From: Communications in Science and Technology
Sent: 13 September 2021 7:36

To: Yulian Firmana Arifin

Subject: [CST] Submission Acknowledgement

Yulian Firmana Arifin:

Thank you for submitting the manuscript, "Volume Change in Compacted Claystone-Bentonite
Mixtures as Affected by the Swamp Acidic Water" to Communications in Science and Technology.
With the online journal management system that we are using, you will be able to track its progress
through the editorial process by logging in to the journal web site:

Manuscript URL: https://cst.kipmi.or.id/journal/authorDashboard/submission/540
Username: yarifin

If you have any questions, please contact me. Thank you for considering this journal as a venue for
your work.

Communications in Science and Technology
The following message is being delivered on behalf of Communications in Science and Technology.




Authors
Agus Kurniawan (akurniawan)

Yulian Firmana Arifin (yarifin)

Messages
Note From
Dear Authors, akurniawan
2021-11-25
Thank you for considering Communications in Science and 08:56 AM

Technology.

Please see the comments of the reviewers on the article entitled:
“Volume Change in Compacted Claystone-Bentonite Mixtures as
Affected by the Swamp Acidic Water”. I suggest you consider
these comments, suggestions and questions and revise your
article accordingly. The revised version of your submission is due
by December 3, 2021.

For your guidance, reviewers' comments are appended below.

If you decide to revise the work, please submit a list of changes
or a rebuttal against each point which is being raised and
highlight the changes in manuscript when you submit the
revised manuscript.

To submit a revision, please go to https://cst.kipmi.or.id/ (login as
an Author) within 10 days; after this time the manuscript will be
considered as withdrawn.

Yours sincerely,

Agus Kurniawan
Editor
Communications in Science and Technology

Editor:
Comments are available in the file attached.

Reviewer #1:
Comments are available in the file attached.

Reviewer #2:

_Ein A+ it ic hattar tn chna thavAaliima rhanna Aaranh than



thereis no change

- Is there any effect of montmorilonite in this study?

Conclusions:

- Is there any optimum mixture of clay, bentonite and acidic
water that can be used as clay liner, landfill barrier or others?

- It is better to provide final/ important statement of the result in
the conslusions related to the effect of swamp acidic water on
volume change of mixture material not only the results summary
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The manuscript entitled "Volume Change in Compacted
Claystone?Bentonite Mixtures as Affected by the Swamp Acidic
Water" can be accepted in CST after some points below are
clarified:

1. The content and topic is interesting; however, some places are
difficult to understand thus it is recommended to use Profesional
English editing.

2. The subject identified in the work is still localized, it is
recommended to bring the international scope. Hence, the
similar place and location in other countries can obtain the
benefit from this research.

3. The authors said that "This value is greater than that required
for clay liners in many countries (i.e., 1.0x10-9 m/s)." Which is the
reference concluding this statement?

4. There is a shift in peak oriented in the range of wave number
of about 3400-1 in Figure 3. Please explain the phenomenon of
the result.

5.In Fig. 4b, there is a delay of significant increase in
deformation for 80C20B-10(A) and then the sample leads to the
maximum deformation. Please clarify the result.

6. The sentences of "As seen in Fig. 5 (a), the swelling percentage
that occurs in the acidic water is higher than those in pure water
for the samples with initial water content of 10% and 15% and
bentonite content of 5% and 10%." is confused to be understood.
Please revise it.

7.1t is recommended to shorten the conclusion. The significant
results should be mainly described rather than all results. The
itemized conclusion should be avoided.
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Dear Editor and Reviewers,

I hereby submit the revised article based on the reviewers' comments and suggestions. We
appreciate the editor and reviewers' feedback and suggestions for improving the quality of this
article. Additionally, I indicate that professional English editing will be performed immediately
upon acceptance of this manuscript for publication. Some of the improvements we made in
response to the editor and reviewer's comments are listed below. Due to the absence of lines for

column 2, the terms "Column 1" and "Column 2"are used in the updated section.
p

No

Editor and Reviewer’s comments

Authors response

Editor

Title Does the title accommodate variations
in the pH levels of swamp water

The title is made more general to
accommodate the use of acidic water
directly from the field. The general pH of
acidic water from references has been
added in the Introduction in Line 71-81
column 2.

Abstract make a more technical sentence
regarding the possible effect on clay due to
swamp water.

Abstract _no need to repeat the percentage
symbol, just use it at the end of the sentence
Abstract Use spaces where needed

The abstract has been revised in response
to reviewer comments.

Introduction_ Is there a role for radioactivity
in this research, otherwise it doesn't need to
be mentioned

The sentence has been revised in Line 2.

8000m> Use space

All units have been corrected according
to suggestions from the editor.

Figures 7 and 9 must be rearranged again so
that they match the topics discussed and do
not overlap with the conclusion section

The figures have been rearranged.

Conclusion  Rephrase with ” the sample
tends to compressed”

Conclusion has been revised as shown in
Line 571 Column 2

Add quantitative parameters to strengthen
this conclusion

Conclusion has been revised as shown in
Line 571 Column 2

Reviewer 1

The abstract section should be less than 150
words. The description of your methodology
could be shortened.

Abstract has been revised with 150
words.




Abstract  This was not mentioned in the
conclusion section, yet it appears in the
abstract. If this is a significant finding, it
might be better to elaborate this in the
conclusion.

The abstract has been revised to reflect
feedback from reviewers.

Line 80 Col. 2_Materials and Methods
Please write a short paragraph describing
your overall research method.

Short paragraph has been inserted in the
article in Line 92-97 Column 2.

Line 192 Col. 2 Results and Discussions

Typo and fixed Line 318 Column 2

Lines 308-311 Future research on longer
periode test_If the condition does not
fluctuate much, why is it necessary to
conduct a longer period of observation?

Apart from that, clay, particularly
bentonite, has a very time-dependent
behavior, and the clayliner used must be
able to sustain contamination throughout
the waste decomposition process, which
can take up to 50 years.

The sentence has been revised in Line
324-329 Column 1

Fig. 3 Functional group

Typo and fixed Line 318 Column 1

Line 505 decreases

Typo and fixed Line 526 Column 1

Line 518 indicates

Typo and fixed Line 563 Column 1

Reviewer 2

- Fig. 4 : it is better to show the volume
change graph than deformation if possible,
or explain the correlation between
deformation and volume change

We do thank the reviewer for
conscientious review. The sentence
belom has been added in Line 330-331
column 2.

Because the test was conducted on an
oedometer, the only deformation that
happens is in the vertical direction, with
no change in the horizontal. As a result,
the amount of deformation is proportional
to the volume change of the sampel.

- Is there any change of pH value before and
after mixing the materials in this study? It is
better to show if any, or mention it if thereis
no change

The authors express their gratitude to the
reviewer for the advice on pH samples
before and after the test. The authors had
planned this before the research was
conducted, but the test was not carried
out for several reasons, including (1)
there was a test that had to be carried out
after the test was completed (i.e., the
moisture content of the sample), which
required the sample to be oven-dried.
Naturally, this altered the sample's
condition, making pH testing unfeasible.
(2) The sample was divided following the




test for the FTIR, XRD, and XRF tests, as
well as the majority of the tests indicated
in point (1). So, although the pH after the
test is fascinating to discuss, it was not
done. (3) Paralel tests were difficult due
to long duration of the test (i.e 12 days)
for one sample, limited equipments, and
tool usage queue.

- Is there any effect of montmorilonite in
this study?

The sentences below have been added in
Line 401 Column 2 — 426 Column 1.

Although both include montmorillonite,
bentonite contains a greater proportion of
the mineral than natural soils (ref). Thus,
by adding bentonite to the mixture, the
amount of montmorillonite in it is
increased. Clay and montmorillonite
contain are thought to have a distinct
influence on swelling behavior, ranging
from minor to major. However, it was
revealed that the latter element had a
greater influence than the former (ref).

Conclusions:

- Is there any optimum mixture of clay,
bentonite and acidic water that can be used
as clay liner, landfill barrier or others?

- It is better to provide final/ important
statement of the result in the conslusions
related to the effect of swamp acidic water
on volume change of mixture material not
only the results summary

The initial moisture content of the sample
affects the swelling of compacted
claystone bentonite mixtures in acidic
water. The sample tends to compress when
the moisture level is higher than the wet of
optimum. Compression increases as the
amount of bentonite in the mixture
increases. There is a noticeable behavioral
difference between samples having more
than 10% bentonite. Compression occurs
faster in this condition than in pure water.
A mixture with 20% bentonite content
compacted at dry to optimum moisture
content is the best for mitigating the
negative effects of acidic water.

