Research on Engineering
Structures & Materials

WWww.jresm.org

Properties of sustainable concrete incorporating cold-
bonded lightweight aggregate manufactured from
expired cement, biopolymer, and various waste

Ghazwan F. Khudhair, Waleed A. Abbas
Online Publication Date: 20 June 2025

URL: http://www.jresm.org/archive/resm2025-790ma0327rs.html
DOI: http://dx.doi.org/10.17515/resm2025-790ma0327rs

Eeenes e Journal Abbreviation: Res. Eng. Struct. Mater.

To cite this article

Khudhair G F, Abbas W A. Properties of sustainable concrete incorporating cold-bonded
lightweight aggregate manufactured from expired cement, biopolymer, and various waste.
Res. Eng. Struct. Mater., 2025; 11(6): 2999-3018.

Disclaimer

All the opinions and statements expressed in the papers are on the responsibility of author(s)
and are not to be regarded as those of the journal of Research on Engineering Structures and
Materials (RESM) organization or related parties. The publishers make no warranty, explicit
or implied, or make any representation with respect to the contents of any article will be
complete or accurate or up to date. The accuracy of any instructions, equations, or other
information should be independently verified. The publisher and related parties shall not be
liable for any loss, actions, claims, proceedings, demand or costs or damages whatsoever or
howsoever caused arising directly or indirectly in connection with use of the information
given in the journal or related means.

Published articles are freely available to users under the terms of

Creative Commons Attribution - NonCommercial 4.0 International Public
BY NC

License, as currently displayed at here (the “CC BY - NC”).



http://www.jresm.org/archive/resm2025-790ma0327rs.html
http://dx.doi.org/10.17515/resm2025-790ma0327rs
https://creativecommons.org/licenses/by-nc/4.0/legalcode

Research on Engineering
Structures & Materials

WWW.jresm.org

Research Article

Properties of sustainable concrete incorporating cold-bonded
lightweight aggregate manufactured from expired cement,
biopolymer, and various waste

Ghazwan F. Khudhair *2 , Waleed A. Abbas?®
Civil Engineering Department, University of Technology, Iraq

Article Info Abstract

Article History: This investigation aims to evaluate the performance of sustainable concrete
incorporating artificial coarse aggregate in both its fresh and hard states. The dry
reference aggregate mixture, containing 90% fly ash and 10% expired cement, was
Accepted 16 June 2025 pelletized utilizing cold-bonded technology. Nine distinct types of aggregates were
produced alongside a reference aggregate and subsequently categorized into three
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Keywords: groups according to the curing method after a duration of 28 days. This was
Sustainable concrete; achieved using the same technique and a water quantity of 20-22% by weight after
Cold-bonded adding 0.5%, 0.75%, and 1% by weight for each starch, alginate, and tire waste.
lightweight aggregate; The reference aggregate categories containing 1% starch (RSS1, ROS1) and 0.75%
Expired cement; tire waste (RWRO0.75), subjected to self-curing, oven curing, and water curing,
Waste; represent the optimal formulations of cold-bonded aggregates identified through
Compressive strength; physical and mechanical testing. Six varieties of sustainable concrete were made
Splitting; by increasing the amount of synthetic coarse aggregate used from 50% to 100%.
Flexural The water-to-cement ratio stayed at 0.4, and the cement content was kept at 400

kg/m?3. When 50% and 100% of the ROS1 class aggregate were replaced, the
density of fresh and hard concrete dropped to its lowest levels, with rates of 7.95%,
16.27%, 10.69%, and 17.63%, respectively. ROS1 aggregate concrete presents
exceptional performance across sustainable concrete classifications regarding
mechanical characteristics, including compressive strength, splitting, flexural
strength, and modulus of elasticity at a 100% replacement rate and an age of 28
days, with decreases of 28.47%, 27.42%, 18.11%, and 36.65% relative to ordinary
concrete. Although a good assessment of sustainable concrete styles is according
to water absorption test values, normal concrete continues to yield superior
outcomes.

© 2025 MIM Research Group. All rights reserved.

1. Introduction

Concrete is the most extensively employed material in the global building industry [1, 2]. The
primary constituents of concrete are cement, natural sand, coarse aggregate, and water. It is
essential to acknowledge that aggregates, such as sand and gravel, constitute a significant amount,
around 70-80%, of the overall volume of concrete [3]. The substantial demand for large amounts
of aggregates not only exhausts limited natural resources but also creates considerable
environmental sustainability issues [4]. Consequently, there is an immediate necessity to discover
alternate choices to either substitute or reduce the use of these aggregates [5]. Moreover, cement
that is unused or incorrectly stored will expire if not utilized during the advised storage period and
could be classified as waste material [6, 7]. While the production of one ton of cement generates
approximately 900 kg of carbon dioxide, which accounts for roughly 5-7% of global CO; emissions
[8]. As a result, the construction sector has had considerable hurdles for a long time in developing
sustainable and environmentally acceptable structures. The density of conventional concrete
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ranges from 2200 to 2600 kg/m? [9]. Lightweight concrete (LWC) often possesses densities
ranging from 1400 to 1900 kg/m3, attributable to the presence of Pores in the lightweight
aggregate (LWA). It is characterized by an enhanced strength-to-weight ratio, an appropriate
coefficient of thermal expansion, superior strain capacity, and exceptional insulating properties.
The implementation of LWC can yield substantial cost reductions by decreasing the dead load of
the structure and minimizing the cross-sectional area of steel-reinforced columns, slabs, beams,
and foundations [10-12].

