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Abstract

Expansive clays feature high compressibility and large swelling-shrinkage potential, which may cause significant damage
to the infrastructures, including pavements. This study investigates the potential use of industrial waste ash generated from
municipal solid waste incineration (MSWI) as a more sustainable treatment method to treat expansive soils compared to the
use of conventional coal fly ash. A series of tests was conducted to study the mechanical, durability, and environmental
performance of the MSWI fly ash in comparison with the coal fly ash. The study reveals that the compressive strength and
resilient modulus of 20% MSWI fly ash treated sample increased to 0.86 MPa and 213 MPa respectively, depicting an
increase of 150% and 240% of the control clay specimen. Results also indicate that MSWI treated expansive clay shows
better performance during the soaked California bearing ratio (CBR) testings, moisture susceptibility and cyclic wetting—
drying tests compared to coal fly ash treated samples. Microlevel investigations reveal that the influence of cation exchange
is more decisive in the MSWI-treated clays due to the presence of higher Ca®" ions, during the early stages, and the
influence of hydration is stronger at the later stage of stabilisation. X-ray diffraction (XRD) results show that gismondine,
albite, calcite, portlandite, andradite, and ettringite are the main crystalline phases formed during the stabilization. Heavy
metal concentrations after the stabilisation are within the allowable limit defined by state regulations. Applying MSWI fly
ash as a ground treatment for expansive clays can reduce the consumption of natural resources, promoting a “zero landfill”
policy.
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1 Introduction

When experiencing recurring drying—wetting cycles,
expansive clays may exhibit distinct shrinkage—swelling
deformation, which causes subsidence-related cracks and
heaves in houses, pavements, and buried utilities. Infras-
tructures built on various expansive clays are damaged, and
the annual cost to repair the damage is estimated to be US
$15 billion [55]. The presence of montmorillonite, and
other expansive clay minerals is the main reason for the
swelling potential of these problematic clay types. These

< D. Robert
dilan.robert @rmit.edu.au

Civil Engineering Department, School of Engineering, RMIT
University, Melbourne, VIC 3001, Australia

Civil Engineering Department, Monash University, Clayton,
VIC, Australia

Published online: 01 April 2024

swelling soils are found in Australia, South Africa, the UK,
India, and the United States, where the groundwater level
fluctuation is high during seasonal changes [48, 60]. In
these circumstances, expansive clays experience unex-
pected climatic loadings, which degrade the hydrome-
chanical properties of the soils. These climatic changes
include sea level rise, temperature changes, flooding, wet-
dry cycles, freeze—thaw cycles, and extreme rainfall. Many
studies indicated that the unconfined compressive strength
(UCS), shear strength, infiltration capacity, and perme-
ability of the clays weakened drastically because of wetting
and drying cycles [6, 23, 45].

These problematic soils are treated using various
methods such as mechanical stabilisation, chemical treat-
ment, and geosynthetics. Calcium-based stabilisers are
commonly utilised for stabilising subgrades and bases
during pavement construction. They can change the char-
acteristics of expansive clays through the processes of
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agglomeration, flocculation, and hydration reaction
[26, 94]. Transportation agencies worldwide adopt cement,
lime and fly ash for the expansive clay treatment due to the
availability of well-established guidelines [44, 51]. Mean-
while, geosynthetics are proven to provide long-term
durability after treatment. However, considering the budget
limitations, road agencies are reluctant to choose these
methods and explore cheaper industrial by-products to be
used as a pavement material. Many by-products such as fly
ash [81, 90, 101], slag [30, 36, 92], rice husk ash [21] and
construction and demolition waste [53, 54, 79] are used to
treat subgrade and base layers of the pavements. They have
been proved as a good construction material for the pave-
ment and utilized by geotechnical engineers to enhance the
stiffness of the expansive clay while reducing the potential
for more waste to landfills.

Coal fly ash is a comparatively cheap cementitious
material produced from coal power plants and categorized
as class C and F fly ash. UCS, CBR and resilient modulus
(M,) increased with the fly ash addition and curing period
for most clay soils except peat [46, 58, 83, 101]. Poz-
zolanic reaction and flocculation increase the strength and
reduce the swelling potential of the fly ash stabilised
samples [18, 66]. Class C fly ash performs well due to its
self-cementitious nature compared to the type F fly ash in
the stabilisation [101]. However, class C fly ash is not
widely available in many countries, including Australia,
India, Japan, China and some other European countries
[15, 17, 43]. There are limited studies conducted on the
mechanical [71, 98] and hydraulic performance of class F
fly ash stabilised [20, 25] expansive clays. An in-depth
study, however, has not been conducted on the reaction
mechanism and durability of class F fly ash stabilised high
plasticity clays. Municipal solid waste incineration fly ash
(MSWI fly ash), which is produced by burning solid
wastes at the waste to energy (WTE) plants, is now
becoming a topic of focus among practitioners and
researchers.

Solid waste production is predicted to rise to 2.2 billion
tons per day worldwide by 2025 [47]. The incineration of
solid waste is one of the most common ways of managing
solid waste globally [82]. This incineration process reduces
large landfilling waste volume and produces energy in the
form of heat or electricity. More than 2000 incineration
plants are established worldwide [64], burning several
million tons of solid waste annually. In Western Europe
alone, 1.2 million tons of MSWI fly ash is produced yearly
[39]. MSWI fly ash is considered hazardous waste and
landfilling this waste can cause many environmental issues
as it contains a significant amount of heavy metals such as
Ni, Cd, Pb, As, Hg and As [68, 78]. Cement solidification,
chemical stabilisation and thermal separation are some of
the treatment methods to reduce the heavy metal
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concentration from MSWI fly ash [97]. During stabilisa-
tion, several crystalline cementation bonds form and
encapsulate the heavy metals while providing good struc-
tural performance. There are few studies available on the
MSWI fly ash usage for pavement stabilisation and ground
improvement [75, 87, 91, 93, 100], and they primarily
focused on the mechanical performance, swelling-shrink-
age potential and leaching potential. Expansive clay
experienced negligible settlement (0.04 mm) after stabili-
sation with 15% MSWI fly ash. Further, 20% MSWI fly ash
treated samples showed 46% less shrinkage than the con-
trol sample[100]. Many studies have concluded that the
leaching of MSWI fly ash treated pavements are within the
acceptable limit [57, 87, 91]. However, the long-term
durability along with the relevant microstructural investi-
gation and the pavement stability under repeated stress
have not been paid enough attention in past research.

The design guidelines for the stabilization of expansive
clay recommend the least possible percentage of additives
to achieve the minimum required strength. However, sev-
eral transportation agencies claimed premature failures in
the stabilised pavement due to seasonal changes and loss of
stabilizers [24]. Therefore, the stabiliser’s long-term
behaviour and seasonal performance need to be investi-
gated to understand the interaction between the chemical
additive and clay minerals. Stabilised subgrades are
unavoidably exposed to cyclic climate loadings such as
drying-wetting, flooding, freezing—thawing and tempera-
ture variations which significantly influence the durability
of pavements. Stabilised subgrades subjected to varying
climatic conditions can degrade the long-term hydro-me-
chanical performance of compacted subgrades. Therefore,
the durability of the stabilised soils needs to be assessed
during the design stage to understand the climatic impact.

Most pavement stabilisation studies primarily focus on
strength variation and mass loss after a number of weath-
ering cycles. However, these macro-scale lab testings do
not explain the degradation mechanism associated with
climatic changes. The chemical and mineralogical changes
in the interparticle bonding can be well demonstrated using
micro level investigation. Microstructural analyses of sta-
bilised soil mixes help to understand the interaction
between soil minerals and the binder, and support
explaining the mechanical and durability characteristics.
However, microlevel investigation on MSWI fly ash trea-
ted expansive clays has not been extensively studied in the
past. Therefore, the present study aims to investigate the
performance of MSWI fly ash in pavement geotechnics
compared to class F coal fly ash. A multi-scale investiga-
tion was conducted on MSWI and class F (FFA) fly ash
stabilised high plasticity clay to evaluate the mechanical,
durability and leaching performance while investigating
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the reaction mechanism using chemical and micro level
analysis.

In this study, a series of experiments was carried out to
explore the possible use of industrial wastes for stabilizing
expansive clays in pavement applications. UCS test, Cali-
fornia bearing ratio (CBR) and resilient modulus test were
performed to study the mechanical characteristics. The
durability was examined by conducting 4 and 10 days
soaked CBR tests, moisture susceptibility and wet and
drying testing, while the leaching potential was studied
using the Australian bottle leaching test. In addition to the
mechanical and durability testing, a series of chemical and
microstructural analyses were performed on stabilised and
wet-dried samples. X-Ray diffraction (XRD), thermo-
gravimetric analyses (TGA) and fourier transform infrared
spectroscopy (FTIR) have been used to understand the
chemical and mineralogical change with the curing time
and different wetting-drying cycles. Scanning electron
microscopy (SEM) tests were performed to evaluate the
microstructural changes during the MSWI/coal fly ash
modification and to analyse wetting and drying effects.

2 Experimental procedure

2.1 Materials

In this study, expansive clay, MSWI fly ash and FFA were
sourced in Melbourne, Australia. Particle size distribution
was performed using a hydrometer and sieve for the soil,
while Malvern Mastersizer 3000 was used for the size
distribution of MSWI fly ash and FFA (Fig. 1). Atterberg
limits testing was conducted for the expansive soil using
AS 1289.3.2.1 [2] and it was found that the liquid limit and
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Fig. 1 Particle size distribution of soil, MSWI fly ash and FFA

Qa

the plasticity index are 62 and 34, respectively. Therefore,
the soil was classified as CH (high plasticity clay)
according to the Unified Soil Classification System. Min-
eralogical and chemical compositions of the raw materials
were studied using X-ray fluorescence (XRF), XRD and
SEM testing.

