
Research Article
Feasibility Study of Expanded Clay Aggregate Lightweight
Concrete for Nonstructural Applications

Shayan Ali Khan ,1,2 Fazal Hussain ,3 Rao Arsalan Khushnood ,4,5 Hassan Amjad,2 and
Farhan Ahmad 6

1Newmark Civil Engineering Lab, University of Illinois at Urbana–Champaign, 205 North Matthews Avenue, Urbana 61801,
IL, USA
2NUST Institute of Civil Engineering (NICE), School of Civil and Environmental Engineering (SCEE),
National University of Sciences and Technology (NUST), Sector H−12, Islamabad 44000, Pakistan
3College of Engineering and Computer Science, Texas A&M University Corpus Christi, 6300 Ocean Dr, Corpus Christi 78412,
TX, USA
4Tunneling Institute of Pakistan, Shakarparian 44000, Islamabad, Pakistan
5Department of Structural, Geotechnical and Building Engineering, Politecnico di Torino, Corso Duca degli Abruzzi 24,
Turin 10129, Italy
6School of Engineering, Design and Built Environment, Western Sydney University, Penrith 2751, NSW, Australia

Correspondence should be addressed to Farhan Ahmad; f.ahmad@westernsydney.edu.au

Received 13 November 2023; Revised 7 February 2024; Accepted 9 February 2024; Published 29 February 2024

Academic Editor: Adewumi Babafemi

Copyright© 2024 Shayan Ali Khan et al. This is an open access article distributed under the Creative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In nonstructural infill panels, common materials like expanded polystyrene panels face fire susceptibility, autoclaved aerated
concrete (AAC) incurs high production costs, and traditional bricks come with a significant carbon footprint and weight. So,
there is a requirement for infill panels that are not just resilient and lightweight but sustainable as well. This study seeks to address
these issues by introducing sustainable and lightweight expanded clay aggregate (ECA) in concrete. Firstly, eight ECA mix designs
were prepared by integrating fly ash and kerosene with clay, and ECA with a bulk density of 0.59 g/cm³ and compressive strength of
up to 1.73MPa were prepared. The lightest ECA mix was then chosen to explore their use in lightweight aggregate concrete
(LWAC) along with fly ash as a secondary cementitious material. The resulting LWAC had a minimum density of 1,050 kg/m³ and
a compressive strength of 6.8MPa, fulfilling the standard requirements of a minimum of 3.5MPa for nonstructural concrete.

1. Introduction

Due to the outstanding performance and functional advan-
tages of lightweight aggregates (LWAs), they are growing
in demand. These aggregates, whether they occur naturally
or are synthesized artificially, possess a density lower than
0.88 g/cm3, as defined by ASTM C-330 [1]. Their distinct
lightweight properties stem from a porous, spongy structure
and nearly all natural LWAs are of extrusive origin [2]. Addi-
tionally, a diverse range of artificial aggregates i.e., fly ash,
blast furnace slag, coal ash, and crushed bricks are also preva-
lent [3].

Expanded clay aggregate (ECA) is also an artificial aggre-
gate made by bloating clay, shale, or slate at temperatures

ranging from 900 to 1,250°C [4]. It was patented as Haydite
in 1917 and used in the SS Selma construction in 1919. Since
then, it has been used for manufacturing lightweight con-
crete throughout the world.

Considerable research has been conducted to determine
the optimal bloating zones, mechanisms, and the feasibility
of various clays to undergo bloating [4–10]. However, the mix
design of LWAs with expanded clay is still to be explored. For
the first time Sivakumar and Kameshwari [11] mixed bottom
ash with clay to synthesize ECAs and observed the impact of it
on the mechanical properties of concrete made with these
aggregates. Bottom ash was combined with clay in different
proportions, and an increase in fly ash content enhanced the
compressive, tensile, and flexural strength of concrete made
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with these aggregates. Burbano-Garcia et al. [12] investigated
the impact of waste engine oil on the physical and mechanical
properties of ECA. This was very detailed research where the
response of aggregates was observed by varying the waste
engine oil doses (0%–2%), thermal cycles, and pellet sizes. It
was observed that the compressive strength of aggregate with
2% oil came out to be 2.87MPa, which outclassed that of
conventional ECA 1.5MPa. The lightweight concrete made
from aggregates with 2%waste engine oil showed an astound-
ing 19MPa strength and 1,980 kg/m3 density.

One of the main concerns of ECA is its manufacturing
cost. This may be addressed by including industrial wastes in
the mix design, which will reduce manufacturing costs and
improve the aggregates’ sustainability and environmental
footprint. Vilarinho et al. [13] incorporated different indus-
trial wastes, i.e., steel shot blasting dust (SBD), green liquor
dregs (DRG), slaker grits, biomass ashes, sludges from waste-
water treatment resulting from aluminum anodizing pro-
cesses, from steel pickling processes (SSP), from galvanic
processes (SG), sludges from urban wastewater treatment,
slags, refractories, greensand (GSD) and core sand (CSD).
They intended to study these additives’ impact on aggregates’
mechanical properties [13]. They found out that the aggre-
gate made by the replacement of clay with wastes of SSP
showed the least density of 373 kg/m3, and those made by
replacing clay with DRG showed a crushing strength of
1.5MPa. Lee [14] further opened a new domain by adding
kerosene as a bloating agent in the mix design of aggregates.
This study indicated that an increase in bloating agents such
as kerosene results in aggregates of reduced density. With the
rise in kerosene content, the difference in partial pressures of
carbon dioxide (CO2), carbon monoxide (CO), and oxygen
(O2) increased which enhanced gasification inside the aggre-
gates, ultimately forming lightweight and cellular aggregates.

