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ABSTRACT

Acid rain and water pollution are alarming threats, necessitating the study of their influences in different envi-
ronmental aspects. This study investigates the effects of pore water’s pH on the behavior of high plasticity silt.
Samples with varied pore fluid pH were tested for Atterberg limits, unconfined compressive strength on the 9%,
18" and 27" curing days. Particle size distribution and zeta potential were assessed on the 27" day on strength
tested samples. The test showed that the soil properties change with the pH of the pore fluid and the days the sam-
ple were cured for. The particle size distribution revealed that higher silt and clay fractions were present in acidic
and alkaline conditions respectively. Liquid limit varied irregularly with different pH conditions. On all test days,
the plastic limit increased under acidic and alkaline conditions compared to neutral conditions. The Unconfined
compressive strength and zeta potential were observed to be low in the acidic and alkaline conditions compared to
the neutral condition. The result infers that the dissolution of cementitious elements in acidic and alkaline condi-
tions reduces the long-term strength of the soil. These findings encourage geotechnical engineers to evaluate the

pH characteristics of the pore fluids during geotechnical analysis.
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INTRODUCTION

In recent decades, there has been a tremen-
dous growth in water pollution, degrading the
environment. Underlying causes are industriali-
sation, contaminants from factory sites, improper
waste and wastewater management, uncontrolled
landfills, spills, acid rain, and other factors, which
changes the chemical nature of soil [Rodriguez-
Eugenio et al., 2018]. A conservative worldwide
estimate indicates that acidic mine wastewater
will adversely harm 20,000 kilometres of river
and 70,000 hectares of lake and reservoir area
[Schwarzenbach et al., 2010]. Accidental chemi-
cal spills and leaks have occurred in the past, and
their effects have been examined by some re-
searchers [Al-Omari et al., 2007; Assa’ad, 1998;
Rao & Rao, 1994]. Moreover, the chemistry of
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rainwater is also changing due to rapid industrial-
ization and air pollution. Many researchers have
mentioned the change in pH of rainwater to acidic
[Bakhshipour et al., 2016; Hoppe, 1986; Kamon
et al.,, 1997]. Pollutants and acid rains directly
affect the subsoil through seepage and infiltra-
tion of contaminated water. Most of the time, the
soil’s pore fluid turns acidic. Other researchers
have mentioned the changes in pH of rainwater
to alkaline [Yang et al., 2012; Zeng et al., 2020].
Alkaline industrial dumps and the application of
limestone to enhance soil properties are some
possible causes of the alkaline conditions in soil
[Matsumoto et al., 2018]. It is necessary to un-
derstand the soil behaviour when subjected to the
above-mentioned conditions.

As a developing city, Kathmandu possesses
many problems such as tremendous air pollution
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leading to acid rain, rapid urbanisation, and un-
managed waste disposal. Vehicle fleets in the val-
ley experienced substantial expansion between
2000 and 2010, growing at a pace of almost 14%
annually [Mahapatra et al., 2019]. A high con-
centration of NO, was found at urban sites due to
high vehicular activities and SO, around the re-
gion located within 3km of brick factories [Kiros
et al., 2016]. The higher concentration of NO,
and SO, in the atmosphere increases the threat of
acid rain. In some locations of Kathmandu valley,
the rainwater has been found as acidic (pH 5.04)
while in others is alkaline (pH 8.07) [Shrestha et
al., 2013]. These findings necessitate the study
of the behaviour of Kathmandu soil subjected to
change in pore fluid’s pH.

Different soils behave differently upon the
same phenomena due to mineralogical, and phys-
ical variations. It can be observed by contrasting
results obtained by different researcher in this
field, which is discussed further. Moreover, the
need is demanding but limited studies have been
done on this topic. This study tries to explore the
behaviour of soil on exposure with pore fluid of
different pH conditions. For this, the zeta poten-
tial, particle size distribution, Atterberg limits,
and unconfined compressive strength of Kath-
mandu’s highly plastic silty soil were examined
in relation to the pore fluid’s pH. It will help to
understand the impact associated with ongoing
water pollution on important soil behaviour and
fill the knowledge gap to some extent.