The conclusion has been revised in Line
569 Column 2

Reviewer 3

The manuscript entitled "Volume Change in
Compacted Claystone?Bentonite Mixtures
as Affected by the Swamp Acidic Water"
can be accepted in CST after some points
below are clarified:

We do thank the reviewer for conscientious
review. The following are revisions in
response to the comments and suggestions of
the Reviewer 3.




The content and topic is interesting;
however, some places are difficult to
understand thus it is recommended to use
Profesional English editing.

Professional English editing will be
performed immediately upon acceptance
of this manuscript for publication.

The subject identified in the work is still
localized, it is recommended to bring the
international scope. Hence, the similar place
and location in other countries can obtain
the benefit from this research.

This can occur in any location with a
large area of peat wetland. Tcvetkov
(2017) provides data on countries with
peat swamp areas, including Russia (150
million ha), Indonesia (26 million ha), the
United States of America (40 million ha),
Canada (170 million ha), Finland (10
million ha), China (3.5 million ha),
Sweden (7 million ha), and Ireland (1.2
million ha), as well as the remaining 12.3
million ha in Malaysia, Germany, Poland,
the United Kingdom, and Belarus. Wind-
Mulder et al (1996) reported water
chemistry data from four peat swamp
areas in Canada showing the average pH
was 3.7-3.9 with a predominant of SO4>".

The sentences and new references have
been added in Line 71-81 column 2.

The authors said that "This value is greater
than that required for clay liners in many
countries (i.e., 1.0x10” m/s)." Which is the
reference concluding this statement?

A reference has been inserted at the end
of the sentence in Line 115 column 2
(reference No. 25).

There is a shift in peak oriented in the range
of wave number of about 3400-1 in Figure
3. Please explain the phenomenon of the
result.

The impact of acid on montmorillonite is
almost similar whenever the-OH
extracting happens at a wave length
between 3441 cm-1 (Akpomi et al., 2016)
and 3427 cm-1 (Ozcan et al., 2005).

The sentences and references have been
added in Lines 332 Column 2.

In Fig. 4b, there is a delay of significant
increase in deformation for 80C20B-10(A)
and then the sample leads to the maximum
deformation. Please clarify the result.

The effect of acid water on bentonite has
begun to be seen at low water content. In
Fig. 4(b), there is a significant delay in
increasing deformation for 80C20B-
10(A), and then the sample leads to the
maximum  deformation. The high
concentration of ions contained in acidic
water results in a balancing process with
the soil water inside. As shown in FTIR in
Figure 3, after the acidic water began to be
absorbed by the bentonite surface,




modifications occurred which resulted in
an increase in the amount of water
absorbed on the surface. This resulted in
high swelling that occurred, as indicated
by the vertical deformation of the sample.

The sentences have been added in Line
392-402

The sentences of "As seen in Fig. 5 (a), the
swelling percentage that occurs in the acidic
water is higher than those in pure water for
the samples with initial water content of
10% and 15% and bentonite content of 5%
and 10%." is confused to be understood.
Please revise it.

Fig. 5(a) shows that the 10 percent
bentonite level to be the limit of the
distinct swelling behavior of the samples.
At bentonite less than 10%, the swelling
in the acidic water is higher than that in
pure water for the samples with an initial
water content of 10% and 15%.

The sentences have been revosed in Line
427-431 Column 2

It is recommended to shorten the conclusion.

The significant results should be mainly
described rather than all results. The
itemized conclusion should be avoided.

The initial moisture content of the sample
affects the swelling of compacted
claystone bentonite mixtures in acidic
water. The sample tends to compress
when the moisture level is higher than the
wet of optimum. Compression increases
as the amount of bentonite in the mixture
increases. There is a noticeable
behavioral difference between samples
having more than 10% bentonite.
Compression occurs faster in this
condition than in pure water. A mixture
with 20% bentonite content compacted at
dry to optimum moisture content is the
best for mitigating the negative effects of
acidic water.

The conclusions can be found in Line
571 Column 2




Communications in Science and Technology 0(0) (2022) 000—-000 (to be inserted by publisher)

COMMUNICATIONS IN

SCIENCE AND TECHNOLOGY
Homepage: cst.kipmi.or.id

CsT

Communications in
Science and Technology

Volume Change in Compacted Claystone—Bentonite Mixtures as Affected
by the Swamp Acidic Water

Yulian Firmana Arifin®° ", Muhammad Arsyad®, Jeane Monica®, Setianto Samingan Agus®

“Professional Engineer Education Study Program, Lambung Mangkurat University, Banjarbaru, 70714, Indonesia
bCivil Engineering Study Program, Lambung Mangkurat University, Banjarbaru, 70714, Indonesia
‘Mott MacDonald Singapore Pte. Ltd., Singapore 239693, Singapore

Article history:
Received: xx xxxx xxxx / Received in revised form: xx xxxx xxxx / Accepted: XX XXXX XXXX (to be inserted by publisher)

Abstract

Water containing sulfuric acid with a pH of up to 3 is prevalent in swampy areas. This article focuses on the effects of the solution on volume
change of compacted claystone—bentonite mixtures. Claystone was from Banjarbakula landfill. The claystone was mixed with bentonite on a 5,
10, 15, and 20% dry mass basis. Samples have dry density of 16 kN/m? and moisture content of 10, 15, and 20%. The oedometer examined the
samples' swelling and compression in both pure and acidic water. Characterization tests (i.e., XRF, XRD, and FTIR were also performed. The
results show that swelling and compression are affected by initial moisture and bentonite content. Samples with a moisture content of 20%
showed compression in acidic water. Acidic water changes the water absorbed on the clay surface without altering the mineral. A mixture

containing 20% bentonite compacted to optimum moisture content is best for reducing acidic water effects.

Keywords: claystone; bentonite; swelling; compression; clay liner
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Numerous materials have been proposed as waste barrier80
One of them is a mixture of claystone and bentonite. Alongl
with the clay minerals it contains, claystone is used to recycl82
waste material from excavation [1]. Previously, claystons3
from excavation had been considered as an undesirabl34
construction material, particularly when it came into conta@5
with water [2], [3]. During the development of th36
Banjarbakula landfill in Banjarbaru, South Kalimanta37
Indonesia, an approximately 8000 m? of claystone wa38
dumped as the material was regarded as an undesirabl39
material. Nevertheless, there are some economic benefits of0
utilizing this material. Therefore, both the economic andl
environmental concerns are addressed from the use of thé2
material [1]. 43

Hydraulic conductivity, shear strength, compressibility and4
swelling characteristics are among the properties that a5
commonly evaluated in relation to the use of bentonite—based6
materials as a landfill barrier. These properties are strongl47
influenced by the bentonite content in the mixtures. Khalid &8
al. [4] found that the influence of bentonite on thé9
geotechnical properties is more evident at a bentoniteO
percentage of more than 10% for clay—bentonite mixture&l
Meanwhile, adding more than 20% bentonite to silty sand had2
no effect on the hydraulic conductivity of the clay liner [5]. 53

Clay liners, as a barrier, are extremely prone to intera&d4
with substances other than water. In the nuclear wasts5

* Corresponding author. Tel.: +62-511-4773858; fax: +62-511-4773858. 56
Email: y.arifin@ulm.ac.id

1. Introduction

repository, the sealing material will interact with the saline
solution of the surrounding host rock. This will have an effect
on the canister's corrosion, the swelling and self-sealing
capability of the bentonite back fill, and a sophisticated
geochemical calculation [6]. Wang et al. [1] found that due to
the high sample density and low salinity of the water utilized,
water chemistry had no effect on the swelling behavior of
compacted claystone-bentonite mixes. Swelling pressure of
compacted claystone—bentonite mixture is affected by the
final dry density of bentonite in the mixture, while the
claystone used is considered to behave as sand [1].

Claystone, on the other hand, is highly impacted by the
minerals it contains. Its combination with bentonite will have
an effect on the mixture's overall behavior. The swelling
capacity of bentonite is also impacted by the chemistry of
saturating fluids; the higher the salinity, the lower the sample's
swelling capacity, which has a negligible effect on samples
with a high density (i.e., 17-19 kN/m?) [1].