On the other hand, lightweight aggregate concrete (LWAC)
has brought revolution due to its enhanced properties, and
ECA is one of the most predominantly used LWAs in LWAC.
ECA-based LWAC saves up to 20% in steel when used in
structural elements [15, 16]. When used for insulation or
nonstructural infill panels, they reduce energy requirements
for insulation by up to 50% [17–20]. Bricks are responsible
for a significant amount of carbon emissions globally and in
Bangladesh over 17% of their total annual CO2 emissions
are from brick kilns [21]. Infill wall panels i.e., lightweight
expanded polystyrene beads (EPS) panels have revolutionized
the world but have very less compressive strength, even less
than the minimum 3.45MPa requirement of nonstructural
concrete masonry by ASTM C-129 [22]. Autoclaved aerated
concrete (AAC) on the other hands need cutting edge tech-
nology to be manufactured therefore have very high cost [23].
Therefore, there is a requirement of sustainable, cheap, and
easy to manufacture infill panels especially for the markets of
developing countries.

This research aims to investigate the merits of kerosene
as a bloating agent and fly ash in ECA and study the feasi-
bility of their use for LWAC for Infill panels. The kerosene
component facilitates the bloating mechanism through gasi-
fication, whereas adding fly ash augments sustainability since

fly ash disposal is a concern for many countries. Kerosene, as
compared to other petroleum products, is the best option as a
bloating agent because it has a higher combustion efficiency
and results in fewer products of incomplete combustion
[10, 24]. Also, kerosene is cheaper than other potential petro-
leum products that might be used as bloating agents [25]. On
the other hand, the global fly ash market has surged from
USD 12.25 billion in 2021 to USD 19.19 billion in June 2022,
says the market research report by Fortune Business Insights.
Research by SkyQuest even claims that global fly ash produc-
tion will reach 1.04 billion tons by 2030 [26]. That’s why the
researchers found it pertinent to integrate fly ash and kero-
sene in ECA and see their impact on ECA’s mechanical
properties, particularly density and crushing strength. In
addition to ECA, the authors replaced a portion of cement
with fly ash to propose a lightweight and sustainable mix
design for nonstructural applications. Fly ash, known for
reducing density in LWAC, enhances early strength through
a filler effect and long-term strength by providing external
lime and inducing pozzolanic reactions [27]. Replacing up to
35% of cement with fly ash increases LWAC workability by
31% compared to control samples, although this may result
in reduced segregation resistance [28].

In this study, clay samples from Nandipur, Pakistan, were
collected, crushed, and mixed with fly ash, kerosene, and water
to formulate a ECA mix. ECA with fly ash and kerosene exhib-
ited significantly lower weight than pure clay and fly ash aggre-
gates. Scanning electron microscopy (SEM) revealed a more
vesicular interior structure in these ECA’s, meeting minimal
density and strength standards for concrete use. Energy disper-
sive X-ray analysis indicated changes in elemental composition,
with additional peaks in aggregates containing fly ash. ECA
applications were further assessed in nonstructural concrete,
emphasizing carbon emission reduction through partial cement
replacement with fly ash (30%, 50%, and 70%). Comprehensive
tests for nonstructural masonry requirements were conducted.

2. Materials and Methodology

2.1. Raw Materials. Clay samples were meticulously collected
from Nandipur, a city in the southern region of Punjab
province, Pakistan, ensuring extraction from a depth of
approximately 1m to maintain purity [29]. Addressing the
unique context of Pakistan’s industrial landscape, where tex-
tile mills contribute significantly to fly ash production, Class
C fly ash complying to the standards of ASTM C-618 [30]
was procured from Gul Ahmed Textile Mills Limited, Rawat,
Islamabad. Additionally, kerosene, a vital component in the
study, was sourced from Shell Petroleum company. Kohat
cement of Grade 1 was used in this study and the cement
complied to all the specifications of ASTM C-93 [31]. The
elemental composition of cement is shown in Table 1.

TABLE 1: Elemental composition of cement (%, wt).

Cement type
Oxides

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O

OPC 63.2 22.2 5.19 3.1 0.98 2.5 0.25 0.2
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Figure 1. shows the physical appearance of raw materials
used for ECA.

2.2. Mix Design of ECA. As already noted, the rationale for
blending kerosene and fly ash is the synthesis of environ-
mental friendly and readily bloatable ECA. The experimental
strategy was established in such a manner that the aggregates
were classified into four major groups, namely pure clay
(PC), clay with fly ash (CF), clay with kerosene (CK), and
lastly, both kerosene and fly ash (CKF). This categorization
aimed to effectively comprehend the results of combining
kerosene and fly ash and determine the distinctions between
their individual applications. The mix designs of ECA are
summarized in Table 2.

