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thermal insulation at the expense of strength. The optimization process showed
that the optimal mix consists of (17.85%) Ponza and (4.22%) Leca with no use of
expanded polystyrene, achieving an optimal balance between strength, density,
and thermal insulation. The study confirms the efficiency of using hybrid
lightweight aggregates with the RSM to produce foam LWA concrete mixes with
density range of (990-1295 kg/m?) and compressive strength from 5.80 to 16.40
MPa which, according to ACI 213R-14, are suitable for semi-structural engineering
applications.
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1. Introduction

In recent years, lightweight concrete (LWC) has seen increasing interest due to its ability to reduce
the dead loads of structures, improve thermal insulation properties and sustainability performance
[1]. LWC generally has a practical density ranging from approximately 300 to 1850 kg/m?>.
According to ACI 213R-14, lightweight concrete is classified based on density and application into
three main categories: low-density concrete (300-800 kg/m?) used for thermal insulation and non-
structural purposes; structural lightweight concrete with a density of about 1350-1900 kg/m? and
a minimum compressive strength of 17 MPa; and moderate-strength lightweight concrete, which
falls between these two categories with compressive strength ranging from 7 to 17 MPa [2]. LWC
is concrete that can be achieved by replacing some of the solid materials with air voids and is
divided into three types: the first is in the aggregate particles (lightweight aggregate concrete), the
second is in the cement paste (foam concrete) and finally between the coarse aggregate particles
by removing the fine aggregate (no-fine concrete) also known as No-fines concrete [3].
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Lightweight Aggregate Concrete is defined as a structural concrete in which traditional coarse
aggregates are replaced with light-weight aggregates, commonly expanded clay, pumice as a way
to reduce the overall density of the concrete without compromising its mechanical performance
[4]. Foam concrete is a type of lightweight concrete produced by incorporating pre-formed foam
into the cement paste to create evenly distributed air voids, significantly reducing its density. It is
characterized by its light weight, high workability, and thermal insulation properties [5]. Despite
the advantages offered by foam concrete [6], it suffers from a decrease in mechanical properties
due to the increased void content within it. This limits its use in construction applications [7],
necessitating the development of improved mixes that balance lightness and mechanical strength.
Several researchers attempted to improve the properties of foam concrete.

Abbas and Hilal [8] investigated the use of waste plastic as partial replacement of fine and coarse
aggregates in foam concrete. Different replacement ratios were used with 70% coarse plastic, it
was observed that the amount of decrease in strength was about 9%, density decreased by 16%.
When compared with the mix containing about 89% of fine and coarse plastic, the decrease in
strength was about 24%, while the density decreased by 23%, indicating the possibility of using
recycled plastic materials in the production of lightweight foamed concrete with improved
mechanical properties and thermal insulation. Oday Asaad Abd et al. [9] studied the effect of using
waste car tires with polypropylene fibers (separately and together) in foam concrete. The results
showed a significant improvement in compressive strength, impact resistance, and damping
properties compared to conventional foamed concrete, indicating the possibility of enhancing the
mechanical performance of foam concrete using recycled materials reinforced with fibers. Another
study [10] investigated the enhancement of foam concrete using various types of fibers including
steel fibers, carbon fibers, glass fibers, and polypropylene with various lengths. Statistical
enhancement techniques (RSM and CCD) were also adopted to determine the optimal ratios,
resulting in improved compressive and tensile strength as well as impact properties.

Studies [11-13] have shown that the use of lightweight aggregates such as perlite, volcanic stone,
and lightweight expanded clay aggregate (Leca) in the production of lightweight concrete
effectively contributes to reducing density and thermal conductivity due to their porous nature.
Controlling the proportions of these materials also allows for an appropriate balance between
thermal insulation and structural requirements, making this type of concrete a suitable option for
enhancing energy efficiency in buildings. One relatively recent technique is the use of expanded
polystyrene (EPS) as an aggregate replacement in concrete. Early studies in this field date back to
Cook (1972) [14], who used cork granules as a lightweight aggregate to produce low-density
concrete. Since then, this field has developed significantly, with cork being adopted as a partial or
complete replacement for aggregate to improve thermal properties and reduce the bulk density of
concrete [15]. The use of cementitious additives such as fly ash and silica fume has proven effective
in improving concrete properties [16]. Fly ash (FA), a byproduct of coal combustion in power
plants, possesses pozzolanic properties that allow it to react with calcium hydroxide produced
during cement hydration to form additional cementitious compounds (C-S-H). This leads to
improved long-term strength, reduced permeability, and increased durability of the concrete [17-
18]. Silica fume (SF), a byproduct of silicon or ferroalloy production, is characterized by its very
fine particle size and high surface area. This helps fill microscopic voids, improve the internal
density of the cementitious matrix and the interfacial zone, and thus significantly increase
compressive strength [17].

