-ray spectroscopy (SEM-EDX) used in this
study is a composition test method to determine
the morphology of the sample being tested.

Soil shear strength is the internal resistance
of the soil per unit area to collapse or shift along
the shear area in the soil. The soil shear strength
is defined in the effective stress of the soil. The
value of shear strength can be obtained by the
equation found by Mohr-Coulomb presented in
equation (1).

T=¢’ +0o tan ¢’ (1)

where: s is the shear strength of the soil,
¢’ represents soil cohesion,
o’ is the effective soil stress in the shear
plane,
¢’ is the inner shear angle.
The values of ¢’ and ¢’ of a soil can be
obtained from laboratory testing, one of
which uses direct shear test.

Direct shear test is a test used for sandy soil
consisting of a metal box containing a sample of
a square or circular section. The box is divided
into two equal sides in a horizontal direction hav-
ing a height of 1 inch (25.4 mm). The standard to
carry out this test is ASTM D3080, where the test
sample is inserted into an inspection ring that has
been locked into one. Then, the sample is given a
load evenly and saturated for 24 hours. The shift
reaction will be read to obtain triplicate dial read-
ing with the same value. Then, the sample is re-
placed by repeating the steps above with different
normal loads. Shear stress and normal stress val-
ues are obtained from formulas (2) and (3).

Dial Readin
Shear stress= T, = ——————¢ )
Area
Total Load
Normal stress = 1, = —— 3)
Area
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This test was carried out to determine the pa-
rameters of soil shear strength (s), cohesion (c)
and soil shear angle (@). This test method also
determined the value of the permeability coeffi-
cient (K), which states the ease of flow of water
through the sample soil. The data was analyzed
by using Excel® and Geo slope/W software from
Geostudio.

RESULTS AND DISCUSSION

Proctor standard test

The consistency of clay and other cohesive
soils is strongly influenced by the water content.
Plasticity index and liquid limit can be used to
determine the characteristics of expansion. Stan-
dard Proctor Test was used to determine the op-
timum moisture content (OMC) and maximum
dry density (MDD) values of the five variations
of the fly ash and bentonite composites (Kalkan,
2006). Figure 1 shows the comparison of MDD
and OMC on pure fly ash (FAB ). These values
indicate that the MDD value varies with a value
of 1.48 gr.em?® — 1.93 gr.em?® and OMC with a
value of 4% — 22%. On the basis of Figure 1, the
maximum dry density is 1.94 gr/cm? and the op-
timum moisture content from the use of fly ash
material is 11.25%. The value of OMC (%)/MDD
(gr.cm™) in this study is approximately the same
as varamin clay in the study of Shariatmadari et
al. (2011) which is equal to 14/1.86. Neverthe-
less, the OMC value is still lower than the study

2,00

conducted by which the fly ash used has a value
0f 23.8 — 24.0% (Sivapullaiah and Baig, 2011)

According to Rout and Singh (2017), the ad-
dition of bentonite can increase the OMC value
until the bentonite content reaches its optimum
value. The OMC value will increase along with
the clay content in the mixture. It is because of the
high specific surface area and adsorption capacity
that can trap water in pores of the clay. However,
improper addition of bentonite can also reduce
the OMC value because when fine particles (ben-
tonite) are added to fly ash mixtures, fine particles
will be trapped in the intra-particle cavity, which
can reduce the available space for water in the in-
tra-particle cavity (Rout and Singh, 2017). When
the liner mixtures are hydrated with a saline solu-
tion (especially with salts that have a greater cat-
ion valence), there is the potential for an increase
in dry density and a decrease in the optimum wa-
ter content. It is because of the decrease in the
thickness of the diffuse double layer which is then
able to reduce the bond of water with bentonite/
fly ash material (Shariatmadari et al., 2011). Fly
ash is known to have the characteristics of fine
material which has more specific surface area
compared to local soil, so it requires greater water
content when compacted with local soil.