After the acquisition of pure clay, the mineralogy of the
clay was examined through an X-ray diffraction (XRD) test.
It was also necessary to find the exact chemical composition
of clay and fly ash. The chemical composition of clay and fly
ash was determined using an X-ray fluorescence (XRF) test.
The main goal of this test was to locate the clay on the Riley
diagram [32] so that the potential of the clay for bloating
could be determined. To determine the Atterberg limits and
the optimal moisture content (Wop) of the clay essential
geotechnical investigation has been conducted. This allowed
the precise amount of water to be added for the best bloating
of aggregate. Table 2 shows the fundamental geotechnical

properties of the clay under study ASTM D-4318 was
employed to find the plastic limit (PL), liquid limit (LL),
and plasticity index (PI) of the clay [33]. While ASTM D-
427 was used to find the shrinkage limit (SL) [34].
Equations (1) and (2) were taken into consideration to deter-
mine PI and SL. An equation has been formulated byMoreno-
Maroto and Alonso-Azcárate [35] which has been depicted as
Equation (3) below was used to determine the maximum
toughness (Tmax) in kilojoules per cubic meter (KJ/m³) based
on clay’s PI and LL. The trials were planned such that the
difference between aggregates having no additives, solely fly
ash as an additive, only kerosene as a bloating agent, and
eventually both fly ash and kerosene could be effectively eval-
uated. The fly ash replacement of clay percentage was changed
from 0% to 15%with a difference of 5% of the total clay weight
while keeping the kerosene content at 0%. Then, kerosene oil
was added in concentrations ranging from 0% to 6%, with 3%
of the water weight. Finally, the fly ash concentration was
modulated from 0% to 10% by changing the kerosene percent-
age from 0% to 4%.

PI¼ LL − PL; ð1Þ

SL¼ m1 −m2

m2

� �
100ð Þ − Vi − Vfð Þρw

m2

� �
100ð Þ; ð2Þ

Tmax ¼
PI
LL − 0:3397
� �

0:0077
; ð3Þ

Woptimal ¼ PL × 1:234: ð4Þ

2.3. LWAManufacturing. Following this preliminary testing,
ECA synthesis was undertaken. ECA synthesis comprises
two steps majorly i.e., pelletization and bloating. In the pel-
letization stage, clay was first crushed into fine particles. For
grinding, the Los Angeles apparatus was used with eight steel
balls [36]. The optimal moisture content (Wop, %) required
to achieve optimal workability for molding clay pellets was

ðaÞ ðbÞ ðcÞ
FIGURE 1: Raw material used for ECA synthesis: (a) Nandipur clay, (b) fly ash, and (c) kerosene oil.

TABLE 2: Mix designs of ECA.

Clay recipes PS (mm) Clay quantity (g) FA (%) K (%)

PC 15 150 0 0
CF1 15 146 5 0
CF2 15 142 10 0
CF3 15 138 15 0
CK1 15 150 0 3
CK2 15 150 0 6
CFK1 15 146 5 2
CFK2 15 142 10 4

K= kerosene oil (%), PS= pellet size (mm), and FA= fly ash (%wt. of clay).
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found using Equation (4). Apart from water, the amount of
kerosene and fly ash was added as mentioned in the mix
design. After finalizing the mix design and properly mixing
the ingredients, pellets of size 15mm were made by hand,
and the size was ensured through a Vernier calliper. The
pellet size was retained at 15mm since the size change after
calcination would be easily visible at this size. The primary
challenge with pelletization is controlling aggregate size. On
a lab scale, the size was ensured by a Vernier calliper because
of the fewer number of pellets. Twenty-five pellets of each
mix design were prepared to assure accuracy and reduce the
possibility of mistakes. After drying the pellets in the oven for
48 hr at 110°C, they were shifted to the kiln and sintered at
a temperature ranging between 1,100 and 1,300°C keeping
in consideration the results of thermogravimetric analysis
(TGA) of the clay and fly ash discussed in the later sections
of the article in article. Figure 2 depicts a visual description of
the steps performed in the laboratory to form ECA. The rate
of temperature increment was kept 20°C/min initially and
later on increased in accordance to the previous investigation
on high plastic clay by Lo et al. [37], and the overall temper-
ature profile follows the previous investigation on the same
clay by Hussain et al. [36] shown in Figure 3.

Following aggregate synthesis, a complete characteriza-
tion was carried out to investigate aggregates’ physical and
chemical characteristics. First, their water absorption was
measured by submerging them in water for 24 hr. To track
the mass loss as the temperature rose over time, a thermo-
gravimetric study was done and to find the composition of
aggregate, energy dispersive X-ray spectroscopy (EDX) was
performed [25]. The crushing strength of aggregate and bulk
density were also evaluated to find their appropriateness for

lightweight concrete. And lastly, a SEM was used to examine
the aggregate’s morphology at various fly ash and kerosene
dosages.