BACKGROUND

The principal factors influencing fine-
grained soil behaviour are clay mineralogy,
cation exchange capacity, specific surface
area, and clay percentage [Sivapullaiah, 2015].
The modification of pore fluid’s pH has a ma-
jor impact on these factors. Mineral dissolu-
tion and changes in the thickness of the diffuse
double layer are the main physical and chemi-
cal events. In dry clay, cations such as Ca?,
Mg*", Na*, and K* that surround the particles
and are held by electrostatic attraction balance
the negative charge of the clay particles. These
cations and a few anions float around the clay
particles when water is added. This configura-
tion is called the diffuse double layer (DDL)
[Das, 2010]. According to Mitchell & Soga
(2005), the thickness of DDL is:

1 (EO DKT )1/2
K \2nge2v? (1)

where: K is the thickness of DDL,
€, 1s the permittivity of the vacuum
D is the dielectric constant,
k is Boltzmann’s constant,
1, is the electrolyte concentration of the
medium,
e is the electronic charge,
iis cation valence.

It may be deduced from the expression that,
other factors being constant, the thickness varies
inversely with valence and square root of con-
centration and directly with square root of di-
electric constant and temperature. The extent of
a double layer is reduced as a result of lowering
pH, which also increases the positive charges on
clay particles, decreasing the inter-particle repul-
sion [Hoppe, 1986]. It causes the formation of
bigger clay aggregates with closer-packed clay
particles [Gratchev & Towhata, 2013]. The likeli-
hood of H* ions from the hydroxyl to enter the
solution increases with increasing pH, as does the
effective negative charge of the particles [Mitch-
ell & Soga, 2005]. It leads to an increase in the
thickness of the DDL. Moreover, the thickness
of DDL is also influenced by types of exchange-
able ions. Na-treated clay produces thicker DDL
in comparison with Ca-treated clay [Abdullah et
al., 1999]. Cations of one type can replace cat-
ions of another type. The relative abundance of
the various ion types, valence, and ion size all
have a significant role in the ease of replacement
[Mitchell & Soga, 2005].

The presence of both monovalent and polyva-
lent ions affects the diffuse double layer, resulting
in variations in electrophoretic mobility, which
alter the zeta potential [Lowry et al., 2016]. Zeta
potential, which describes the properties of solid/
liquid and liquid/gaseous interfaces, is an impor-
tant parameter for electrical double layers [Salo-
pek et al., 1992]. The zeta potential can be used
as an indicator for the electrical characteristics of
the clay water-electrolyte system since it exhibits
the effects of clay mineralogy, size, charge, and
electrolyte composition [Shang, 1997]. As the pH
of the solution is raised, the membrane’s zeta po-
tential frequently shifts from positive to negative,
impacting the deposition of charged particles on
the membrane surface [Ismail et al., 2019].
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Furthermore, the dissolution of minerals in-
creases due to alterations in the characteristics of
the pore fluid that affect the effective charge on
the mineral surface [Santamarina et al., 2001].
Figure 1 shows the dissolution of alumina and
silica at different pH conditions. The dissolution
of alumina occurs in both acidic and alkaline con-
ditions exhibiting its amphoteric nature, whereas
the dissolution of silica occurs in alkaline condi-
tions. The solution chemistry of aluminium has a
significant influence on the chemical behavior of
clay [Hoppe, 1986]. The Al**ion occurs predomi-
nantly below pH 4.7, and Al(OH),” above pH 8
[Hoppe, 1986]. AI** aids in aggregation of parti-
cles in solution whereas AI(OH), doesn’t induce
particle aggregation [Matsumoto et al., 2018].
Another significant phenomenon that takes place
when pore fluid changes from neutral to acidic or
alkaline is the dissolution of carbonate and amor-
phous bonding. SiO,, ALO,, and Fe,O, are the
main cementing agents in soil which can react in
either an acidic or an alkaline environment [ Xu et
al., 2021]. A loose soil structure is formed when
the cementing agents between clay particles are
destroyed by the acidic solution, resulting in a
structure with more voids and a higher clay liquid
limit [Abedi Koupai et al., 2020].