In addition to improving mechanical properties, the use of fly ash and silica fume is a sustainable
and environmentally friendly option, as they are industrial byproducts. This contributes to
reducing industrial waste and cement consumption, thereby lowering carbon dioxide emissions
associated with cement production [16]. Moreover superplasticizer (SP) was used to improve
workability without increasing the water content. It allows for a reduction in the water-to-cement
ratio while maintaining workability, leading to improved mechanical properties and reduced
porosity. Combining these materials is an effective method for producing lightweight concrete with
enhanced mechanical and thermal performance [17]. Although many studies have investigated the
use of a single type of lightweight aggregate in concrete [11], relatively fewer studies have focused
on incorporating lightweight aggregates into foamed concrete. Specifically, studies looking at the
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simultaneous use of several types of lightweight aggregates in foamed concrete are still limited
[19]. At the same time, many studies have used the RSM to optimize foamed concrete mixes. For
example, Kursuncu et al. [20] employed response surface methodology is employed to investigate
the influence of waste marble powder, rice husk ash and foam content on compressive strength,
flexural strength, porosity and thermal conductivity of foamed concrete. Other authors used the
Box-Behnken design and response surface methodology to optimize the cement, water and foam
contents to achieve the desired density and compressive strength [21]. Recently, RSM has also been
used in multi-objective optimization of foamed cement concrete, by achieving a balance between
compressive strength and thermal conductivity [22].

More recent studies have continued to develop this approach: Wang et al. [54] applied RSM to
optimize the mix proportions of coal gangue-based geopolymer foamed concrete, while Mohamed
et al. [55] combined RSM with an artificial neural network to optimize seashell-ash foamed
concrete, both confirming the continued relevance of RSM-based optimization for foamed concrete
mix design. Many studies have investigated the addition of lightweight aggregates to concrete, but
fewer studies have focused on mixing lightweight aggregates with foam. Finding the optimal
proportions of lightweight aggregates within this concrete is still in the process of research.
Therefore, this research aims to develop a lightweight foamed concrete incorporating lightweight
aggregates (individually or in combination) from different sources: natural lightweight aggregate
(Ponza), Leca and EPS. The RSM is employed using Minitab program to determine the optimal
proportions of these aggregates and evaluate their effects on responses of density, compressive
strength, flexural strength, and thermal conductivity. Accordingly, the main objectives of this study
are to: (1) investigate the effects of the proportions of Ponza, Leca, and EPS on the selected
responses; (2) develop and validate RSM-based predictive models for the investigated responses;
and (3) determine the optimum mix proportions that minimize density and thermal conductivity
while maximizing compressive and flexural strengths. The expected engineering contribution of
this study is to provide an optimized lightweight foamed concrete mixture incorporating natural,
artificial, and recycled lightweight aggregates, offering a balanced combination of mechanical and
thermal performance for potential engineering applications.

2. Response Surface Methodology (RSM)

RSM represents a robust mathematical and statistical technique used within the framework of
Design of Experiments (DOE). Its development began mainly in the 1930s [23], with subsequent
contributions from Box and his colleagues in the 1950s in developing response surface models [23].
The idea of RSM is based on studying the relationship between independent variables (input
variables) and the resulting responses through a systematic experimental design to obtain an
optimal response. This is achieved by finding empirical relationship between the inputs of any
system, such as X, and the resulting response, such as Y [24], aiming to reduce the number of
experiments while achieving the highest possible accuracy in the analysis. This methodology relies
on constructing empirical mathematical models, often of the second order, which allow the
description of the effects of individual variables as well as their interactions on the response. Thus,
RSM provides an effective framework for understanding the behavior of a mathematical system
and predicting outcomes without the need for a large number of laboratory tests [25].

RSM is considered one of the advanced statistical techniques that has been widely used in concrete
technology. It is particularly useful for improving mix design and concrete properties in both fresh
and hardened states. This application is important because concrete contains multiple components
with overlapping effects [10][26]. Among the designs of the RSM, CCD is considered one of the most
common and widely used designs, due to its ability to build accurate quadratic models, represent
curvature in the response behavior, in addition to its efficiency in reducing the number of
experiments required compared to conventional designs [27].

DOE is an approach that includes several experimental design methods, such as Response Surface
Design (RSD), Central Composite Design (CCD), Box-Behnken Design (BBD), Doehlert Matrix (DM),
three-level full factorial designs, and others are among the methodologies used [27]. In this study,
the RSM methodology was adopted using a CCD design to analyze and optimize the effect of key
variables in foam concrete [10] incorporating lightweight aggregate from different sources and
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with different densities. Mathematical models were developed to link the mix inputs (input
variables) including coarse aggregate (Ponza, Leca, EPS) with resulting properties (responses)
such as density, compressive strength, flexural strength and thermal conductivity. These models
were also used within an optimization process to determine the optimal mix that achieves the best
balance between mechanical performance and physical properties while minimizing the number
of laboratory experiments to the lowest possible level.

3. Experimental Details
3.1 Materials

To produce all foam concrete mixes, Ordinary Portland Cement (OPC) (Type I) was used with a
specific gravity of 3.15 which conforms ASTM C150 [28]. Silica sand was used as a filler (fine
aggregate) with particle size ranged between 0.6 and 1.18 mm. It was verified to be free from salts
ensuring its suitability for concrete mixtures without adverse effects on concrete mechanical
properties or durability with a specific gravity of 2.6. Fly ash (FA) used was Class F which conforms
to ASTM C 618 [29]. Its specific gravity was 2.1 and it was added at a rate of 20% of the weight of
silica sand. In addition, silica fume (SF) with a specific gravity of 2.2 conforms to ASTM C1240 [30],
was added at a rate of 10% of the weight of cement [31]. Chemical compositions for cementitious
materials used are presented in Tablel.