Besides density, water salinity has an effect on
hydromechanical materials containing a large amount of
smectite (i.e., 50% bentonite) [6]. Apart from swelling
characteristics, Siddiqua et al. [6] examined the influence of
salt on compression and swelling indices (i.e., ¢, and cy)
obtained by consolidation tests. c¢. was found to decrease in
the presence of saline solution, indicating its influence on the
sample's compressibility behavior. On natural stiff clay,
similar results were reported by Ngunyen et al. [7]. Clays with
a high smectite content experience more alterations than
others.

© 2016 KIPMI
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Sealing materials may also interact with acidic liquidslih7
addition to salt. Acidic water, which is generated by acid rdih8
and has a pH of 3-4.5, reduces the shear strength 19
sedimentary and igneous residual soils and increases th&20
permeability [8]. Acid rain infiltration into the soil cau&2l
leaching of Fe** and AP*, which plays an important rolelia2
cementation. The effect of acid rain on the development A3
soil erosion was also investigated by Matsumoto et al.[9]. Th24
release of A" owing to fluids with pH of 2-6 was alkd5
observed in the study, which resulted in the development 16
soil erosion. Meanwhile, Ahmed et al. [10] found that th27
swelling ratio reduced when the pH in soil pores decreastd8
due to acid water. Gratchev and Towhata [11] investigated th29
potential of changes in the compressibility of marine clay diid0
to soil contamination from past mismanagement of waste. Ifl31
reported that acid water increases or decreases ths2
compressibility index depending on the minerals and sbd3
structure. Le et al. [12] investigated a coastal acid sulfate sbd4
in Australia that contains sulfidic mineral (i.e., FeS;). Ths5
results of the compressibility test show that the physidd6
structure of the soil is influenced by H" and Ca?" cations. 1437
short time, the effect appears to be insignificant. Besides tid38
however, the combination of pore water chemid®9
composition, compressive pressure, and moisture contddtO
affects the permeability of the acid sulfate soil [12]. 141

Acidic water has also been reported to cause damage 1i42
industrial areas due to contamination with sulfuric acid, whibh3
is widely used in the paper industry, petroleum refinidg4
copper leaching, inorganic pigments, and the organic chemidl5
industry [13]. In the soil, it was found that IN H>SO4 resultbd6
in the formation of gypsum and cornelite, whereas 4N H,SD47
formed aluminite and chloritoid. Mineral changes in the blab4&8
cotton soil used in the study resulted in an increase in percent
swelling. In addition, acid solution with a highet9
concentration also produces a greater swelling potential [13].
Numerous researchers have also reported soil heaving induck80
by acidic solutions [14]-[16]. Sridharan et al. [14] studied ths1
incidence of floor, pavement and foundation distress inl%2
fertilizer factory. The damage was determined to be the reshfi3
of heave induced by phosphoric acid reacting with soil in hh4
acidic environment. Assa'ad [15] reported the incline of ths5
storage tank at the chemical fertilizer factory in Aqaba, Jordan
was caused by phosphoric acid leaking and interacting withé
the subgrade soil. Like a gel, phosphate compounds are
formed and filled the pores, which results in trapped gass7
resulting from the chemical process.The pressure generaftd8
causes the tank to lift when it is empty. Rama Vara Prasadl&9
al. [17] investigated the swelling potential of three soil§0
namely black cotton soil, sodium bentonite, and kaolinit§l
using two acidic solutions (i.e., H,SOs and H3PO.). The2
results show that the swelling potential of montmorillonite3
soils is influenced by the type of cation exchangeable. The4
cation exchange reaction and the dissolution of some minerds5
resulted in mineral changes in the montmorillonite soil whith6
affected its swelling behavior. In kaolinite soils, adsorptionk7
H* at the broken ends results in a face-to-edge association 168
the particle, which results in an increase in the swellih@9
potential of the soil, coupled with changes in soil mineralody.0
Chen et al. [18] investigated the compressibility of kaolinltél
soil using pore fluid with a larger dieletric constant than

water, such as acetic acid. The results indicate that the
compression and swelling index samples in the solution are
smaller than those in water. Meanwhile, Wahid et al. [19]
concluded that kaolinite is not affected by salinity but pH,
which attacks the tip of the particle. The compression that
occurs under constant load is caused by the interaction of
kaolinite with acid solution as a result of sliding between
particles and is irreversible.

In South Kalimantan, the area is predominantly swampy
and low land. In areas where the soil is predominantly peat,
the presence of sulfuric acid in river water causes the pH to
vary from 3.4-4.2. The pH does not increase even during
rainy season due to high precipitation resulting in rising water
levels in the river, thereby preventing the entry of seawater
into the river [20]. This can occur in any location with a large
area of peat wetland. Tcvetkov [21] provides data on countries
with peat swamp areas, including Russia (150 million ha),
Indonesia (26 million ha), the United States of America (40
million ha), Canada (170 million ha), Finland (10 million ha),
China (3.5 million ha), Sweden (7 million ha), and Ireland
(1.2 million ha), as well as the remaining 12.3 million ha in
Malaysia, Germany, Poland, the United Kingdom, and
Belarus. Wind-Mulder et al [22] reported water chemistry data
from four peat swamp areas in Canada shows the average pH
of 3.7-3.9 with a predominant of SO4>. Therefore, the acidic
water has a high potential of reacting with the clay liner that
surrounds it. This paper aims to examine the effect of swamp
acidic water on the volume change (i.e., swelling and
compression) of the claystone-bentonite mixture. An
oedometer was used to evaluate samples of claystone and
bentonite mixtures with various compositions in acid water as
immersion.

2. Materials and Methods

Both natural and fabricated clays (i.e., claystone and
bentonite) were used in this study. In addition, the acidic
water utilized was obtained directly from a swampy area in
order to explore its composition and effects on the clay liner.
Overall sample preparation, compaction, and volume change
tests were carried out in the laboratory at room temperature.

2.1. Claystone

The claystone used was taken from the Banjarbakula
landfill project site. The soil was not used in the project and
was disposed of. The claystone has a moisture content of
2.76%, Gs 2.6, a liquid limit (LL) of 40%, a plastic limit (PL)
of 20%, and a shrinkage limit (SL) of 15%. The material
consists of 4.5% sand, 43.9% silt, and 51.6% clay. According
to the Unified Soil Classification System (USCS) [23], the
claystone is classified as an anorganic clay with low to
medium plasticity (CL). The main exchangeable cation
claystone used was Ca?" 4.3 meg/g and the remainder was Na*
0.3 meq/g, Mg?" 0.1 meqg/g, and K* 0.3 meq/g. At a dry unit
weight of 16 kN/m?, the compacted claystone has a hydraulic
conductivity of 7.9x10®° m/s [24]. This value is greater than
that required for clay liners in many countries (i.e., 1.0x10°
m/s) [25].
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The bentonite used is commercial bentonite with the m2ia2
exchangable cation Ca*" 18.7 meq/g. The others (i.e., N223
Mg*", and K*) are 0.34 meq/g, 0.2 meg/g, and 0.58 meq2@4
respectively. The bentonite has a moisture content of 14.17%,
a specific gravity of 2.71, LL 351.71%, PL 44.68%, 3P5
41.89%, and a plasticity index (PI) of 307.03%. The material

2.2. Bentonite

consists of 1.4% fine sand, 8.3% silt, and 90.3% clay. 226
227
2.3. Acidic water 228
229

Acidic water was taken from a river in Tanipah village,280
the Barito Kuala district in South Kalimantan. The water hag31
pH of 3.4-3.6. This pH tends to remain constant throughout
the year, both in the dry and rainy seasons. The chemi
composition of the acidic water is shown in Table 1.

The chemical compounds dominant in the solution are
Ca?*, SO4*, and CI'. The high concentration of sulfate ions is
a result of pyrite oxidation occurring in the soil [20].
Commonly, the SO42"/Cl" rasio is used to determine the
influence of sulfuric acid on pyrite oxidation on the
composition of river water in swamp areas.

Table 1. Chemical compositions of the acidic water used.