Artificial aggregates are typically produced using two methods: cement-based granulation (cold-
bonding) and high-temperature burning (sintering)[13, 14]. A significant disadvantage of the
sintering process is its elevated energy consumption during granulation. This technique involves
the formation of pellets at temperatures up to 1200 °C [15, 16], while the manufacture of aggregates
in restricted quantities and high density constitutes a primary obstacle to the extensive industrial
implementation of cold bonding technology [5, 13]. In the cold-bonding method, by-products like
fly ash, and waste material transform into a water-resistant substance with initially low
compressive strength, which increases based on the curing technique and duration [17]. Cold-
bonded aggregate offers a viable approach for the advancement of sustainably sourced aggregate
manufacturing, providing a solution that conserves valuable natural resources besides
transforming waste materials into profitable, environmentally beneficial products [18, 19]. This
technique takes into account production parameters including rotation speed, pelletizer angle,
pillarization period, and moisture content [20]. Manikandan and Ramamurthy [21] found that low
angles and velocities restrict aggregate granule collisions, resulting in a diminutive, ineffective
aggregate. Numerous researches have investigated the impact of binder types on lightweight
aggregate cold bonding. Gomathi and Sivakumar [22] conducted a comparison of lime- and cement-
bound fly ash aggregates. Cement aggregates exhibited a 37% superior crushing strength, a 34%
increased dry bulk density, and a 50% reduced water absorption compared to lime aggregates.
Studies [23] and [24] show that adding new elements to the reference mix for fly ash aggregate can
change its characteristics and enhance some of its attributes. The aggregate particles are influenced
by the curing methods employed, analogous to their impact on concrete [15, 25, 26]. The inclusion
of cold bonding aggregate (CBA) has been shown to influence the fresh density of concrete, which
is associated with the densities of its components. Tang and Brouwers [27] discovered that
replacing normal aggregate NA with CBA at change levels of 30% and 60% by volume results in a
reduction of fresh density of NAC by approximately 5% and 8%, respectively, while the fresh
density of CBAC was identified to be 17% lower than that of NAC [28]. Gesoglu et al. [29] noted that
the compressive strength of concrete diminishes when the volume proportion of fabricated cold-
bonded fly ash aggregate increases. Joseph with Ramamurthy [30] indicated that synthetic
lightweight cold-bonded fly ash aggregate is effective in producing concrete with strengths
reaching 52 MPa. The replacement of lightweight fly ash aggregates for normal weight aggregates
in concrete led to decreased mechanical characteristics. The study via Kockal and Ozturan [17]
indicates that utilizing fly ash aggregate as a complete replacement for normal weight coarse
aggregate resulted in a notable reduction in compressive strength and splitting tensile strength,
decreasing from 62.9 MPa and 5.1 MPa to 42.3 MPa and 3.7 MPa, correspondingly. Gesoglu et al.
[31] reported analogous findings, demonstrating that the compressive strength and splitting
tensile strength of fly ash aggregate concrete diminished from 40.1 and 3.22 MPa to 29.1 and 2.58
MPa, respectively, as the percentage of cold-bonded FA aggregate in concrete with a water-to-
cement proportion of 0.35 rose from 30% to 60% of the total aggregate volume in the mixture.
Tires provide environmental hazards due to their composition, rendering them highly durable,
non-biodegradable, a fire risk, and a breeding ground for rodents and vermin [32]. Hence, much
prior research has concentrated on incorporating tire waste into concrete to address several
environmental problems related to the accumulation of this waste [33-37]. This study introduces
a fresh approach for eco-friendly building systems by producing and assessing the characteristics
of sustainable concrete that incorporates replacement ratios of 50-100% of natural coarse
aggregate with optimum artificial coarse aggregate created through the cold bonding technique,
utilizing a reference mix made from waste materials, including expired cement and used tires.
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2. Experimental Program

The practical aspect of this research consists of two parts. The initial stage involved the
manufacture of ten types of semi-lightweight coarse aggregates using the cold bonded technique.
In the second stage, normal-weight concrete and six varieties of semi-lightweight sustainable
concrete were produced by replacing different amounts of natural coarse aggregates with the
optimal kind of artificial coarse aggregates.