To improve the workability and strength, superplasticizer (SP) (sika viscorete180 GS) was used in
this study in a dosage of 1.5% of cement weight with specific gravity of 1.1 [31]. Foam was
generated by mixing foaming agent 25gr for 1000g water with a density of 30 kg/m3, see Figure 1.
In addition, tap water was used for mixing the concrete. Three types of lightweight aggregates
(LWA) were adopted, see Figure 2. Firstly, natural lightweight aggregate (Ponza), which is porous
volcanic material characterized by low density and an open pore structure. Secondly, artificial
lightweight aggregate (lightweight expanded clay aggregate, Leca), produced through the thermal
treatment of clay at high temperatures, resulting in an expanded material with a predominantly
closed porous structure. Thirdly, expanded polystyrene (EPS), a synthetic lightweight aggregate
characterized by extremely low density, closed-cell structure, and excellent thermal insulation
properties. All aggregates were particles size distribution ranging from 4.75 mm to 10 mm
conforms to ASTM C330/C330M-23 for lightweight aggregates used in structural concrete [32].

Table 1. Oxide compositions of cementitious materials (wt.%)

SiOz CaO A1203 F€203 MgO 503 K204
Cement 19.36 61.21 4.78 5.24 4.31 2.41 -
Fly ash 46.93 9.78 29.66 6.32 1.62 0.38 1.59
Silica fume 92.1 0.98 1.02 1.93 0.79 0.1 -

S ——T ‘:‘-:1‘91’5'

Fig. 1. Foam generator and produced foam
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Fig. 2. Types of lightweight aggregates used

3.2 Mix Design

To achieve the lowest possible density using a selected type of lightweight aggregate, a water-
displacement method was adopted. A 10x10x10 cm cube was filled with the selected LWA and the
weight of the aggregate occupying the cube volume was measured as approximately 57% of the
cube volume. The remaining volume (43%) was occupied by the mortar matrix. The quantities of
all constituent materials were calculated using the absolute volume method [33], considering the
specific gravity and required volume of each constituent to obtain the desired concrete mix
proportions according to equation (1).

Weight(kg)

1
Specific gravity X Weight of water(1000kg/m?3) <

Absolute volume(m?) =

The value of 57% was the maximum total volume of LWA, so when used three types of lightweight
aggregates, the range of each type was between (0-19) % by volume. This range represented the
selected design ratios used as inputs in Minitab software to obtain the experimental mixes, as
shown in Figure 5. Then, the volume of required foam can be measured to fill the remaining of the
1 m3. When the proportions of three types of aggregates set to zero, the foam represents 57% of
volume, and this mixture is designated as the reference mix. The values of the cement used were
350 kg/m3, while the silica sand 388 kg/m3 and the amount of added fly ash 20% of silica sand
weight when the amount of silica fume added 10% of cement weight. Water amount was 122.5
kg/m3 and superplasticizer 1.5% of cement weight mix proportions are presented in Table 2.

3.3 Production

Saturated surface-dry (SSD) condition adopted in this study for each Leca and Ponza. The
aggregates were immersed in water for 24 h. After that, they were removed from the water, and
the excess water on their surfaces was removed before mixing. To produce LWC, dry materials
(cement, silica sand, silica fume, fly ash) were mixed firstly and then Ponza and Leca were added
and mixed with the dry materials. After that, wet mixing was done after adding the mixing water
approximately 80% of the total mixing water was added gradually while mixing continued [34].
The remaining 20% of the mixing water was premixed with the superplasticizer and then added to
the concrete mixture. After that, prepared foam with a specified volume was added and mixed. For
EPS mix, EPS was added after the foam to achieve uniform a mixture and to avoid the upward
flotation of EPS. The fresh mixture was then cast in oiled plastic molds and covered with nylon
sheets to prevent evaporation of water during the concrete hardening stage [19]. Figure 3 presents
the flowchart of the manufacturing production process.
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Table 2. Mix proportions of some selected mixes

Material Mix1 Mix4 Mix5 Mix9 Mix10 Mix12 Mix13 Mix16 Mix20
Cement (kg/m3) 350 350 350 350 350 350 350 350 350
Silica sand (kg/m3) 388 388 383 3883 383 388 383 388 388

Foam (L/m3) (Density = 30 kg/m3) 285 190 380 570 380 0 380 380 190
Ponza (kg/m3) (Density = 795 kg/m3) 75.5 75.5 151 O 0 151 0 0 151
Leca (kg/m3) (Density = 590 kg/m3) 56.05 56.05 0 0 56.05 112.1 1121 0 56.05
EPS (kg/m3) (Density = 12 kg/m3) 1.14 2.28 0 0 114 228 0 228 1.14

Silica fume (kg/m3) 35 35 35 35 35 35 35 35 35
Fly ash (kg/m3) 776 776 77.6 776 776 77.6 776 776 77.6
W/C ratio 0.35 0.35 0.35 0.35 035 035 035 035 0.35
Superplasticizer (kg/m3) 525 5.25 5.25 5.25 525 525 525 525 5725

dry materials
(Cement, silica sand, silica fume, fly ash)

.