In past studies, pH of pore fluid has altered
the particle size distribution of soils due to ag-
gregation and dissociation of the clay cluster.
Clay fraction and silt fraction were found to be
decreased at lower and higher pH respectively
[Matsumoto et al., 2018; Xiu-juan et al., 2018].
Y. Li et al. (2021) have obtained an increase in
clay content with both time and pH on laterite
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Figure 1. Solubility of silica and
alumina, after Hoppe (1986)
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soil. Atterberg limits were also found to be af-
fected by the pore fluid’s pH. Abedi Koupai et al.
(2020) and Osuolale et al. (2012) were conclusive
that the liquid limit increased with low or high-
pH pore fluid. Opposite conclusions were given
by Matsumoto et al. (2018) and Spagnoli et al.
(2012). Sunil et al. (2006) reported that the liquid
limit of laterite soil increased under acidic condi-
tions (pH 5) while decreased under basic condi-
tions (pH 8). Kamon et al. (1997) observed that
the liquid limit and the plasticity index increased
with soaking time and also with decreasing pH
levels of artificial acid rain. The plastic limit of
soil was less affected by the acidic or alkaline
nature of pore fluid [Kamon et al., 1997; Matsu-
moto et al., 2018]. However, Umesha et al. (2012)
found an increasing trend in plastic limits up to
5% and then decreasing in black cotton soil when
treated with different concentrations of acids.

The pore fluid pH affected unconfined com-
pressive strength (UCS) in many past studies.
Abedi Koupai et al. (2020) found that clayey
soil’s UCS rises when pore fluid gets more acidic
or alkaline. In some studies, UCS decreased when
the soil sample was soaked [Sunil et al., 2006] or
infiltrated [Bakhshipour et al., 2016] with acidic
fluid. Liu et al. (2021) found that acidic fluids
have weakening effects on loess’s UCS when
exposed to hydrochloric, sulfuric, and nitric acid
of different concentrations. Khodabandeh et al.
(2020) found a reduction in UCS of loessial soil
when exposed to both acidic and alkaline solu-
tions. Ashfaq et al. (2019) found a decrease in
UCS of black cotton and kaolinite soil with cur-
ing days on treatment with NaOH.

METHODOLOGY

The research was conducted on the soil avail-
able at the central material testing laboratory, Pul-
chowk campus. The conceptual framework of the
research is presented in Figure 2 and elaborated in
the subsequent sections hereunder.

Test material

Before examination, the soil was crushed,
air-dried, and sieved through a 425-micron sieve
to create a homogenous sample. IS Standards
were considered for laboratory works. Accord-
ing to 1S:2720-3/1 (1980), 1S:2720—4 (1985) and
IS:2720-5 (1985), respectively, specific gravity
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Figure 2. Conceptual framework

tests, grain size analyses, and Atterberg limit tests
were carried out to determine the soil parameters.
Figure 4 depicts the soil’s distribution of grain
sizes. According to the IS soil classification sys-
tem [IS 1498, 1970], the soil is high plasticity silt
(MH). The Standard Proctor Compaction Test
was used to obtain the optimum moisture content
and maximum dry density of the soil. Using a pH
meter (0.1), the original sample’s pH was calcu-
lated at a soil-to-water ratio of 0.4 g/ml in accor-
dance with 1S:2720-26 (1987). Table 1 contains
a description of the original soil’s characteristics.
By utilizing HCI and NaOH, the pH of the pore
fluid was adjusted to 3 and 10, respectively. The
pH of distilled water used was 6.5.