Chemical K Ca?' Na' Fe?* Mn? SO.> Cl
compound
mg/1 421 15886 6910 4.876 1427 261.02 1534

2.4. Sample preparation

Bentonite was mixed with claystone at a percentage of 5%,
10%, 15%, and 20% based on its dry weight. Water was
added to the mixtures at a certain amounts to provide the
samples an initial moisture contents (w) of 10%, 15%, and
20%. The sample target water contents were based on results
of the Proctor standard compaction test on the claystone
an optimum moisture content (OP) of 15% obtained. Ag 4
result, the water contents of 10% and 20% fall on the dry
optimum (DOP) and the wet of optimum (WOP) wata®
content, respectively. After that, the mixtures were statica?l 7
compressed with a hydraulic jack to produce samples a
unit weight (jz) of 16 kN/m®. The samples have a diameter
63.4mm and a height of 20mm. The initial conditions o
sample identifications (Sample IDs) are shown in Tablezﬁ
The names are given following the sample conditions, such%($2
composition and initial water content. 243

2.5. Swelling and Compression tests
244

Two tests were carried out in the oedometer, namely the
swelling potential and the compression tests. These tests wi
performed following the standard ASTM procedures (i,
ASTM D4829-11 [26] and ASTM D2435-04 [27]). T¥£7
water used in the test was pure water with a pH of +7 af
swamp acidic water with a pH of 3.4. The tests using the
waters were carried out separately. For the test with p
water, the sample in the oedometer was immersed in the wa
under a pressure of 6.9 kPa to obtain the sample’s swelli%%z

strain. After equilibrium was reached, which was observed
from constant dial gauge readings, the sample was loaded and
subsequently unloaded following the consolidation test
procedure [27]. Similar procedures were also carried out for
the samples tested using swamp acidic water.

2.6. Sample characterisation

The investigation into the effects of acidic water on the
mixtures of claystone and bentonite commences with the
Atterberg limit tests, which were carried out to determine the
liquid limit, plastic limit, and plasticity index of the samples.
Similar approach was also adopted by a number of other
researchers [8][17][28].

Table 2. Sample initial conditions

Claystone Bentonite Yz w

Sample ID

(%) (%) (N/m¥) (%)
100C-10 100 0 16 10
100C-15 100 0 16 15
100C-20 100 0 16 20
95C5B-10 95 5 16 10
95C5B-15 95 5 16 15
95C5B-20 95 5 16 20
90C10B-10 90 10 16 10
90C10B-15 90 10 16 15
90C10B-20 90 10 16 20
85C15B-10 85 15 16 10
85C15B-15 85 15 16 15
85C15B-20 85 15 16 20
80C20B-10 80 20 16 10
80C20B-15 80 20 16 15
80C20B-20 80 20 16 20

The acidic water has a physical influence on clay and can
also cause chemical and mineral changes with the clay. The
alterations in the mineral contents were investigated using X-
ray diffraction (XRD) analysis for the samples before and
after test with the acidic water. In addition, Fourier-transform
infrared spectroscopy (FTIR) test was used to analyze the
functional groups of materials tested with pure water and
acidic water. Finally, the samples' chemical compositions
were measured using X-ray fluorescence (XRF).

3. Results and Discussions
3.1. Effect of swamp acidic water on sample characterisation.

Figs. 1(a) and 1(b) depict the influence of acidic water on the
claystone-bentonite mixture's liquid limit (LL) and plastic
limit (PL), respectively. Fig. 1(a) shows that LL increases
with increasing bentonite concentration in both the pure water
and acidic water tests. This is plausible since the LL of the
bentonite is greater than that of the claystone. It is also evident
that the influence of bentonite content on the LL is observed
at the bentonite concentrations greater than 10%. This finding
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is consistent with that reported by Khalid et al. [4], who foud5
that bentonite has an impact on the clay-benton2¢6
combination at a concentration of higher than 10%. The LL2#7
the samples tested with the acidic water is consistently grea2ef8
than those tested with pure water containing more than 1®239
bentonite, as shown in Fig. 1(a). LL increases by up to 16%:280
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Fig. 1. Effect on acidic water on liquid limit and plastic limit of
claystone—bentonite mixtures

the 20% bentonite content. At the same bentonite content, LL
is also higher by up to 16% for the samples tested in the acidic
water. An insignificant increase in the PL is also observed
when testing the samples with the acidic water. The greatest
difference in the PL of around 5% is shown at the 20%
bentonite content. Since only minor change in the PL is
observed for the tests using the acidic water, the change in the
PI is almost similar to the change in the LL. An increase in the
LL and PI with reducing pH of the soil water was also
reported by Bakhshipour et al. [8].

Table 3 shows the oxides contents of claystone, bentonite,
and claystone-bentonite mixtures before and after interacting
with the acidic water obtained from the XRF test. The samples
tested were taken from those after the consolidation test with
different bentonite and initial water contents. According to
samples ID, the samples consist of claystone, bentonite, and

the mixes with varying bentonite percentages (i.e., 5%
(95C5B) and 20% (80C20B)), and also different initial
moisture contents (i.e., 10% and 20%). As shown in the table,
claystone and bentonite predominately contain SiO, with a
percentage of 55.6% and 54.6%, respectively, followed by
Fe,Os as the next oxide with a content of 19.3% and 23.4%,
respectively. Both materials also contain almost the same
ALOs, which is 15% and 14%, respectively. The rest is K>O,
CaO and TiO,.

Table 3. Oxides of claystone, bentonite, dan claystone-bentonite mixtures

Compound (%)
Sample ID  Condition
A1203 SlOz KzO CaO TlOz F6203
Before

Claystone (C) test 15 556 433 322 1.83 193
Bentonite (B) ij;’tre 14 546 056 410 1.82 234
95C5B-10  After test 14 551 390 298 191 212
95C5B-20  After test 14 538 4.01 3.01 193 214
80C20B-10  After test 13 548 343 3.17 193 226
80C20B-20  After test 14 53.1 341 333 190 226

Bakhshipour et al. [8] reported leaching of AI**, Fe**, Si?”,
K" and Ca’?" due to acid rain infiltration, which resulted in
reduced sample strength. Artificial acid rain (AAR) was
prepared by adding a certain volume of 0.005 M nitric acid
(HNO:s) and sulfuric acid (H2SOs) to deionized distilled water
with pH values of 2, 3, 4, 5, and 5.6. In this study, samples
soaked in the acidic water with chemical contents as shown in
Table 1 did not affect the samples’ oxide contents. The
contents of Al,Os, Fe,03, and SiO, as shown in Table 3 did
not alter for the samples with 5% and 20% bentonite contents.
Neither cation exchange nor leaching occurred during the
swelling and consolidation processes.

Fig. 2 shows the XRD results of the claystone and
bentonite samples (i.e., the bottom curve) and those after
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Fig. 2. Mineralogy of samples before and after tested by the acidic water
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interacting with the acidic water (denoted by (A)) for differ&d7
bentonite content (i.e., 5% and 20%) and initial water conteB48
(i.e., 10% and 20%). As shown, the claystone sample contaB#9
more minerals than the bentonite sample, based on the numB&0
of peaks created by the XRD test. This is due to the fact that
the claystone sample was collected directly from nature
without any purification or other processes. Claystone is
composed of various minerals, including kaolinite (1), illite
(2, 11), quartz (3, 6, 10, 12, 14, 19), vermiculite (5, 16),
feldspar (7), montmorillonite (8, 17), chlorite (9), mica (13),
and kaolinite (15, 18). Numerous minerals are found in
bentonite, including illite (2), feldspar (4), quartz (6), and
montmorillonite (8, 17).

