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ARTICLE INFO ABSTRACT

Article History: Systematic reuse of industrial debris is a crucial component that helps shape the
sustainable construction system and green technology. The effective
optimization of waste ceramic and glass fines into concrete mixes, as partial
replacements of natural sand by volume, has been used in this study to explore
the mechanical properties of ceramic recycled aggregate (CRA) and glass
recycled aggregate (GRA) concrete at higher temperatures. The study comprises
17 types of concrete mixtures comprised of normal concrete (NC) along with 8
Keywords: different mixes from both GRA and CRA concrete. In both types of GRA and CRA
concrete, the sand replacement (by volume) ratios are similar. This paper
highlights NC along with the volumetric replacements of sand as 5%, 10%, 15%,
20%, 25%, 30%, 35%, and 40% in other mixes. A total of 306 cylinders were
made whereas 18 cylinders for NC and each group (GRA and CRA) included
n=18 cylinders. Selected temperatures were 25°C, 100°C, 200°C, 400°C, 600°C,
and 800°C to determine the overall mechanical and chemical alterations in NC
and recycled concrete. The study reveals that increasing the addition of recycled
glass and ceramic fines improves the overall compressive strength, and tensile
strength compared to normal concrete. Higher replacement of ceramic and glass
fines reduces the cracks and enhances the durability of concrete. In addition,
more strength reduction was noticed in NC with increasing temperatures, while
the reduction rate was slower in both GRA and CRA concrete. Furthermore, the
study expounds that, by exploiting the ceramic and glass wastes (as fines) into
concrete would result in two-way environmental advantages. One is, it would
reduce the hazardous ceramic and glass landfills while the other is, it would
minimize the frequency of sand mining.
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1. INTRODUCTION Bakri et al., 2013). Annually, the ceramic industry of India
produces 100 million tons of ceramic and it contributes 15-
30% of the ceramic waste to the environment (Raval, Patel,
& Pitroda, 2013, Mujib et al., 2022). The total quantity of
glass garbage created in the European Union in 2014 was
close to 18.5 million tons. A large proportion of glass
debris is deposited daily and every year, almost 10 million
tons of glass garbage are produced throughout the world
(Salem, Khedawi, Baker, & Abendeh, 2017). According to
the United Nations, the annual volume of garbage created
throughout the world is 200 million tons, with glass waste
accounting for 7% (Rashid et al., 2018; Topcu & Canbaz,
2004). Materials such as crushed glass or crushed concrete,

Researchers all around the globe were urged to explore for
and use more sustainable resources in response to the
growing interest in sustainable development. Industrial
ceramic and glass debris inclusion in the concrete could be
the alternative choices for achieving sustainability in
construction systems worldwide, thus removing hazardous
waste from the environment. About 22 billion tons of
ceramic waste powder (CWP) are produced and disposed
to the environment (El-Dieb, Taha, & Abu-Eishah, 2019).
It has been approximated that around 30% of ceramic
waste is produced from the ceramic industry every day (Al
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which are claimed to be potential sources of environmental
hazard, could be incorporated with concrete to check the
fire resistivity.

Recycled ceramic wastes have been found to have a
favourable influence on compressive strength, capillary
absorption, alkali-silica response, freeze-thaw durability,
and impermeability in tests using ceramic wastes in
concrete mixtures (M. C. Bignozzi & Saccani, 2012; de
Brito, Pereira, & Correia, 2005; Higashiyama, Yamauchi,
Sappakittipakorn, Sano, & Takahashi, 2013; Lopez,
Llamas, Juan, Moran, & Guerra, 2007; César Medina, de
Rojas, & Frias, 2013; Pacheco-Torgal & Jalali, 2010;
Senthamarai, Manoharan, & Gobinath, 2011, Mustafy et
al., 2020). Portland concrete and fly ash concrete
compositions with earthenware fine recycled ceramic
aggregate have increased compressive strength(Torkittikul
& Chaipanich, 2010). The pozzolanic activity of recycled
coarse sanitary ware ceramic aggregate boosted concrete
samples' compressive strength (C. Medina, Sanchez de
Rojas, & Frias, 2012). Concrete with both coarse and fine
sanitary ware aggregate has greater compressive strength
and is more resistant to temperature increases (Halicka,
Ogrodnik, & Zegardlo, 2013). They found that the
aggregate in sanitary ware was mostly made up of SiO,
(65.80 percent), Al203 (22.20%), with traces of K,O
(3.50%), and Na»O. (1.25%). A blend of waste ceramic
powder (WCP) and alkali-activated mortars demonstrate a
considerable improvement in concrete construction
resistance capability up to 950°C (Huseien et al., 2018).
The most common oxides found in ceramic aggregate
made from an electoral insulator are SiO2 (70.90%),
Al,03(21.10%), and traces of K,O (3.57%) and Na,O
(1.47%) (Higashiyama, Sappakittipakorn, Mizukoshi, &
Takahashi, 2014). Due to the probable pozzolanic effect of
ceramic waste, they found that using fine ceramic
aggregate based on electrical insulators increases
compressive strength.

Container-derived recycled glass has been utilized as fine
aggregate in concrete (Corinaldesi, Gnappi, Moriconi, &
Montenero, 2005; de Castro & de Brito, 2013; Jin, Meyer,
& Baxter, 2000; Shao, Lefort, Moras, & Rodriguez, 2000).
Crushed waste glass materials, as a 30% replacement of
sand, were found to provide greater compressive strength
than conventional concrete (Adaway & Wang, 2015).
Because of the near-zero porosity and non-hydrophilic
character of glass, incorporating it into mortar and concrete
has several advantages, including greater workability,
improved resistance to chloride ion penetration, and
reduced drying shrinkage (Chen, Chang, Wang, & Huang,
2011; Topcu & Canbaz, 2004). The molten crushed glass
fills the inner voids in concrete (above 600°C) and thus
major contributions to the water sorptivity and porosity
(Ling, Poon, & Kou, 2012). The larger the amount of
waste glass used to replace aggregates, the longer the
initial and final setting durations. At temperatures above
150°C, concrete containing 10% waste glass as an
aggregate has better compressive strength than regular
concrete (Terro, 2006). The main disadvantage is the poor
bonding between the smooth glass surface and the cement
hydration products (Al-Sibahy & Edwards, 2012; Park,