2.4.Mix Design and Casting of Lightweight Aggregate Concrete
(LWAC). After the synthesis of ECA from clay, an investiga-
tion was conducted to evaluate their potential use in LWAC.
The purpose of this investigation is to decipher the feasibility
of this concrete in the manufacturing of lightweight non-
structural concrete masonry. The core constituents used for
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FIGURE 2: Schematic diagram showing the stepwise manufacturing scheme of ECA in the laboratory.
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the concrete casting include ECA, cement, fly ash, and water
(Table 3). The selection of the recipe CFK-2, was predicated
upon its exceptional properties, extensively elaborated upon
in subsequent sections of this article and comprehensively
detailed in Table 4. A trio of precisely tailored mix designs
was conceptualized, entailing incremental substitutions of fly
ash for cement at weight proportions of 30%, 50%, and 70%.
The W/B ratio was kept 0.5 and 0.55 keeping in view the
instructions by Leca® International, a leading company in
the field of ECA (Table 3). Rodrigues and Bragança [8] also
concluded that the compressive strength of LWAC was opti-
mum at W/B of 0.5.

LWAC casting process is usually cumbersome because if the
ingredients are mixed conventionally in a mixer, and then
poured into the mold, the aggregates float on the surface, result-
ing in uneven distribution of aggregates within the matrix
[38, 39]. Preplaced aggregate concrete (ASTM C-937 [40]) is a
newmethod for casting LWAC in which aggregate is first placed
in a mold then the mortar is added to the mold [38]. Therefore,
this approach was undertaken in which the aggregates were
initially placed in the concrete cubes and adequately compacted.
Then, the mortar was prepared in a Hobart mixer according to
the proposed mix design and poured into the mold. After cast-
ing, the samples were cured for 28 days before testing. Figure 4
represents the two-stage casting method. After the casting and
curing of concrete samples, their mechanical properties, i.e., den-
sity, compressive strengths, pullout strengths, flexural strength,
ultrasonic pulse velocity, and split tensile strength of concrete
were found were found by performing their standardized
tests. Also, an in-depth study of the microstructure and ele-
mental composition of the optimummix was also carried out.

3. Results and Discussion

3.1. Characterization of Clay. It is evident from the particle
size distribution curve that clay does not contain any sand

content and when the sand fraction and Atterberg limits
were interpolated on the newly proposed texture-based clas-
sification and plasticity-based classification of clays. It was found
that clay fell in pure clay texture region and clay-low compress-
ibility plasticity region as shown in Figure 5. Although high
plastic clays are well-suited for ECA pelletization due to their
higher water retention and ease of pelletization, usually they
are not recommended for general construction purposes
because of their susceptibility to settlement issues. Table 5
shows the fundamental geotechnical properties of the clay
under study.

When clay particles are analyzed through laser particle
size analyzer S3500 Microtrac, it was found that this specific
clay has lower a particle size than typical clay samples. The
clay’s surface area increases significantly because of the particle
size reduction, which increases its capacity to retain water mole-
cules inside its porous structure. As a result, when exposed to
high temperatures, the clay’s stored water tries to escape,
resulting in increased bloating phenomenon. The clay particle
distribution of clay after passing through the #200 sieve is
shown in Figure 6.

The TGA results in Figure 7 indicated that the major loss
of mass of fly ash and clay is in between 50 and 900°C.
Therefore, the bloating temperature range of 1,100–1,200°C
was enough for adequate bloating within the aggregates. The
flattening observed at the curve at 200°C is due to the dehy-
droxylation of the minerals within clay while the flattening at
600°C is due to the low to high polymorphic transformation
of quartz minerals [42].

Before sintering, the raw clay and fly ash were subjected
to XRD and XRF analysis to find their minerology band
elemental composition. The XRD analysis confirmed the
presence of montmorillonite in the clay (Figure 8), that is a
smectite type element and indicates the high bloatability of
the clay. Montmorillonite is known for its interlayer water
storage capacity and this stored water tries to escape upon
heating which results in the bloating of ECA [43]. Montmo-
rillonite ‘s increased cation exchange capacity is also another
reason for its increased bloatability. The XRF analysis, as
shown in Table 6, also verifies the presence of interlayer
cations such as Na+, Mg+2, K+, and Ca+2, indicated as Na2O,
MgO, K2O, and CaO, respectively. Likewise, the previous stud-
ies, the XRD analysis also confirms the presence of quartz,
although it is very thermally stable and does not participate
significantly in the bloating.

The results of the XRF analysis were used to find the
SiO2/flux index of clay. The SiO2/flux index of clay plays a

TABLE 3: Trial mix design of lightweight aggregate concrete.

S. no Mix name Cement (% of binder) Fly ash (% of binder) W/B (% of binder) ECA (Kg/m3) Binder (Kg/m3)

1. Mix-A1 70 30 0.5 380 300
2. Mix-A2 50 50 0.5 380 300
3. Mix-A3 30 70 0.5 380 300
4. Mix-B1 70 30 0.55 380 300
5. Mix-B2 50 50 0.55 380 300
6. Mix-B3 30 70 0.55 380 300

TABLE 4: Physical properties of CFK-2 aggregate used in the devel-
opment of lightweight aggregate concrete.