2.1 Materials
2.1.1 Portland Cement (PC), Expired Cement (EC), Fly Ash (FA)

Portland Cement type CEMI 42.5R, compliant with BS EN 197-1-2011 [38], was employed in the
production of normal and sustainable concrete. The expired cement (EC) utilized as a binding agent
in the manufacture of coarse aggregate was sourced from cement bags that had been held in the
laboratory for almost three months over the expiration date under improper storage
circumstances. As shown in Figure 1a, a part of the cement powder has transformed into a semi-
solid clumping product and requires re-crushing.

et

(a) (b)
Fig. 1. Materials (a) expired cement, (b) fly ash

The Portland cement comprises four primary mineral phases: C3S, C2S, C3A, and C4AF, each
possessing distinct properties and specific formation temperatures [39]. The percentage of the four
minerals may be computed using the values from table 1 and the Bogue's equations [40] , table 2
presents the conclusive findings about the mass loss proportion between normal cement and
expired cement [41, 42]. In the reference mix for artificial aggregate, EC was combined with type F
fly ash (Figure 1b) meeting ASTM C618 [43] from EUROBUILD company. Table 1 presents the
Properties of PC, EC, and FA.

Table 1. Properties for OPC, EC, FA

. Normal Cement Expired cement Fly ash
Ingredients (%) OPC EC FA
CaO 62.55 59.92 51
Al,O3 5.3 4.43 27.7
Fe;03 4.02 3.52 8.44

Si0; 20.23 20.05 49.66
NOF 2.27 21 0.34
Naz0 0.21 0.33 0.38
MgO 2.83 2.63 2.65
K20 091 0.99 3.36
Specific gravity 3.14 3.14 2.1
Loss on ignition 1.01 2.17 3.7
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Table 2. Main components of PC, EC

Mass Ratio % CsS Ca2S C3A C4,AF
PC 52.98 18.31 7.25 12.22
EC 50.7 19.51 5.79 10.6
2.1.2 Natural Aggregate

Natural sand from the second zone was utilized as fine natural aggregate with a maximum size of
4.75 mm, while crushed gravel functioned as conventional coarse aggregate. Table 2 presents the
gradation and characteristics of each kind.

Table 3. Sieve analysis and features of natural aggregates

Fine Aggregate
Size of Sieve (mm) Accumulative passing % Limitations of ASTM C 33[44]
4.75 98 95-100
2.36 92 80-100
1.18 84 50-85
0.6 43 25-60
0.3 23 12-40
0.15 4 0-10
Fineness Modulus 2.56 -
Specific Gravity 2.64 -
Absorption % 2.94 -
Coarse Aggregate
Size of Sieve (mm) Accumulative passing % Limitations of ASTM C 33[44]
19 100 100
12.5 97 90-100
10 65 40-70
4.75 8 0-15
2.36 3 0-5
1.18 1
0.6 0
0.3 0
Fineness Modulus 5.26 ---
Specific Gravity 2.68
Absorption % 0.61 -
Density (kg/m3) 1678 ---

2.1.3 Tire Waste (R), Starch (S), Alginate (A)

To obtain different types of artificial coarse aggregates, three weight percentages (0.5%, 0.75%,
and 1%) of tire waste, starch, and alginate were separately added to the reference mixture. Tire
waste granules were collected from the Diwaniyah Tire Factory, with sizes ranging from 0.3 to 0.85
mm. Given the presence of carbon in the microstructure of tire waste granules, which is a soft
material impacting aggregate strength, these waste materials were exclusively analyzed using X-
ray diffraction (XRD) to more precisely evaluate the effect of tire waste aggregates on the
properties of semi-lightweight sustainable concrete. Figure 2 displays test findings revealing
carbon levels of up to 75%, oxygen levels of around 17%, and other components ranging from 0.2%
to 3%. In this study, both starch and alginate serve as natural biopolymer admixtures. Starch was
sourced from local shops, while normal-setting alginate, which dental applications employ as an
irreversible hydrocolloid impression substance, demonstrates elastic qualities, obtained from
Zhermack Tropicalgin. The widespread consumption of irreversible hydrocolloid surpasses that of
any other impression substance [45]. Table 4 presents the chemical characteristics of the
substances, whereas. Table 5 delineates their physical characteristics.
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Table 4. Chemical characteristics

) Concentration (ppm) Percentages
Chemical Elements Starch (S) Alginate(A) Tire waste (R)
Iron (Fe) 9.5 --- 0.4
Manganese (Mn) 9.6 --- ---
Chromium (Cr) 8.4 --- ---
Phosphor (P) 45.2 63
Sulfur (S) <2 906 2.0
Chlorine (CI) 0.3 --- ---
Sodium (Na) <640 <2100 ---
Magnesium (Mg) <100 <350 0.2
Aluminum (Al) <18 <84 0.6
Silicon (Si) 55.4 17597 0.6
Titanium (Ti) <15 2431 ---
Vanadium (V) 9.5 23.2 ---
Calcium (Ca) 45.7 26482 0.4
Potassium (K) 86 --- ---
Zink (Zn) 2.8
Oxygen (0) 17.2
Carbon (C) --- --- 75.8
Table 5. Physical characteristics
Characteristics Particle size Appearance Density (kg/m3) Color
Starch 85.82 nm Fin Powder 1498 White
Alginate 117.74 nm Fin Powder 1412 Orang
Tire waste 0.3-0.85 mm Powder 586 Black
10k~ IT
|
sk
0 7 .3
o A s o ke nm |
OeV 5keV 10 keV 15 keV 20 keV

Fig. 2. XRD image for tire waste elements

(b)
Fig, 3. Materials (a) Tire waste, 8b) Starch, (c) Alginate
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2.1.4 Superplasticizer

Sika's ViscoCrete-5930 superplasticizer have been choosing for enhancing the workability of
concrete and achieve the desired consistency. A third-generation superplasticizer for concrete and
mortar, according to the standards for superplasticizers delineated in ASTM C-494 Classes G and F
[46], plus BS EN 934 Part 2: 2001[47]. Table 6 offers the characteristics of the superplasticizer [48].