XRF and XRD testings were conducted for soil samples
to determine the elements, oxides and crystalline structures
present. It is clear from Table 1 that expansive soil has
alumina, silica, calcium, and iron in major amounts and
other elements in minor quantities. Also, it was found that
Al O3, SiO,, Ca0, Fe,0;, and Na,O are present as oxides
in the clay. XRD pattern of the clay sample indicates the
presence of quartz, montmorillonite, illite, and kaolinite
and these minerals are responsible for the expansive nature
of the clay.

SEM, XRF and XRD analyses were performed for
MSWI fly ash and FFA. SEM images of MSWI fly ash and
FFA are shown in Fig. 2. MSWI fly ash consists of irreg-
ular unbound carbons and hollow spheres. FFA images
showed more hollow spheres compared to MSWI fly ash.
XREF results (Table 1) show that Ca, Cl, Al, Si, Ti, and Fe
are the major elements in the MSWI fly ash. Higher
chlorine in the MSWI fly ash is due to the plastic waste in
the solid wastes [62, 85]. Therefore, using MSWI fly ash in
reinforced concrete can be challenging as it may lead to
corrosion. XRF results also revealed that CaO, SiO,,
Al,O3, TiO,, Fe,03, and MgO are the major oxides present
in the MSWI fly ash. Meanwhile, FFA comprises more Si,
Al, Ca, and Fe elements and SiO,, Al,03, Fe,O3, and CaO
as major oxides. The ratio of CaO/SiO, and CaO/

Table 1 Elements and oxides in the raw materials

Element MSWI FFA  SOIL Oxides MSWI FFA  Soil
Na 0.66 047 032 Na,O 1.20 1.02  0.60
Mg 0.76 0.22 0.51 MgO 1.22 049 1.04
Al 230  10.06 4.01 Al,O4 424 22,00 8.34
Si 342 2240 1690 SiO, 6.72 4850 35.99
P 0.33 0.15 0.13 P,0Os 0.62 0.30 0.26
S 0.36 0.09 0.02 SO; 0.70 0.19  0.05
Cl 16.97 0.00 0.14 K,O 0.30 1.60  1.00
K 0.28 1.59 094 CaO 52.60 2.83  3.71
Ca 45.77 2.56  3.10 TiO, 2.27 096 1.12
Ti 1.63 0.77  0.80 Cry04 0.04 0.01 0.02
Cr 0.03 0.01 0.02 MnO 0.04 0.05 0.09
Mn 0.03 0.05 0.08 Fe,04 1.25 3.10 6.06
Fe 1.19 3.02 512

Cu 0.51 0.01 0.01

Zn 0.35 0.02  0.01

Sr 0.11 0.21  0.06

@ Springer



Acta Geotechnica

(a) MSWI fly ash

Fig. 2 SEM images of a MSWI fly ash, b FFA and c¢ soil

(S8i0, + Al,0O3) are used as indicators to explain the
potential pozzolanic reactions during the hydration process
[52, 69]. MSWI fly ash has higher CaO/SiO, and CaO/
(Si0;, + Al,O3) ratios of 7.8 and 4.8, while ratios of only
0.06 and 0.04, respectively, were found in FFA. Therefore,
MSWI fly ash has a higher potential for excellent poz-
zolanic characteristics compared to the FFA. XRD diagram
of the MSWI fly ash and FFA are shown in Fig. 3. Port-
landite, gehlenite, calcite, and calcium chloride hydroxide
are the main crystalline phases identified in the MSWI fly
ash, whereas FFA consists of mullite (3A1,052Si0,), sili-
con oxide, hematite, and calcite.

2.2 Sample preparation and test program

Figure 4 shows the flow chart of the test program and
Table 2 summarizes the test conditions and the standards
followed in this study. Fly ashes were mixed in 10%, 15%,
and 20% dosages by weight of dry soil. The incorporation
of fly ashes at dosages comprising 10%, 15%, and 20% by

(b) FFA fly ash

weight of dry soil was undertaken to understand how the
percentage variation of fly ash affects the soil stabilization
properties. These proportions were selected as a starting
point for this study to explore a reasonable range of ratios
that could potentially provide adequate stabilization.
Another basis for this selection evolves from the existing
research works on coal fly ash which was also tested in
similar range in general [18, 31, 58, 65, 98]. Many of these
studies have claimed that the inclusion of coal fly ash
exceeding 20% is considered ineffective for stabilization
purposes, as it predominantly persists in the final product as
unreacted residues. Most of the tests were conducted after 7
and 28-day air curing. CBR tests were performed after 4
and 10 days of soaking as recommended in the Austroads
guidelines [12]. Following the tests for physical properties
of raw materials, mechanical and durability tests were
conducted for stabilised samples. Then, wet-dry and envi-
ronmental testings were performed for the control soil and
optimum mix (20% MSWI fly ash). Microlevel investiga-
tions (XRD, FTIR, TGA, and SEM) were conducted for all
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Fig. 3 XRD of the raw materials
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Fig. 4 Flow chart of the test program

the stabilised and weathered samples to understand the
stabilisation mechanism and weathering process.

The soil was oven dried at 105 °C for 24 h and sieved
through a 4.75 mm sieve. The oven-dried soil is mixed with
water and cured for 4 days as recommended in AS
1289.6.1.1:2014. After 4 days of curing, cured soil was
mixed with MSWI fly ash/FFA at a suitable dosage.
Optimum moisture content (OMC) and the maximum dry
density (MDD) were determined using the standard proctor
compaction testing. All the samples for the testings were
prepared at OMC + 1% and compacted within 15 min.
The additional moisture is provided to support the hydra-
tion reaction of the fly ashes and to accommodate moisture
loss during the soil curing process. The compaction time
was maintained to a value similar to the field compaction
duration using a padfoot type roller, as suggested by Fer-
guson and Levorson [37].

2.2.1 Test procedure

2.2.1.1 Compaction test The compaction test was per-
formed using the standard proctor compaction energy
based on AS 1289.1.1:2017 [1] to determine the optimum
moisture content and maximum dry density.

2.2.1.2 UCS test The UCS test was conducted at a 1 mm/
min deformation rate using the AS 5101.4:2008 [11]. Soil
samples were mixed with OMC + 1% moisture and cured
inside sealed bags for 4 days. Samples were mixed with the
required percentage of additive and air cured inside the

humidity chamber at 95% humidity and 20° C. UCS test-
ings were performed for 7 and 28-day air cured samples.

2.2.1.3 Resilient modulus test Resilient modulus testing
was conducted in accordance with the AASHTO T307-99
[4] using reconstituted cylindrical specimens. This test is
used to design pavement structures by evaluating the
pavement structural response to wheel loads. Samples were
prepared in the resilient modulus testing mould (100 mm
diameter and 200 mm height) at OMC + 1% moisture to
the MDD and tested following the loading sequence
mentioned in Table 3. Initially, a preconditioning confining
pressure of 41.4 kPa was applied to the specimen for 1000
loading cycles. After the conditioning phase, the maximum
axial stress was reduced to 13.8 kPa, setting the confining
pressure to 41.4 kPa. The test was continued for the
remaining load sequences, as shown in Table 3, by
applying 100 repetitive loading of the corresponding cyclic
stress. The corresponding recovered deformations were
recorded using Linear Variable Differential Transformers
(LVDT) for each loading sequence. In all the tests, a
contact stress of 10 percent of the maximum applied axial
stress was maintained as recommended in AASHTO T307-
99 [4]. The resilient strain (&) and resilient modulus (M,)
were calculated using Eqgs. 1 and 2 respectively, for each
loading sequence.

o =1 1)

M, = S(fy(flic/sr (2)
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Table 2 Experimental tests

Tests Conditions Standards

Compaction test AS 1289.5.1.1:2017 [1]
UCS test 7 & 28 days AS 5101.4:2008 [11]
Resilient modulus 7 & 28 days AASHTO T307-99 [4]
CBR (4D & 10D soaked) 4 & 10 days soaked AS 1289.6.1.1:2014 [3]
Moisture susceptibility 7 days AS 5101.4-2008 [11]

Wet-dry
pH 7 & 28 days

Leachate testing 7 & 28 days

(OWD, 1WD, 3WD, 6WD, 6WD + 24SD, 6WD + 48SD) cycles

ASTM D559/D559M-15 [8]
Rayment and Lyons (2011) [80]
AS 4439.3: 2019 [10]

XRD 7 & 28 days, (OWD, 1WD, 3WD, 6WD, 6WD + 24SD,
6WD + 48SD) cycles

FTIR

TGA

SEM

UCS = Unconfined compressive strength, CBR = California bearing ratio, XRD = X-ray Diffraction, FTIR = Fourier transform infrared
spectroscopy, TGA = Thermogravimetric analysis, SEM = Scanning Electron Microscopy, MSWI fly ash = Municipal solid waste incineration
fly ash, FFA = Class F fly ash, WD = Wet-dry cycles, 24SD = 24 h soaking and 24 h drying

where e, is the resilient axial deformation due to Scyeic;
Seyetic 1s cyclic applied axial stress.