Sample preparation

For the sample preparation for Atterberg lim-
its and the unconfined compression test, air-dried
soil was mixed with pore fluid maintaining opti-
mum moisture content (W, = 30%), thus obtain-
ing the mixed sample. The mixing was done in
a PVC bucket to avoid any chemical reaction of
acidic and alkaline solutions with the apparatus.
The adoption of a mixing approach, which pro-
vided a homogeneous pore fluid concentration in
the soil sample rather than leaching the samples
with pore fluid, prevented the creation of a meta-
stable soil structure [Ratnaweera & Meegoda,
2006]. The mixed sample was subjected to curing
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Table 1. Properties of original soil

Soil properties
Liquid limit 50.82%
Plastic limit 34.36%
Plasticity index 16.46%
Specific gravity 2.568
Maximum dry density 1.4 glcc
Optimum moisture content 30.20%
pH 7.3
ucs 187.6 kPa
D, 0.067 mm
D,, 0.011 mm
D, 0.004 mm

and the Atterberg limit test was conducted on dif-
ferent curing days using distilled water after that.
For the UCS test, samples were prepared using
mixed sample compacting initially using Harvard
Miniature Compaction Apparatus, having 70 mm
height and 31mm diameter and UCS samples
were subjected to curing. Samples were tested
for 27 days in equal intervals of 9 days. Particle
size analysis and zeta potential measurement
were performed on UCS tested samples after 27
days of curing. The tested samples were air dried
and the wet sieve and hydrometer analysis was
conducted, avoiding the crushing and grinding
of the sample. The curing of samples was done
by storing them in a sealed PVC bucket covered
with a damp jute gunny bag. Figure 3 shows the

initial mass of the UCS samples during prepara-
tion and before the UCS test. In this study, the
variation of mass of samples due to moisture loss
is within 5%.

Laboratory testing

The samples were tested at zero, on the 9%,
18", and 27" days. Since soil properties change
over time during the curing process, maintain-
ing consistent intervals between testing peri-
ods enhances the visibility of these variations.
This approach also enables equitable time-based
comparisons of the results. For particle size dis-
tribution, the wet sieve and hydrometer analysis
was performed. The specific gravity of the origi-
nal oven dried sample was determined by a pyc-
nometer test. Percussion method was used to test
the liquid limit in accordance with 1S:2720-5
(1985). The UCS test of all the prepared sam-
ples was performed in a UCS testing machine
at a uniform strain rate of 1.25 mm/min as per
1S:2720-10 (1973).

The XRD analysis was done with an X-ray
diffractometer (Bruker D2 Phaser) using an X-ray
beam (Cu-Ka) of wavelength 1.54060 A for min-
eralogical analysis. The observation was taken
for 20 starting from 10° to 90°. The zeta potential
of the original and UCS-tested sample after 27
days was also determined by using a nano-parti-
cle analyser (SZ-100V2). For the determination
of zeta potential, 10 mg of soil passing through
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Figure 3. Variation of mass of UCS sample before and after curing
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Figure 4. Particle size distribution of original soil

425 microns was taken and dissolved by stirring
in 40 ml (250 mg/l of concentration) of distilled
water with the help of a magnetic stirrer for 10
minutes. Soil suspension’s pH was determined
and zeta potential was measured.

RESULTS AND DISCUSSION

Mineralogical analysis and zeta potential

The result of XRD analysis on the original
soil is shown in Figure 5. The obtained XRD data
were interpreted with ‘MATCH 3.14 Build 233°
software. The relative percentage composition is
shown in Figure 6. Quartz (Silica) was found to
be the major constituent mineral in the sample.
Among clay minerals, Illite was present in the
largest fraction, followed by Montmorillonite,
Chlorite, and Kaolinite. The result of zeta po-
tential is shown in Table 2. The zeta potential of
soils in acidic and alkaline conditions decreased,
as compared to the neutral condition. DDL theory
can be used to explain how clay mineral zeta po-
tential changes over a large pH range [Nikhil John
& Arnepalli, 2019]. Higher H+ ion concentrations
in the solution and H* ion adsorption onto min-
eral surfaces in an acidic environment compress
the diffuse electrical double layer, lowering zeta
potential values. While in alkaline conditions, the
amount of OH- ions in the solution rises and they
bind to mineral surfaces to form a thick, diffuse
electrical double layer that raises the zeta poten-
tial [Chorom & Rengasamy, 1995; Yukselen &
Kaya, 2003]. This study found that soil’s zeta po-
tential was lower in acidic than in neutral condi-
tions, which is well in line with previous research.
The literature is defied by the outcome under the
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Figure 5. XRD pattern on original soil