Table 4 summarizes the mineral composition of the
samples before and after testing, based on the XRD test results
shown in Fig. 2. As seen in Table 4, no minerals were
dissolved or formed as a result of interacting with the acidic
water solutions. This result differs from the findings of
previous investigations, including Sivapullaiah et al. [13] and
Rama Vara Prasad et al. [17]. This discrepancy might be
explained by the low concentration and brief duration of the
interaction (approximately 14 days) with the acidic Wat% .1
According to Le et al. [12], the combination of acidic wa
concentration and interaction time has an effect on
solution's interaction with the soil. Apart from that, cl
particularly bentonite, has a very time-dependent behavi
and the clayliner used must be able to sustain contaminati g
throughout the waste decomposition process, which can t
up to 50 years, future research will be conducted over a lon,

period of time. >9

360

Table 4. Sample’s mineralogy before and after test 361

362

Before test  After consolidation (A) 363

TEEEEEE

Mineral 2 é B A % % 365
= 5} o o Q @)
@) m = = 2 S

, % 366
Tllite N N N N N \
Quartz N v v \/ \/ \

Vermiculite y x \/ \/ \/ \/ 367

Feldspar N \ \ \ \ \ 368

Mont. N N v \/ \/ \ 369
Chlorite \/ x \/ \/ \/ y

Mica N x N N \ \ g;g
Kaolinite v X v v v \

\ = available, x = not available 372

373

Fig. 3 shows the results of the FTIR test to determine 4
functional groups of the samples used, including thag>
condition after interacting with the swamp acidic wa /
Samples with 10% and 20% bentonite contents were tested.
the figure, letters A and W signifies that the samples tes 48
with the acidic and pure water, respectively. As seen,
peaks are found in the high wavelength region, i.e., at 16
3402, 3416, and 3620 cm’!. These peaks each indicate él%l
presence of clay minerals (i.e., 3618-3628 cm™) [29].
development of OH was found at 3402-3445 c¢m! which383
the interlayer and intralayer of the H bond [30]. Saputra et 34
[31] also found a montmorillonite hydroxyl (OH) peak
3434 cm’l. Ravindra-Reddy et al. [32] reported that this pe§1§6
indicates the presence of water on the mineral surface.

at low wavelengths of 1009, 695, 528, and 470 cm™, these
peaks are the peaks of the SiO, tetrahedron [32]. Where at
466-470 and 528-535 cm! is an indication of the presence of
clay and silica minerals.
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Fig. 3. Functional group of samples tested with pure water (W) and the
acidic water (A)

The FTIR results confirm that the material used has clay
minerals where SiOs is present at 3618-3628 cm™ [29].
Moreover, the indications of the presence of the mineral
montmorillonite can be seen from the development process at
a wavelength of 3402-3445 cm™ when interacting with pure
water. The expansion over this range (i.e. 3402-3445 cm™)
for the samples interacting with the acidic water (A) was
higher than those with pure water (W). This shows that the
clay surface absorbs more water when interacting with acidic
water, as seen from the-OH extraction at a wavelength of
3402-3445 cm!. The amount of bentonite in the mixture does
not appear to affect the extraction intensity of the—OH
samples. The impact of acid on montmorillonite is almost
similar whenever the—~OH extracting happens at a wave length
between 3441 cm™ [33] and 3427 cm™! [34].

3.2. Effect of swamp acidic water on swelling

Because the test was conducted on an oedometer, the only
deformation that happens is in the vertical direction, with no
change in the horizontal. As a result, the amount of
deformation is proportional to the volume change of the
sampel. Figs. 4(a)—(f) shows the typical swelling development
of claystone—bentonite mixtures with time when interacting
with pure water (ie, Figs. 4(a), 4(c), and 4(e)) and the acidic
water (i.e., Figs. 4(b), 4(d), and 4(f)) under a 6.9kPa load
plotted on a semi—logarithmic scale. For the sample with 10%
initial moisture content shown in Fig. 4(a), the deformation
samples increased slowly in the early stages of the test (i.e.,
up to 20 minutes). Primary swelling occurs rapidly thereafter
up to a certain point (i.e., up to 300—4000 minutes depending
on the bentonite content in the mixture) slopes and reaches
maximum deformation. The maximum deformation recorded
is referred to as the maximum swelling of the sample. The
maximum swelling of claystone is reached in less than 100
minutes. Fig. 4(b) shows that the initial swelling occurs
gradually in the beginning, up to 20 minutes, followed by
primary swelling up to 300 minutes for the samples with 5%
bentonite content, and 3000 minutes for those with 20%
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Fig. 4. Swelling development by time of claystone—bentonite mixture samples with initial moisture content of (a)—(b) 10%,
(c)—(d) 15%, and (e)—(f) 20%.

bentonite. Insignificant compression occurs in samgi@6
80C20B-10(A) which contains 20% bentonite. The sa#@7
behavior is also observed in the sample with the ini4418
moisture content of 15%, as shown in Figs. 4(c) and 4(d). 409

The effect of acid water on bentonite has begun to be se&h0
at low water content. In Fig. 4(b), there is a significant dehy1
in increasing deformation for 80C20B-10(A), and then #ht2
sample leads to the maximum deformation. The high3
concentration of ions contained in acidic water results id14
balancing process with the soil water inside. As shown4ih5
FTIR in Figure 3, after the acidic water began to be absorbéile
by the bentonite surface, modifications occurred wh#&h7
resulted in an increase in the amount of water absorbed on tht8
surface. This resulted in high swelling that occurred, 49
indicated by the vertical deformation of the sample. 420

Different behavior is noticed in the samples with an inida1
moisture content of 20%, where all samples that interac22
with the acidic water tend to experience shrinkage @23

compression). Only two samples (i.e., 85C15B-20(A) and
80C20B-20(A)) with 15% and 20% bentonite content,
respectively, swelled back past their initial conditions. From
this behavior, it can be seen that swamp acidic water has an
effect on the mixtures with high bentonite content or high
initial water content. Claystones containing clay minerals such
as kaolinite and illite are not much affected by the acidic
water. This can be seen from the results of the Atterberg limit
tests (Fig. 1). The unremarkable effect was caused by the
adsorption of H+ at the broken end, resulting in a face-to-edge
association of the particle [17] [18] [19].

Swelling occurs due to the absorption of water by the clay
surface. Swelling increases with increasing percentage of
bentonite in the mixture. Although both include
montmorillonite, bentonite contains a greater proportion of the
mineral than natural soils [35]. Thus, by adding bentonite to
the mixture, the amount of montmorillonite in it is increased.
Clay and montmorillonite contain are thought to have a
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distinct influence on swelling behavior, ranging from minob6
major. However, it was revealed that the latter element had a7
greater influence than the former [35]. The montmorillonds8
containing bentonite, according to Pusch et al [36], requi&s9
2-3 layers of water molecules to meet the hydration ford&0
Other researchers even reported 4 layers of water molecufsl
are required [37]. The thickness and complete hydrated layéis2
of water molecules in bentonite vary depending on 463
exchangeable cation. Assuming the specific surface areca é64
bentonite is 500 m*/g and the water unit weight of 1 g/cé85
Arifin [38] reported that the water content to satisfy 6
hydration force is 22.7%, 14.1%, 23.9%, and 15.4% for &e7
Mg, Ca, Na, and K types of bentonite, respectively. This waa8
content can even be greater because the surface water densit§9
is reported to be possibly more than 1 gr/cm? [39]. After thatO
this water absorption, the role of surface hydration decreasdd 1
In an attempt to equalize ion concentrations, water molecutez2
tend to diffuse toward the surface. 473

Numerous studies have previously observed that mineds4
changes occur when soils, particularly those containihg5
montmorillonite, interact with acidic solutions [13], [12], [14],6
[19]. This was not the case in this study, as shown in Figd27
and Table 4. There was even no cation exchange as showndin8
Table 3. The volume change that occurred in the sample wh&9
due to the difference in the concentration of cations in th80
porewater and the acidic water. This process is known 481
osmotically-induced consolidation or osmotic consolidati82
[40], [41]. The high concentration of cations present in 83
acidic water (Table 1) results in the outward flow from witkid4
to balance these conditions. When the water content of th85
sample is high, the concentration of cations in the pore wa&6
decreases and tends to release water, which results 487
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Fig. 5. (a) Maximum swelling and (b) maximum compression as a 512
function bentonite content. 513

decrease in the soil volume (Fig. 4(f)).

The results of the maximum percentage of swelling and
compression that occurred in the sample (Fig. 4) are
summarized in Fig. 5. Fig. 5(a) shows that the 10 percent
bentonite level to be the limit of the distinct swelling behavior
of the samples. At bentonite less than 10%, the swelling in the
acidic water is higher than that in pure water for the samples
with an initial water content of 10% and 15%. In this
condition, the behavior of claystone containing kaolinite is
more dominant. In kaolinite soils, acidic water will affect the
tip of the particle, resulting in a face to edge association which
results in a higher swelling potential [17] [18] [19]. At the
higher bentonite contents (i.e., 15 and 20%) where the
hydration force is higher, the swelling is greater when the
sample interacts with pure water than with the acidic water.

At 20% moisture content, the sample compression is higher
compared to the swelling. Even at a bentonite content of less
than 15%, the sample tends to compress. This compression is
problematic when occurs horizontally as it results in cracks
[42], [43]. During lateral compression, the shear strength of
the soil decreases and its permeability increases. This
behavior needs to be considered in determining an acceptable
zone as a clay liner in a landfill application.