Dry mix for 3 min

14— Leca + Ponza
Dry mix for 2 min
14— 80% Water amount
Dry mix for 3 min
20% Water + SP —"l
Dry mix for 5 min
14— Foam
Dry mix for 2 min
EPS —bl

Mixing until
homogeneous (2 min)

!

cast in oiled plastic molds and
covered with nylon sheets

Fig. 3. Flowchart of manufacturing production

4.Tests and Responses
4.1 Density

For all investigated mixes, the density (kg/m3) was calculated as the ratio of dry mass (kg) to
specimen volume (m3). Fresh density was measured (to verify the target design density)
immediately after mixing process in accordance with ASTM C138/C138M [35] by determining the
mass of fresh concrete, whereas dry density was determined in accordance with ASTM C642 [36]
by measuring the mass of dry concrete at the testing age by taking average density of three readings
for each age.

4.2 Compressive Strength

The compressive strength is the main indicator for evaluating the mechanical performance of
concrete. Compressive strength test was carried out on 100 mm cubes, and the average of three
specimens was recorded at 28 days of age according to ASTM C495 [37].
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4.3 Flexural Strength

Flexural tensile strength (modulus of rupture) which is also known as center-point load test, was
carried out on prismatic (40X40x160) mm according to ASTM C348-21 [53]. The average of three
readings was taken.

4.4 Thermal Conductivity

Thermal conductivity of concrete (A) is a ratio of heat flow to the temperature gradient and is
expressed in W/m-K. The test was conducted in accordance ASTM C1113 [38]. At 28 days, two
specimens of 50x50x30 mm cut from the center of a 100 mm cube were used after drying them in
an oven at 60°C for 24 hours until constant weight. As shown in Figure 4.

Fig. 4. Thermal conductivity testing: (a) Prepared specimens (b) Thermal conductivity
apparatus (c) Data acquisition and processing system

5. Results and Discussion

5.1 Response Results

Figure 5 shows the prepared mixes and the results obtained from the conducted responses tests.

. cl c2 c3 c4 cs c6 c7 cs c9 T cn A

StdOrder RunOrder PtType | Blocks | Ponza Leca EPS Density |Compressive strength| Flexural Thermal conductivity
1 17 1 0 1 9.5 9.5 9.5 1095 8.30 161 0.393
2 18 2 0 1 9.5 9.5 9.5 1090 8.10 1.58 0.385
3 15 3 0 1 95 9.5 95 1100 7.90 1.63 0.395
4 14 4 -1 1 9.5 9.5 19.0 1075 5.80 1.27 0.431
5 2 5 1 1 19.0 0.0 0.0 1170 11.50 2.64 0.525
6 16 6 0 1 95 9.5 95 1089 8.10 1.57 0.387
T 12 7 -1 1 95 19.0 95 1139 9.50 1.99 0.574
8 13 8 -1 1 9.5 9.5 0.0 1125 10.70 2.16 0.501
9 1 9 1 1 0.0 0.0 0.0 1024 .50 1.62 0.386
10 9 10 -1 1 0.0 9.5 9.5 1026 6.10 1.34 0.382
n [ " 1 1 19.0 0.0 19.0 1125 8.00 168 0.454
12 8 12 1 1 19.0 19.0 19.0 1295 16.40 3.81 0.595
13 3 13 1 1 0.0 19.0 0.0 1076 7.40 1.55 0.489
4 7 14 1 1 0.0 15.0 19.0 1011 6.43 1.28 0.428
15 4 15 1 1 19.0 19.0 0.0 1232 12.50 265 0.551
16 5 16 1 1 0.0 0.0 19.0 990 5.00 1.20 0.372
17 19 17 0 1 9.5 9.5 9.5 1120 8.20 1.62 0.401
18 11 18 -1 1 9.5 0.0 9.5 1136 9.00 1.78 0.479
19 20 19 0 1 95 95 95 1125 8.50 167 0.501
20 10 20 -1 1 19.0 9.5 9.5 1240 11.14 2.62 0.506

Fig. 5. Proportions of experimental mixes obtained from Minitab software and their measured
responses

The total number of experiments was determined according to equation (2) [24, 39].

No.of experiments = 2 + 2k + N, (2)

In this study, three independent variables (k=3) were adopted, resulting in 20 experimental
mixtures designed using Minitab software within the RSM methodology. These mixes included 14
factorial and axial experiments in addition to 6 experiments at the central point.
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The details of these trials, including the actual and coded values, as shown in Figure 5 and 6. The
actual values were converted to coded values using equation (3):

_ (Xi B X") 3
X = ®)
Where x; represents the coded value of the variable, X; the actual value, X- the central point value,
and AX the step change amount. An axial distance of o = £1.68 (select a through number of
continuous factor) was adopted to achieve the rotatability property in the design, as well as to
provide five levels for each independent variable. The experimental results obtained from these 20
mixtures were then used to develop the response surface models. Density of all tested foamed
concrete range between (990-1295) kg/m3. While, for 28-day the compressive strength of the
mixes was (5.80-16.40) MPa, the flexural strength (1.27-3.81) MPa and thermal conductivity was
from 0.382 to 0.595 W/m-K.