2.2.1.4 CBR test CBR test was conducted according to
AS 1289.6.1.1:2014 [3]. Soil samples were mixed with
water and cured for 4 days, then they were mixed with the
required dosage of MSWI FA/FFA and compacted. Com-
pacted specimens were consequently air cured for 4 days

Table 3 Loading sequences of resilient modulus testing

Sequence  Confining Maximum Cyclic No of load
no pressure axial stress stress applications
(kPa) (kPa) (kPa)

0 41.4 27.6 24.8 1000

1 414 13.8 12.4 100

2 414 27.6 24.8 100

3 414 414 37.3 100

4 414 55.2 49.7 100

5 414 68.9 62 100

6 27.6 13.8 12.4 100

7 27.6 27.6 24.8 100

8 27.6 41.4 373 100

9 27.6 552 49.7 100

10 27.6 68.9 62 100

11 13.8 13.8 12.4 100

12 13.8 27.6 24.8 100

13 13.8 41.4 37.3 100

14 13.8 55.2 49.7 100

15 13.8 68.9 62 100
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and then soaked in water for another 4 days. CBR test was
conducted for the 4 days-soaked samples at 1 mm/min
penetration rate.

Ten days conditioning was conducted for soaked CBR
testing to simulate and study the performance of stabilised
samples during a severe rainfall event. Austroads recom-
mends [12] 10 days of soaked CBR testing for extreme
rainfall events above 800 mm, and when the drainage
condition is classified as fair to poor. Thus, 10 days of
soaked CBR testing was conducted for all the samples as
per AS 1289.6.1.1:2014 [3]. Samples were compacted at
the OMC and MDD followed by air curing for 4 days to
allow for the hydration reaction. Then, specimens were
soaked for 10 days before conducting CBR testing.

2.2.1.5 Moisture susceptibility test The moisture suscep-
tibility test was conducted to investigate the load-carrying
capacity of stabilised samples due to moisture. Tests were
performed according to AS 5101.4-2008 [11], and samples
were prepared similarly to the UCS testing samples. All the
samples were air cured for 7 days inside the humidity
chamber at 20 °C and 95% humidity. After the curing,
samples were immersed in water for 4 h at a temperature of
20 °C, and then removed from the curing tank and drained
for 15 min before the compression testing.

2.2.2 Microlevel analysis

A series of chemical and microlevel testings were con-
ducted to understand the chemistry of the stabilisation
process and to explore the micro-structural changes after
the stabilisation process. Microlevel investigation was
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performed on all the stabilised and wet and dried samples.
XRD, TGA, FTIR, and SEM analyses were conducted on
the control and stabilised samples after 7 and 28 days of
curing. Also, 20MSWI fly ash treated samples were anal-
ysed after OWD, 1WD, 3WD, 6WD and 6WD + 24SD to
understand the degradation mechanism of MSWI fly
ash treated clays.

2.2.2.1 XRD test XRD test was conducted using powder
materials from the UCS testing samples to analyse the
crystalline structure before and after the stabilization.
Powder samples were placed in the stainless-steel holder,
and the surface was smoothened and placed inside the D4
Endeavor diffractometer at 40 kV voltage and 35 mA
current operating conditions. Diffraction graphs were then
analysed using DIFFRAC.EVA V5.0 software.

2.2.2.2 TGA analysis TGA analysis was conducted to
determine additives’ thermal stability and to investigate
their fraction of volatile components. The test is performed
using 3-5 mg powdered samples with the TGA8000 Perkin
Elmer in an N, atmosphere. Initially, nitrogen gas was
introduced into the TGA chamber for 3 min to expel
oxygen. After that, the temperature was increased from 40
°C to 850 °C at the rate of 10 °C per min. Each test took
approximately 90 min, and TGA and DTG curves were
obtained from the software.

2.2.2.3 FTIR spectroscopy FTIR spectroscopy was used to
identify and characterize materials after the soil stabilisa-
tion. UCS-tested samples were crushed into fine powders
using a mortar and pestle. A small amount of sample was
placed into the FTIR spectrometer. The spectrometer
measured the range of wavelengths in the infrared region
that are absorbed by the material. FTIR spectra were
obtained at the 32 scans average and in the range of 400
cm™ ' to 4000 cm ™.

2.2.2.4 SEM analysis SEM test was conducted for control
and stabilised samples using the FEI Quanta 200. Powder
samples obtained after UCS testing (7 and 28 days of air
curing) were coated with a thin layer of iridium using a
sputter coater. SEM images were obtained at the 10 mm
working distance and spot size of 5 using 25 kV of energy.

2.2.3 Wetting and drying test

Pavement subgrades undergo significant volumetric
deformations during the wetting—drying cycles. Therefore,
the performance of stabilised expansive clays were asses-
sed under cyclic drying-wetting conditions. Wet-dry testing
was conducted for control and 20MSWI stabilised samples

following the ASTM D559/D559M-15 [8]. Samples were
air cured for 7 days before wet-drying testing and then
submerged in water for 5 h. Then, they were placed in an
oven at 70 °C for 42 h. This process was considered as 1
cycle. Wet-dry tests were conducted after 1, 3, and 6
cycles. After 6 cycles, another two tests were conducted by
soaking and drying the samples for a more extended period.
The first sample was dried and soaked for 24h, and the
other sample was soaked for 48 h and dried for 48 h. After
cycling wetting—drying, UCS testing was conducted for the
samples using AS 5101.4:2008 [11].

2.2.4 pH and leachate test

pH testing was conducted using water and 0.01M calcium
chloride extract following the soil chemical methods
handbook [80]. Soil samples were diluted with water in a
1:5 ratio and shaken for 1 h using a mechanical shaker.

Leachate testing was conducted following the Australian
bottle leaching procedure (ABLP) AS 4439.3: 2019 [10].
After the 7 days of UCS testing, the control and 20 other
MSWI fly ash treated samples were collected for the test-
ing. Samples were crushed and sieved through a 2.4 mm
sieve, and they were leached through pH 5.0 and pH 7.0
buffers. Water was used as the pH 7.0 buffer. The leaching
fluid pH 5.0 was prepared by adding 5.7 ml glacial acetic
acid to 900 ml of water. Then, 64.3 ml of 1 mol/L sodium
hydroxide solution was added and diluted to 1 L using
water. Samples were prepared on a 1:20 ratio in bottles by
mixing 5 g of sample with 100 ml pH 7.0 or pH 5.0 buffer.
All the bottles were then placed in an agitator and rotated
for 18 h at 28 rotations per minute. The extracted fluid was
filtered using a glass fibre filter to separate the solid par-
ticles. The leached solution was then analysed using the
ICP-MS for heavy metals, including iron (Fe), cadmium
(Cd), lead (Pb), mercury (Hg), arsenic (As), barium (Ba),
nickel (Ni), titanium (Ti), chromium (Cr), copper(Cu), and
zinc (Zn).

3 Results and discussion
3.1 Mechanical and durability characteristics
3.1.1 Compaction

The compaction behaviour of the stabilised samples is
illustrated in Fig. 5, which shows the relationship between
the maximum dry density and the initial moisture content
of the mixture. In general, MSWI fly ash stabilised samples
show a downward shift, whereas an upward left shift can be
observed for the FFA stabilised clays. The results show that
the control sample’s maximum dry density and optimum
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moisture content are 1565.7 kg/m®> and 23.8%,
respectively.

MDD of the MSWI fly ash stabilised samples decrease
with the addition of MSWI fly ash, whereas an increasing
trend for MDD is observed for the FFA. The MDD of 20%
MSWI fly ash and 20% FFA treated samples are 1531.8 kg/
m® and 1568 kg/m?>, respectively. Hydration reactions and
cation exchange are the main reasons for the density
variation when a chemical additive is added to the clayey
soil [18]. Hydration increases the MDD of the sample by
occupying the voids in the soil. In contrast, cation
exchange between Ca®" ions in the stabilizer and clay
particles neutralizes the clay, and reduces the thickness of
the diffuse double layer of the clay [76]. Ca*" ions are
firmly held near the soil surface, and the double positive
charge attracts anions of clay particles. Therefore, clay
minerals agglomerate and increase the particle size and
total volume, reducing the MDD. MSWI fly ash has higher
calcium content, and the influence of cation exchange is
stronger for the MSWI fly ash treated clay samples during
the early stages of mixing. However, cation exchange
reaction is not dominant in the FFA treated clays due to the
lower content of CaO in the fly ash. Therefore, the
hydration process is predominant in FFA stabilised clays
compared to the cation exchange.

3.1.2 UGS

The UCS of the stabilized clay specimens after 7 and 28
days of air curing are shown in Fig. 6. The UCS of MSWI
fly ash stabilised samples increase with the addition of
MSWI fly ash and curing time. Compressive strength of the
10%, 15%, and 20% MSWI fly ash stabilised samples are
0.48, 0.74, and 0.86 MPa respectively, after 7 days of
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Fig. 6 UCS of stabilised samples after 7 and 28 days air curing

curing. In 28 days, the UCS increases to 0.71, 1.1, and 2
MPa for the 10MSWI, 15MSWI, and 20MSWI fly ash
treated clays, respectively. Compressive strength incre-
ments of 20MSWI after 7 and 28 days are about 150% and
230% higher than the strength of control clayey soil. On
the other hand, UCS of FFA stabilised clays increase after
adding 10% fly ash and decrease beyond 10%. UCS of
10FFA is 1.1 MPa and 1.2 MPa after 7 and 28-days curing
respectively. After 7 days of air curing, UCS of 15% and
20% FFA treated samples are 0.47 and 0.23 MPa. The
compressive strengths of the 15% and 20% FFA added
samples are reduced to 0.29 MPa and 0.24 MPa respec-
tively, after 28 days of curing.

MSWI fly ash contained more than 50% CaO and
greater CaO/SiO, and CaO/(SiO, + Al205) ratios. There-
fore, MSWI fly ash can provide a stronger cationic
exchange reaction and crystalline formation during the
hydration process, leading to significant strength gains.
MSWI fly ash, when combined with the soil, mitigates the
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natural expansion and shrinkage tendencies of expansive
soil. 20% MSWI fly ash treated samples experienced 46%
less shrinkage than the control soil [101]. The combination
of the hydration process facilitated by the fly ash and the
concurrent reduction in soil shrinkage collectively enhance
the mechanical performance of the treated soil. On the
other hand, FFA only contains a small percentage of CaO
(2.83%) and low CaO/SiO, and CaO/(SiO, + Al,O3)
ratios. Therefore, FFA stabilised samples do not show a
significant strength gain compared to MSWI FA. The
additional FFA beyond 10% did not react during the
hydration process and stayed in the mixture as unbound silt
particles, hence decreased the UCS.