Table 6. Properties of superplasticizer*

Properties Result [48] *
Dosage 0.8-2 % by weight of cement
Density 1.095 kg/ litter (ASTM C 494) [46]
Storage 5-35°C
Toxicity Non-toxic
packaging 5-20-200 kg
Appearance Turbid liquid
Life 12 months from production

* Data from Production Company
2.2 Production of Cold-Bonded Fly Ash Coarse Aggregate

The practical part of this research starts with the creation of synthetic semi-lightweight coarse
aggregate at room temperature. This is done using a pelletizing machine and a cold bonding
technique for the dry mixture components. The pelletizing apparatus comprises a drum with a
depth of 350 mm, a diameter of 850 mm, an operating angle of 90 degrees, and a rotational speed
of up to 45 rpm like seen in the figure 4. Through previous investigations [23, 25, 49, 50] and several
trials, the optimal operational parameters of the machine were established, including speed,
inclination angle, and water amount. The dry reference mixture, including 90% fly ash and 10%
expired cement, is poured in the container and blended at a rotational speed of 4 to 6 rpm to attain
homogeneity. The device's water pumps release water in three successive batches, maintaining a
water-to-mixture ratio of 20% to 22% by weight. After the initial 10 minutes, freshly spherical
pellets start formation.

Table 7. Sieve analysis of lightweight coarse aggregate (LWCA)

Sieve size (mm) LWCA %Passing - ASTM C330
19 100 100
12.5 96 90-100
9.5 57 40-80
4.75 10 0-20
2.36 2 0-10

The agglomeration process extends for an extra 10 minutes to guarantee the grains attain the
requisite size and enough hardness for handling. Upon completion of the pelletizing process, the
resultant aggregate is held in sealed plastic bags for 24 hours at a temperature of 20 degrees
Celsius, with a permissible variation of #2 degrees, and a humidity level of 70% [51]. Executed three
separate curing methods on 10 aggregate classes during a 28-day period: self-curing, water-curing,
and oven-curing at a temperature of 64°C. Oven curing elevates the specific gravity and bulk density
of lightweight coarse aggregate from 1.85 and 976 kg/m? for water-cured aggregate and from 1.87
and 984 kg/m? for self-cured aggregate to 1.92 and 1012 kg/m?3, respectively. The heat-curing
regimes result in enhanced hydration dynamics, which provide a denser structure [52], while the
LWCA pellets disintegrate owing to water curing [49]. Furthermore, oven curing achieved the
maximum crushing strength values of the aggregate at 9.24 MPa, reflecting an increase of 0.32%
relative to the self-cured aggregate and 5.84% compared to the water-cured aggregate.
Subsequently, a sieve analysis was performed in accordance with ASTM C330 [53]. According to
the criteria stated in BS-812-110-1990[54], the crushing strength of the particle for ALWA was
assessed using the California Bearing Ratio (CBR). Employing ASTM C127[55] to ascertain the
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specific gravity of the lightweight aggregate in a saturated surface dry condition and its water
absorption capacity.

(b) (c) (d)

Fig. 4. Steps for manufacturing artificial coarse aggregate via the cold bonding technique (a)
Pelletizer disc, (b) Dry powder, (c) Homogeneity of ingredients, (d) Formation of pellets

2.2.1 Scanning Electron Microscopy Test (SEM)

Figures 5 a, b, and c present S.E.M. analysis of aggregate particles roughly 1 cm in size for the
optimum categories of the produced aggregate (RSS1, ROS1, RWR0.75). Photographs taken with a
scanning electron microscope show the interior structure and illustrate the development of various
pore patterns. The primary distinction among ideal aggregation types is in the pores, which may be
circular, unconnected, and irregular, or linked and longitudinal. The oven-cured granules
demonstrate enhanced homogeneity in their exterior matrix and a more robust structure due to
improvements in the hydration dynamics, in contrast to the water-treated granules, which
experienced degradation in their external matrix and an enlargement of pore size. The self-cured
aggregate particles exhibit a surface and microscopic structure of moderate solidity.
Microstructure investigations suggest that a closed structure formed from the interaction between
the components of the additional substance and calcium hydroxide (portlandite) in the reference
mix may account for the diminished water absorption ratio of the optimal lightweight aggregates
ROS1.

t  det

HV mago | WD
30.00kvV 25 x 43.0mm 4.0
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(c)