alkaline situation, when the zeta potential is actu-
ally lowered. But Nikhil John & Arnepalli (2019)
also found that the zeta potential was reduced in
alkaline pH. The reduction results from the clay
minerals’ dissolution at high pH. The high va-
lency minerals dissolved into the solution when
the soil was treated with alkaline fluid for 27 days
prior to the measurement, influencing the DDL
thickness and lowering the zeta potential since
mineral dissolution is a time-dependent process
[Nikhil John & Arnepalli, 2019]. The zeta poten-
tial of soil treated with distilled water decreased
significantly in comparison to untreated original
soil. Moreover, the pH of soil suspension (250
mg/l) measured before zeta potential measure-
ment for the original soil is higher than that of
cured samples at different pH conditions. This
might be attributed to aging effects [Lessard &
Mitchell, 1985]. According to Lessard & Mitch-
ell (1985), while samples are aging, organic ma-
terial is oxidized to produce carbonic acid in the

Kaolinite lite
1.6% 20.1%

Montmorillonite
13.7%

Chlorite
7.6%

Others
7.5%

Silica
49.6%

Figure 6. Mineralogical distribution of original soil
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Table 2. Zeta potential results

Soil sample pH of soil suspension (before zeta potential measurement) Zeta potential (mV)
Original 7.0 -114.5
Acidic 5.6 -32.2
Neutral 6.1 -46.8
Alkaline 6.6 -23.6

presence of oxygen. In addition, sulfuric acid is
created through the oxidation of pyrite and iron
mono-sulfide. Both sulfuric and carbonic acids
dissolve calcium carbonate, raising the amount of
calcium ions in the pore water as a result. The dif-
fuse double layer absorbs a significant percentage
of the dissolved calcium, which pushes sodium,
potassium, and magnesium out of the adsorbed
system and into the free pore water. The pres-
ence of calcium ions in the diffuse double layer
decreased the zeta potential. In this study, pH of
original uncured soil suspension is obtained to be
higher than that of cured sample. The reduction
in soil’s pH with aging has also been observed
in some past studies [Ogner et al., 2001; Pro-
dromou & Pavlatou-Ve, 1998; Yue et al., 2022].
The reduction in soil pH observed in this study
shows the occurrence of an aging effect during
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Figure 7. Particle size distribution after
subjected to curing for 27 days

the curing of the sample. Moreover, in alkaline
condition, OH ion is consumed for dissolution of
silica and alumina, thereby reducing the pH con-
centration [Al-Taie et al., 2018; Ola, 1980].

Particle size distribution

The particle size distribution depicted in Fig-
ure 7 was produced after particle size analysis
was performed on UCS tested samples that were
collected after 27 days. Table 3 illustrates how
clay and silt fractions vary with pH. The soil in
acidic and neutral conditions showed lower clay
fraction as compared to alkaline condition. This
showed the occurrence of particle dissociation
during the alkaline condition and particle aggre-
gation during the acidic condition, resulting in
a higher silt fraction. This is also supported by
the suspension behaviour of the original soil at
acidic, neutral and alkaline pore fluids shown in
Figure 11. These results agree with results ob-
tained by Matsumoto et al. (2018), Xiu-juan et
al. (2018)and Y. Li et al. (2021). In acidic condi-
tion, aluminium primarily exists as AI** and, AI**
being an aggregating agent, it aggregates the
soil particles. This increased soil particle size,
thereby decreasing clay content and increasing
silt content [Matsumoto et al., 2018]. However,
in the alkaline setting, the majority of the Al is
present as AI(OH)*, hence particle aggregation
was not triggered. Additionally, the hydrogen
ions in an acidic environment enhance the posi-
tive charge on the clay surface, which diminish-
es the thickness of the diffuse double-layer and
increases the forces of inter-particle attraction
that lead to particle aggregation. Furthermore,
the hydroxyl ions in the alkaline solution react