Austroads [13] recommend UCS between 1 and 2 MPa
for the material to be used as a stabilised subgrade material.
Therefore, 10% FFA and 15-20% MSWI fly ash are found
to be suitable as a subgrade stabiliser for pavements during
the dry weather condition. The role of MSWI FA and FFA
in the composite material is further discussed in Sect. 3.4
using results from the microstructural analysis.

The UCS results were compared with findings from
lime-stabilized high-plasticity clays. Bell [14] investigated
the stabilization of high-plasticity montmorillonite and
kaolinite using lime, with lime additions ranging from 0 to
10% and observed that with a 4% lime addition, mont-
morillonite and kaolinite achieved compressive strengths
of 0.8 MPa and 1 MPa, respectively. Similarly, in another
study [59], lime stabilization of kaolinite clay using lime
additions ranging from O to 12% revealed that a 4% lime
addition resulted in a compressive strength of 1 MPa.
Consequently, the UCS values obtained for 15-20% MSWI
fly ash-treated subgrade materials are comparable to those
achieved through lime stabilization, despite the use of a
lower percentage of lime in the latter method.

350

3.1.3 Resilient modulus

Figure 7 shows the axial M, of the control and stabilised
samples after 7 days of air curing with the loading
sequences. During the resilient modulus testing, three
confining stresses (41.4, 27.6, and 13.8 kPa) were main-
tained throughout the test. M, generally increases with
confining stress increment and decreases with the deviator
stress. With the confining stress increment, soil and addi-
tive particles closely bond with each other which increases
the M,. Figure 7 shows a decrease in the M, when the
confining stress is switched from 41.4 to 27.6 kPa (6th
cycle) and from 27.6 to 13.8 kPa (11th cycle). Control soil,
10MSWTI and all the FFA stabilised samples do not show a
significant variation with the different loading sequences.
However, a considerable variation in the M, can be
observed for the 15% and 20% MSWI fly ash treated
specimens.

There is a slight decrease in resilient modulus with the
deviator stress increment for 1-5 cycles. During these
stages, the confining stress was set to 41.4 kPa, and the
deviator stress was gradually increased, as shown in
Table 3. During the deviator stress increment, load-induced
damage could have happened for the 15% and 20% MSWI
fly ash stabilised samples as their stiffnesses are high due to
the higher CaO content. This load-induced damage could
have decreased the M, value slightly. Other researchers
also reported a similar trend of increasing M, with the
increment of confining stress and reduction in deviator
stress for the subgrade materials [38, 72, 77]. Nevertheless,
after the Sth cycle, the resilient modulus slightly increased
with the deviator stress increment which is due to the
particle packing occurring in the low confining stress
region (27.6 kPa and 13.8 kPa).
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Figure 8 shows the permanent deformation of the trea-
ted samples after 7 days of curing. Overall, permanent
deformation increases with the deviator stress for a con-
stant confining pressure. Control and MSWI fly ash treated
samples show less than 0.1 mm deformation in all the
loading sequences. Expansive clay performs well after 7
days of air curing conditioning. During the air curing
period, expansive clay loses moisture and shrinks,
increasing the clay’s stiffness, which ultimately increases
the M, of the clay sample. MSWI fly ash has higher poz-
zolanic behaviour and creates more hydration products
which improves M;. On the other hand, FFA stabilised
samples exhibit a significant deformation under different
loading conditions. FFA does not have higher ratios of
CaO/SiO, and CaO/(SiO; + Al,O3). Therefore, FFA
treated samples do not have greater number of strong
pozzolanic hydrated products. Although, 10% FFA sample
showed a significant compressive strength, it does not bear
the cyclic loading, thus exhibits considerable deformation.
20% FFA added samples show a significant deformation of
0.7 mm after 15 loading cycles.

Figure 9 shows the average resilient modulus (M;) of
stabilised clays after 7 and 28 days of curing. The resilient
modulus of treated clays increased with MSWI fly ash
addition. The resilient modulus of the expansive clay
increased from 89 to 135, 175, and 213 MPa after adding
10%, 15%, and 20% MSWI fly ash, respectively after 7
days of curing time. Similarly, there is a significant
increase in the average resilient modulus of the MSWI fly
ash treated clays compared to the control sample after 28
days of curing. The resilient modulus of the 20MSWI fly
ash treated sample increased about 220% of the control soil
specimen in 28 days. The average modulus of the 10%,
15%, and 20% FFA treated clays are 53.3, 37, and 38.1
MPa after 7 days of curing. All these values are lower than
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Fig. 9 Average resilient modulus after 7 and 28 days air curing
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the resilient modulus of the clayey sample. Therefore,
using FFA alone does not contribute to the resilient
strength gain.

Based on the resilient modulus results, subgrade can be
categorized as poor, good, and excellent [49]. AASHTO
[5] recommends 42-228 MPa range for the subbase.
Accordingly, control soil, 10MSWI, 15SMSWI, 20MSWI,
and 10FFA treated samples can be considered as excellent
subgrade or subbase during the dry weather condition.
Meanwhile, 15FFA and 20FFA samples are considered as
good subgrade. Although, the average resilient modulus of
the FFA stabilised subgrade is showing an accept-
able range, they display a higher deformation. Therefore,
FFA treated samples are not good as MSWI fly ash treated
subgrades.

The results from the resilient modulus test were com-
pared with the lime stabilised subgrade material. Mamatha
and Dinesh [63] investigated the impact of adding 0-5%
lime to black cotton soil. They found that the resilient
modulus reached 243 MPa with 2% lime addition and 360
MPa with 3% lime addition after 28 days of water curing,
Meanwhile, Bhuvaneshwari, Robinson and Gandhi [16]
explored the resilient modulus of high plasticity clay with
lime additions ranging from 0-8%. In their study, the
resilient modulus measured 240 MPa for the sample with
4% lime addition and 250 MPa for the sample with 6%
lime addition after 28 days of curing. Therefore, it could be
concluded that the MSWI fly ash treated expansive clays
perform as similar to the lime treated subgrades.

3.1.4 CBR

4-day and 10-day soaked CBR values of FFA and MSWI
fly ash stabilised expansive clay samples are shown in
Fig. 10. While the CBR of the control soil is negligible, the
soaked CBR of the treated clays with MSWI fly ash
improved drastically. MSWI fly ash treated clays exhibited
34%, 58%, and 62% CBR values with the addition of 10%,
15%, and 20% MSWI fly ash. However, no strength gain is
observed for the FFA added soil samples and they exhibit
zero CBR values. Although 10% FFA sample and control
samples display a good compressive strength, their 4-day
soaked CBR results are below 5%.

The Austroads guideline [12] suggests CBR greater than
5% can be used as subgrade material. Therefore, MSWI fly
ash treated subgrade could be used to treat the soft clays
which are more susceptible to moisture degradation. Clay
samples treated with more than 10% of MSWI fly ash
showed a CBR greater than 30%; thus, they can be used as
a good subbase material. The soaked condition provides
more water for the hydration reaction and creates more
strong crystalline phases, which raises the sample strength.
Therefore, compared to air curing, wet curing provides
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Fig. 10 Soaked CBR values after 4 and 10 days of curing

additional water for the hydration reaction. Also, in arid
regions, MSWI fly ash stabilised soil gains more strength
during flooding or other severe moisture fluctuation events.

The results for the 10-day soaked CBR show that the
CBR of the MSWI fly ash stabilised clay increases by 12.6
(10MSWI), 15.8 (15SMSWI), and 269 (20MSWI) percent-
ages of the 4-day soaked CBR results of the same mix.
Therefore, even for extreme weathering conditions, this
MSWI fly ash can be used for the subgrade stabilisation of
problematic clays. Figure 11 shows the samples after 10
days of soaking, and it can be observed that the samples
become stronger with increased MSWI fly ash content.
This strength gain is because of the increased pozzolanic
reaction between clay and MSWI fly ash in the presence of
water. Therefore, water curing is thought to be a more
effective procedure in the field instead of air curing to
achieve greater stiffness for MSWI fly ash stabilised sub-
grades/subbases. On the other hand, FFA is not suitable to
treat the expansive clays which are exposed to moisture
variations.

During the road design, subbase and base thicknesses
are decided based on the CBR value of the subgrade. The
greater the CBR value of a subgrade, the more carrying
capacity it has to support the pavement. Therefore, a

gy 8

(a) Soi
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(b) 20MSWI -10D soaked (c) 20 FFA — 10D
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thinner pavement thickness would be sufficient if the
subgrade has a higher CBR value. Figure 10 shows the
relative CBR values for subbase and subgrade requirement
[49]. Based on the guideline, soil and FFA treated samples
behave as poor-fair subgrade, whereas all the MSWI fly ash
stabilised clays can be considered as a very good subgrade
material. Besides, 15% and 20% MSWI fly ash treated
samples can be used as a very good subbase material. UCS
and resilient modulus values of the 10FFA treated sam-
ples were in the accepted range for the subgrade during the
dry weather conditions. However, based on the soaked
CBR results, FFA treated samples will not cope well during
the seasonal rainfall events.