MIJST, Vol. 10, June 2022

Lee, & Kim, 2004), as well as the possibility of detrimental
expansion owing to the alkali-silica reaction (ASR), which
occurs slowly between silica-rich glass aggregate and
alkali in the cement paste. The latter issue, on the other
hand, can be addressed by using mineral additions having
pozzolanic properties (Liu, 2011). In addition, certain
research investigations on the usage of recycled glass (RG)
as a pozzolanic material for cement substitution were done
(Federico & Chidiac, 2009; Oliveira, de Brito, & Veiga,
2015). RG must be crushed into a powder with a particle
size of fewer than 150 pm in order to initiate the
pozzolanic reactivity (Y.-c. Guo, Zhang, Chen, & Xie,
2014; Schwarz, Cam, & Neithalath, 2008; Shi, Wu,
Riefler, & Wang, 2005, Mustafy & Ahsan, 2010).

High temperatures experienced in fires can exacerbate the
component loss of bearing capacity, significantly erode
mechanical qualities, jeopardize building structural safety,
and potentially cause building collapse (Holan, Novak,
Miiller, & Stefan, 2020; L.-J. Li, Xie, Liu, Guo, & Deng,
2011; M. Li, Qian, & Sun, 2004; W. Li, Wang, & Han,
2019). Material changes such as cracking pattern,
deformation, and discoloration must be visually noticed for
this purpose, and non-destructive tests and core tests must
be performed to quantify the concrete's deterioration
degree, such as strength decrease and counterbalance
(Colombo & Felicetti, 2007; Dilek, 2005; Dos Santos,
Branco, & de Brito, 2002; Lee, Choi, Hong, &
Engineering, 2009). At 400°C, the concrete's residual
compressive strength appears to drop by 60%, and at
800°C, it is below 10% (Lee et al., 2009). Throughout the
fire episode, temperatures in buildings may reach 1100°C
and even 1350°C in tunnels, causing significant damage to
concrete structures (38, 2007; Hager, 2013). Furthermore,
according to a literature review, concrete loses around 25%
of its compressive strength when heated to 300°C, and
about 75% when heated to 600°C (G. Khoury, 1992;
Lankard, Birkimer, Fondriest, & Snyder, 1971). When
heated to 300 °C, normal strength concrete (NSC)
generally loses 10 to 20% of its initial compressive
strength, and 60 to 75% when heated to 600°C. In a similar
way, elastic modulus falls. At temperatures below 450°C,
increased rates of strength loss, up to 40% of initial
strength, were recorded for high strength concrete (HSC)
(Phan & Carino, 2000). Concrete turns pink or red at
temperatures ranging from 300°C to 600°C, whitish-grey
at temperatures ranging from 600°C to 900°C, and
brownish yellow color at temperatures ranging from 900°C
to 1000°C (Lee et al., 2009). We can determine the extent
of compressive strength deterioration by monitoring the
color shift because the concrete's color value changes as
temperature rises (Georgali & Tsakiridis, 2005; Short,
Purkiss, & Guise, 2001). The structural performance of
reinforced concrete construction, which accounts for a
substantial fraction of structures, is damaged during a
building fire, structural deformation rises, and load-
carrying capacity decreases (Dong, Cao, Bian, & Zhang,
2014).

Dissociation of Ca(OH); at 300°C-400°C, large and rapid
creep, generally resulting in failure at 600°C, dissociation
of CaCOs3 at 700°C, ceramic binding and total water loss at
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800°C, and melting at 1200-1350°C were evaluated (G. A.
J. P. i. s. e. Khoury & materials, 2000; Sarker, Kelly, &
Yao, 2014). It was observed that, between 500 and 600°C,
Ca(OH)2 dehydrates (Heikal, 2000). It has been
investigated the effects of chilling on concrete (G. A.
Khoury, Grainger, & Sullivan, 1986). Cooling strains
(shrinkage) were discovered to be a result of the aggregate
cement interaction, which causes cracking, and were
unrelated to the concrete's age, initial moisture content, or
heating rate. Spalling of concrete was effectively exhibited
to be declined from 22% to less than 1% when
polypropylene fibers (3 kg/m®) were utilized in the
concrete (Ali, Nadjai, Silcock, & Abu-Tair, 2004).

The post-fire performance regimes of concrete structures
using alkali-activated fly ash cement have been exhibited
to be severely dropped at successively higher temperatures
i.e. 600°C to 700°C (Fernandez-Jiménez, Pastor, Martin, &
Palomo, 2010). Concrete incorporated with pozzolanic
components such as metakaolin, inflated strength up to
200°C and sustained greater strengths up to 400°C than
fly-ash, silica fume, and standard Ordinary Portland
Cement (OPC) concrete (Poon, Azhar, Anson, & Wong,
2003). The effect of elevated temperature heat and strain
rate on the residual strength of ternary blended concrete
containing fly ash and silica fume was investigated (Z. Li,
Xu, & Bai, 2012). After the fire episode of 400°C on
concrete, there was a significant loss of strength whereas
all of the high-strength-concretes (HSC) quickly
deteriorated at 400°C. There have been numerous
investigations pivoting on the fire performance of concrete
components. After 10 minutes at 800°C, it was observed
that a 25% loss in compressive strength of 25 mm cube
metakaolin-based geopolymer paste specimens (D. L. Y.
Kong, Sanjayan, & Sagoe-Crentsil, 2005). The strength of
a fly ash-based geopolymer paste increased by 6%
following exposure to the heat of 800°C (D. L. Kong,
Sanjayan, & Sagoe-Crentsil, 2007).