(0,0,a)
A

Hy /. (1,-11)
: (0,a,0)

H «

(1,-11)

(@,0,0) « * » (a,00)

i (1,1,-1)
(11,-1) [ CIATICCXTIRITCCOCEEITEy COCEY
R
(-1,-1,-1) ¢ (1,-1,-1)

(0, -, 0) ¥ (0,0, -a)

Fig. 6. Design matrix for mixtures using CCD (k=3)[24]

5.2 Selection and Establishing of RSM Models

In this study, for establishing of models, four mathematical models were developed to represent
the main responses, which are density, compressive strength, flexural tensile strength and thermal
conductivity. These models were created based on the actual values of the responses according to
equation (4) where the least squares method was used to estimate the regression coefficients for
all terms of the developed models.

k k kK k
Y=ﬁ°+z.3ixi+25iixi2+ZZﬁinin+ei (4)
i=1 i=1 i<j j

Y: is the predicted response value, X;, X; are the coded values of factor. f, B;, B;;, B;j are regression
coefficients for first, second and interaction terms, respectively, while e; is random experimental
error (residual error). k is number of independent variables. Regression analysis using the
Backward elimination procedure showed that the developed models can be adequately
represented using second-order polynomial models. This method was used to determine the extent
of each independent variable's contribution and its degree of influence on the response.
Subsequently, Analysis of Variance (ANOVA) was used to verify the significance of the models and
their statistical efficiency. Finally, the modified final forms of the mathematical models were
obtained as shown in equations (5-8) as follows:

Density = 1009.7 + 7.75 Ponza + 1.15 Leca + 0.220 Ponza * Leca (5)
Compressive strength
= 7.761 + 0.2029 Ponza — 0.266 Leca — 0.1777 EPS (6)
+ 0.01040 Leca * Leca + 0.00979 Ponza * Leca + 0.01098 Leca
* EPS
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Flexural = 1.850 — 0.0344 Ponza — 0.0331 Leca — 0.0444 EPS
+ 0.00389 Ponza * Ponza + 0.00295 Ponza * Leca + 0.00314 Leca  (7)
* EPS

Thermal conductivity = 0.3898 + 0.00646 Ponza — 0.00885 Leca + 0.000677 Leca (8)
*Leca

Where Ponza (X1), Leca (X2), and EPS (X3) represent the input variables, while Density: Y1,
Compressive strength: Y2, Flexural: Y3 and Thermal conductivity: Y4 represent output (responses).
5.3 Verification and Modification of RSM Models

ANOVA was conducted to assess the significance and adequacy of the developed regression models
and to determine the contribution of the input parameters to the studied responses. The results
indicated that most of the model terms were statistically significant, while some interaction and
quadratic terms were not significant and were therefore excluded to improve the model's accuracy.

Table 3. Analysis of variance for density quadratic model

Source DF Adj SS AdjMS  F-Value  P-Value Contribution %
Density model 3 100069 33356.3 38.99 0.000 87.97
Linear 2 96909  48454.5 56.64 0.000 85.19
Ponza 1 87422 874225 102.19 0.000 76.85
Leca 1 9486 9486.4 11.09 0.004 8.34
2-Way Interaction 1 3160 3160.1 3.69 N.S.*xx 2.78
Ponza*Leca 1 3160 3160.1 3.69 N.S.xx 2.78
Error 16 13688 855.5 12.03
Lack-of-Fit 11 12477 1134.2 4.68 0.050 10.97
Pure Error 5 1211 242.2 1.06
Total 19 113757 100.00
R-square 87.97%

R-Squared. Adj 85.71%

Table 4. Analysis of variance for compressive strength quadratic model

Source DF  AdjSS AdjMS F-Value .~ Contribution
Value %
Comprefrf;‘aeeftrength 6 117350 19.5583 1437  0.000 86.90
Linear 3 98.833 32.9442 24.21 0.000 73.19
Ponza 1 79.017 79.0172 58.07 0.000 58.51
Leca 1 14.957 14.9573 10.99 N.S.xx% 11.08
EPS 1 4.858 4.8581 3.57 N.S.** 3.60
Square 1 4.409 4.4086 3.24 N.S.*x* 3.26
Leca*Leca 1 4.409 4.4086 3.24 N.S.xx* 3.26
2-Way Interaction 2 14109 7.0544 5.18 0.022 10.45
Ponza*Leca 1 6.248 6.2481 4.59 0.052 4.63
Leca*EPS 1 7.861 7.8606 5.78 0.032 5.82
Error 13 17.689 1.3607 13.10
Lack-of-Fit 8 17.481 2.1851 52.44 0.000 12.95
Pure Error 5 0.208 0.0417 0.15
Total 19 135.039 100.00
R-square 86.90%
R-Squared. Adj 80.85%

The coefficients of determination (R?) for density, compressive strength, flexural strength, and
thermal conductivity were found to be 87.97%, 86.90%, 87.09%, and 73.95%, respectively, as
shown in Tables 3-6. These results indicate a generally good agreement between the experimental
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and predicted values. However, model adequacy was further evaluated using the ANOVA, Lack-of-
Fit test, and residual diagnostics. The results of the response surface analysis showed that the
coefficient of determination (R?) for thermal conductivity was 73.95, indicating that the developed
model explained a substantial proportion of the variability in the experimental data. The Adjusted
R? and Predicted R? were 69.07% and 63.07%, respectively, with a difference of only 6.00% (0.06)
between them. This difference is well below the 0.20 criterion recommended for reasonable
agreement between the Adjusted R? and Predicted R?[40], supporting the adequacy and predictive
capability of the developed model. Furthermore, the ANOVA results indicated that the model was
statistically significant (P-value < 0.001), while the Lack-of-Fit was not significant (P = 0.727 >
0.05), further confirming the suitability of the model [41].The relatively lower R? value obtained
for thermal conductivity compared with the other responses may be attributed to the complex
nature of heat transfer in lightweight concrete and the influence of several factors, including
density, porosity, moisture content, aggregate characteristics, and air-void structure[42-43].