Physical property Value

Loose bulk density (g/m3) 0.59
Compressive strength of single aggregate (MPa) 0.82
Water absorption (%) 11.50
Loss on ignition (%) 24.32
Bloating index (%) 33.33
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FIGURE 4: Schematic diagram showing the stepwise procedure casting of preplaced LWAC.
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FIGURE 5: Depiction of clay types in the diagrams developed by Moreno-Maroto and Alonso-Azcárate [41]: (a) liquid limit (LL) and plasticity
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Symbols in this chart correspond to different characteristics; C represents clay, M stands for silt, L indicates low compressibility, and H
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TABLE 5: Atterberg limits of clay (%).

Clay name Liquid limit Plastic limit Plasticity index Shrinkage limit Maximum toughness (Tmax) Optimal moisture content

Nandipur 48.6 23.90 24.70 8.19 22 29.5

SL= shrinkage limit, LL= liquid limit, PI= plastic index, and PL= plastic limit.
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pivotal role in determining the potential for bloating in clay
materials. This essential parameter is established by divid-
ing the silica (SiO2) content within the clay by the concen-
tration of fluxing agents, such as calcium oxide (CaO) and
magnesium oxide (MgO). Clays with higher SiO2/flux index
tend to bloat at a lower temperature while those with lower
SiO2/flux index require higher bloating temperatures. Also
clays with higher SiO2/flux index bloat more than those
with SiO2/flux index if given the same bloating temperature
[37]. The SiO2/flux ratio of clay came out to be 3.98, posi-
tioning it within the high bloating spectrum. Furthermore,
the chemical composition of the clay showcases noteworthy
levels of SiO2 and Fe2O3. Visualization of the chemical com-
position using Riley’s diagram indicates the clay’s categoriza-
tion within the bloating range, as identified by Riley [32], as
depicted in Figure 9.

3.2. Expanded Clay Aggregate

3.2.1. Color, Morphology, and Microstructure. When compar-
ing an average ECA of PC, CF, CK, and CFK, all four types of
aggregates have a dominating brick-red hue with a tan or dark
grayish undertone. The CF1, CF2, and CF3 ECAs, however,
were darker due to a slightly higher fly ash content while the
CK1, CK2, CFK1, and CFK2 recipes had shinier surfaces. As
far as the surface textures are concerned, PC aggregates were
characterized by smooth surface textures, followed by CF and
CK, which had somehow more uneven surface textures, and
CFK, which had the most irregular and rough textures, as
indicated by Figure 10. This is probably due to the increased
bloating of CFK aggregates as compared to other recipes.

After characterization and sintering of clay, the aggregates
were ready for further investigations. A SEM FEI Magellan
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TABLE 6: XRF analysis of clay and fly ash.

Sample name
Chemical composition

SiO2 Al203 Fe2O3+FeO
a Na2O

a K2O
a MgOa CaOa TiO2 SO3 SiO2/∑Flux

Clay 58.57 17.69 6.90 0.56 3.04 2.88 1.32 0.81 0.00 3.98
Fly ash 51.53 22.43 8.84 0.23 0.39 3.18 4.84 1.62 2.75 2.95
aFluxing oxides.
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400, with a magnification range of 300,000x high-end, was
utilized to examine the microstructure of CFK2 aggregate
recipe which had the highest amount of kerosene and fly
ash. Three different magnification factors were used to view

the interior microporous structure of aggregate. The SEM
results indicate that the internal structure was composed of
interconnected pores and channels that provide a large sur-
face area for air and water exchange [37]. The outer covering

Original
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pellet
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PC CF1 CF2 CF3

15 mm

CK1 CK2 CFK1 CFK2

15 mm

FIGURE 10: Pictures comparing the morphologies and textures of all the mix recipes.
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FIGURE 11: SEM imagery to explore the internal core and exterior shell of ECA.
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of ECA had a dense microstructure with clay particles visible
in the SEM images and the inner core of ECA was further
separated into two layers: the outercore layer, which had
smaller pores, and the innercore, which was characterized
by large, irregular pores as shown in Figure 11.

The elemental composition analysis of CFK2 aggregate,
as depicted in Figure 12 through EDX spectroscopy, reveals
the presence of Si, O, and Al, aligning with the findings in
Table 6 for clay from XRF analysis, as corroborated by Shokri
[44] in their research on ECA.

3.2.2. Bloating Index and Loss on Ignition. The loss of igni-
tion (LOI) and bloating index (BI) are the key parameters to
analyze the extent of bloating of ECA. LOI is used to quantify
mass loss due to the removal of volatile and organic content
while bloating index quantifies the volumetric expansion of
ECA on exposure to temperature [36]. BI and LOI were
found using Equations (5) and (6). Figure 13 compares the
LOI and BI of mix recipes of ECA used in this study.