Atterberg Limit Test

Table 1 represents liquid limit, plastic limit,
plasticity index and specific gravity of each treat-
ment. The greatest increase in liquid limit value
from 0% to 35% was seen after the addition of

1,80

1,70

Dry weight (gr/cm?)

1,50

1,40
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Figure 1. Proctor standard test result graph

135



Journal of Ecological Engineering 2021, 22(7), 132-141

bentonite was carried out in as much as 15% of
the amount of pure fly ash. The same conditions
occur in the plastic limit and plasticity index.
This increase in soil plastic index occurs because
water can bind bentonite and fly ash so that the
plasticity increases and the volume of soil grains
becomes greater due to the clotting reaction. The
more bentonite is added to the mixture, the plastic
index value will increase greater.

High plasticity occurs due to the changes in
the soil system with water, which results in dis-
ruption of the balance of forces in the soil struc-
ture. The tensile forces acting on adjacent parti-
cles consist of electrostatic forces that depend on
the mineral composition and the distance between
the surface of the particles. Sivapullaiah and Baig
(2011) stated that the fly ash that is not mixed
with bentonite or other materials is classified as
non-plastic material. This finding is in line with
the results shown in this study where the FAB
plasticity index value is 0. According to Benson
et al. (1992) the use of composites material for
landfill liners must have a hydraulic conductivity
<1x 107 cm.s™, plasticity index > 7%, and liquid
limit >20% (Benson et al., 1994). Alla and her re-
search team (2017) have proven that the addition
of bentonite by 15% of the total weight of fly ash
is known to effectively reduce hydraulic conduc-
tivity and increase the plasticity index to above
the standards stated by Benson et al. (1992). In
contrast to this study, the addition of 15% benton-
ite turned out to only produce a plasticity index of
6% (the value is very far from the results of the
study of Alla et al., who were able to achieve a PI
value of 30%) so that it still needs more bentonite
additions to make it feasible as a landfill contain-
ment system (Alla et al., 2017).

Table 1. Different response of treatment

Material Composition

The morphology and composition of the ma-
terial contained in the fly ash — bentonite sample
was evaluated using the SEM-EDX test method.
On the basis of the SEM-EDX test results that
have been carried out on fly ash samples, fly ash
morphologically consists of solid particles that
are spherical in shape, and most are in the form
of hollow round particles. Fly ash constituent
particles are granules with varying sizes, rang-
ing from 1-5 um. Fly ash consists of the particles
that have spherical shape. Fly ash has a large
hydraulic conductivity value due to its nature
as a non-plastic material. When fly ash is mixed
with other additives, the compressibility will be
reduced. However, the cause of the decrease in
hydraulic conductivity is not yet fully understood
(Sivapullaiah and Baig, 2011). In the SEM-EDX
test results, the bentonite particles coagulate and
form groups in layers. This is because bentonite
has a complex aluminum silicate compound with
a basic unit of tetrahedral silica and octahedral
aluminum that forms silica sheets and octahedral
sheets. Thus, in a mixture of fly ash and benton-
ite, the two compounds overlap in filling the gaps
between particles. The gap between samples is
occupied by both types of binders. Bentonite par-
ticles with different sizes of pores are occupied by
fly ash particles of different sizes. Furthermore, a
gap between fly ash grains is occupied by benton-
ite and the gap contained in bentonite is occupied
by fly ash particles or vice versa. This condition
leads to the formation of a dense structure with
low permeability (Pandey and Jain, 2017).