Metallic fiber reinforced concrete, when exposed to fire
episodes, they have a favourable effect, enhancing energy
absorption and minimizing cracking (Bednaf, Wald,
Vodicka, & Kohoutkova, 2013; Fike & Kodur, 2011; Kim
& Lee, 2015). Because of the physical and mechanical
qualities of polypropylene fibers, concrete reinforced with
them has less permeability and capillary porosity, which
prevents the pores in the concrete from becoming blocked.
These gains are made possible by using the appropriate
amount of polypropylene, which is 0.7 kg/m*® (Kakooei,
Akil, Jamshidi, & Rouhi, 2012; Lépez-Buendia, Romero-
Sanchez, Climent, & Guillem, 2013; Ramezanianpour,
Esmaeili, Ghahari, & Najafi, 2013; Serrano, Cobo, Prieto,
& de las Nieves Gonzalez, 2016). The inclusion of
polypropylene (PP) fibers in high and ultra-high-strength
autoclaved mortars is a promising discovery that preserves
practically all compressive strength properties without
spalling up to 600°C temperature, even with a high silica
fume concentration (Aydin, Yazici, & Baradan, 2008).

In addition, another study found that replacement of 10-
30% of fine aggregate with crumb rubber reduced concrete
unit weight and increased thermal and acoustic insulation
(Sukontasukkul & Wiwatpattanapong, 2009). Furthermore,
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the inclusion of rubber increased the standard concrete's
durability and deformation ability. Rubber crumbs have
also been proven to successfully lower the danger of
explosive spalling and the pace of concrete strength loss
following exposure to high temperatures (Hernandez-
Olivares & Barluenga, 2004; Laperre et al., 2011). This is
because rubber crumbs, when burned after being exposed
to certain temperatures, can allow water vapor to escape
from concrete, protecting the concrete skeleton from
inflammable spalling. The continual water loss of the
hydrated cement paste in the 105-850°C range and
crystalline change from o-quartz to B-quartz in the 500—
650°C range are both responsible for the rising strength
degradation rate over 200°C (Bengar, Shahmansouri,
Sabet, Kabirifar, & Tam, 2020).

In retrospect, there have been a few studies carried out
with waste glass or waste ceramic incorporated with
concrete, especially, in partial volumetric replacement of
sand. There were separate studies with waste recycled
glass or ceramics but no trace of a combined study. In this
comprehensive study, variable amounts of crushed ceramic
recycled aggregates (CRA) and crushed glass recycled
aggregates (GRA) substituted with fine aggregates (sand)
were employed to disclose the total residual structural
strength of concrete in contrast to conventional normal
concrete (NC) after preheating to various temperatures
such as 100°C, 200°C, 400°C, 600°C, and 800°C. The
Physico-chemical and mechanical behavior have been
explored to divulge the thermal complexion of recycled

concrete with waste glass and ceramic fines.
2. RESEARCH SIGNIFICANCE

Structural integrity and safety, serviceability, and design
competency, regardless of structure type, have been a word
of major importance in many scientific studies and
technological ~ developments  across the  world.
Environmental exposure of glass and ceramic debris has
been proved to be perilous. So, it calls for an attention to
remove debris from the environment, more precisely, the
use of CRA and GRA in concrete might be a useful
research program since these materials possess enough
structural strength to function as an electrical and thermal
insulator during a fire. Because of the CRA and GRA's
high melting point, greater durability and mechanical
stability at elevated temperatures, such as 800°C, 900°C, or
even more, it entails a larger region of interest and
significance. The pre-firing and post-firing compressive
strength of concrete blended with glass and ceramic fines
replaced by sand must be determined, which is one of the
core themes of this article. It also entails investigating the
overall alterations in elastic modulus, tensile behaviors,
and various mechanical properties of the heated candidate
specimens made with different sand replacements. This
study shows that glass recycled aggregate (GRA) and
ceramic recycled aggregate (CRA) may be utilized as a
fine aggregate substitute in concrete (up to 40%) for
structural purposes. To the best of the authors' knowledge,
this is the first combined study to look at the effect of
altering the replacement amount of sand with recycled
glass and ceramic fines with the goal of finding the top
limit of its usefulness as a sustainable and lasting
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construction material without any prior treatment.
3. DETAILS OF THE EXPERIMENT

A. Materials and Mixtures
A pictorial representation of the constituent materials used
in the study has been depicted in Figure 1.

Figure 1: Types of aggregates (a) Crushed Glass (b) Crushed
Ceramic (c) Coarse Aggregate (d) Fine Aggregate (e) Ordinary
Portland Cement

i.  Physical Properties of Aggregate
Several physical properties of natural coarse aggregate,
natural fine aggregate, glass recycled aggregate, and
ceramic recycled aggregate have been discussed in Error!
Not a valid bookmark self-reference..

ii. Fine Aggregate (FA)
In this experiment, a locally available well-graded natural
sand with a nominal maximum grain size of 4.75 mm was
selected. ASTM C136-14 (A ASTM, 2014) is used for
sand sieve analysis and gradation and a standard ASTM
C29/29M-17a (17a, 2017) is used to determine the unit
weight of FA. Furthermore, sand's specific gravity and
water absorption capacity are determined using ASTM
C128-15 (ASTM ASTM, 2015).

iii. Coarse Aggregate (CA)

The fraction of the naturally found stone coarse aggregates
was kept within the range of 4.75-20mm whereas the
maximum size was 19mm. The CA is sieved and graded
according to ASTM C136-14 (A ASTM, 2014), while the
unit weight is calculated using ASTM C29/29M-17a (17a,
2017). ASTM C127-15 (ASTM ASTM, 2015) is used to
determine the CA's specific gravity and water absorption
capacity.