Table 5. Analysis of variance for flexural quadratic model

Source DF Adj SS AdjMS F-Value P-Value Contribution %
Flexural model 6 6.68344 1.11391 14.62 0.000 87.09
Linear 3 485621 1.61874 21.25 0.000 63.28
Ponza 1 410881 4.10881 53.93 0.000 53.54
Leca 1 0.55696 0.55696 7.31 0.018 7.26
EPS 1 0.19044 0.19044 2.50 N.S.xx 2.48
Square 1 0.61600 0.61600 8.09 0.014 8.03
Ponza*Ponza 1 0.61600 0.61600 8.09 0.014 8.03
2-Way Interaction 2 1.21123 0.60561 7.95 0.006 15.78
Ponza*Leca 1 0.56711 0.56711 7.44 0.017 7.39
Leca*EPS 1 0.64411 0.64411 8.45 0.012 8.39
Error 13 0.99041 0.07619 12.91
Lack-of-Fit 8 0.98388 0.12299 94.12 0.000 12.82
Pure Error 5 0.00653 0.00131 0.09
Total 19 7.67385 100.00
R-square 87.09%
R-Squared. Adj 81.14%

Table 6. Analysis of variance for thermal conductivity quadratic model

Source DF Adj SS Adj MS F-Value P-Value % Contribution
Model 3 0.07088  0.023627 15.14 0.000 73.95
Linear 2 0.05222 0.026108 16.73 0.000 54.48
Ponza 1 0.03770  0.037700 24.16 0.000 39.33
Leca 1 0.01452 0.014516 9.30 0.008 15.15
Square 1 0.01867  0.018666 11.96 0.003 19.48
Leca*Leca 1 0.01867  0.018666 11.96 0.003 19.48
Error 16 0.02497  0.001560 26.05
Lack-of-Fit 11 0.01494  0.001358 0.68 0.727 15.59
Pure Error 5 0.01003 0.002006 10.46
Total 19 0.09585 100.00

R-square 73.95%

R-Squared. Adj 69.07

Therefore, part of the unexplained variation may be associated with factors that were not explicitly
incorporated into the present statistical model. Accordingly, the obtained R?* value of 73.95% can
be considered acceptable when evaluated in conjunction with the close agreement between the
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Adjusted R? and Predicted R? the statistically significant ANOVA result, and the non-significant
Lack-of-Fit. Thus, the relatively lower R® does not necessarily indicate inadequate model
performance, but may instead reflect the complex nature of thermal conductivity and the multiple
factors influencing heat transfer in lightweight concrete [40, 44].

The backward elimination procedure was performed using a-to-remove = 0.10; therefore, terms
with P-values between 0.05 and 0.10 were retained in the final models, although they were
considered statistically non-significant at the 5% level. The Lack-of-Fit of the density model (P =
0.050) was considered borderline and was therefore interpreted cautiously. For compressive
strength, the Lack-of-Fit was significant (P < 0.001), indicating that the model did not fully capture
all variability in the experimental response. Nevertheless, the overall regression model was
significant (P < 0.001), with R? and adjusted R* values of 86.90% and 80.85%, respectively. The
significant Lack-of-Fit may partly reflect the heterogeneous nature of lightweight foamed concrete,
where variations in the distribution of lightweight aggregates with different pore structures and
foam-generated air voids may introduce variability that is not fully captured by the model.
Therefore, the compressive strength model was retained for evaluating the investigated factor
effects within the studied experimental domain, while the significant Lack-of-Fit was explicitly
recognized as a limitation when interpreting the model results. The final analysis of the modified
models showed that the studied properties can be arranged according to the degree of effect of the
input variables on the resulting responses as follows:

e Density: - the ranking of the influential variables was as follows (Ponza > Leca > Ponza x Leca).
Where the Ponza variable showed the greatest effect on density compared to the other
variables.

e Compressive Strength: - the ranking of the influential variables was as follows (Ponza > Leca >
Leca x EPS > Ponza x Leca > EPS > Leca x Leca). Where the Ponza variable had the greatest
effect on compressive strength, while the effect of the EPS variable was less significant
compared to the other variables.

e Flexural Strength: - the ranking of the influential variables was as follows (Ponza > Leca x EPS
> Ponza x Ponza > Ponza x Leca > Leca > EPS). Where the Ponza variable showed the greatest
effect on flexural strength compared to the other variables.

e Thermal Conductivity: - the ranking of the influential variables was as follows (Ponza > Leca x
Leca > Leca). Where the Ponza variable had the greatest effect on the thermal conductivity
coefficient compared to the other variables. Thermal conductivity is inversely related with
thermal insulation, so the Ponza variable had the lowest effect on the thermal insulation.