Some of the constituent elements possessed
by a mixture of fly ash and bentonite (FAB)

No. Treatment Liquid limit (%) Plastic limit (%) Plasticity index (%) Specific gravity (g/cm?®)
1 FAB, 0 0 0 2.897
2 FAB,, 25 19 6 2.188
3 FAB,, 28 20 8 2.680
4 FAB,, 35 23 12 2.398
Table 2. SEM EDX test results
Element C (0] Na Mg Al Si S K Ca Ti Fe
Mass (%) 9.39 52.34 1.23 2.56 7.35 14.34 0.53 1.08 4.41 0.47 6.31
Oxide Na,O MgO ALO, SiO, SO, K,0 CaO TiO, FeO
Mass (%) 1.97 5.13 17.16 39.08 1.72 1.68 7.94 1.00 10.33
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Figure 2. SEM Image of (1) Fly Ash in 5,000x
magnification, (2) Bentonite in 20,000x
magnification, (3) Fly Ash — Bentonite

(FAB) 5,000x magnification

27 Jun 2019

include C, O, Na, Mg, Al, Si, S, K, Ca, Ti and Fe.
The lowest concentration value is C and the larg-
est concentration value is Fe. The content of Fe in
this fly ash can be removed using physical, chem-
ical, and incineration methods. The physical and
chemical treatment process is intended to reduce
or eliminate the nature or the power of poisons

in hazardous and toxic waste materials. The pro-
cess of treating hazardous and toxic waste utiliz-
ing incineration/burning at high temperatures can
also reduce the content of hazardous and toxic
materials. The activated fly ash material contains
mineral quartz (SiO,), which is an essential mate-
rial in the adsorption process. Fly ash needs to
be considered as the right material for the landfill
containment system because of the properties it
possesses. Table 2 shows the elements contained
in the composite material.

Permeability Test

The permeability coefficient depends on the
viscosity of the liquid, grain size distribution,
pore number, grain surface roughness and de-
gree of soil saturation. Other factors that affect
the seepage properties of clay are the ion concen-
tration and thickness of the water layer attached
to the clay grains. The permeability test results
show that the increasing content of bentonite in
the mixture leads to the decrease of the permea-
bility coefficient value obtained, with the amount
of 1.653 x 10° cm.s™'; 4.065 x 107 cm.s™'; 2.567
x 107 em.s!; and 1.584 x 107 cm.s! respective-
ly. These results also show that the value of the
permeability coefficient depends on the size of
the soil grain, where the smaller the grain size
the lower the ability to pass water. The greatest
permeability is obtained in pure fly ash samples
where the value of the permeability coefficient (k)
is 1.653 x 10 °cm.s!. In contrast, the lowest per-
meability was found in the fly ash samples mixed
with 25% bentonite with the permeability coef-
ficient (k) value of 1.584 x 107 cm.s™'. Among the
treatments that have been carried out, the use of
fly ash material that is not mixed with bentonite
does not meet local regulations where the perme-
ability coefficient of the base layer of the landfill
must be less than 10° cm.s™. The result of this
study is relevant to the study conducted by Amadi
and Eberemu (2012) which stated that the addi-
tion of bentonite to the composite can reduce the
permeability value to meet the permitted criteria
(Amadi and Eberemu, 2012). The same perme-
ability results were shown in a study conducted
by Pandey and Jain (2017) which stated that the
optimum value of the bentonite content in the
FAB mixture was 20%. Increasing the amount of
bentonite causes a constant decrease in the per-
meability value of 9%. However, when the con-
tent of bentonite has reached 20% of dry weight
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Table 3. Direct shear and permeability test results

Normal Stress Shear stress Cohe’sion Soil she?r angle | Soil shear stress Permeability (k)
No. | Treatment (0) (c) (¢) (T
kN.m2 kN.m?2 kN.m?2 ° kN.m2 cm.s™
41.2 40.43 102.14
1 FAB, 57.5 51.09 9.5 42 126.57 1.653 x 108
73.7 64.43 157.13
41.2 44.69 177.01
2 FAB,, 57.5 51.83 15.48 39 202.82 4.065 x 107
73.7 66.67 256.46
41.2 59.34 177.81
3 FAB,, 57.5 63.26 45.06 20 186.58 2.567 x 107
73.7 70.18 202.06
41.2 61.48 55.58
4 FAB,, 57.5 64.82 46.26 19 56.09 1.584 x 10~
73.7 72.85 57.30
41.2 48.78 92.68
5 FAB,, 57.5 54.01 13.67 45 101.15 -
73.7 74.43 134.23

content, the decrease in permeability value is 7%
(Pandey and Jain, 2017).