LOI¼ wi − wfð Þ=wi; ð5Þ

BI¼ d2 − d1ð Þ=d1½ � × 100: ð6Þ

3.2.3. Density. ASTMC-29 [45] was employed for finding the
bulk density of aggregates. As previously stated, the CFK-2
ECAs inflated the most, resulting in the lightest aggregates
with a bulk density of 0.53 g/cm3. The porous nature of CFK-
2 aggregate explains why this aggregate is the lightest. The
bulk shows the average densities of the four categories of
ECAs studied in this article. EN-13055-1 indicates that aggre-
gates having a density of<2 g/cm3 are considered LWAs and all
the aggregates fall in the lightweight category [46]. Table 7
shows the average densities, water absorption, compressive
strength, and single aggregate to particle density (S/ρA) values
of all ECA mixes used and all the values are in accordance
with the standards for LWAC masonry.
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FIGURE 12: EDX analysis of CFK2 ECA: (a) area 1 of CFK2 recipe and (b) area 2 of CFK2 recipe.
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3.2.4. Compressive Strength. The compressive strength and
density of aggregates are usually directly proportional. The
aggregates that have hollow internal structures are lighter
and have less crushing strength. And those aggregates which
have more dense and compact internal structures have been
stronger in compression. From a concrete point of view, an
aggregate must be lightweight as well as should have ade-
quate strength and the balance between these two parameter
of density and crushing strength has given rise to the coeffi-
cient of S/ρA, for LWAs [47]. S/ρA value is the ratio of crush-
ing strength and particle density of aggregates. de Gennaro
et al. [48] reported that aggregates of S/ρA> 3.46 can be used
in structural concrete and none of the aggregate recipes stud-
ied in this research qualified that threshold.

3.2.5. Water Absorption. The water absorption of ECA was
measured according to ASTM C127M [49]. According to the
results indicated in Table 7 aggregates of CFK-2 had a water
absorption of 11.15%, greater than other recipes. This is
probably due to the increased and continuous porosity of
CFK-2 aggregates as compared to other mix recipes. The
pores within the internal structure of ECA act as reservoirs
for water and increased porosity provides increased surface
area for the water to be retained. Also, the continuous

porosity of CFK−2 aggregates results in capillary action of
water which is also a reason for higher water absorption.

3.3. Lightweight Aggregate Concrete (LWAC)

3.3.1. Compressive Strength of LWAC. After the curing of
concrete cylinders with 200mm height and 100mm diame-
ter, they were tested according to ASTM C-39 [50]. Table 8
presents themechanical properties of LWAC, while Figure 14
illustrates the testing configurations employed for evaluating
LWAC. Mix A1 which had 70% cement and 30% fly ash as
binder had the highest compressive strength of 14MPa and
on the lower end, Mix B3 with 30% cement and 70% fly ash
as a binder reached 6.8MPa. According to ASTM C-129
standards, the minimum strength for structural concrete is
17MPa and that for nonstructural members is 3.45MPa
[51]. Therefore, the LWAC made from ECA satisfied the
criterion for nonstructural concrete. According to Abrams
Law [52], there exists an inverse relationship between the
water-to-cement (w/c) ratio and the compressive strength
of concrete. For instance, when the w/c ratio is 0.40, the
concrete achieves a compressive strength of 34MPa. Con-
versely, if the w/c ratio is increased to 0.50, the compressive
strength decreases to 21MPa. Fernando et al. [53] did a
detailed experimentation on expanded polystyrene-based
infill panels for nonload bearing masonry and found that it
has maximum compressive strength of 2.89MPa however
comparatively, all the mixes studied in this research qualify
this threshold.

3.3.2. Density of LWAC. After compressive strength, the den-
sity of the LWAC was found according to ASTM C-138 [54].
As expected, Mix A1 had the highest density of 1,149 kg/m3

and Mix B3 had the lowest density of 1,050 kg/m 3. This is
because fly ash has a density of nearly half of that cement and
the mix with more cement as a binder. Mix A1 and Mix B1
turned out to be denser than other mixes since they had
comparatively less fly ash as a replacement of binder. Con-
ventional normal-weight concrete has a density of up to
2,400 kg/m 3. Consequently, Mix B3, the lightest composi-
tion, exhibits a remarkable 55% reduction in density com-
pared to typical normal-weight concrete. This substantial
reduction holds the potential for significant cost savings in
steel, particularly when this LWAC is used as infill material
[55]. According to EN-1992, the density of lightweight con-
crete must lie between 800 and 2,000 kg/m3 and the concrete
mixes of this study comply with this standard [56]. Also, the
density of all the mixes complies with the standards for
concrete masonry ASTM C-55 [51] and ASTM C 129-11
[51] of nonloadbearing concrete masonry units.

3.3.3. Pull-Out Strength of LWAC. In our study, we rigor-
ously assessed pull-out strength, adhering to ASTMC 900-15
standards [57]. Cube-shaped 100mm3 specimens were metic-
ulously cast and cured for 28 days. A metal insert was securely
embedded in the concrete during initial casting. To measure
in-place pull-out strength, a hydraulic jack applied force to
the insert against a robust bearing ring until failure, with the
maximum force recorded.
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TABLE 7: Physio–mechanical characterization of ECA.

Clay sample
Nandipur clay-1,200°C

PS ρA WA24 S S/ρA
PC 15 0.88 6.91 1.73 1.97
CF1 15 0.83 8.62 1.68 2.02
CF2 15 0.66 6.13 1.85 2.80
CK3 15 0.60 9.34 1.12 1.87
CK1 15 0.61 9.5 1.07 1.78
CK2 15 0.53 10.50 1.08 2.03
CFK1 15 0.60 11.12 0.84 1.40
CFK2 15 0.59 11.15 0.82 1.38

S= crushing strength of single aggregate (MPa), ρA= particle density
(g/cm3), WA24=water absorption (%), PS= pellet diameter (mm), and S/
ρA= single aggregate crushing strength to particle density.
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Mix A1 exhibited the highest pull-out strength of 2.5MPa.
Conversely, as fly ash content increased, Mix A2 and Mix A3
showed reduced 28-day strength. Higher w/c ratios led to
decreased pull-out strength, with Mix B3 recording the lowest
at 0.89MPa. Similar trends have been found by Bogas et al.
[58] in his investigations of up to 40% replacement of cement
with fly ash.