These findings are consistent with the results obtained from
the FTIR test, where the samples 90C10B-10(A) and 80C20B-
10(A) have higher peaks, especially at a wavelength of
3402-3445 cm™ (Fig. 3). At this wavelength, the samples
absorb more -OH, so that the swelling is high (90C10B-
10(A)) as shown in Fig. 5(a). Meanwhile, the swelling seems
to be smaller in the 80C20B10(A) sample than in the
80C20B10(W) sample (Fig. 5(a)) owing to compression, as
seen in Fig. 5(b).

3.3. Effect of swamp acidic water on compression of sample

Figs. 6(a)-6(d) show the results of the consolidation test in
normalized void ratio versus logarithmic pressure for samples
with bentonite content of 5, 10, 15, and 20%, respectively.
The normalized void ratio was used so that the effect of
bentonite content and acidic water on the initial void ratio
after swelling could be excluded in the assessment. Each
sample’s initial void ratio was added with a number to start at
1.0. For the same sample, the number was appended to all of
the void ratio data. In general, it is seen that the volume
change indicated by the largest change in void ratio occurs in
the sample with an initial moisture content of 10%. This is
due to the orientation of clay particles, which tend to fluctuate
at low water contents and the dominant formation of
macropores [38]. Macropores, or interaggregate pores, are
pores that exist between soil aggregates. When the sample is
compressed, the part that is greatly reduced is macropores
[44].

The results in Fig. 6 also show that the sample compacted
at 10% water content interacted with the acidic water to
produce the largest volume change. However, when compared
to the one tested in the pure water, this change is still smaller.
In the acidic water with higher concentrations, the
intergranular attraction force increases so that the particles
tend to flocculate [28]. Resistance to external forces becomes
greater and results in lower compressibility. This result is
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Fig. 6. Figure Normalized void ratio—logaritmic pressure relationship of compacted claystone-bentonite mixtures for Samples
with (a) 5% bentonite, (b) 10% bentonite, (c) 15% bentonite, and (d) 20% bentonite. (Note: W=pure water, A=the acidic water).

supported by the FTIR test as shown in Fig. 3. The sampl38
tested with the acidic water shows more -OH extraction ab39
wavelength of 3402-3445 ¢cm™! due to the low compressip40
that leaves more water on the surface of the clay minerals. 541

Figs. 7(a) and 7(b) show the coefficient of compression (542
and swelling index (c;) of the claystone—bentonite mixtufe$3
interacting with pure water (W) and the acidic water (A).344
general, it can be seen that c. increases with increasing5
bentonite content. In addition, the samples with lower init5&16
moisture contents exhibit higher c. regardless of the solutiod7
in which the consolidation test was performed. The effect 548
acidic water on ¢, was seen in the samples with an init3d9
water content of 10%, whereas for those with 15% and 2®%0
water content, the ¢, from the tests in the acidic water was1
smaller than that in pure water. 552

Gratchev and Towhata [11] reported that the effect 5H3
acidic water on soil compressibility is influenced by minerdi§4
soil structure, and diffuse double layer. When interacting with5
acidic water, in certain soils, mineral leaching occub§6
resulting in high compressibility. Changes in soil mineralogy7
were not found in this study, as shown in Fig. 2 and Table568
At bentonite contents up to 10%, where the domin&i9
behavior of bentonite is not maximum, soil structure tends560
be more flocculated when interacting with the acidic wabél

due to adsorption of H" at the tip of the soil particles [17] [18]
[19]. Such a structure results in a large amount of
compressibility. However, when bentonite effect begins to be
prevalent i.e. at the percentage of more than 10%, the c. value
decreases due to the collapse of the diffuse double layer [45]
[11].

As with the ¢, value, for the compression in pure water, cs
also increases with increasing bentonite content in the
mixture. At the same bentonite content, ¢, for the sample with
higher initial water contents tends to produce higher ¢, value
due to the high repulsion between sample particles. Different
results have been seen in the tests with the acidic water, where
at high bentonite contents (i.e., 20%), ¢, value decreases for
samples prepared at high initial water contents (i.e., 15% and
20%) tended to decrease due to collapse of the diffuse double
layer structure.

Besides the magnitude of volume change parameters
presented by c. and ¢, the time effect needs to be given
consideration. This can be presented by the coefficient of
consolidation (c,). Fig. 8 shows the variation in ¢, values as a
function of bentonite content. In general, ¢, decreases with
increasing bentonite content. This condition is increasingly
seen at high bentonite contents, which is caused by reduced
sample permeability as the pores between claystone are filled
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Fig. 7. Effects of acidic water on the compression parameters as a
function of bentonite content (a) Coefficient of compression, and (b)
swelling index.

with bentonite [46]. At the same bentonite content, the samplge
with a higher moisture content has a smaller c¢,. This indicag87
the dominance of micropores in the behaviour of #g8
compacted mixtures [38][44] at low permeability. 589

For the tests in the acidic water, a higher ¢, is seen at 80
same bentonite content when compared with the tests in p&@1
water. This is observed especially at low bentonite contents,
where flocculation of particles occurs due to clay interactifg2
with the acidic water. This results in greater permeability and
thus accelerates the consolidation process. As mentiorsgd3
above, the bentonite content is higher than 10% where %@4
diffuse double layer is dominant. The distance between %85
particles tends to be small due to the drop of the diffisg6
double layer sample that interacts with the acidic water. TB®7
causes the consolidation process to be more prolonged. 598

Arifin et al [24] recommended an acceptable zone 559
claystone—bentonite mixtures considering their permeabil@0
and shear strength. The widest zone is for the mixture w1
20% bentonite content, which covers almost the entire argg2
both the wet of optimum (WOP) zone (i.e., w=20%) and $@3
dry of optimum (DOP) zone (i.e., w=10%), as shown in Figs@4
in the dash line filled with light gray. However, other aspe@§5
such as the potential for desiccation, resistance to chemical
attack, interfacial friction with the geomembrane, and the

“Ww=10%(A) —A—w=15%A) —@— w=20%(A)
—B-w=10%(W) —2—w=15%(W) —O—w=20%(W)
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Fig. 8. Coefficient of consolidation as a function bentonite content.
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considering the acidic
water effects

zav line

Acceptable
permeability and
shear strength zone
[22]

Dry Unit Weight (kN/m?)
o

Water Content (%)

Fig. 9. Acceptable zone of claystone—bentonite mixture considering
acidic water effects.

ability to deform without cracking, should also be considered
[47]. Considering the effect of the acidic water on the volume
change (compression), especially in the samples with a
moisture content of 20% (i.e., the WOP zone), the acceptable
zone for the clay liner shown in dark gray is narrower than
previously (Fig. 9).

4. Conclusions

Volume changes of compacted claystone-bentonite
mixtures in the form of swelling and compression affected by
swamp acidic water have been described and discussed. The
initial moisture content of the sample affects the swelling of
compacted claystone bentonite mixtures in acidic water. The
sample tends to compress when the moisture level is higher
than the wet of optimum. Compression increases as the
amount of bentonite in the mixture increases. There is a
noticeable behavioral difference between samples having
more than 10% bentonite. Compression occurs faster in this
condition than in pure water. A mixture with 20% bentonite
content compacted at dry to optimum moisture content is the
best for mitigating the negative effects of acidic water.
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Abstract

Water containing sulfuric acid with a pH up to 3 is prevalent in swampy areas. This article focuses on the effects of the solution on volume
change of compacted claystone—bentonite mixture. Claystone was obtained from Banjarbakula landfill and it was mixed with bentonite on a 5,
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addition to salt. Acidic water, which is generated by acid rdi42
and has a pH of 3-4.5, reduces the shear strength bi3

their permeability [8]. Acid rain infiltration into the sbfl5
causes leaching of Fe’* and AP', which plays an importdt6
role in cementation. The effect of acid rain on (7
development of soil erosion was also investigated b48
Matsumoto et al.[9]. The release of AP owing to fluids with9

in the development of soil erosion. Meanwhile, Ahmed et 351
[10] found that the swelling ratio reduced when the pH in sd82
pores decreased due to acid water. Gratchev and Towhata [1I33
investigated the potential of changes in the compressibility 14
marine clay due to soil contamination from the past walls5
mismanagement, It is reported that acid water increases 16