Fig. 5. SEM analysis (a) Oven-Cured Aggregate with 1% Starch (ROS1), (b) Water-Cured
Aggregate with 0.75% Tire waste (RWRO0.75) and (c) Self-Cured Aggregate with 1% Starch
(RSS1)

3. Mix Proportions of Concrete

This section covers the experimental program's strategy for creating semi-lightweight sustainable
concrete using the best types of coarse aggregates (RWRO0.75, RSS1, ROS1) that the study's initial
phase produced and identified. To assess the influence of this aggregate type, a reference concrete
was formulated containing 100% natural aggregate (NA), 400 kg /m3 cement quantity, and a ratio
of water to cement W/C 0.4. Additionally, a sustainable concrete was made by substituting the
natural coarse aggregate (NCA) with synthetic lightweight coarse aggregate (LWCA) at volumetric
proportions of 50% and 100%, respectively, while maintaining the weights of the other
components of the concrete mix constant. To achieve a 120 mm slump in conventional concrete
and a 75 mm slump in sustainable concrete while ensuring modified workability, the dose of
superplasticizer was tailored for each concrete mix [56]. The adjustment is primarily due to the
spherical morphology of lightweight coarse aggregate (LWCA), in contrast to the angular
characteristics of normal coarse aggregate (NCA), which required an extra superplasticizer dose
[57-59]. This work employed an electric rotary mixer with a capacity of 1 cubic meter, as depicted
in figure 6. Artificial coarse aggregate particles must reach a state of saturation and a dry surface
(SSD) before manufacturing, as their ability to absorb significant amounts of water negatively
affects the concrete [41, 60]. Consequently, the weights of the aggregates utilized in the generated
mixtures were altered according to the absorption rate of each type, attaining the saturated surface
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dry (SSD) condition [40]. The document ACI 211.2-98 [61] outlines protocols for formulating
concrete mixes. The ratio of concrete components for one cubic meter is presented in table 8.

Table 8. Details mix proportions for concrete kg/m?

Mixes Cement NFA NCA LWCA W/.C Super Slump
designation* kg/m3 kg/m3 kg/m3 kg/m3 ratio plasticizers% mm
NWC 400 656 1024 0 0.4 1.3 120
50RSS1C 400 656 512 35088 0.4 1.005 75
100RSS1C 400 656 0 701.76 0.4 0.946 75
50RWRO0.75C 400 656 512 357.12 0.4 1.107 75
100RWRO0.75C 400 656 0 71424 04 0.964 75
50R0S1C 400 656 512 362.17 04 0.982 75
100R0OS1C 400 656 0 72434 0.4 0.642 75

*Note: W/C : water-to-cement ratio, NWC : normal weight concrete; NFA : natural fine aggregate; NCA :
natural coarse aggregate; LWCA : lightweight coarse aggregate; RSS1 : self-cured aggregate with 1% starch;
ROS1 : oven-cured aggregate with 1% starch; RWRO.75 : water-cured aggregate with 0.75% tire waste;
RSS1C, ROS1C, and RWRO0.75C represent sustainable concrete incorporating 50% and 100% lightweight
coarse aggregate.

(d)

Fig. 6. Concrete production process (a) Artificial aggregate immersed in water, 8b) Electric
blender 1m3, 8c) Slump checking, (d) Concrete pouring

4. Methodology for Sample Preparation and Testing

Conforming with BS EN 12390-3 [62] determined the compressive strength using a 100 x 100 x
100 mm test cube. The test was performed on three specimens at 7, 28, and 60 days of age,
employing a 2000 KN compression apparatus with a loading rate of 15 N/mm per minute, Prior to
that, Ultrasonic Pulse Velocity of these samples are examined in line with ASTM C597 [63]. The
mean of three results for each test age is extracted through inputting the readings of each sample
into Equations 1 and 2.

f%u ::Ei (1)
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where, f.,: The compressive strength MPa, P: Load failure (N), A: Cross-section area (mm?2).

L
_L 2
v T

where, V: Ultrasonic pulse speed meter/second, L: path length (m), T: pulse transit period (sec).

As per ASTM C642-13 [64], this study checks the density of concrete and the absorption ratio at
different curing ages by heating samples in an oven at 110 * 5 degrees Celsius for 24 hours. Once
the specimens reached room temperature, recorded their weight (A). Later returned them to the
water tanks. Following an additional 24 hours, documented the samples' weight in water (C) and
allow them to air dry at room temperature until they reach a saturated and surface-dry condition,
after which measured their weight (B). The splitting tensile strength was calculated on three
cylindrical samples, each measuring 100 x 200 mm, in line to the specified testing age [65]. Slender
plywood bearing strips are employed to evenly distribute the tension exerted across the cylinder's
length when put inside the test machine. Equation 3 is applied to ascertain the outcomes figure 7.

f =P 3)
nlLd

where, f;: splitting tensile strength MPa, P: Maximum apple load (N), L: Length of specimen (mm),

d: Diameter of specimen (mm).

Prism-shaped models measuring 100 mm by 100 mm by 400 mm are utilized to examine flexural
strength corresponding with ASTM C78[66] the formula 4 serves to determine the values that can
symbolize the rupture modulus. Figure 7 depicts the sample and the device used.