Table 1
Physical Properties of aggregates
Variables NCA NFA GRA CRA
Apparent specific gravity 2.73 2.7 2.7 2.65
Bulk specific gravity (SSD) 2.71 2.6 2.6 2.45
Bulk specific gravity (OD) 2.7 2.46 2.46 2.34
Absorption capacity (%) 0.46 3.5 3 5
Fineness modulus 6.51 2.8 2.7 2.65
Loose unit weight (kg/m3) 1477.02 1489 1489 1465
Compact unit weight (kg/m3) 1525.57 1633 1633 1610
% of voids (Loose) 45.1 38.3 37.5 35.7
% of voids (Compact) 43.3 33 33.7 329
Abrasion value (%) 14.58 32 335
size distribution of NCA, NFA, GRA, CRA, and ASTM
120 standard is represented in Figure 2.
w0
| 100 iv. Cement
E As a binding material, Ordinary Portland Cement (OPC) of
= 80 —&— NFA grade 52.5 was used to carry out the research. From
-
E Z 60 | & —GRA Table 2, the setting time test of the cement paste was
t i performed according to ASTM Cl191-18a (C191-18a,
2 40 —a— CRA 2018). In order to govern the normal consistency of OPC
= 20 l—— ASTM cement, ASTM Cl187-16 (Standard, 2016) code was
5 followed.
L]
0 Table 2
gor 01 1 10 Properties of Ordinary Portland Cement (52.5 grade)
Sieve Openings (mm)
- - s
Figure 2: Particle size distribution of aggregates Sp'e.01ﬁc g'raV1t'y (g/cm. ) 3.15
o ) ) ) ) Initial setting time (min) 82
In addition, the abrasion test is carried out in accordance . .. .
Final setting time (min) 229

with ASTM C131-14 (C131/131M, 2014). The particle
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Consistency (%) 31.5

v. Recycled Ceramic Fines (RCF)
When applied to concrete constructions as a partial
replacement of sand, ceramics display enormous structural
strength as well as suitable hardness. The waste ceramics
were collected from the nearby ceramic factory and later,
they were crushed via LA machine and also by manual
hammer crushing. Sieve analysis of waste ceramics was
conducted to discover the fineness modulus. With a density
of 2-6 gms/cm3, inorganic, metallic, or non-metallic
crystalline ceramics with both ionic and covalent bonding
have high melting points ranging from 1000°C-1600°C or
even higher. The paper (Effting, Folgueras, Giiths, &
Alarcon, 2010) studied the chemical analysis of ceramics is

discussed in Error! Reference source not found..
Table 3
Chemical components of ceramic

Chemical Ceramic .
components (%) powder (%) Residue (%)

SiO2 63.36 64.20
Al203 18.20 18.32
Fe203 2.77 0.65
Ca0 1.74 1.09
Na20 0.34 1.95
K20 3.87 1.84
MnO 0.02 0.06
TiO2 0.80 0.26
MgO 2.04 6.63
P20s 0.05 0.06

PF 6.80 4.96

vi. Recycled Glass Fines (RGF)

Recycled glass as a partial substitute for fine aggregate
(sand) has superior temperature resistance and melting
point (1200-1600°C or more). The waste glass materials
were collected from a local glass company to conduct the
study. Employing an L.A. machine and manual mechanical
hammer, waste glasses were crushed. Mechanical sieving
was carried out to determine the fineness modulus and it
was almost closer to sand’s fineness modulus. The
chemical composition of glass materials has been
discussed in (M. Bignozzi, Saccani, Barbieri, &
Lancellotti, 2015), especially those collected from different
sources as depicted in

B. Mix Proportions

Nine (09) different mixes of concrete cylinders were meant
to be investigated at pre-firing and post-firing stages to
reveal the physical and chemical alterations. Concrete
mixes of different types have been displayed via specimen
identification represented in Table 5 . Initially, M40 or 40
MPa target benchmark was set for determining the
compressive strengths of the specimens after 28 days of
curing episode at 19+2°C. After mechanical sieving, the
fineness modulus of NCA (6.51), NFA (2.8), GRA (2.70),
and CRA (2.65) were calculated. Throughout the entire
study, the water-cement (w/c=0.42) ratio was kept constant
and the density of Ordinary Portland Cement was observed
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435kg/m® to maintain the uniformity in subsequent trials
and tests. The term “uniformity” is mentioned to describe
that, the volumetric alterations would occur in NFA, CRA,
and GRA only while, there would be no change in cement,
NCA, and water content.

Table 4.

B. Mix Proportions

Nine (09) different mixes of concrete cylinders were meant
to be investigated at pre-firing and post-firing stages to
reveal the physical and chemical alterations. Concrete
mixes of different types have been displayed via specimen
identification represented in Table 5 . Initially, M40 or 40
MPa target benchmark was set for determining the
compressive strengths of the specimens after 28 days of
curing episode at 19+2°C. After mechanical sieving, the
fineness modulus of NCA (6.51), NFA (2.8), GRA (2.70),
and CRA (2.65) were calculated. Throughout the entire
study, the water-cement (w/c=0.42) ratio was kept constant
and the density of Ordinary Portland Cement was observed
435kg/m® to maintain the uniformity in subsequent trials
and tests. The term “uniformity” is mentioned to describe
that, the volumetric alterations would occur in NFA, CRA,
and GRA only while, there would be no change in cement,
NCA, and water content.

Table 4
Chemical composition of glass

Chemical fionc:: Fluorescent Funnel Crystal
Components glass lamps glass glass
Si0, 70.40 68.47 56.11 58.64
Al,03 2.06 2.26 3.02 0.02
TiO2 <0.01a <0.01a 0.08 <0.01a
Fe,03 <0.012 0.08 0.09 0.21
Ca0 11.30 5.13 2.56 0.12
MgO 1.47 2.98 1.86 0.29
Sb203 <0.01a 0.08 0.17 0.22
Zn0 <0.012 <0.01= 0.14 1.18
BaO 0.12 0.95 2.20 <0.01a
K20 1.21 1.61 10.01 7.21
Naz0 13.4 17.65 5.46 4.67
PbO <0.012 0.79 18.34 27.43
NazOeqP 13.90 18.55 12.97 8.95

@ Data below the instrument detection limit
b Amount of (Na:0+Kz0) expressed as soda equivalent content

Table 5
Identification of concrete specimens
Identification:
(GRA)xFz & Description
(CRA)yF.
NC Normal concrete

GRA Glass Recycled Aggregate

CRA Ceramic Recycled Aggregate
F Fine aggregate (sand)
X % of GRA replacement against sand
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y % of CRA replacement against sand From the statistics expressed in
zZ % of existing fine aggregate (sand) C. Concrete Specimens
Table 6 To reveal the physical and chemical identities after 28 days

Mix Ratio of ingredients for normal concrete
(per cubic meter of concrete)

of curing episode, a total of 306 cylinders were cast. Out of
306 cylinders, 18 cylinders were of conventional concrete
while 288 cylinders were of CRA (144) and GRA (144)

which are presented in
C°“°retl'f NCA NFA Cement Water W/C P
strengt (Kg) (Kg) (Kg) (Kg) Ratio Table 8. The dimensions of used molds were uniform in
(MPa) sizes of 100 mm by 200 mm.
40 993.7 6935 435 182.7 0.42

Table 7, for 1m? of concrete, a combination of the unit
contents of NCA, and NFA were measured successively
993.7kg and 695kg. Similarly, the quantities of cement and
water were found consecutively 435kg and 182.5kg to
design 1m? of concrete. Only NFA, GRA, and CRA were
altered volumetrically in the subsequent trials.