Table 3. Clay and Silt contents of soil sample subjected to curing for 27 days

pH Clay fraction, d<2 pm (%) Silt fraction, 2 ym <d < 75 pym (%)
3 1217 60.67

6.5 11.28 56.65

10 15.47 51.07
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with the cations, which speeds up the particle
decomposition [Xiu-juan et al., 2018].

Atterberg limits

Figures 8(a) and 8(b) shows the variation of
Atterberg limits with pH. There is an insignificant
change in liquid limit concerning pH at day zero
test. The liquid limit increased for acidic condi-
tion compared to neutral and alkaline conditions
on the ninth day. For the day eighteen test, an in-
crease in the liquid limit for both acidic and al-
kaline conditions was obtained. Similar results
were obtained by Abedi Koupai et al. (2020) and
Osuolale et al. (2012). The addition of acidic fluid
to soil dissolved cementing agents between soil
particles, producing structures with larger voids,
forming loose structures and resulting in the
greater liquid limit of the clay. Higher liquid limit
values compared to distilled water were produced
by adding alkali solution because it increased
soil manipulation (due to extra ions, pH fluc-
tuations, and the formation of new inter-particle
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face-to-face connections) [Abedi Koupai et al.,
2020]. For the day 27 test, there is an opposite
trend in liquid limit i.e. low liquid limit at acidic
condition compared to neutral condition. Similar
results were obtained by Matsumoto et al. (2018)
and Spagnoli et al. (2012). Moreover, this trend is
also compatible with the trend of measured zeta
potential and obtained particle size distribution.
The amount of water held as double-layer water
is indicated by the liquid limit [Spagnoli et al.,
2012]. Narrower DDL causes the clay particle
to aggregate, forming a more compact structure
and hence lower liquid limit at acidic condition.
Though some researchers mentioned little chang-
es in plastic limit with pore fluid’s pH, significant
variation in plastic limit with pH was obtained
in this study. The plastic limit increased at acidic
and basic conditions. [Umesha et al., 2012] also
found an increase in the plastic limit up to 5%
of acid concentration on black cotton soil in their
study. The variation of Atterberg limits with cur-
ing days are seen in Figures 8(c) and 8(d). With
curing days, there was a tendency for both the

b.
50
=M = Day-0
=@ = Day-9
=—A —Day-18
454 —————— i~ _—V —Day-27
— -
40 =
E o —o’”
o -
o e, ——— e —— —A
% 35- -
S
& ~
-
30 k\\ PR
\\ //
\\1’/
25 T T T T T T T T
2 3 4 5 6 7 8 9 10 M1
pH
d.
50
=N =pH-3
—@® —pH-6.5
454 —A —pH-10
I N
S -
< N
= 404 ~
E —
==
o =
% 35 '\\\\
© N R
o NN
NN
30 N\ u
\
\,
)
25 T T T r T
0 5 10 15 20 25 30

Day

Figure 8. Variation of Atterberg limits (a) LL vs pH (b) PL vs pH (c) LL vs day (d) PL vs day
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liquid limit and the plastic limit to decline. A sim-
ilar reduction in Atterberg limits with the curing
period was observed in some studies [Boardman
etal., 2001; Nivedya, 2019; Rout & Singh, 2020].
Boardman et al. (2001) also found, when the cur-
ing time lengthens, English China clay’s liquid
limit decreases. The dissolution of amorphous
materials is associated with this declining tenden-
cy. Increasing the amount of amorphous materials
will result in a soil system with high activity and
low sensitivity [Yong et al., 1980]. The ability to
store water increases with activity, hence the dis-
solution of amorphous materials decreased both
the soil system’s capacity to hold water and its
Atterberg limits.