Besides time, however, the combination of pore wal&3
chemical composition, compressive pressure, and moistde4

chemical industry [13]. In the soil, it was found that IXO
H,SOy resulted in the formation of gypsum and cornelitd]1
whereas 4N H,SO; formed aluminite and chloritoid. Mineital2
changes in the black cotton soil used in the study resulted ini3
an increase in percent swelling. In addition, acid solution with

potential [13]. Numerous researchers have also reported soil

heaving induced by acidic solutions [14]-[16]. Sridharan et 7.5
[14] studied the incidence of floor, pavement and foundatib#6
distress in a fertilizer factory. The damage was determinedé7
be the result of heave induced by phosphoric acid reactihg8
with soil in an acidic environment. Assa'ad [15] reported thé9
incline of the storage tank at the chemical fertilizer factoryli80
Aqaba, Jordan was caused by phosphoric acid leaking and

interacting with the subgrade soil. Like a gel, phosphdi81

Prasad et al. [17] investigated the swelling potential of thik84
soils, namely black cotton soil, sodium bentonite, ah85
kaolinite, using two acidic solutions (i.e., H,SO4 and H;POLR6
The results then showed that the swelling potential 187

exchangeable. The cation exchange reaction and th89
dissolution of some minerals resulted in mineral changes 90
the montmorillonite soil, which affected its swelling behavidf1
In kaolinite soils, the adsorption of H' at the broken eri82

coupled with changes in soil mineralogy. Chen et al. [IJ5
investigated the compressibility of kaolinite soil using pdi86

77777777777777777777777777777777777777777777777777777777777 ‘{ Deleted:

acetic acid. The results indicated that the compression and

swelling index samples in the solutionwere smaller than that - - Deleted: are
of in water. Meanwhile, Wahid et al. [19] concluded that = ( peleted: tose
kaolinite is not affected by salinity but pH, which attacks the - { Deleted: and
tip of the particle. The compression that occurs under constant S
load is caused by the interaction of kaolinite with acid
solution as a result of sliding between particles and is
irreversible.
_ In South Kalimantan, the area is predominantly swampy _ - -{ Deleted
and low land. In areas where the soil is predominantly peat,
the presence of sulfuric acid in river water causes the pH to
vary from 3.4-4.2. The pH does not increase even during .
rainy season due to high precipitation resulting in jncreasing - - ‘ Deleted: rising
water levels in the river, thereby preventing the entry of _ | Deleted: ofwaste
seawater into the river [20]. This can occur in any locations -~ { peleted: depending
= { Deleted: on
4n_countries with peat swamp areas, including Russia (150_ - ¢ 5
million ha), Indonesia (26 million ha), the United States of - | Deleted: provides
America (40 million ha), Canada (170 million ha), Finland (10 = - _ | Deleted: on
million ha), China (3.5 million ha), Sweden (7 million ha), | Deleted: that contains
and Ireland (1.2 million ha), as well as the remaining 12.3 = { peeted: is influenced
million ha in Malaysia, Germany, Poland, the United = - { Deleted: appears
Kingdom, and Belarus. Wind-Mulder et al. [22] reported that >
water chemistry data from four peat swamp arcas in Canada - Deleted: affecs
showed the average pH of 3.7-3.9 with a predominant of - - Deleted: shows
SQ“Z;- _Therefore, the acidic water has a high potential of _ _ ( Deleted: due to contamination
reacting with the clay liner surrounding it. This paper aims to_ (e
”””””””” \\‘\/ Deleted: the
ﬁ Deleted: that
evaluate samples of claystone and bentonite mixtures with \ * | Deleted: s
various compositions in acid water as immersion. N 1 Deleted: the
2. Materials and Methods </ Deleted: ¢
7777777777777777777777777777777 T { Deleted: produces
: Both

composition and effects on the clay liner. Overall sample ==
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2.2. Bentonite 289
290

14.17%, a specific gravity of 2.71, LL 351.71%, PL 44.68285
SL 41.89%, and a plasticity index (PI) of 307.03%. T286

and 90.3% clay. 297
2.3. Acidic water 298
299

Acidic water was taken from a river in Tanipah village,3@0

the influence of sulfuric acid on pyrite oxidation on the
composition of river water in swamp areas.

Table 1. Chemical compositions of the acidic water used.

Chemical ~ K* Ca?* Na* Fe* Mn2* SO Cr
compound

mg/l 421 15886 6910 4876 1427 26102 1534

2.4. Sample preparation

Bentonite was mixed with claystone at a percentage of 5%,
10%, 15%, and 20% based on its dry weight. Water was then
added to the mixtures at a certain amounts to provide the

20%. The sample target water contents were based on the
results of the Proctor standard compaction test on the
claystone with an optimum moisture content (OP) of 15%
obtained. As a result, the water contents of 10% and 20% %95
on the dry of optimum (DOP) and the wet of optimum (W

309

a diameter of 63.4mm and a Beiigihti of 20mm. Table ?

sample conditions, such as composition and initial wal

content. 314
315

2.5. Swelling and Compression tests

swelling potential and the compression tests. These tests were

performed pased upon the standard ASTM procedures (i35
ASTM D4829-11 [26] and ASTM D2435-04 [27]). TS
water used in the test was pure water with a pH of +7 i)
swamp acidic water with a pH of 3.4. The tests using the 280
waters were carried out separately. For the test with pé%l

water, the sample in the qdometer was immersed in the watgr - 1 Deleted: ¢
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Khalid et al. [4], who found that bentonite had an impact 376

the clay-bentonite combination at a concentration of higlset7
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Fig. 1. Effect on acidic water on liquid limit and plastic limit of
claystone-bentonite mixtures
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than 10%. The LL of the samples tested with the acidic wa

wwas_consistently greater than those tested with pure WAk Table 1 did not affect the samples® -oxide contents. The — ~ - {

- contents-of ALOs; Fe;Os,-and- SiO,-as shown-in Table 3-did— -

for the samples tested in the acidic water. An insignif‘lc@fﬁ7

increase in the PL was also observed when testing the samples

[8].

Table 3 shows the oxides contents of claystone, bentonite,
and claystone-bentonite mixtures before and after interacting
with the acidic water obtained from the XRF test. The samples
tested were taken from those after the consolidation test with
different bentonite and initial water contents. According to
samples ID, the samples consisted of claystone, bentonite, and
the mixes with varying bentonite percentages (i.e., 5%
contents (i.e., 10% and 20%). As shown in the table, claystone
and bentonite predominately contained SiO» with a percentage
of 55.6% and 54.6%, respectively, followed by Fe.O; as the
next oxide with a content of 19.3% and 23.4%, respectively.

TiOx.

Table 3. Oxides of claystone, bentonite, dan claystone—bentonite mixtures

Compound (%)
Sample ID  Condition

ALO; SiO, K,O CaO TiO, Fe,0;

Claystone (C) Eift";ct 15 556 433 322 183 193
Bentonite (B) Eift";ct 14 546 056 410 182 234
After the
test
After the
test
After the
test
After the
test

95C5B-10 14 551 390 298 191 212

95C5B-20 14 538 4.01 301 193 214
80C20B-10 13 548 343 3.17 193 226

80C20B-20 14 531 341 333 190 226

Bakhshipour et al. [8] reported the leaching of AI**, Fe*,
Si?*, K* and Ca®* due to acid rain infiltration, which resulted
in the reduced sample strength. Artificial acid rain (AAR) was
prepared by adding a certain volume of 0.005 M nitric acid
(HNO:3) and sulfuric acid (H2SO4) to deionized distilled water
with the pH values of 2, 3, 4, 5, and 5.6. In this study, samples
soaked in the acidic water with chemical contents as shown in

pH of the soil water was also reported by Bakhshipour et al.
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Fig. 2 shows the XRD results of the claystone ahdl
bentonite samples (i.e., the bottom curve) and those afdt2
interacting with the acidic water (denoted by (A)) for differént3
bentonite contents (i.e., 5% and 20%) and initial wadet4
contents (i.e., 10% and 20%). As shown, the claystone sample

from the nature without any purification or other processes.
Claystone is composed of various minerals, including
kaolinite (1), illite (2, 11), quartz (3, 6, 10, 12, 14, 19),
vermiculite (5, 16), feldspar (7), montmorillonite (8, 17),

quartz (6), and montmorillonite (8, 17).
Table 4 summarizes the mineral composition of the

results as shown in Fig. 2. As seen in Table 4, no minerals
were dissolved or formed as a result of interacting with the
of previous investigations, including Sivapullaiah et al. [13
and Rama Vara Prasad et al. [17]. This discrepancy might be
explained by the low concentration and brief duration of the
interaction (approximately 14 days) with the acidic watdt,
According to Le et al. [12], the combination of acidic wafer
concentration and interaction time has an effect on t%Z:g
solution's interaction with the soil. Apart from that, cla
particularly bentonite, has a very time-dependent behavi
and the clayliner used must be able to sustain contaminatigh2
throughout the waste decomposition process, which can t.