Compacted clay liner (CCL) is strongly influ-
enced by the water content when pressure is ap-
plied, the compacting method, particle size, thick-
ness and interlocking ability between layers (Rob-
erts and Shimaoka, 2008; Ruiz et al., 2012). Clay
is very susceptible to freezing and desiccation, so
the application of mixed materials is very useful
to improve the interlocking ability and prevent an
increase in permeability coefficient (Herrmann et
al., 2009). On the basis of the double layer theory,
the decrease in the dielectric constant of the fluid
in the pore will reduce the thickness of the double
— layer, causing the clay particles to move closer
between each other and cause shrinkage of the
clay particles. If this condition continues to be left
with a constant volume, the value of permeability
(k) will increase due to the number of clay par-
ticles collapsing, the escape of water molecules
from the clay particles, and the amount of liquid
that passes through the clay particles (Li et al.,
2019). The water content and pressure applied are
other critical factors that can influence hydraulic
conductivity and affect the value of the perme-
ability of the liner. When the amount of coarse ag-
gregate (gravel) is greater than 2/3 of the material
mixture, the liner permeability tends to increase
by more than 60%. It is because the fine materials
do not cover enough of the pores/voids between
the coarse particles. It should be understood that
the intended fine particle is not an expansive clay
type. The liners that are permitted as containment
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systems must contain coarse particles in the com-
posite below 30% of the total dry weight (Roberts
and Shimaoka, 2008).

Soil Shear Strength and Stability Analysis

As mentioned by Ruiz et al. (2012), one of the
critical factors in the selection of the materials for
landfill containment systems is the strength of the
material in holding loads, both vertically and hor-
izontally (Ruiz et al., 2012). The direct shear test
is used to determine the stability of the material
used on the leachate-retaining soils that are found
on the slope of the landfill (Lin et al., 2018; Slim
et al., 2016). Table 3 shows that the results of di-
rect shear test from FAB, FAB , FAB,, FAB,,,
and FAB,, at normal stresses are 41.2 kN/m?
57.5 kN/m?, and 73.7 kN/m? respectively, which
increase in value. Meanwhile, the shear angles of
FAB,,, FAB,, and FAB,, decreased with the ad-
dition of bentonite. The shear stress increases due
to the formation of a pozzolanic reaction, which
is the reaction between calcium in the fly ash with
aluminum and silicate in the soil, producing a
hard and stiff mass (Sivapullaiah and Baig, 2011).

The addition of bentonite to the fly ash seemed
to be able to improve the engineering properties
of the mixture material. The addition of bentonite
can reduce the angle of shear until it is below 30
degrees, which means it is safe from collapse po-
tential (Slim et al., 2016). Shear strength in CCL
is very dependent on the normal stress applied.
At low normal stress, internal friction angle will
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Figure 3. Relationship between shear stress with horizontal displacement in
normal stress (a) 41.2 kN.m™, (b) 57.5 kN.m, and (c) 73.7 kN.m

rise in the beginning and start to drop along with
the increase of normal stress value (Bergado et
al., 2006). The moisture content is also known to
have an impact on the value of shear resistance.
Increasing the water content will reduce the shear
resistance of liner material (Lin et al., 2018). Ben-
tonite is a material that is able to maintain the hy-
draulic performance of a liner. Nevertheless, the
internal shear of bentonite will shrink after the
liner layer is saturated, causing instability of the

liner layer which is placed at an extreme slope
(Budihardjo et al., 2012).