Referring to Several physical properties of natural coarse
aggregate, natural fine aggregate, glass recycled aggregate,
and ceramic recycled aggregate have been discussed in
Error! Not a valid bookmark self-reference..

il. Fine Aggregate (FA)
In this experiment, a locally available well-graded natural
sand with a nominal maximum grain size of 4.75 mm was
selected. ASTM Cl136-14 (A ASTM, 2014) is used for

Table 1, the bulk specific gravities of the materials were
found somewhat different. In order to determine the
mechanical properties of concrete with recycled ceramic
and glass fines, volumetric partial alterations of natural
sand (NFA) with GRA and CRA have been maintained.
Volumetric partial replacements of NFA with GRA and
CRA were kept 0%, 5%, 10%, 15%, 20%, 25%, 30%,
35%, and 40% throughout the study. In addition,

Table 7 reveals the mix proportioning of various
aggregates with respect to the concrete volume of 1m3. A
25°C temperature was taken into consideration as normal
room temperature as the pre-firing stage and post-firing
stages were 100°C, 200°C, 400°C, 600°C, and 800°C.

C. Concrete Specimens
To reveal the physical and chemical identities after 28 days

sand sieve analysis and gradation and a standard ASTM
C29/29M-17a (17a, 2017) is used to determine the unit
weight of FA. Furthermore, sand's specific gravity and
water absorption capacity are determined using ASTM
C128-15 (ASTM ASTM, 2015).

iii. Coarse Aggregate (CA)

The fraction of the naturally found stone coarse aggregates
was kept within the range of 4.75-20mm whereas the
maximum size was 19mm. The CA is sieved and graded
according to ASTM C136-14 (A ASTM, 2014), while the
unit weight is calculated using ASTM C29/29M-17a (17a,
2017). ASTM C127-15 (ASTM ASTM, 2015) is used to
determine the CA's specific gravity and water absorption
capacity.

C. Concrete Specimens

To reveal the physical and chemical identities after 28 days
of curing episode, a total of 306 cylinders were cast. Out of
306 cylinders, 18 cylinders were of conventional concrete
while 288 cylinders were of CRA (144) and GRA (144)
which are presented in

Table 8. The dimensions of used molds were uniform in
sizes of 100 mm by 200 mm.

of curing episode, a total of 306 cylinders were cast. Out of
306 cylinders, 18 cylinders were of conventional concrete
while 288 cylinders were of CRA (144) and GRA (144)
which are presented in

Table 8. The dimensions of used molds were uniform in
sizes of 100 mm by 200 mm.

Table 7
Aggregates’ mix proportion per 1m?3 of concrete volume

Proportions of fine

Replaced

Batch code aggregate (%) (k:fl‘; 5y NFA (kg/m?) (kNFA3 (leg“/‘;‘;; (kngfl‘;)
NFA  GRA g/m?)
1 (GRA)Fo 100 0 : 993.7 6935 0 435 182.7
2 (GRA)sFss 95 5 : 993.7 658.83 34.67 435 182.7
3 (GRA)uFss 90 10 : 993.7 624.15 69.35 435 182.7
4  (GRA)sFes 85 15 : 993.7 589.48 104.02 435 1827
5  (GRA)uFw 80 20 : 993.7 554.8 1387 435 182.7
6  (GRA)sFis 75 25 : 993.7 520.13 17337 435 182.7
7 (GRA)uFn 70 30 : 993.7 48545 208.05 435 1827
8  (GRA)sFes 65 35 : 993.7 450.78 242.72 435 1827
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9 (GRA)40Fe0 60 40 - 993.7 416.1 277.4 435 182.7
10 (CRA)sFos 95 - 5 993.7 660.25 34.75 435 182.7
11 (CRA)10F90 90 - 10 993.7 625.5 69.5 435 182.7
12 (CRA)15Fss 85 - 15 993.7 590.75 104.25 435 182.7
13 (CRA)20Fs0 80 - 20 993.7 556 139 435 182.7
14 (CRA)2sF75 75 - 25 993.7 521.25 173.75 435 182.7
15 (CRA)30F70 70 - 30 993.7 486.5 208.5 435 182.7
16 (CRA)3sF6s 65 = 35 993.7 451.75 243.25 435 182.7
17 (CRA)40F60 60 - 40 993.7 417 278 435 182.7
Table 8
Mix proportioning of concrete cylinders at elevated temperatures
Temperatures 25°C 100°C 200°C 400°C 600°C 800°C