_pxt “
" bxd?
where, f,.: flexural strength MPa, p: Maximum load (N), L, b, d: Length, Width, Depth, of specimen.
The final findings of the Static Modulus of Elasticity test reflect the average values obtained from
three cylinders measuring 100 by 300 mm at ages of 28 and 60 days, which meet with ASTM C469

[67]. The equation 5 was utilized to ascertain the ratio of stress to strain and the ratio of
longitudinal strain to lateral strain of hardened concrete under specified curing conditions.

52 - Sl
e, —0.00005

where, E.: Elastic modulus GPa, Si: Stress correlated with longitudinal strain of 0.000050 MPa, S»:
Stress equivalent to 40% of the ultimate load MPa, €2: Longitudinal strain induced by stress S2.

E. = x 107 (5)

(a) (b)

Fig. 7. Concrete specimens and examination devices: (a) Oven, (b) Splitting, (c) Flexural, (d)
Modules of elasticity

(d)
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5. Findings and Discussion
5.1 Density

Table 9 illustrates the disparity in fresh density results between conventional concrete and
sustainable concrete, with the latter's density consistently diminishing as the ratio of natural coarse
aggregate replaced by artificial lightweight coarse aggregate increases, owing to the porous
characteristics of the lightweight aggregate particles [68]. The density values vary from 2427
kg/m? to 2032 kg/m?>. These results align with [18, 56, 69], specific gravity, and bulk density of
each aggregate type selected. The change in specific gravity of the components in the concrete
mixes results in differing dry density values. As illustrated in Figure 8, the values rise as the
concrete matures because of ongoing hydration, gel formation, and enhancements in the properties
of the interfacial transition zone. Nonetheless, their performance declines when manufactured
coarse aggregate exceeds 50% as a substitute for natural coarse aggregate [70].

Table 9. Density mixes of concrete

Mix Designation weights of Cubes for Concrete Mixtures(kg) Fresh Concrete Density kg/ms3

NWC 11.26 2427
50RWRO0.75 11.09 2254
100RWRO.75 10.91 2078

50RSS1 11.13 2293
100RSS1 10.92 2081
50ROS1 11.07 2234
100R0OS1 10.87 2032

Conventional concrete exhibits superior performance due to the elevated specific gravity of the
natural coarse aggregate and its low porosity [18]. The densities of concrete incorporating 50%
and 100% ROS1 aggregate diminished at the most significant rates (10.99%, 10.69%, 10.78%, and
17.56%, 17.63%, 17.66%), respectively, relative to conventional concrete during the designated
testing dates. This was due to a decrease in the overall specific gravity and density of the aggregate
particles. Even though RSS1 aggregate concrete's dry density values keep going down compared to
normal concrete, it performs better than ROS1 and RWR 0.75 aggregate concrete because the
aggregate particles have a higher specific gravity and density. The test results demonstrated that
the dry density of the semi-lightweight sustainable concrete corresponds with prior research
findings [71].

Fresh Density mRC B 50RWR0.75 m 100RWRO0.75
B 50RSS1 ®100RSS1  m 50ROS1
ERC B 50RWR0.75
100ROS1
= 100RWRO0.75 M 50RSS1
2400 2328 2347 2355
®100RSS1  m 50ROS1 -
£ 2300 -
100ROS1 & 2200 -
2600 22100 -
C
2400 3 2000 A
> 1900 -
(m)
2200 1800
2000 7 28 60
1800 Age (day)
(@) (b)

Fig. 8. Density: (a)Fresh density, (b) Dry density
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5.2 Ultrasonic Pulse Velocity (UPV)

The results of this test improve as both normal and sustainable concrete mature due to ongoing
hydration and the evolution of hydration products that enhance structural integrity. However, the
velocity of ultrasonic pulse transmission in the standard concrete model is superior to that in the
sustainable concrete, owing to its higher density and more effective filling of pores with hydration
products [41, 71]. The test assesses the quality of the concrete, the uniformity of its internal
components, and the impact of voids by measuring the pulse propagation velocity between the two
sides of the sample. Figure 9 demonstrates a reduction in pulse transmission velocity as the
proportion of natural coarse aggregate substituted with lightweight artificial aggregate escalates
from 50% to 100%. The drop attains its minimum in concrete containing 100% ROS1 type
aggregate 3625, 3628, and 3629 m/s, demonstrating reduction rates of 21.09%, 21.79%, and
25.80% relative to conventional concrete 4594, 4639, and 4891 m/s at 7, 28, and 60 days,
respectively, attributable to the low bulk density of ALWA [72]. However, it is still classified as good
concrete in accordance with ASTM C597[73]. In contrast, the concrete incorporating 50% RSS1
class aggregate had the highest pulse arrival velocity, 4111, and 4112 reaching a maximum of 4115
meters per second at 60 days, and is classified as excellent concrete. Figure 9 depicts that all
concrete mixtures generated in this investigation are classified from good to excellent according to
ASTM C 597-02 specifications [73].
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Fig. 9. Ultrasonic Pulse Velocity Results