CBR of the lime treated expansive clay subgrades were
compared with the CBR of MSWI fly ash treated samples.
Kavak and Baykal [59] reported that the CBR for 4% lime-
stabilized high-plasticity clay reached 55% after 7 days of
soaking. Similarly, NASRIZAR and Muttharam [67]
examined the performance of lime-treated expansive clay
and found that the CBR value for 5% lime-treated clay was
31% when soaked under a curing temperature of 30 °C.
Consequently, it can be deduced that samples stabilized
with 15-20% MSWI fly ash exhibit CBR values within a
similar range when compared to lime treated samples.

o —

soaked

Fig. 11 Samples after 10 days soaking a soil b 20MSWI fly ash and ¢ 20FFA
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3.1.5 Moisture susceptibility

The loss of subgrade durability and bearing capacity due to
the existence of moisture is referred to as moisture induced
damage which results in reduced pavement life span. The
extent to which subgrade mixture is prone to moisture
damage is known as moisture susceptibility. Compressive
strength results from the moisture susceptibility tests are
presented in Fig. 12. Tests were conducted after the 7 days
air curing and consequent immersion of the samples under
water for 4 h. The control sample and FFA treated clays
failed during the test, whereas MSWI fly ash stabilised
samples showed no visual degradation after the soaking
period. Compressive strengths of 10%, 15%, and 20%
MSWI fly ash treated samples were 0.22, 0.27, and 0.29
MPa, respectively. FFA treated clays do not have much
pozzolanic products and are highly porous. Therefore,
water penetrates easily and reduces the cohesion and inter
particle friction. Although, no visual defects were observed
in the MSWI fly ash treated samples, there is a significant
reduction in the compressive strength after the moisture
susceptibility test. This strength reduction is attributed to
the penetration of water into the micropores, which breaks
the particle bonds thus losing the interparticle friction.

3.2 Wetting and drying test

Wet-dry tests were performed on the control sample of soil
and 20MSWI fly ash stabilised samples (Fig. 13). The
determination of 20% as the optimal ratio was based on a
balance between achieving significant improvement in soil
properties and maximising the MSWI fly ash usage. The
control sample failed in the first wet cycle as it could not
remain in the compacted state. However, UCS of 20MSWI
fly ash stabilised sample increases after the first wetting—
drying cycle and decreases in the following cycles, as
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Fig. 12 UCS after moisture susceptibility test
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shown in Fig. 14. The combined effect of MSWI fly ash
solidification and control over expansion—shrinkage beha-
viour[101] enhances the soil’s resilience to dry—wet cycles.
The stabilized soil retains its structural integrity and
mechanical strength even when subjected to fluctuating
moisture conditions.

During the first wetting cycle, unreacted MSWI fly ash
particles reacted with water and formed a greater number
of pozzolanic products. Meanwhile, the first drying phase
reduced the moisture by less than 5%, consequently
increasing the sample’s stiffness. Compressive strength
increases from 0.86 MPa (7-day air cured sample) to 1.66
MPa after the first cycle, which is about two times. UCS
then reduces to 1.35 and 0.86 MPa after the 3rd and 6th
wet-dry cycles, respectively, about 19% and 48% of the
compressive strength in the first cycle. During the first
drying cycle, only minor cracks were formed. In the sec-
ond wetting phase, water penetrated through those cracks,
generating significant water pressure in the sample and
destroying the pozzolanic bonds. The crack formation and
water penetration in the subsequent wet-dry cycles further
accelerated the degradation and reduced UCS.

After 6WD, samples were further soaked for 24 h and
dried for 24 h (6WD + 24SD) to investigate the perfor-
mance during long period of soaking. The UCS strength of
the samples reduced slightly to 0.76 MPa. Similarly,
another sample was soaked and dried for 48 h after the 6
WD (6WD + 48SD), and a slight increment in UCS (0.81
MPa) was observed compared to the 24h soaked and dried
samples. Therefore, prolonged wetting and drying increa-
ses the UCS of MSWI fly ash stabilized soils due to the
formation of many pozzolanic products, which partially
repairs the cracks.

3.3 pH and heavy metal concentration

Soil pH is one of the critical factors in the soil stabilisation
process. pH testing was conducted with water and CaCl,
for the control clay sample and 20MSWI fly ash stabilised
samples, and the pH values in the water and CaCl, var-
ied £ 0.5. The pH values of the soil were 8.29 and 8.56 in
water and CaCl, respectively, after 7 days of curing. The
pH values were reduced to 8.15 and 8.49 in the same
mediums after 28 days of air curing (Fig. 15). Therefore,
soil can be considered alkaline, and the higher pH is due to
the presence of exchangeable magnesium and sodium
present in the soil.

The pH of the MSWI fly ash is 12.15 in both water and
CaCl,. When MSWI fly ash is added to the soil, pH
increases from 8.3 to 10.3 for 7 days cured samples. MSWI
fly ash has higher CaO content, and the addition of this fly
ash increases the pH. Higher pH in the stabilised soil also
increases the dissolution of silica and alumina and
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Fig. 15 pH after 7 and 28 days of curing

accelerates the pozzolanic chemical reaction [61]. Also, it
increases the cation exchange capacity (CEC) of the soil,
increasing particle aggregation [28, 42].

In addition to the pH tests, leachate analysis was con-
ducted to evaluate the environmental impact from heavy
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Fig. 16 Heavy metal concentrations after leaching with a pH 7 and
b pH 5 buffers

metal leaching. Figure 16 shows the heavy metal concen-
trations of untreated and stabilised samples leached using
pH 5 and 7 buffer after 7 and 28 days of curing. Leaching
result of raw MSWI fly ash is also plotted as a comparison
in Fig. 16.

Table 4 summarizes the maximum leaching concentra-
tion of metals from Fig. 16 and the maximum values for
leachable concentration defined by various states in Aus-
tralia. Allowable leachate limits defined by New South
Wales [33], Western Australia [29], Victoria [35], South
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Table 4 Maximum heavy metal concentrations of tested samples and the maximum allowable state limits in Australia

Maximum heavy metal NSwW Victoria South Australia ~ Tasmania Min (all
concentration states)
MSWI fly Soil 20MSWI  General solid Category D/iIndustrial waste Low level Low-level
ash waste upper limit contaminated contaminated soil
Cr 0.15654  0.01292 0.04052 5 2.5 20 0.5 0.5
Mn 0.00082 5.60237 0.81699 - - 50 25 25
Fe 0.00415 1.14114 0.00415 - - - - -
Co  0.00020 0.06913 0.00509 - - - - -
Ni 0.00165 0.25818 0.01882 - 1 2 1 1
Cu  0.01045 0.01320 0.07408 - 100 10 10 10
Zn  0.07364 2.66913 0.32517 - 150 250 25 25
As  0.00159 0.00260 0.00278 5 0.5 5 0.5 0.5
Se 0.00649  0.01543 0.00649 - 0.5 - 0.1 0.1
Cd  0.00006 0.00139 0.01885 1 0.1 0.5 0.1 0.1
Ba 1730383 595979 1.69023 - 100 100 35 35
Pb  0.10969 0.00534 0.01229 - 0.5 5 0.5 0.5

Australia [32], and Tasmania [34] are included in Table 4.
Table 4 also illustrates the least value of the heavy metal
concentration from all the state-specified limits in the last
column. The heavy metal concentration of the MSWI fly
ash is within the allowable limit. 20MSWI flay ash
treated samples exhibit a satisfactory level of heavy metal
concentration which is within the maximum allowable
limit mentioned by all the states in Australia.

Soil stabilization processes can contribute to the
reduction of heavy metal concentrations through various
mechanisms such chemical immobilization, adsorption,
and encapsulation during the pozzolanic process forming
less soluble compounds. The encapsulation of heavy metal
ions and enhanced binding to soil particles physically
isolate them, preventing their release [22, 40]. By
improving soil stability and structure, stabilization pro-
cesses also minimize leaching, reducing the transport of
heavy metals. Therefore, it is expected that no additional
treatment process would be required to reduce the trace
metal concentration of MSWI fly ash before any geotech-
nical application.

3.4 Microlevel analysis
3.4.1 XRD

XRD testing was conducted to understand the phase change
after mixing with fly ash stabilizers. The XRD analysis of
the MSWI fly ash and FFA stabilised samples are shown in
Fig. 17 after 7 and 28 days of curing in comparison with
control soil. Figures 17a, b show the XRD results of the
MSWI fly ash stabilised expansive clays after 7 and 28
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days of curing. The main crystalline formations during the
MSWI fly ash stabilisation are quartz (Q), gismondine (G),
calcite (C), portlandite (P), andradite (D), and ettringite
(E). Quartz is in 26.6°, 50.2°, and 60° angles, whereas
gismondine [CaAl,Si,08-4(H20)] is identified in 20.8°,
26.7°, 33.2°, and 50.1°. Gismondine is a type of zeolite
reported mostly in alkaline cementitious compounds
[9, 41]. Portlandite is observed in 18°, 34.1°, and 50.8°, and
the andradite phase is found in 33.2°, 57.1°, and 71.7°.
Meanwhile, calcium phase is identified in 29.5 °, 44 °, and
64.5 °. Moreover, ettringite is identified in 19°, 22.9°, 28°,
35° and 49°. The XRD peak intensity of calcite and
portlandite phases increased with the MSWI fly ash addi-
tion and curing duration. Higher ash content increases the
potential for possible pozzolanic reaction and creates more
crystalline bonds. Similarly, longer curing produces more
hydrated products, improving the mechanical performance
of the treated samples. The improved mechanical perfor-
mance is evident with the UCS and resilient modulus
testing results.