% Replacement Total

0 3 3 3 3 3 3 18

GRA+CRA

5 3+3 3+3 3+3 3+3 3+3 3+3 36

10 3+3 3+3 3+3 3+3 3+3 3+3 36

15 3+3 3+3 3+3 3+3 3+3 3+3 36

20 3+3 3+3 3+3 3+3 3+3 3+3 36

25 3+3 3+3 3+3 3+3 3+3 3+3 36

30 3+3 3+3 3+3 3+3 3+3 3+3 36

35 3+3 3+3 3+3 3+3 3+3 3+3 36

40 3+3 3+3 3+3 3+3 3+3 3+3 36

Total cylinders 306

D. Experimental Program

After the initial mix design, associated materials were
collected whereas waste glasses and ceramics were crushed
in a Los Angeles (L.A.) machine to bring the crushed
materials into as finer forms as natural sand. Sieve
analyses of NCA, NFA, GRA, and CRA were then carried
out and materials were arranged as per the replacement
ratio of recycled glass and ceramic fines against natural
sand using a weighing scale. The final mixing of the
materials was accumulated into a mechanical mixer
machine maintaining an appropriate w/c ratio (0.42). After
each mix, the slump value of newly prepared concrete was
measured according to ASTM C143-15(Standard, 2015).
The specimens were first cured in a damp environment for
24 hours before being demolded and stored in a continuous
state under fresh water at a regulated laboratory
temperature of 194+2°C before being tested. ASTM C39-
18(C39, 2018) is used to perform the 28-days compressive
strength test. The splitting tensile strength of the concrete
cylinders was also investigated after 28 days in accordance
with ASTM C496-17(Concrete & Aggregates, 2017).
Initially, at the pre-firing stage, the compressive strength of
51 cylinders where 3 of normal concrete (0% sand
replacement) and 24 cylinders from both GRA and CRA
was calculated at room temperature of 25°. A conventional
gas furnace was used in this study to facilitate the firing
episode of normal concrete cylinders. The time duration of
each heating stage was 1 hour for 100°C, 200°C, 400°C,
600°C, and 800°C at an average rate of 8-9°C/min. There
were 3 normal concrete cylinders in every heating
temperature, while 24 cylinders from both batches of GRA
and CRA. Concrete specimens were then cooled down at
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room temperature and then the specimens were taken to
measure compressive strength.

4. RESULTS AND DISCUSSION

A. Monitoring of Change in the Microstructures at
Elevated Temperature

By opening the door when the interior temperature of the

conventional gas furnace reached the desired temperature,

the circumstances that happened during the heating process

were seen and recorded in a data-logger connected laptop

associated with 3 thermocouples.
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Figure 3 specified the explosive spalling with several
larger cracks that appeared on the surface of the concrete
when it was 800°C.

i. Analysis of Change in the Microstructure of
Normal Concrete
Up to 100°C, no significant alterations except water vapor
in normal concrete were detected. When it is recorded at
200°C, some negligible micro-cracks, which were hardly
visible were observed and slightly different than the
observations made in the literatures (X. Li, Li, Onofrei,
Ballivy, & Khayat, 1999; Lin, Lin, & Powers-Couche,
1996). At 400°C, micro-cracks began to expose their
intensity evenly over the concrete surface which has been
also found similar in previous studies (Arioz, 2007; Aydin

n i ,
8;

Figure 3(a). Thermal expansion, concrete shrinkage while
drying, and water evaporation at high temperatures all
contributed to cracking(Son, Hajirasouliha, & Pilakoutas,
2011).

il. Analysis of Change in the Microstructure of
GRA Concrete

No significant effect due to temperature increment in
GRA3s concretes was noticed up to 400°C. Micro-cracks
that appeared in GRA3s concrete after heating to 400°C
were less intense than normal conventional concrete.
Fewer cracks occur in GRAss concrete since glass
possesses impermeability, superior flow nature, and higher
strength exposure to elevated temperatures which is also
supported by the previous study (Terro, 2006). Cracks
become significant over the surface of GRA3s concrete
with some minor spalling when heated up to 600°C.
Explosive cracking appeared with less concrete spalling
than normal concrete along the edges when GRA3s
experienced heating up to 800°C. This happened since
glass normally melts at temperature not less than 700°C,
when heated up to 800°C, slowly glass fines turn into a
state of liquid and re-solidified when concrete is cooled
down (M.-Z. Guo, Chen, Ling, & Poon, 2015).

iii. Analysis of Change in the Microstructure of
CRA Concrete
Fewer cracks and spalling were noticed in CRA3s than in
NC and GRA3s when the temperature was in the range of
25°C to 600°C. The visual observation of the appeared
results pointed out that explosive patterns and micro-cracks
were more significant in GRA than CRA concrete even
after heating episodes up to 800°C. After heating to 800°C,
less spalling along the edges of the cylinder of CRA was
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noticed but it was slightly more in GRA concrete. This is
due to the higher melting point of ceramic, and better
internal cohesiveness of ceramic fines with concrete
mortar, which in return helped CRA concrete retain the
bond in concrete enduring higher temperatures.

In addition, as temperature increases, more abrupt
alterations and failures are found in NC relative to the
recycled concretes. Furthermore, superiority over NC was
found due to the better internal cohesion among the
particles, rough geometric surfaces of crushed glass and
ceramic fines, and superior physical and chemical
properties of glass and ceramic particles

B. Observation of Concrete Rheology and
Consistenc

R) i,
I N
0 10 15

5 20 25 30 35 40 mogﬂ
% of GRA & CRA

Figure 4. In comparison to the other 16 concrete mixtures,
the normal concrete has a greater slump value of 112 mm.
This suggests that the combination of normal concrete is
the most workable for the specimens under investigation.
Initially, up to 15% replacement in both GRA and CRA, it
distinctly provides the slightly higher workability of
concrete made with GRA than CRA. When the
replacement is 5% in both concrete mixes, GRAs concrete
is found to be 3.85% higher than CRAs concrete. With the
increasing replacement trend in concrete mixes, GRA s is
noticed 0.97% greater than CRA;s. Up to 15% sand
replacement in concrete, the graphical illustration depicts
the comparatively higher water demand propensity in GRA
than CRA concrete due to the greater surface area of glass
fines. It clearly indicates that the consistency of both
recycled concretes is declining with incrementing
replacement rate.

Due to the non-uniform texture, higher particle roughness,
and angular shape of the glass and ceramic fines compared
to natural fine sand, the inclusion of glass or ceramic fines
reduces the workability of concrete. A similar result was
obtained in the previous study (Ismail & Al-Hashmi,
2008). However, a higher slump value is observed in the
successive mixes of CRAz to CRA4. For CRA4, the
slump value is recorded 101 mm which is 3.06% higher
than GRA4p. More inclusion of recycled ceramic and glass
fines as partial replacement of sand creates greater
interlocking in concrete due to higher absorption rate and
roughness of the surface.

115 T
F mNC OGRA mCRA

Slump (em)
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Figure 4: Slump value of varying concrete mixtures

The slump value of normal concrete mix is 112 mm, while
the mean slump value for all the mix proportions was
observed at approximately 102.60 mm for GRA and
102.75 mm for CRA.