Unconfined compressive strength tests

Figure 9 displays the strain vs. UCS for the
sample’s 0, 9, 18, and 27 curing days, respective-
ly. The brittle nature of the failure was obtained
for all curing days when pore fluid is acidic and
neutral, whereas, for alkaline pore fluid, ductile

0 T T T T

T 1 N 1 T
10 12 14 16 18
Strain (%)

nature was found to be developed after the ninth
day of curing. Momeni et al. (2022) also found
that when pH values were shifted to acidic and
alkaline, the failure behaviour of the specimen
was changed from brittle to ductile. In contrast
to Momeni et al. (2022), the brittle failure of
the specimen was obtained at acidic pore fluid
in this study. The brittle failure thus obtained in
acidic and neutral conditions must be due to the
high presence of silica. According to Changizi &
Haddad (2016), the extremely brittle behavior is
exhibited by SiO, and the failure mechanism is
initiated by the formation of tension cracks in co-
hesive soils. The adsorption of double layer water
by nano-SiO, results in the formation of viscous
gel when water is added to clay. The stronger
bonding between clay particles can be expected
due to viscous gel than absorbed water, which is
also confirmed by peak strength results at neutral
and acidic conditions obtained in this study. The
dissolution of silica can occur at high pH (pH>8)
[Hoppe, 1986]. Al-Taie et al. (2018) have found
a higher reduction in pH of lime treated basaltic

0 T I 1 1 T 1 1 I
10 12 14 16 18
Strain (%)

0 1 T T T T

T T L
0O 2 4 6 8 10 12 14 16 18

Strain (%)

Figure 9 Stress-strain graph (a) 0 (b) 9 (c) 18 (d) 27 days
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expansive clays in a curing period of 7 to 28
days, which was mainly due to consumption of
OH- for dissolution of silica. Based on the devel-
opment of ductile nature of failure, reduction in
peak strength in UCS test at alkaline conditions,
and the results from aforementioned past studies,
it can be stated that the dissolution of silica oc-
curred at the later stage of curing in this study.

Unconfined compressive strength vs pH

The unconfined compressive strength varied
with pH for different curing days which shown in
Figure 10. The findings demonstrated that sam-
ples prepared with acidic and alkaline fluids had
higher unconfined compressive strengths than
samples produced with neutral fluids for samples
that were tested instantly. Both acidic and alka-
line conditions led to an increase in strength, but
the acidic condition’s increase was greater (8.5%)
than the alkaline condition’s (4.6%). This result
is compatible with zeta potential results shown in
Table 2. A high zeta potential suggests that the
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double layer is more diffused [Aydin et al., 2004].
A high negative value of zeta potential for neutral
conditions corresponds to lower strength than in
acidic and alkaline conditions. Though zeta po-
tential was measured after 27 days of curing, its
good agreement with the UCS value of zero days
showed that the changes in surface charge on clay
particles and diffuse double layer thickness oc-
curred initially. The diffuse double layer contracts
as the cation concentration rises, increasing the
inter-particle attraction that leads to the strength
increase. The same trend of results was also ob-
tained by some other researchers [Abedi Koupai
et al., 2020; Ghobadi et al., 2014] on clay soil.
Figure 11 shows the behaviour of soil in suspen-
sion in pore fluids of pH 3, 6.5, and 10 at 4 dif-
ferent elapsed times. There was a higher decrease
in turbidity in acidic conditions than in neutral
and alkaline conditions as the elapsed time in-
creased. This showed the higher inter-particle at-
tractive forces and particle aggregation in acidic
conditions than in neutral and alkaline condi-
tions, which corresponds to the higher instanta-
neous UCS at acidic conditions. On the 9" day of
curing, the unconfined compressive strength de-
creased in both acidic and alkaline conditions in
comparison to the neutral condition. The decrease
in strength was more in acidic condition (11.9%)
than in alkaline condition (8.6%). A similar trend
was seen on the 18" and 27" days of curing with
a greater decrease in strength in alkaline condi-
tion. The loss of cementing agents, such as iron
or aluminium oxides & carbonates bonds, could
be the cause of the strength decline during days
9, 18, and 27. For silty clay, Zanin et al. (2021)
discovered a greater collapse index with acidic
and alkaline fluids. While sodium-rich liquids
tend to be dispersive to soils, breaking down the
bonds between the particles and leading to higher
deformation, acidic fluids may contribute to the