5.3 Compressive Strength

The compressive strength of concrete indicates its quality and reflects its other characteristics.
Figure 10 displays a drop in concrete strength when the ratio of natural coarse aggregate
substituted with artificial coarse aggregate rises, due to the disparity in strength between the two
aggregate types [71, 74]. Conversely, regardless of the replacement ratios, prolonged water curing
improves the strength of the concrete due to the ongoing hydration process. This process results
in the formation of additional materials, such as calcium silicate hydrate (C-S-H), which in turn
enhances the internal structure's integrity [18, 41]. This investigation used a reference concrete
that included natural aggregate, which exhibited compressive strengths of 39.7, 49.35, and 57 MPa
at the designated testing ages, and sustainable concrete, with 50% and 100% replacement for ideal
cold-bonded lightweight aggregate categories. Evaluations were conducted at 7, 28, and 60 days of
curing. The type two concrete results were between 31.5 and 45.7 MPa, which is in line with the
ASTM C330 [53] and ACI 318 [75] standards for structural lightweight concrete, which say that the
concrete must have a minimum 28-day compressive strength of 17.2 MPa. Employing a 50% and
100% replacement ratio of aggregate class RWRO0.75, the strength of semi-lightweight sustainable
concrete diminishes to its lowest of 35.4, 38, 40.9,31.5, 33.25, and 35 MPa, demonstrating a decline
rate of 10.83%, 22.99%, 28.24%, 20.65%, 32.62%, and 38.59% in a 7, 28, and 60-day test,
respectively. The reduced solidity of the aggregate particles containing rubber negatively affects
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the overall strength of the concrete [76]. The concrete aggregate type RSS1 comes with average
values of 36.6, 38.45,41.77, 33.1, 34.14, and 36.28, respectively, as illustrated in figure 10. During
this test, concrete made with aggregate ROS1 did better than other sustainable concrete mixes. This
is because heat curing processes influence aggregate particles, which leads to the highest crushing
strength [25, 52, 71]. The findings align with [56, 77].
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Fig. 10. Compression strength at 7, 28, and 60 day

5.4 Splitting Tensile Strength

The partially or complete substitution of natural coarse aggregate with synthetic lightweight coarse
aggregate diminishes the splitting tensile force of concrete at testing ages of 7, 28, and 60 days [68].
This results from the low tensile strength of the ALWA particles and the existence of empty voids
in their structure, which cause failure along paths aligned with these pores [18]. Figure 11 display
test results that vary from 3.4 to 4.3 MPa for standard concrete and from 1.6 to 4.1 MPa for
sustainable concrete. An examination of various semi-lightweight concrete types at 50% and 100%
replacement levels indicates that ROS1 aggregate concrete has the highest splitting tensile
strength, with lowering rates of 17.64%, 5.71%, and 4.65%, as well as 25.85%, 27.42%, and
38.37%, respectively, in comparison with natural aggregate concrete. On the other hand, concrete
involving coarse aggregate type RWR0.75 gives the lowest results at all specified testing dates. This
is due to the inherent fragility of the industrial aggregate [78, 79].
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Fig. 11. Splitting tensile strength
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5.5 Flexural Strength

This attribute enhances over time in normal and sustainable concrete owing to advancements in
the curing and hydration processes [80]. The flexural strength of regular concrete is higher than
that of sustainable concrete at all testing ages and replacement ratios, as shown in figure 12. This
is mostly because natural coarse aggregate is stronger [20, 68]. Normal concrete had test results
ranging from 5.5 to 8.5 MPa, while sustainable concrete had results ranging from 2.92 to 7.92 MPa
after the required curing times. Compared to the other types of concrete that used coarse industrial
aggregate, ROS1 aggregate concrete did better at 7 and 28 days, reaching a peak 7.92 MPa after 60
days with a 50% replacement, attributable to the strength of the aggregate [18]. As illustrated in
figure 12, RSS1 aggregate concrete demonstrates average performance. Conversely, the RWR0.75
aggregate concrete exhibits weaker performance relative to conventional concrete, with
decreasing rates (12, 25.76, 27.05) at 50% replacement and 46.9, 62.24, and 60.23 at 100%
replacement, owing to the negative effect of rubber on the strength of aggregate grains [76].
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Fig. 12. Flexural strength

5.6 Modulus of Elastic (E,)

Properties of the aggregate (strength, structural composition, amount used) affect the modulus of
elasticity of concrete [29], with these values varying according to changes in concrete compressive
strength (goes up or down) [18]. Figure 13 exhibit that the modulus of elasticity values to all
category's concrete get stronger over time [68], which ranges from 27.57 GPa at 7 days to 33.54
GPa at 60 days for normal concrete.
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Fig. 13. Modulus of Elastic
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In contrast, the modulus of elasticity for sustainable concrete differs from a minimum of 18.23 GPa
at 7 days to a maximum of 29.94 GPa after 60 days of curing, attributable to the superior strength
and less porous structural composition of natural coarse aggregate compared to artificial coarse
lightweight aggregate [81]. Figure 13 demonstrates that the modulus of elasticity declines when
the lightweight aggregate (LWA) replacement percentage increases from 50% to 100% [18, 82].
For example, among similar types, concrete employing coarse aggregate of type ROS1 works the
best, while the incorporation of 50%, 100% RWRO0.75 aggregate results in a decline in the
concrete's elastic modulus by 20.49%, 25.52%, 28.53%, and 33.87%, 38.79%, 41.74% after 7, 28,
and 60 days, respectively, in comparison to concrete made with natural aggregate. The RSS1
aggregate concrete possesses average values.