C. Compressive Strength

E _,ﬁ_,,ﬁ_..a--"ﬁ'---ﬁ-"'ﬂ”_ﬂ‘ , after a
E 10 a 1-hour
=
recycled
o e ey lative to
0% 10% 20% 30% 40% in
(%) CRA
S 0% 10% 20% 30% 40% and
(%) GRA

Figure 6. At 25°C, the compressive strength of NC is seen
33.86 MPa, however, for CRAs, CRA3p, and CRA4, the
readings showed successively 34.4 MPa (1.6% increment),
43.16 MPa (27.47% increment), and 50 MPa (47.67%
increment) in comparison with NC. Simultaneously, the
strength readings of GRAs, GRA30, and GRA4o at 25°C
were consecutively 32.8 MPa (3.23% reduction), and 45.64
MPa (34.79% increment), and 47.18 MPa (39.34%
increment) relative to NC. The highest replacements in
concrete combinations, such as CRA4 and GRA4o, also
observe the extreme decline of strengths along with
concrete spalling as the heating episode lasts for 1 hour.
The graphical trend illustrates that the strength reduction is
55.11% for NC when the temperature jumps up from 25°C
to 600°C, while it is recorded 49.08% for CRA3y and
44.98% for GRA3 in a similar fashion.

--#--CRA(25°C)
60 - 3 - CRA(200°C)

—o— CRA(100°C)
—B— CRA(400°C)
—A- - CRA(B00°C)

Compressive Strength (MPa)

0% 10% 20% 30% 40%
(%] CRA

Figure 5: Compressive strength at different
temperatures (CRA)
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The function of compressive strength of recycled concretes
demonstrates that with the increasing replacement of sand
with CRA and GRA, strength increases positively. Due to
the irregular geometric shape of crushed glass and ceramic,
smooth interlocking and inter-particle cohesiveness in
concrete mortar escalate (Ozkan & Yiiksel, 2008;
Westerholm, Lagerblad, Silfwerbrand, & Forssberg, 2008,
Mujib et al., 2022). At 800°C, the compressive strength of
NC is observed 12.93 MPa, while it is 19.11 MPa and
19.82 MPa consecutively for CRA3y (47.80% increment)
and GRA30 (53.28% increment). The highest level of sand
replacement (40%) in CRA concrete provides better
strength than GRA concrete at 800°C. The increase in
strength for CRA49 concrete is 66.20% greater than NC but
for GRA4y, it is 61.41% greater than NC.

@ GRA (25°C) —e— GRA (100°C)
- & GRA(200°C) —DO— GRA(400°C)
=70 —A—GRA (600°C) —A.-GRA(800°C)

Figure 6: Compressive strength at different
temperatures (GRA)

l.JS'g;Iitting Tensile Strength

ot ——4————y
0% 10% 20% 30% 40%
GRA & CRA

Splitting =

Figure 7. According to ACI 318-14 the equation of mean
splitting tensile strength is provided below.

fctm,sp = 0-556\/f_’5 (1

where f'; is compressive strength in MPa and fip, sy is
mean splitting tensile strength in MPa.
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Figure 7: Splitting tensile strength of
GRA and CRA concrete

It has been observed that at room temperature (25°C),
normal concretes’ splitting tensile strength was found 3.15
MPa, while it is noticed 3.18 MPa for GRAs and 3.26 MPa
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for CRAs with an increment of successively 0.95% and
3.49% in comparison with normal concrete. The trend
depicts that the splitting tensile strength of GRA is
consistently higher than CRA. The least difference in
strength is noticed when the replacement is 30% for both.
The greatest increment is noticed for GRA3s and it is 4.21
MPa with a raise of 36.19% against NC. In addition, when
the replacement is increased to 40% for both GRA and
CRA, the highest increase is seen in CRA4 with a 24.76%
while it is 20.95% for GRA40.

Table 9, average Poisson’s ratios of candidate concrete
cylinders have been observed. There is an increment of
4.74% in Poisson’s ratio in GRAs and 11.86% in CRAs were
found compared to the Poisson’s ratio of 0.253 for NC. It
defines the soft and smooth nature of recycled glass and
ceramic fines with a superior quality of energy absorption to

Despite the abrupt changes, the splitting tensile strength of
concrete increases as the amount of recycled glass and
recycled ceramic in the concrete mixture increase due to its
high tensile capacity. This might be due to the existence of
recycled glass and ceramic fines along the fracture plane
before it splits, which provides a strong profile of the
aggregate-cement paste link.

E. Variations in Poisson’s Ratio
While investigating the mechanical properties of recycled
concretes along with normal concrete, which is presented in

normal concrete. Furthermore, when the maximum
volumetric replacement (40%) was taken into consideration,
the Poisson’s ratio of CRA4 exhibited a 47.16% increment
compared to the Poisson’s ratio of GRA4o (0.229). Ceramic
fines effectively exhibited cracking by forming a strong,
internal aggregate-mortar link, which keeps the aggregate
particles together and provides less cracking than glass fines.

Table 9
Mechanical properties of different recycled concrete mixtures at 28 days
Peak stress Axial strain at Tra.msverse Ultimate . ) .
Batch ID strain at peak . Poisson’s ratio
(MPa) peak stress — strain

NC 33.86 0.00265 0.000671 0.00311 0.253
(GRA)sFos 32.8 0.00391 0.00104 0.00391 0.265
(GRA)10F90 50.25 0.00201 0.000612 0.00273 0.304
(GRA)15Fss 50.06 0.00227 0.000593 0.00281 0.261
(GRA)z0Fs0 48.29 0.00243 0.000582 0.00271 0.239
(GRA)z5F75 51.24 0.00245 0.000592 0.00262 0.242
(GRA)30F70 45.64 0.00239 0.000508 0.0021 0.213
(GRA)ssFes 59.72 0.00205 0.000738 0.000282 0.360
(GRA)40Fe0 47.18 0.00253 0.000579 0.00278 0.229
(CRA)sFos 34.4 0.00288 0.000814 0.00276 0.283
(CRA)10F90 37.21 0.00276 0.000805 0.00271 0.292
(CRA)15Fss 37.92 0.00266 0.000801 0.00279 0.301
(CRA)20Fs0 41.03 0.00259 0.000795 0.00275 0.301
(CRA)zsF75 40.16 0.0026 0.000798 0.00277 0.307
(CRA)30F70 43.16 0.00253 0.000783 0.00267 0.309
(CRA)3sFes 44.66 0.00248 0.000771 0.00279 0.311
(CRA)40F60 50 0.00227 0.000765 0.00286 0.337