Figure 11. Soil solutions with acidic, neutral and alkaline pore fluid
after (a) T=0 (b) T=30 min (c) 60 min (d) 24 hr
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dissolution of carbonate, one of the substances
responsible for maintaining the soil structure [Za-
nin et al., 2021]. Moreover, the cementing coating
of silica and iron oxide is highly soluble in alka-
line environments [Rao & Rao, 1994].

Unconfined compressive strength vs curing
days

Figure 12 depicts the variations in the sam-
ples’ unconfined compressive strength for various
curing times and pH levels. For acidic and neutral
conditions, the unconfined compressive strength
increased with curing days. For alkaline condi-
tions, there was an increase in strength up to 9™
day and then a decrease in strength. The increase
in strength for acidic and neutral followed the
same trend i.e. rapid increase in strength up to 9™
days and gradual increase in strength after that.
For alkaline conditions, after the 9™ day, strength
decreased. The recovery of strength with curing
days for acidic and neutral conditions is due to
thixotropy. During remoulding, the initial struc-
ture is destroyed into a dispersed one, and the
structure has a tendency to flocculate because the
force field of interaction between attracting and
repulsive forces in particles changes with time
[Tang et al., 2021]. In soaking loess, silty soil in
alkaline solutions, Xiu-juan et al. (2018) found
a timely decrease in cohesion, whereas neutral
and acidic solutions caused a timely increase in
strength. Similar trend was obtained by Y. Li et al.
(2021) on laterite when it is corroded by an alka-
line solution. The results obtained in this study are
in agreement with previous studies. An alkaline
solution dispersed the soil because of the sodium
concentration and high pH [Fan & Kong, 2013].
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Figure 12. UCS vs curing days
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CONCLUSIONS

On different curing days, the impact of pore
fluid pH was examined on the soil’s particle
size distribution, Atterberg limits, and uncon-
fined compressive strength. After 27 days of
curing, zeta potential was also assessed. On the
basis of the outcomes, the following conclu-
sions can be drawn:

1. The particle size distribution of the soil was af-
fected differentially by the various pH values.
Lower silt fractions in alkaline conditions and
lower clay fractions in acidic conditions were
obtained. These alterations are related to varia-
tions in DDL thickness and alumina’s chemical
dissolution under various pH settings.

2. Atterberg limits were found to be signifi-
cantly affected by pH and curing days. These
decreased with curing days. A higher liquid
limit was obtained at low or high pH for cur-
ing days 9 and 18. The opposite trend was
obtained for 27 curing days. A high plastic
limit was obtained at low or high pH for all
curing days. Increase in manipulation, dis-
solution of cementitious materials from soil
structure, and shrinkage of the diffuse double
layer are some phenomena that are attributed
to these changes.

3. Unconfined compressive strength was also
found to be affected by pH and curing days.
An instant increase in strength was seen with
acidic or alkaline pore fluid but the long-term
strength decreased due to the dissolution of
cementitious materials, the reduction being
higher in alkaline conditions. This reduction
is attributed to the dissolution of amorphous
material at higher pH. Soil, being a com-
plex system, exhibits different phenomena
responsible for changes in its properties due
to pH variation of pore fluid, necessitating
more detailed study.
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