3.3.4. Ultrasonic Pulse Velocity of LWAC. In this comprehen-
sive study, the ultrasonic pulse velocity (UPV) test was exe-
cuted in strict accordance with ASTM C 597-16 standards
[59]. Cylinder-shaped specimens, measuring 200mm in
height and 100mm in diameter, underwent a 28-day curing

process under controlled environmental conditions. Utiliz-
ing TMC-3850, ultrasonic pulses were transmitted through
the concrete specimens, and precise travel times from source
to receiver were measured.

Mix A1 resulted in the highest UPV of 4.3 km/s and with
the increase in fly ash content, the 28 days strength decreased,
in Mix A2 and Mix A3. Increased cement content leads to a
stiffer and denser concrete, resulting in faster wave propa-
gation and a higher UPV [60]. Increase in w/c resulted in
decrease in UPV and the sample Mix B3 had the lowest
UPV of 2.9 km/s. This is because excess water in the mix
increases the porosity of the concrete and creates more
obstacles for the ultrasonic waves to travel through [61].

TABLE 8: Mechanical properties of LWAC.

Sr. no
Mix
name

Density
(kg/m3)

Compressive
strength (MPa)

Split tensile strength
(MPa)

Ultrasonic pulse
velocity (m/s)

Pull out strength
(MPa)

Flexural strength
(MPa)

1. Mix-A1 1,149 14 1.5 4.9 2.5 0.8
2. Mix-A2 1,106 9 0.8 4.2 1.63 0.65
3. Mix-A3 1,090 7.1 0.68 3.9 1.25 0.62
4. Mix-B1 1,130 12.5 1.3 4.5 2.11 0.73
5. Mix-B2 1,101 10 0.9 3.6 1.1 0.68
6. Mix-B3 1,050 6.8 0.6 3.2 0.89 0.6

ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ ðfÞ
FIGURE 14: Mechanical properties of LWAC: (a) density, (b) compressive strength, (c) pull-out strength, (d) UPV, (e) split tensile strength,
and (f ) flexural strength.
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Concrete with UPV< 3 km/s is considered poor, so all the
mixes do not fall in that region. However, only Mix A1 and
Mix B1 are the only mixes with UPV> 4.4 km/s and fall in
the excellent category.

3.3.5. Split Tensile Strength of LWAC. The split tensile strength
test adhered ASTM C496/C496M-17 [62]. Cylinder-shaped
specimens, measuring 200mm in height and 100mm in

diameter, were meticulously prepared and subjected to a
precise 28-day curing process in controlled environmental
conditions. During testing, the specimens were centered on
the upper bearing block and ensured that the diametral line
projections were aligned with the upper and lower bearing
plates. Then load was applied according to the standards
and finally split tensile strength was found by putting the
failure load in the formula below.
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FIGURE 15: Failure surface of LWAC: (a) crushed aggregates and (b) crack initiation in concrete.

ðaÞ ðbÞ

ðcÞ ðdÞ
FIGURE 16: (a) SEM image of concrete showing ECA microstructure and porosity, (b) SEM image of concrete showing ITZ and (c, d) SEM
image of concrete matrix.
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T ¼ 2P
πLD

: ð7Þ

T= tensile strength, P= failure load, L= length of speci-
men, and D= diameter of specimen.

Mix A1 resulted with the highest split tensile strength of
1.5MPa and with the increase in flyash content, the 28 days
strength decreased, in Mix A2 and Mix A3. Increase in w/c
ratio resulted in decrease in split tensile strength and
the sample Mix B3 had the lowest split tensile strength of
0.6MPa. Although the samples with higher fly ash percen-
tages have lower 28 days strength but they will have better
physio–mechanical properties in the long run.

3.3.6. Flexural Strength of LWAC. The assessment of flexural
strength adhered to ASTMC293M [63]. Prismatic specimens,

characterized by dimensions of 100× 100× 400mm, were
meticulously prepared and subjected to a precisely controlled
28-day curing process in environmentally regulated condi-
tions. During the testing process, the specimens were carefully
positioned on the flexural testing apparatus, ensuring proper
alignment and support. The flexural strength was then found
according to the formula below.

T ¼ 3PL
2BD2 : ð8Þ

R= rupture modulus, P= failure load, L= length of span,
B= specimen width, and D= depth of specimen

Mix A1 exhibited the highest flexural strength of
0.8MPa. Conversely, as fly ash content increased, Mix A2
and Mix A3 showed reduced 28-day strength. Higher w/c
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ratios led to decreased split flexural strength, with Mix B3
recording the lowest of 0.6MPa. Fernando et al. [53] did a
detailed experimentation on expanded polystyrene-based
infill panels for nonload bearing masonry and found that it
has maximum flexural strength of 0.31MPa and all the mixes
studied in this article qualify this threshold.