F. Modulus of Elasticity

For a better understanding of the mechanical properties of
recycled concrete, a clear overview of modulus of
elasticity is required to discussed accordingly. From the
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trend derived from
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Figure 8, it is visible that with the increase in recycled
ceramic and glass fines in concrete mixes, the modulus of
elasticity increases in comparison with normal concrete.
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Figure 8. Modulus of elasticity of GRA and CRA concrete

At 25°C, the elastic modulus of 26.61 GPa is achieved for
NC, while in CRA (20%) it is (28.59 GPa) which is 7.44%
greater than NC but in the case of GRA, it is 14.32%
greater than NC. At 600°C, the elastic modulus is 22.58
GPa for NC while the increment is observed 25.85% and
12.39% successively for GRA3s and CRA3s. For CRA4,
the elastic modulus is 18.31% greater than NC whereas it
is 22.38% greater than NC for GRA. The study reveals that
the quantitative alterations are simpler and slower in CRA
than in GRA with increasing temperatures. Furthermore,
the modulus of elasticity data specified the fact, more
precisely, that CRA and GRA in concrete mixes make the
concrete more stable and less fragile in tension than normal
concrete.

G. Predicted Equation for Compressive and Tensile
Strength

The mathematical equations for predicting the compressive
strength of CRA and GRA were formulated by following the
regression analysis. This operation which was performed by
statistical analysis software (SPSS), resulted in a multiple
linear regression model presented in Equations (2) and (3).
The data for compressive strength presented in Figure 5 and
Figure 6 were used during the analysis. These equations can
predict for CRA/GRA substitution ratio of 0-60%
accurately. Two variables, “t” temperature of the concrete
and “r” CRA/GRA replacement ratio, were included as
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independent variables while the compressive (f'.) strength
as the dependent variable. The SPSS output results indicate
that the adjusted R-square values were 86% and 97%,
respectively for CRA and GRA compressive strength
equations. The statistical test for the two models was proven
to be significant as the p-values associated with the F-test
and the t-test were less than 0.001. The validation results of
equations (2) and (3) are presented in Figure 9a and 9b, and
as seen, the models are predicting the strength for CRA and
GRA (for all mixtures) with reasonable accuracy.

fi(CRA) = 31.72 + 131.96r — 0.021tr — 4.37e5t3 — 224.55r2  (2)
fZ(GRA) = 32.7 + 35.287 + 1.69¢~3t5 — 1.83e710t* — 2.41e7%t? (3)

where, f’c = compressive strength (MPa), t = temperature,
and r = CRA/GRA substitution ratio (fractions).
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Figure 9: Comparison between the predicted and observed
compressive strength values: a) CRA; b) GRA

5. CONCLUSION

The mechanical properties of recycled concrete with
crushed glass and ceramic fines as partial substitutions of
natural sand are extensively explored in this work.
Following is a synopsis of the study's findings:
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e Strength is observed to be raised with the increasing
replacement of both crushed ceramic and glass
particles in a comprehensive investigation of statistical
values of compressive strengths. Though it is noticed
that 3.13% strength reduction occurs for GRAs at
25°C, all other values were almost consistent. This
may be due to the mechanical reading error or
improper curing on that particular cylinder. The
maximum strength is found for GRA3s (59.72 MPa),
while it is 50 MPa for CRA4o at 25°C. From 25°C to
800°C, the strength reduction rate is somewhat more
in CRA40(57.02%) compared to GRA40 (55.77%).

e Slump value falls when the amount of fine sand
substitutions (crushed ceramic and glass fines) in
concrete mixes increases. Since glass and ceramic
fines exhibit non-uniformity, higher angularity, and
superior roughness compared to natural sand,
workability reduces in recycled concretes.

e The increasing rate of involvement of recycled glass
and ceramic fines create comparatively stronger bonds
along the fracture plane than normal concrete, hence
more durable in nature. Splitting tensile strength of
NC at 25°C is 3.15 MPa, however, 0.95% and 3.49%
increment is found consecutively for GRAs and CRAs.
With a 24.76% increase, CRA4 has the biggest
increase, while GRA4 has a 20.95% gain relative to
NC.

e  The concrete made with recycled glass and ceramic
fines exhibited a smoother nature with an intensified
capacity of energy assimilation compared to normal
concrete. With the increasing proportions of recycled
glass and ceramic fines, Poisson’s ratio has been
observed to be increasing compared to normal
concrete. Maximum percent increment was obtained in
the Poisson's ratio of CRA4 (47.16%) when compared
to the Poisson's ratio of GRA4 (0.229).

o Comprehensive analysis of the study discloses that
among the concrete mixes, CRA3s, CRA40, and GRA3s,
GRA4o exhibit better performance against at elevated
temperatures. The trend derived from the modulus of
elasticity also reveals that it is 18.31% higher in
CRA4 than in NC, although it is 22.38% higher in
GRA4. Hence, the recycled concretes with the highest
inclusion of glass and ceramic fines are less fragile in
tension than normal concrete.

Sustainable development along with green technology is
the core essence of civil engineering construction. It can be
achieved by exploiting the waste materials such as ceramic
and glass in concrete, which are among the potential
sources of landfills. In addition, due to the dredging
activity of sand from river beds, banks of rivers erode.
Furthermore, erosion will result in the loss of protection
and shade from the bank vegetation. Efficient utilization of
recycled materials (ceramic and glass) as substitutions for
natural sand would help minimize the demand for sand to
an extent, thus reducing the dredging activities of sand
from the sea beds or river beds. The future investigation
could incorporate the extensive replacement of sand by
volume instead of the replacements used in this study to
further investigate the effectiveness of fire responses along
with other mechanical properties.
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