5.7 Water Absorption

Porosity significantly affects the properties of concrete regarding water absorption, as it creates
channels for water infiltration and movement inside its structural matrix, hence augmenting the
amount of absorbed water. Figure 14 demonstrates a decline in these ratios as curing age advances
for concrete mixtures, due to the continuous hydration process and the formation of additional
calcium silicate gel, which reduces pore size and their connectivity [72], while simultaneously
improving the strength of the interfacial transition zone. In standard concrete, water is absorbed
mainly by the cement paste; however, in sustainable concrete (semi-lightweight), it is absorbed by
both the cement paste and the coarse artificial aggregate due to its porous properties. As a result,
sustainable concrete displays a higher absorption of water than conventional concrete [83, 84]. The
test values ranged from 4.6 to 3.2 for standard concrete and from 10.24 to 5.22 for sustainable
concrete across planning age categories. The concrete with ROS1 type aggregate at a 50% ratio
exhibited notable performance at 7 and 28 days, approaching optimal conditions after 60 days with
a 38.69% increase relative to conventional concrete, aligned with improvements in aggregate
particle characteristics [10]. At the identical replacement percentage, the concrete incorporating
RWRO0.75% aggregate exhibited an elevation in absorption values, attributable to the heightened
absorption of the aggregate assessed in the initial part of the investigation. The elevated water
absorption rate of the RSS1 type aggregate led to a corresponding rise in the concrete absorption
rate, achieving the maximum values, with increases of 44.24%, 55.34%, and 58.81% relative to
standard concrete. The amount of water permeating the concrete is associated with the presence
of pores; hence, figure 14 depicts its increase when the substitute ratios of natural coarse aggregate
with lightweight artificial coarse aggregate change from 50% to 100%, in accordance with research
findings [41, 85]. Except for the test result for the 7-day-old concrete made of 100% RSS1 class
aggregate, the sustainable concrete mixes developed in this study are very good, as shown by the
fact that they didn't absorb more than 10% [9].
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Fig. 14. Water absorption
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6. Conclusion
The findings of the experimental program in the present research yield the following conclusions:

e Conventional concrete has superior performance compared to concrete with an equivalent
blend of natural and artificial coarse aggregates. The latter performs better than concrete
that completely employs synthetic coarse aggregate.

¢ In the Ultrasonic Pulse Velocity test, normal concrete attained findings categorizing it as
excellent, whereas the assessment of sustainable concrete varied from excellent at 50%
replacement ratios to good at 100% replacement ratios.

e The compressive strength of concrete generally diminishes while the growing substitution of
natural coarse aggregate with artificial coarse aggregate. Owing to the influence of aggregate
particle strength on this property, RWR0.75 aggregate concrete exhibits the lowest values
among the various types of produced aggregates at 28 days, with reduction rates of 22.99%
and 32.62% relative to normal concrete. Concurrently, ROS1 aggregate concrete
demonstrates better results, with decline rates of 14.99% and 28.47%, respectively.

e As the fraction of ROS1 aggregate usage increases from 50% to 100%, the rates of fresh
density reduction in sustainable concrete rise from 7.95% to 16.27% in comparison to
normal concrete. The documented outcomes for this aggregate type are the lowest in
comparison to RSS1 and RWRO0.75 aggregates.

e Semi-lightweight sustainable concrete that uses manufactured coarse aggregate doesn't
need as much superplasticizer as regular concrete that uses natural coarse aggregate. The
decrease becomes more evident when the ratio of artificial aggregates used instead of natural
aggregates increases.

e Achieving areplacement rate of 100%, ROS1 aggregate effectively diminished the dry density
of sustainable concrete, registering the lowest values with a decline rate of 10.69% and
17.66% at 28 and 60 days, respectively.

e The superior quality of the natural aggregate supplied enhances the performance of normal
concrete in tests of splitting, flexural, and elasticity. The results of these examinations decline
with the use of coarse industrial aggregate, proportional to the quantities employed. This
investigation revealed that the sustainable concrete ROS1-type aggregate exhibited positive
findings, with reductions of 27.42%, 18.11%, and 36.56%, respectively, after 28 days.

e Despite the reduction in water absorption rate with the aging of concrete, normal concrete
maintains lower results compared to sustainable concrete. The absorption rate of the
aggregate influences this attribute. The concrete incorporating ROS 1 aggregate at 50% and
100% yields good results, with increases of 32.11% and 48.35%, respectively, at a 28-day
testing period.
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