Figure 3 illustrates the results of the shear
stress — shear displacement relationship at each
normal pressure given. In the picture, it can be
seen that the shear strength of each composite has
a different behavior but tends to have the same
trend in each loading. An interesting condition is
seen in the mixture which is cured using NH,CI
(FAB,_). At normal pressure of 41.2 kN.m?, the

25¢
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peak shear strength of FAB,, occurred at +2 mm
displacement and remained constant for greater
displacement. In addition, this displacement pat-
tern tends to be stable at other normal levels of
stress. Different conditions are shown in the use
of other types of treatment using distilled water
where shear displacement changes to reach peak
shear strength. For example, when FAB,; was
given a normal stress of 41.2 kN.m?2, it reached
its peak shear strength at <0.5 mm displacement,
while normal stress of 57.5 and 73.7 reached peak
shear strength at, which then experienced a sig-
nificant post-peak loss. The greatest peak shear
strength was achieved by FAB,, and FAB,  with a
value of £60 kN.m™. This explains that the addi-
tion of bentonite affects the shear strength of each
mixture. The failure that occurs in all composite
materials is contrary to the research conducted
by Eid (2011), which reported than only 20%
shear strength loss occurred soil/GCL interfaces
with normal stress of 75 kN.m?. This difference
occurs because of the high value of plasticity in-
dex mixtures held by various composites in this
study. In the same study, GCL with normal stress
of 300 kN.m? had a peak shear stress value of
120 kKN.m™. An increase in peak shear stress is
still needed for the fly ash-bentonite mixture to
obtain a material that is more stable and safer
from collapse (Eid, 2011).

The addition of bentonite tends to increase
the safety factors that appear in Geoslope/W
modeling. On the addition of 0%, 15%, 20%,
and 25% bentonite, the values of safety factors
are 1,660; 1,662; 1,668; 1,674 and 1,668. These
conditions indicate that the addition of bentonite
will increase the bonds between particles, bear-
ing capacity, and shear strength of the material.
The largest safety factor was obtained by FAB,,
which was curing using distilled water with a val-
ue of 1,674 which met the standard for short-term
safety factor in slope. The mixtures that were hy-
drated using salt are known to have greater hy-
draulic conductivity compared to the mixtures
that were permeated with non-alkaline solutions.
Immersion using saline solution will cause an in-
crease in hydraulic conductivity three times high-
er than the previous value (Budihardjo, 2016).
The addition of salt concentration will reduce the
compression index, which occurs because of the
decrease in the thickness of the double layer dif-
fuse due to the salt being introduced in the pore
fluid so that the maximum dry density increases.
In addition, the addition of cation valence will
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also increase hydraulic conductivity and reduce
swelling volume. The presence of salt solutions
and cations in the pore fluid will create a gradient
of free energy, which will make the water left the
interlayer area. Salt solutions will reduce the lig-
uid limit of composite materials used as leachate
retaining liners (Shariatmadari et al., 2011). This
research is limited to static load, which cannot re-
flect the dynamic factors that affect the stability of
the containment system.

CONCLUSIONS

Addition of bentonite to the reactor: 0%
(FAB)), 15% (FAB,,), 20% (FAB,)) and 25%
(FAB,,) can increase the value of plasticity in-
dex and optimum moisture content. The results
showed that the mixture of fly ash and 25% ben-
tonite (FAB,,) had the smallest permeability and
met the standard parameters for compacted clay
liners with hydraulic conductivity (k) values
reaching 1.584 x 107 cm/s. Bentonite, which is
used as a mixing material from fly ash, can mini-
mize the potential of collapse to occur. The largest
safety factor was 1.674 in FAB,,, which met the
safety factor standard for the installation of short-
term liner slopes (in the edge of construction). Fly
ash used as a landfill linter with the addition of
other materials such as bentonite has been proven
to reduce the permeability coefficient of mixed
soils. The use of other waste materials as basic
landfill coatings still can be explored further.
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