XRD diagrams of the MSWI fly ash treated clays after
wet-dry (WD) cycles are shown in Fig. 17c. After the first
WD cycle, the intensity of the ettringite, calcite and port-
landite phases increases slightly. When the air-cured
sample is exposed to water for the first time, unreacted
MSWI fly ash particles in the sample react with water and
form more cementitious bonds. However, the intensity of
calcite and ettringite reduced after 3WD and 6WD cycles.
During the third and sixth wet-dry cycle, the bond between
hydration products breaks and the sample loses certain
strength. UCS results also revealed that the sample’s
compressive strength is increased after the first weathering
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Fig. 17 continued

cycle and then reduced in the 3rd and 6th wetting and
drying cycles. 6WD + 24SD sample show only a very
slight decrease in the peak intensities. However, the calcite
phase is increased slightly during the long soaking period
due to the formation of more pozzolanic products with the
availability of CaO in the MSWI fly ash. A marginal
increase in the calcite, portlandite, and ettringite phases can
be observed after 48 h soak and drying (6WD 4 48SD),
which is also evident from the UCS test results. Prolonged
wetting and drying forms a greater number of crystalline
phases, which helps to gain certain strength. Therefore,
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MSWI fly ash treated samples will perform well during an
extreme flood event.

During the FFA stabilisation, quartz (Q), calcium sili-
cate hydrate (CSH) (S), mullite (M), and magnetite (T) are
identified as key phases. Quartz is present in 21°, 26.8°,
and 50.5°, while CSH is identified in 21.1°, 25.1°, 27.3°,
51.1°, and 55.7°. Similarly, mullite is observed in 16.3°,
33°, and 60.1° with higher peaks, whereas magnetite is
observed at 18.1°, 29.7°, and 35° angles. Similar crystalline
phases are reported in other studies for the class F fly ash
treated clays [89, 96]. It can be observed that the intensities
of CSH, mullite, and magnetite are higher for the 10FFA
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compared to the 15% and 20% FFA treated samples after 7
and 28 days curing. It can be clearly seen that the intensity
of CSH is higher for 10FFA treated samples after 28 days
curing. When FFA is added beyond 10%, they act as an
unbound silt particle and does not react with water.
Therefore, less hydration products are formed beyond 10%
FFA addition and exhibit lower strength performance.

In summary, MSWI fly ash consists of higher CaO, thus,
MSWI fly ash treated samples form higher number of
portlandite phases which is reflected in the XRD spectrum.
Although, SiO, is higher in the FFA, it has a very less
amount of CaO (2.83%). Therefore, FFA treated samples
do not create more hydration products.

3.4.2 FTIR

FTIR can be used to characterize individual hydration
products and to understand the relative magnitude variation
of the formation of these products under different curing
and weathering conditions. The FTIR spectrum shows
detector response, plotted in absorbance (%) vs wave
number. Low absorbance reflects a few numbers of bonds
to absorb at that frequency. In contrast, high absorbance
means many bonds with similar vibrational energies of the
incident light. FTIR diagram can be divided into two
regions, absorption and fingerprint regions. Absorption
bands correspond to the 40001500 cm ™" region, and the
fingerprint region is within 1500-500 cm™'. Absorption
bands for inorganic materials can be observed in lower
wave numbers in FTIR analysis due to their external
crystalline matrix [27]. Some functional groups freely
vibrate, and other groups’ vibrations may be limited
depending on the arrangement of molecules. This overall
molecule arrangement pattern results in different vibra-
tional bands in various wave numbers [27]. In the FTIR
spectrum for both fly ash types, four absorption bands can
be clearly distinguished; O-H stretching, O-H bending,
C-O stretching, and Si—O stretching.

In Figs. 18a—e, control soil is plotted to compare the
chemical effect after adding stabilisers. The absorbance at
3622 cm™! and 3696 cm™' in the untreated clay FTIR
spectrum correspond to montmorillonite, which is attrib-
uted to the AI*" cations bound with the O-H group [19].
The doublet at 779 cm™' and 788 cm™' belongs to the
crystalline mineral quartz [84]. During MSWI fly ash and
FFA stabilisation, various changes occured in the IR
spectrum as explained below.

Figures 18a, b show the FTIR spectrum of MSWI fly
ash stabilised soil after 7 and 28 days of curing. Absorbed
water molecules on the sample surface produce broad O-H
stretches in the 3150-3550 cm ™' region. With the MSWI
fly ash addition, more hydrated products form and increase
the absorbance. Similarly, 28 days cured samples

absorbance increased compared to the 7 days cured MSWI
fly ash treated clays. O—H bending occurs around 1640
cm71[56, 95], and it can be detected in MSWI fly ash
treated clays after 7 days of curing. A similar trend to O-H
stretching can be observed for O-H bending for the MSWI
fly ash treated samples.

Carbonates such as calcite show a strong absorption
band from C-O stretching in the 1550-1350 cm™' region
[27]. Calcite is an inorganic compound consisting of Ca*"
cation and CO;>~ as the anion. Carbonate is a complex
anion and a functional group that holds the anion tightly
together due to its covalent bonds. These complex ions
produce absorption bands which can be used to identify
carbonates in the FTIR spectrum. Figures 18a, b show the
C-O stretching near 1438 and 1442 cm ™' for 7 and 28 days
of cured MSWI fly ash treated samples. The peak intensity
of the C-O stretching increased with the MSWI fly ash
addition and the curing time. MSWI fly ash addition and
curing time produce more CaCO; crystalline lattice struc-
tures, which increase the peak of the absorption band.
Generally, higher cations tend to shift the absorption band
to a lower frequency, which is evident in Fig. 18a, b.
Absorption bands shift towards the left when the MSWI fly
ash percentage is increased, which is attributed to the
increase in cation concentration with the MSWI fly ash
addition.

Silicates in the stabilised samples may exist in the form
of amorphous silica or as crystalline silica. Crystalline
silica does not react with water and forms hydrated prod-
ucts, however, amorphous silica is reactive and displays
pozzolanic behaviour. MSWI fly ash has only a very small
percentage of silica (6.72%). In the FTIR spectrum,
amorphous silica produces Si—O bands near 1000-1100
cm ™! [27, 56], whereas amorphous silica also exhibits
vibrations closer to 1000 cm™". Therefore, it is difficult to
distinguish the amorphous and crystalline silica’s Si—O
stretching during soil stabilisation as the soil has a higher
percentage of crystalline silica.

Si—O absorption band for MSWI fly ash treated clays
can be observed near 1000 cm™' (Fig. 18). Also, Fig. 18
shows a slight decrease in peak intensity with the MSWI
fly ash addition, and the band peak increased higher than
soil after 7 days of curing. As the MSWI fly ash has lower
Si0O,, the formation of calcium silicate hydrate may not be
significant. However, a slight increase in Si—O stretching is
observed in 1000 cm ™" for the 20% MSWI fly ash treated
clays. This increment could be attributed to the CSH for-
mation with the higher percentage of MSWI fly ash, which
may have provided enough SiO, to the samples. In 28 days
of air curing time, a slight increase in the Si—O stretching
band could be observed for the 10% and 15% of MSWI fly
ash treated clays. Therefore, longer curing times create
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Fig. 18 continued

more silicate hydrates and increase the peaks for all the
MSWI fly ash treated samples.

Figure 18c shows the IR spectrum after the wetting and
drying weathering cycles. It can be seen that the O-H
stretching peaks reduced slightly with the number of
weathering cycles. Weathering cycles break the crystalline
hydrated products, which reduce the peak intensities.
Absorption bands of C-O stretching reduce as similar to the
OH stretching with the cyclic wetting and drying process.
The wetting and drying process destroys the calcite crys-
talline structures, consequently lowering the peak intensity.
It can be also observed that the peak intensity of Si—O
stretching of the MSWI fly ash stabilised clays reduced as
similar to the O-H and C-O stretching.

FTIR diagrams of the FFA treated clay samples are
shown in Fig. 18d, e after 7 and 28 days of curing. FFA

treated clays exhibit O-H stretching at 3392 ¢cm™' and

3382 cm ™! after 7 and 28 days of curing. FFA treated
samples do not show a very significant peak after 7 days of
curing. However, peak intensities increased for the 10%
and 15% FFA stabilised clays. 20FFA treated samples
showed no considerable peaks after 7 or 28 days of curing.
O-H bending can be detected in FFA treated clays in 1635
cm ! after 7 days of curing. The peak intensity of the C-O
stretching is smaller after 7 days of curing, and a slight
increment can be noticed after 28 days of curing. FFA has a
smaller percentage of CaO; thus, calcite formation is
insignificant. In 28 days of curing, 10% of FFA treated
samples exhibit a higher peak intensity than the other
FFA treated samples in the C-O stretching region. Beyond
10% FFA, fly ash does not produce much calcite and
remains in the mix without reacting, which is further
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evident from the UCS and resilient modulus testing results
(Figs. 6 and 9).

Figures 18d, e show the Si—O stretching of the FFA
treated samples after 7 and 28 days of curing. The influence
of crystalline silica in the soil is higher in 7 days of curing,
resulting in a higher peak for the soil sample than the FFA
treated soils. 20FFA treated clay exhibits a lower Si-O
stretching compared to the 10% and 15% FFA added
samples. Therefore, FFA added beyond 15% does not
contribute to the CSH formation, and they act as unreacted
silty fly ash, which subsequently reduces the intensity of
the peak band. After 28 days curing, 10FFA treated sam-
ples display a higher peak intensity compared to the other
samples as shown in Fig. 18e. This increment means that
the 10% FFA addition creates more CSH during the long
curing period and increases the UCS (Fig. 6) of the treated
clays.

Overall, FTIR results reveal the occurrence of Si-O
stretching, C-O stretching, O-H bending, and O-H
stretching during the MSWI fly ash and FFA addition. The
absorbance intensities of these bond stretching/ bending are
higher for the MSWI fly ash treated samples than the FFA
modified specimens. Also, there is a slight increment in the
peak absorbance with the curing time for both MSWI fly
ash and FFA stabilised samples.