4. Failure Mechanism and
Microstructure of LWAC

In conventional normal-weight concrete, failure typically initi-
ates at the interface of the aggregate–concrete bond known as
ITZ (interfacial transition zone). This failure then progresses
into the matrix and propagates [64]. On the contrary, light-
weight concrete experiences a different failure pattern, where
the aggregates themselves are the vulnerable component, and
failure initiates through the crushing of these aggregates [65]. As
a result, the behavior of normal-weight concrete upon failure is
ductile due to the gradual propagation of cracks from the ITZ
into the matrix, and further from one aggregate’s ITZ to
another. This transition takes time, contributing to the materi-
al’s ductile response [66]. Conversely, LWAC exhibits brittle
failure tendencies. The failure of LWAC involves the rapid
bursting or crushing of aggregates, rendering it more brittle in
comparison to normal-weight concrete [8]. Figure 15(a) depicts
the aggregate failure of the LWAC where the distinctive dark
internal core of the ECA is easily discernible and Figure 15(b)
indicates the origination of crack from crushed aggregate.

The SEM imagery of Mix A1’s cross-section provides a
comprehensive view of its intricate composition, featuring
the porous ECA, the compact mortar matrix, and the crucial
ITZ where aggregate and concrete converge Figures 16(a)
and 16(b). Upon closer examination at higher magnifica-
tions, a fascinating level of detail emerges. Notably, the
micrograph reveals the presence of ettringite, presenting
itself as well-defined crystalline structures. In addition, the
calcium silicate hydrate (CSH) gel showcases its distinct
morphological diversity, with some regions appearing
fibrous while others exhibit a more platy or granular char-
acter. The well-developed CSH matrix enhances the struc-
tural integrity of the concrete by providing strength and
reducing permeability, crucial for long-term performance
[64]. Lastly, the image highlights the form and distribution
of portlandite crystals, shedding light on their potential
impact on concrete’s long-term performance and durability
Figures 16(c) and 16(d).

The EDX analysis of the concrete matrix Figure 17
revealed notable percentages of carbon, oxygen, and calcium.
The presence of higher carbon levels indicates deliberate
inclusion of fly ash within the concrete mix. This strategic
utilization of fly ash serves to enhance sustainability efforts
while mitigating heat generation during the curing process,
aligning with modern construction practices. Mix A3 and
Mix B3 exhibit remarkable fly ash incorporation, accommo-
dating up to 320 kg of fly ash in 1m3 of concrete. Increased
oxygen levels, a common feature in concrete, is due to the
dominant presence of critical phases like CSH and portlan-
dite in the concrete.

5. Conclusion

This research project focused on investigating a distinctive
ECA mix design, which involved the incorporation of fly ash
and kerosene with clay. The central objective was to create
environmentally sustainable nonstructural concrete utilizing
ECA. After successfully synthesizing sustainable and light-
weight ECA, the study explored their potential application in
LWAC for nonstructural concrete for infills.

(i) CFK-2 mix has yielded with a density of 0.59 g/cm³,
compressive strength of 0.82MPa, water absorption
of 11.15%, LOI and BI of 24% and 25% correspond-
ingly and all the physical properties of the ECA used
in LWAC production adhere to the standards out-
lined in ASTM C-331 for LWA.

(ii) The maximum compressive strength of 14MPa was
recorded for Mix A1 which was less than the mini-
mum requirement of 17MPa for structural concrete,
according to ACI 318. The minimum compressive
strength of 6.8MPa was recorded for Mix B3 which
was larger than the minimum requirement of
3.45MPa for nonstructural concrete, set by ASTM
C-129. Hence, all the mixes qualify the criterion for
nonstructural concrete.

(iii) A maximum density of 1,149 kg/m3 was recorded
for Mix A1 and a minimum density of 1,050 kg/m3

was recorded for Mix B3, which is almost 45% of the
density of an average normal. All the mix recipes
comply with the standards of ASTM C-55 for con-
crete masonry and ASTM C-29 for nonstructural
masonry.

(iv) Mix A3 and Mix B3 exhibit the capacity to incorpo-
rate 320 kg of fly ash into 1m³ of concrete, a signifi-
cant benefit for nations with substantial fly ash
production.

While the focus of this study is on Class C fly ash only,
the use of Class F fly ash, bottom ash and other ash variations,
presents avenues for valuable insights in future investigations.
Since the focus of this study is developing lightweight non-
structural concrete and using these alternative compositions
underscores potential areas for future research to expand this
inquiry into lightweight structural concrete formulations.
Moreover, the current study has not compared the samples
cast with preplaced concrete with conventionally cast con-
crete in terms of mechanical performance, which if performed
in future could enhance the comprehensive understanding of
their performance and applicability.

Nomenclature

LWA: Lightweight aggregate
ECA: Expanded clay aggregate
XRF: X-ray fluorescence
XRD: X-ray diffraction
TGA: Thermogravimetric analysis
LL: Liquid limit
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PL: Plastic limit
PI: Plasticity index
SL: Shrinkage limit
Wop: Optimal moisture content
SEM: Scanning electron microscopy
S: Compressive strength
ρA: Particle density
LOI: Loss on ignition
BI: Bloating Index.
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