A detailed additional discussion will be provided on the effect of individual and interaction
variables on the studied properties.

5.4 Effect of Input Parameters

Analyzing the effect of lightweight aggregate ratios on the properties of lightweight foam concrete
is important for understanding the behavior of the developed mixes. The individual and combined
effects of Ponza, Leca and EPS on density, compressive strength, flexural strength, and thermal
conductivity were evaluated based on the results of regression analysis. To this end, contour plots
and three-dimensional surface plots were generated to illustrate the relationship between the
input variables and the studied responses. The contour plot for density shown in Figure 7a
illustrates the interaction between the ratios of Leca and Ponza on density, where it is observed
that increasing the Leca ratio leads to a slight decrease in density compared to Ponza, due to the
lower specific weight and higher porosity of Leca particles. The porous structure of Leca contains
numerous internal air-filled voids, which reduce the amount of solid material per unit volume and
consequently contribute to the reduction in concrete density [4]. The surface plots in Figure 7b and
¢ also show the combined effect of both Leca and Ponza and EPS on density, where the results
indicate that increasing the EPS content leads to a significant decrease in density due to its lower
bulk density compared to the lightweight aggregate [45]. This reduction is mainly associated with
the cellular structure of EPS, which contains a large volume of enclosed air and therefore introduces
more low-density regions into the concrete matrix [15].
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The density values ranged from approximately 990 to 1295 kg/m?* depending on the variations in
the lightweight aggregate ratios in the mixes. The compressive strength contour plot in Figure 8a
shows the interaction between the ratio of Leca and Ponza lightweight aggregates on the
compressive strength where it can be observed that increasing the ratio of Ponza leads to an
improvement in compressive strength compared to Leca [45]. This is due to the higher Ponza
hardness and better mechanical bonding within the cement paste. The rough and irregular surface
of Ponza can also enhance mechanical interlocking with the cement paste, resulting in more
effective stress transfer through the aggregate-matrix system [19].The surface graphs in Figure 8b
and c also show the combined effect of Ponza, Leca and EPS on the compressive strength where the
results show that increasing the EPS content leads to a decrease in the compressive strength due
to its lower hardness and weaker bond compared to the light mineral additive [19, 46]. In addition,
the low stiffness of EPS limits its ability to transfer applied loads efficiently to the surrounding
cementitious matrix, which contributes to the reduction in compressive strength [15]. The
compressive strength value varied between about 5 MPa and 16.4 MPa depending on the difference
in the amount and type of added LWA in the mixes.
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Fig. 7. Effect of LWA ratio on density: (a)Contour plot of density Vs Leca, Ponza, (b) Surface Plot
of Ponza vs Leca, EPS, (c) Surface plot of density vs Leca, Ponza
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Fig. 8. Effect of LWA ratio on compressive strength: (a) Contour plot of compressive strength Vs
Leca, Ponza, (b) Surface plot of compressive strength vs Leca, Ponza, (c) Surface plot of
compressive strength vs EPS, Leca

The flexural strength contour plot in Figure 9a shows the interaction between Leca and Ponza
ratios on flexural strength where it can be observed that increasing the Ponza ratio leads to an
improvement in flexural strength compared to Leca. This is due to the enhanced bonding between
the aggregate particles and the cement matrix. The improved mechanical interlocking and stress
transfer at the aggregate-matrix interface can help the concrete resist the tensile stresses
developed during flexural loading [11, 19]. Furthermore, the surface plots in Figure 9b and c show
the effect of both Leca and EPS on the flexural strength where the results show that increasing the
proportion of EPS leads to a slight decrease in the flexural strength due to the lower hardness of
this type of addition [47]. This behavior can be attributed to the relatively low stiffness of EPS,
which reduces its contribution to load transfer within the cementitious matrix [15]. The highest
value of the flexural strength was about 3.81 MPa based on the change in the amount and type of
added LWA. The thermal conductivity contour plot shown in Figure 10a illustrates the mutual effect
of the proportions of Ponza and Leca on thermal conductivity, where it is observed that increasing
the proportion of Ponza leads to a decrease in thermal conductivity due to its porous structure and
low heat transfer [45, 47]. The air-filled pores within the porous Ponza structure interrupt
continuous heat-transfer paths through the solid phase, thereby increasing thermal resistance and
reducing thermal conductivity [11].
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The surface plot in Figure 10b also shows the combined effect of Ponza, Leca, and EPS on thermal
conductivity. The results indicate that increasing the EPS content significantly decrease thermal
conductivity. This reduction can be attributed to the closed-cell structure and excellent insulating
properties [19]. The closed air-filled cells of EPS limit heat transfer through the material and
provide additional thermal resistance, resulting in lower thermal conductivity [15]. The thermal
conductivity values ranged between approximately 0.595 and 0.372 W/m-K depending on the
variations in the lightweight aggregate ratios and type. In general, the results confirm that natural
lightweight aggregates such as Ponza contribute positively to improving mechanical properties,
while both Leca and EPS play an important role in reducing density and thermal conductivity,
making the produced mixes suitable for use in semi-structural lightweight concrete and thermal
insulation applications.
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Fig. 9. Effect of LWA ratio on flexural (a) Contour plot of flexural Vs Leca, Ponza, (b) Surface
plot of flexural vs Leca, Ponza, (c) Surface plot of flexural vs EPS, Leca