3.4.3 TGA

TGA analysis quantifies gaseous emissions by measuring
the mass loss of a sample subjected to a steady temperature
increase. Each phase in the TGA diagram is assessed by its
specific mass loss in the particular temperature range.
These diagrams are helpful in understanding dihydroxyla-
tion and hydration processes during the soil stabilisation
process. Figure 19 shows the TGA diagrams of stabilised
samples and Table 5 summarizes the mass loss during the
heating process.

Figures 19a, b show the TGA and DTG (Derivative
Thermogravimetry) curves of the MSWI fly ash stabilised
samples after 7 and 28 days of curing. The sharp decrease
in mass between 40-105 °C is due to the vaporization of
unbounded water on the surface [50, 99]. The mass loss
from 105 to 200 °C occurred due to the desorption of
interlayer water moisture trapped between clay particles
linked to cationic exchange [7, 74]. Overall mass loss of
the 7D and 28D cured samples are almost similar and equal
to 15.6%. The peak around 400 °C is due to the dihy-
droxylation of kaolinite which typically occurs within
430-450 °C range [86, 88].

After MSWI fly ash was added to the soil, several phase
changes were identified in the TGA results which were also
reflected in the XRD analysis. All the MSWI fly ash treated
samples consist of soil; therefore, the decomposition
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experienced by the MSWI fly ash also has a similar pattern.
However, in addition, several changes could be observed in
Fig. 19a, b. TGA/DTG results of the MSWI fly ash sta-
bilised samples (Fig. 19a, b) show three major endothermic
peaks in the range of 30-200 °C, 360-520 °C, and
650-720 °C. Mass loss between 30-200 °C temperatures is
due to the loss of interlayer water and dehydration of
ettringite and gismondine phases [70, 73, 74]. During the
7 days of curing, mass loss of the treated samples slightly
reduces with the fly ash addition. Loss of interlayer water
influences the mass loss more than the dehydration of
gismondine and ettringite phases. After 28 days of curing,
mass loss in the 30-200 °C region increased than the
7 days cured samples. This increment can be attributed to
the formation of a greater number of hydration products
such as gismondine and ettringite with the curing. Mass
loss for 20% MSWI fly ash treated soil increased from
4.57% (7D) to 8.5% (28D). The peak towards 360-520 °C
corresponds to the dehydration of portlandite, and the mass
loss increases with the higher MSWI fly ash percentage for
the 7 and 28 days cured samples, highlighting its increased
presence in the treated clay. The peaks at 650-720 °C are
due to the decomposition of calcite, which is not much
significant in 7 days of curing. After 28 days of curing,
mass loss dramatically increased with the MSWI fly ash
addition. The mass loss increased from 0.72% (control) to
8.81% for the 20MSWI fly ash treated samples in the
650-720 °C region (Table 5).

Figure 19c shows the TGA of the 20MSWI fly ash
treated samples after undergoing several wetting and dry-
ing cycles. Mass loss of stabilised samples increase from
4.57% (control) to 7.14%, 7.11%, and 6.91% after 1, 3, and
6 cycles within 30-200 °C temperature range (Table 5).
During wet-dry cycles, samples were submerged in the
water for 6 h and oven dried at 70 ° C for 42 h. Therefore,
more absorbed water present in the wet-dry samples,
increases the mass loss. The mass loss was further reduced
to 6.52% for the 6WD + 24SD sample. A slight increment
in mass loss can be seen for the 6WD + 48SD sample,
which may be due to sample absorbing water during
the long soaking period. The mass loss between
400-520 °C is due to the dehydration of the portlandite
phase. After the wetting and drying, mass loss of 20MSWI
fly ash treated samples reduced from 3.15% (Control-
20MSWI) to 2.88%, 2.49%, and 2.47% in 1, 3, and 6
wetting-drying cycles, respectively. On the other hand,
mass loss slightly increased for the 6WD + 48SD sample.
During the prolonged soaking, sample absorbs water and
reacts with MSWI fly ash and forms more portlandite
crystalline structures, which results in higher mass loss.
Calcite decomposition occurs in between 600-700 °C
during the wetting and drying cycles. A slight increment in
the mass loss can be observed till three wet-dry cycles.



Acta Geotechnica

Weight (%)

Fig.

Weight (%)
=)
w

G E, W

q-e

+ + Soil-7D
« « 10MSWI-7D

- 15MSWI-7D
« 20MSWI-7D

- 08
- 96
- 94
- 92
- 90
- 88
- 86
- 84

0.6+

80

40 140 240 340 440 540 640 740 840

Temperature (°C)
a) MSWI-7D

Weight (%)

20MSWI-OWD \
. 20MSWI-1WD . A
. 20MSWI-3WD 5

20MSWI-6WD+24SD
20MSWI-6WD+48SD

« « 20MSWI-6WD -

LI B B B B B e B B B S R B B R e m a |

Temperature (°C)

¢) Wet-dry samples

_ N
-« Soil-28D ..
. « 10FFA-28D ~ .
.« 15FFA-28D e
. « 20FFA-28D

o
o

-12 TTTTTTTTTTTTT T T T T T T T T T T T T T T

40 140 240 340 440 540 640 740 840

98

96

94

92

90

88

[ 86

40 140 240 340 440 540 640 740 840

Title
e) FFA-28D

100

Derivative Weight (%/min)

100
98
96
94
92
90
88
86
84
82
80

100

Derivative Weight (%/min)

Derivative Weight (%/min)

Weight (%)

Weight (%)

r 100
[ 98
[ 96
[ 94
- £
F 92 £
[ 90 R
88
B Ny
86 O
B (]
[ 84 =
F 82 2
F 80 8
— . . S0il-28D AN [ 78 8
0.8 — . . 10MSWI-28D t. - 76
— . . 15MSWI-28D N[
0.9 — . . 20MSWI-28D [
- 72
-1 +rr—rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr e+ 70
40 140 240 340 440 540 640 740 840
Title
b) MSWI-28D
100
98
9%
£
94 E
X
92 _
S
9 ©
=
88 ¢
5
86 2
. [0
— - - Soil-7D c "T—la®°
0.5 1 — . . 10FFA-7D i
| = . . 15FFA-7D - 82
— . . 20FFA-7D :
06 trrrrrTTTTTTTT T T T T T T T TTTT 80
40 140 240 340 440 540 640 740 840

Temperature (°C)

d) FFA-7D

19 TGA/DTG of the stabilised samples a MSWI-7D b MSWI-28D ¢ Wet-dry samples d FFA-7D e FFA-28

@ Springer



Acta Geotechnica

Table 5 Mass loss (%) with the temperature change

Gismondine, Ettringite, Water ~ Portlandite ~ Calcite CSH, Water  Portlandite  Calcite
Temp (°C) 30-200 360-520 650-720 Temp (°C)  30-200 380-500 620-720
SOIL-7D 5.73 343 0.38 10FFA-7D 2.57 1.86 1.75
10MSWI-7D 4.88 3.69 0.65 15FFA-7D 2.31 1.73 1.14
15MSWI-7D 4.7 3.77 0.48 20FFA-7D 2.18 1.62 1.55
20MSWI-7D 4.57 3.98 0.52
Temp (°C) 30-200 360-520 600-720 Temp (°C)  30-160 380-520 600-760
SOIL-28D 7.55 2.54 0.72 10FFA-28D  2.76 1.85 1.17
10MSWI-28D 7.14 3.57 1.59 15FFA-28D  2.29 1.96 243
15MSWI-28D 5.21 3.75 2.11 20FFA-28D  2.28 1.91 0.81
20MSWI-28D 8.5 4.23 8.81
Temp (°C) 30-200 400-520 600-700
20MSWI-OWD 4.57 3.15 0.73
20MSWI-1WD 7.14 2.88 1.58
20MSWI-3WD 7.11 247 2.13
20MSWI-6WD 6.91 2.49 1.83
20MSWI-6WD + 24SD  6.52 2.45 2.56
20MSWI-6WD + 48SD  6.54 2.8 1.93

After three wet-dry cycles, mass loss slightly reduces,
which may be due to the breaking of calcite crystalline
structures during the continuous wetting and drying.
However, a small increase in mass loss can be seen for the
6WD + 24SD sample. Long soaking period provides more
moisture to the sample and facilitates the formation of
more calcite crystalline products.

Figures 19d, e display the TGA/DTG of the FFA treated
clays and Table 5 shows the respective mass loss (%) in
different temperature ranges. There are three distinguished
phases in the diagram which are due to the dehydration of
CSH, water, and portlandite and decomposition of calcite.
Mass loss in between 30-200 °C and 30-160 °C at 7 and
28 days curing are due to the evaporation of water and
dehydration of CSH phases. Optimum moisture content of
the FFA stabilised samples reduced with the FFA addition
(Fig. 5). Therefore, loss of water in 30-200 °C region
reduces with the FFA increment. However, compared to
the MSWI fly ash, mass loss in this region is less for FFA
treated samples. This is because FFA consists of a small
percentage of CaO which is not sufficient to form higher
number of pozzolanic products. Therefore, only slight mass
loss is observed in the 30-200 °C region which is mainly
due to the water evaporation. Mass loss in the 380-520 °C
region is due to the dehydration of portlandite phase.
Nonetheless, there is no any notable trend with the FFA
addition after 7 and 28 days curing. Due to the calcite
decomposition, mass loss occurs in 600-760 °C region.
After 7 days curing, mass loss is higher for the 10FFA
compared to 15FFA and 20FFA treated samples. Mass loss
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is very small for the 20FFA sample compared to the 10%
and 15% FFA treated samples. Therefore, it can be con-
cluded that the 10FFA treated samples have performed
well compared to the 15FFA and 20FFA samples. This is
also reflected in UCS results which revealed that the 10%
FFA treated clays achieved higher strength compared to the
other samples (Fig. 6). Overall, TGA/DTG clearly explains
the phase changes during the soil stabilization process us-
ing MSWI fly ash and FFA.