up to 50 years, and future research will be conducted over
longer period of time. 485

486

Table 4. Sample’s mineralogy before and after the test 487

488

Before the  After consolidation (A) 489

test 490

:: = 553§
. g Y Y o

Mineral £ % 3 3 g g 492
(SR & & g2 2
Tlite NN NN
Quartz NoA NN NN
Vermiculite N x N N N N
Feldspar N N N N N N
Mont. v v B B B B
Chlorite N x N N N N
Mica v x v NN v
Kaolinite N x N N N N

Fig. 3 shows the results of the FTIR test to determine the
functional groups of the samples used, including their
condition after interacting with the swamp acidic water.
Samples with 10% and 20% bentonite contents were tested. In

[29]. The development of OH was found at 3402-3445 cm’!
which is the interlayer and intralayer of the H bond [30].

Saputra et al. [31] also found a montmorillonite hydroxyl
(OH) peak at 3434 cm™'. Ravindra-Reddy et al. [32] reported

Fig. 2. Mineralogy of samples before and after tested by the acidic water
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l517 3.2. Effect of swamp acidic water on swelling 536 initial swelling poccurred gradually in the beginning, up to 20 - 1 Deleted: occurs
537 minutes, followed by primary swelling up to 300 minutes for )
__ { Deleted: ¢
— - { Deleted: that happens is

21 deformation ywas proportional to the volume change of $#1 bentonite. The same behaviorwas also observed in the sample . I Deleted: nO'Chfmgc

22 sample. Figs. 4(a)-(f) show, the typical swelling developm&2 with the initial moisture content of 15%, as shown in Figs. . . . | Deleted: Insgnificant
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Fig. 4. Swelling development by time of claystone—bentonite mixture samples with initial moisture content of (a)—(b) 10%,
(c)—~(d) 15%, and (e)—(f) 20%.

Different behavior ywas noticed in the samples with 586
initial moisture content of 20%, where all samples tBh&7
interacted with the acidic water tended to experierk®8
shrinkage (or compression). Only two samples (i.e., 85C1589
20(A) and 80C20B-20(A)) with 15% and 20% benton®@0
content, respectively, swelled back past their init@d1
conditions. From this behavior, it can be seen that swafip2
acidic water has an effect on the mixtures with high benton®@3

clay minerals such as kaolinite and illite are not much affeced5
by the acidic water. This can be seen from the results of @6
Atterberg limit tests (Fig. 1). The unremarkable effect wa37
caused by the adsorption of H+ at the broken end, resultingG@8
a face-to-edge association of the particle [17] [18] [19]. 609

Swelling occurs due to the absorption of water by the chiO
bentonite in the mixture. Although both includ2
montmorillonite, bentonite contains a greater proportion of th3

mineral than natural soils [35]. Thus, by adding bentonite t}

the mixture, the amount of montmorillonite in it jincreas
Clay and montmorillonite contain are thought to have
distinct influence on swelling behavior, ranging from minor to
major. However, it was revealed that the latter element had a
greater influence than the former [35]. The montmorillonite

containing bentonite, according to Pusch et al [36], yequireil

2-3 layers of water molecules to meet the hydration force.
Other researchers even reported 4 layers of water anIszyli
required [37]. The thickness and complete hydrated layers of
water molecules in bentonite vary depending on its
exchangeable cation. Assuming the specific surface area of
bentonite is 500 m%g and the water unit weight of 1 g/cm?,
Arifin [38] reported that the water content to satisfy the
hydration force is 22.7%, 14.1%, 23.9%, and 15.4% for the

content can even be greater because the surface water density7
is reported to be possibly more than 1 gr/em® [39]. After{hﬂsi
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equalize ion concentrations, water molecules tend to diffi685
toward the surface. 656

Numerous studies have previously observed that mine¢dl7
changes occur when soils, particularly those containia§8
montmorillonite, interact with acidic solutions [13], [12], [1859

to the difference in the concentration of cations in the p@®3
water and the acidic water. This process is known G64
osmotically-induced consolidation or osmotic consolidati665

water (Table 1) results in the outward flow from within 667
balance these conditions. When the water content of 68
sample is high, the concentration of cations in the pore wat&9
decreases and tends to release water, which results in620
decrease in the soil volume (Fig. 4(f)).

The results of the maximum percentage of swelling amdl

bentonite less than 10%, the swelling in the acidic water6id4
higher than that of in pure water for the samples with an inité5
water content of 10% and 15%. In this condition, the behaviot6
of claystone containing kaolinite is more dominant. @47
kaolinite soils, acidic water will affect the tip of the partidie/8
resulting in a face to edge association, which results 629
higher swelling potential [17] [18] [19]. At the higl&80
bentonite contents (i.e., 15 and 20%) where the hydratio81
force is higher, the swelling is greater than with the aci682

water when the sample interacts with pure wate, 683
684
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Fig. 5. (a) Maximum swc'lling and (})) maximum compression as a 710
function bentonite content. 711

compared to the swelling. Even at a bentonite content of less
than 15%, the sample tends to compress. This compression is
problematic when occurs horizontally as it results in cracks
[42], [43]. During lateral compression, the shear strength of
the soil decreases and its permeability increases. This

10(A)) as shown in Fig. 5(a). Meanwhile, the swelling seemed
to be smaller in the 80C20B10(A) sample compared to the

compression, as seen in Fig. 5(b).

3.3. Effect of swamp acidic water on compression of sample

with bentonite content of 5, 10, 15, and 20%, respectively.
The normalized void ratio was used so that the effect of

bentonite content and acidic water on the initial void ratio

after swelling could be excluded in the assessment. Each

sample’s initial void ratio was added with a number to start at

1.0. For the same sample, the number was appended to all of

change indicated by the largest change in void ratio occurred
in the sample with an initial moisture content of 10%. This

fluctuate at low water contents and the dominant formation of

macropores [38]. Macropores, or interaggregate pores, are

pores that exist between soil aggregates. When the sample is

compressed, the part that is greatly reduced is macropores

[44].

The results in Fig. 6 also showed that the sample
compacted at 10% water content interacted with the acidic
water to produce the largest volume change. However, when
compared to the one tested in the pure water, this change was
still smaller. In the acidic water with higher concentrations,

,,,,,,,,,,, CSSIDULY. 1A1s TeSUll —~ ~ | Deleted:

supported by the FTIR test as shown in Fig. 3. The sample
tested with the acidic water showed more -OH extraction at a
wavelength of 3402-3445 c¢m!

Figs. 7(a) and 7(b) show the coefficient of compression (c.)
and swelling index (c;) of the claystone—bentonite mixtures
interacting with pure water (W) and the acidic water (A). In
bentonite content. In addition, the samples with lower initial
moisture contents exhibited higher c¢. regardless of the
solution in which the consolidation test was performed. The
effect of acidic water on ¢, was seen in the samples with an
initial water content of 10%, whereas for those with 15% and
20% water content, the ¢. from the tests in the acidic water
was smaller than that of in pure water.
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prolonged.

Arifin et al [24] recommended an acceptable zone of
claystone—bentonite mixtures considering their permeability
and shear strength. The widest zone is for the mixture with
20% bentonite content, which covers almost the entire area,
both the wet of optimum (WOP) zone (i.e., w=20%) and the
dry of optimum (DOP) zone (i.e., w=10%), as shown in Fig. 9
in the dash line filled with light gray. However, other aspects,
such as the potential for desiccation, resistance to chemical
attack, interfacial friction with the geomembrane, and the
ability to deform without cracking, should also be considered
[47]. Considering the effect of the acidic water on the volume
change (compression), especially in the samples with a
moisture content of 20% (i.e., the WOP zone), the acceptable
zone for the clay liner shown in dark gray is narrower than
previously (Fig. 9).

4. Conclusions

mixtures in the form of swelling and compression affected by
swamp acidic water have been described and discussed. The

water.
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