3.4.4 SEM

Microscopical analysis was conducted on control, sta-
bilised, and wet-dried samples to understand the underlying
mechanism of the stabilisation process on a micro-scale.
SEM images of MSWI fly ash and FFA stabilised samples
are shown in Figs. 20 and 21 after 7 and 28 days of curing
time. Untreated expansive clay soil exhibits flaky-shaped
particles with more visible discontinuous pore structures
without any hydration products, and the pore size increases
with the curing time. This pore size increment is due to the
loss of moisture from the soil with time. SEM images show
a significant change in the pore structure distribution after
the clay is treated using the MSWI fly ash and FFA.
MSWI fly ash stabilised samples show a stronger, tightly
packed bond, having tiny pores. During the initial mixing
stage, the influence of cationic exchange is more decisive
and flocculates the soil particles. Hydration reaction occurs
then and forms a stronger crystalline product. SEM images
of the MSWI fly ash stabilised samples display the
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Fig. 20 SEM of MSWI fly ash stabilised soils a Soil-7D b 10MSWI-7D ¢ 15SMSWI-7D d 20MSWI-7D e Soil-28D f 10MSWI-28D g 15SMSWI-
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agglomerated and hydrated particles, which reduce the pore
size and produce a firmly bonded dense structure. MSWI
fly ash has a higher percentage of CaO (52.6%), that
enables the formation of a large number of crystalline
structures. With the MSWI fly ash increment, more poz-
zolanic reactions occur, and the samples become stronger.
This is also revealed via the XRD results of the MSWI fly
ash stabilised samples that showed the formation of gis-
mondine, albite, calcite, portlandite, andradite, and ettrin-
gite crystalline phases filling the voids thereby creating

denser samples. Also, enhancement in cement hydration
products is confirmed in Fig. 20f-h with 28 days of air
curing. Microscopical observations are consistent with the
mechanical testing results (Figs. 6, 9, and 10).

SEM images of the FFA stabilised samples are shown in
Fig. 21. SEM image of 10FFA treated sample indicates a
smooth surface and a good bonding between particles.
Beyond 10% FFA addition, fly ash is not reacting with the
soil and water, and many non-dissolved FA can be
observed. The surface morphology of FFA stabilised
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samples show several untreated spherical fly ash particles.
FFA has a very small amount of CaO and a higher per-
centage of SiO,; thus, it does not form a robust crystalline
cement matrix. With the curing, 10FFA treated soil only
shows a bonded crystalline structure, whereas other sam-
ples have a higher number of unreacted FFA particles.
Figure 22 shows the SEM images after wetting and
drying weathering cycles. MSWI fly ash stabilised samples
were tested after different number of weathering cycles.
Particle morphology, structural surface characteristics, and
pore distribution changed significantly after wet-dry (WD)
cycles. After WD cycles, the bond between soil and sta-
biliser weakened and cracks formed. After wetting and
drying cycles, cracks propagate and separate the particles.
WD cycles increase the pore size gradually. Crack propa-
gation increases with the WD processes. However, it can
be seen that the MSWI fly ash treated samples performed
well even after 6 WD cycles. It can be observed from the
UCS test results that the strength of the stabilised sample is
reduced slightly after the WD cycle testing. This degra-
dation is due to the phase change of minerals and

@ Springer

microstructure change. It indicates that although there is a
slight reduction in the stabilised sample’s strength perfor-
mance, MSWI fly ash stabilised samples perform well
during the weathering process.

4 Conclusions and recommendations

This study discusses the effect of municipal solid waste
incineration (MSWI) fly ash and coal fly ash (FFA) to treat
high plasticity expansive clays (CH) in pavements. These
fly ashes were mixed with clay in various proportions
(10%, 15%, and 20%) and a series of tests was conducted
to understand the mechanical, durability, and environ-
mental performance. Moreover, micro-level investigations
such as XRD, FTIR, TGA, and SEM were conducted to
understand the stabilisation mechanism of these fly ashes.
Based on this detailed study, the following conclusions and
recommendations can be drawn;

1. MSWI fly ash contains more irregular unbound
carbons and fewer hollow spheres as compared to the
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FFA. The major oxides in MSWI fly ash are CaO,
Si0,, Al,O3, TiO,, Fe,03, and MgO, whereas FFA
consists of SiO,, Al,03, Fe,03, and CaO. MSWI fly
ash stabilisation showed good performance com-
pared to FFA due to the greater CaO/SiO, and CaO/
(810, + Al,O3) ratios of 7.8 and 4.8, respectively,
whereas FFA had only 0.06 and 0.04 in correspond-
ing ratios.

Maximum dry density (MDD) of the stabilised
samples decreased with the MSWI fly ash addition
and increased for FFA. During the early stages of
stabilisation, the influence of cation exchange is
more decisive in the MSWI fly ash-treated clays due
to the presence of higher Ca®" ions, which increase
the total volume and reduce the MDD. However, the
impact of hydration is higher for the FFA stabilised
samples in the early stages, which increases the
MDD by filling the soil voids.

Compressive strength and resilient modulus of the
treated samples increased with the MSWI fly ash
addition. 20% MSWI fly ash treated sample exhib-
ited 0.86 and 2 MPa after 7 and 28 days

3
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Fig. 22 SEM images of wet-dried samples a 20MSWI-OWD b 20MSWI-1WD ¢ 20MSWI- 3WD d 20MSWI-6WD e 20MSWI-6WD + 24SD
f 20MSWI-6WD + 48SD

curing, respectively, while the resilient modulus of
the treated clay increased from 89 MPa (control soil)
to 213 MPa in 7 days curing. FFA treated samples
did not exhibit significant strength beyond 10%
addition. 10% FFA treated sample showed 1.1 and
1.2 MPa compressive strength after 7 and 28 days of
curing, respectively. However, all the FFA treated
clays displayed a poor resilient modulus and a larger
deformation.

Durability performance was investigated using
soaked CBR and moisture susceptibility testings.
MSWI fly ash treated samples showed an excellent
performance during the soaked CBR (4D & 28D)
and moisture susceptibility testing, while the control
and FFA treated samples failed during the test.
Wetting and drying test results of the optimum mix
(20MSWI) showed that the samples were durable
even after 6 wet dry cycles, followed by 48 h
soaking and drying.

Leachate testing results from MSWI fly ash treated
soil revealed that the heavy metal concentrations in
pH 5 and 7 after stabilisation are within the
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maximum allowable limits mentioned by different
states in Australia.

7. XRD results showed that the main -crystalline
formations during the MSWI fly ash stabilisation
are quartz, gismondine, albite, calcite, portlandite,
andradite, and ettringite. Meanwhile, FFA stabilisa-
tion forms quartz, calcium silicate hydrate, mullite,
and magnetite crystalline structures. FTIR and TGA
results confirmed the presence of portlandite, calcite,
and ettringite phases. Microlevel analysis showed
that the intensity of peak increased with curing time
and MSWI fly ash addition, while only 10% FFA
showed a significant change. Also, SEM images after
stabilisation and during weathering cycles further
confirmed the stabilisation mechanism and crack
formation during weathering cycles.

8. Overall, 15% and 20% MSWI fly ash treated
subgrades perform well for dry and wet weather
conditions. However, 10% MSWI fly ash and 10%
FFA modified subgrades can be used if the weath-
ering condition is dry.

9. The performance of MSWI fly ash stabilized clays
depict comparable results to that of conventional
stabilizers used in the literature. The performance of
MSWI fly ash in expansive clays can be further
compared with the widely used additives such as
lime and cement in future studies.

10. Suitability of MSWI fly ash for expansive soil
stabilization may vary depending on the specific
characteristics of the fly ash and soil involved.
Therefore, while our study demonstrates its effec-
tiveness in this context, it is recommended to
evaluate the applicability of MSWI fly ash on a
case-by-case basis, considering the source and com-
position of the fly ash and the properties.

This study provides an insight into the expansive clay
stabilisation using industrial waste ash for the potential
improvement of pavement performance. Based on the
mechanical, durability, and micro-level investigations,
MSWI fly ash based stabilisation is effective to improve
the durability of the expansive clay soil without causing
excessive leachates. The outcomes from this project are
expected to benefit practitioners with the provision of a
sustainable road construction strategy and help authorities
resolve a growing solid waste catastrophe.

The use of MSWI fly ash in soil stabilization presents
both advantages and disadvantages in engineering appli-
cations. One of the primary advantages lies in the eco-
nomic viability of MSWI fly ash as a by-product, providing
a cost-effective alternative for soil treatment. Its applica-
tion offers a sustainable and eco-friendly solution, utilizing
a waste material that would otherwise contribute to landfill.

@ Springer

Additionally, the research conducted by the authors con-
tributes valuable insights into alternative soil solidification
methods, expanding the range of available options for
engineering applications. However, it is crucial to
acknowledge the potential disadvantages associated with
MSWI fly ash. The presence of heavy metals in the fly ash,
such as Ni, Cd, Pb, As, and Hg, raises environmental
concerns, necessitating careful monitoring and adherence
to regulatory standards to prevent soil and water contami-
nation. Variability in the composition of MSWI fly ash
from different sources may pose challenges in ensuring
consistent performance, and the lack of well-established
guidelines and standards for its application in soil stabi-
lization may require careful consideration during engi-
neering design. Balancing the economic advantages with
environmental and application-specific considerations is
essential for making informed decisions about the use of
MSWI fly ash in soil stabilization projects.
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