Normal probability plots of the residuals were used to assess the fit of the developed regression
models. As shown in Figure 11, the residual points tend to align with the reference straight line
without any obvious systematic deviations, indicating that the residuals approximately follow a
normal distribution [48]. Figure 12 also shows residuals versus fitted values plots, where the
residuals appear randomly distributed around the zero line without any clear pattern or consistent
curvature.
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Fig. 11. Normal probability plot of residuals for the (a) Density, (b) Compressive strength, (c)
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This suggests there is no clear violation of the constant variance assumption and supports the fit of
the developed models to the experimental data. Overall, the residual diagnostics showed
acceptable residual behavior for the developed models; however, these results were interpreted
together with the ANOVA and Lack-of-Fit results.

5.5 Responses Optimization

In this study, optimization was carried out using Minitab 17 software by maximizing or minimizing
the Desirability Function for all responses to determine the optimal values of the studied variables
[49]. During the numerical optimization process, the optimal mixture proportions were 17.8485%
Ponza, 4.2222% Leca and 0% EPS.

The optimization aimed to maximize compressive and splitting tensile strength while minimizing
density and thermal conductivity. These criteria were selected to achieve a balance between
mechanical performance and thermal conductivity. The selection of the numerical optimization
program (Response Optimization) for these ratios is not random, but rather depends on achieving
the best balance among all the required responses. Therefore, the program preferred Ponza of
17.8485%, Leca of 4.2222%, and EPS of 0% for the following reasons. Ponza is a porous and
lightweight material, but it has better adhesion with cement paste compared to EPS, which helps
to relatively improve compressive strength, maintain low density, reduce thermal conductivity due
to its porous nature [50]. Therefore, the program gave it a higher rating to achieve a balance
between strength and insulation. While, Leca is characterized by higher mechanical strength than
most lightweight aggregates, closed porous structure that helps reduce thermal conductivity [19,
50], improved split tensile strength due to increased internal structure bonding. For this reason, it
has been used in limited but effective amounts to improve mechanical properties without
significantly increasing density [51].

The numerical optimization program excluded EPS from the optimal mix. Although EPS provides
high efficiency in thermal insulation, it has lower mechanical performance than Ponza and Leca. Its
use resulted in lower compressive strength and splitting tensile strength. In addition, its smooth
surface and low cohesion may lead to weaker bonding with the cement matrix [50, 52]. Therefore,
its negative effect on mechanical properties outweighed its thermal insulation benefit under the
applied optimization criteria.

18



Ghasak and Ameer / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

Response Optimizer X

Optimize up to 25 responses:

Response Goal Target
Thermal conductivity Minimize
Flexural Maximize

Compressive strengt Maximize

KRR K

Density Minimize

Setup... ‘ Options... | Graphs... ‘

Results... ‘ Storage... | View Model... ‘

Help oK | Cancel ‘
Optimal . Ponza Leca EPS
. Hig 19.0 19.0 19.0
=5 0‘4?47 Cur [17.8485] [4.2222] [0.0]
Predict Loww 0.0 0.0 0.0

Composite
Desirability —t —_ —
D: 0.4947

Thermal
Minimum
y = 0.4798
d = 0.51637

Flexural ; "
Maximum e
y = 2.5569

d = 0.51989

Compress )
Maximum ********j}?’**l*"*;*****ﬁ:jj *******
y = 11.1809 } B
d = 0.54218

Density
Minimum
y = 1169.5023
d = 0.41147

Fig. 13. Optimization criteria and optimum mix results

Instead, the program preferred to rely on foam voids (entrained air voids) because it effectively
reduces density and thermal conductivity through a uniform and consistent distribution of voids
within the foam concrete provides: homogeneous distribution of voids, better stability than
granular materials, less negative impact on strength compared to lightweight aggregate [5]. This
makes it more balanced choice for achieving the highest compressive strength and highest splitting
tensile strength while maintaining the lowest density and best thermal insulation simultaneously
[14].

The optimum mixture was experimentally prepared and tested independently after completing the
RSM optimization process. The experimental results of this mixture were not included in the
dataset used to develop the RSM models. As shown in Fig. 14, good agreement was observed
between the predicted and experimental results for density, compressive strength, flexural
strength, and thermal conductivity, with percentage errors of approximately 0.81%, 1.05%, 3.52%,
and 3.83%, respectively. The low prediction errors confirm the reliability of the developed models
in predicting the responses of the optimum mixture.
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Fig. 15. Distribution of hybrid LWA in foam concrete

6. Conclusion

In this study, a comprehensive experimental and statistical investigation was conducted to evaluate
and improve the performance of foam concrete by adding hybrid lightweight aggregates, which
include Ponza, Leca, and Expanded Polystyrene (EPS), utilizing the RSM based on CCD. The main
objective was to achieve an optimal balance between mechanical properties and thermal
performance while maintaining low density. The experimental results showed that the density of
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the lightweight foam concrete mixes ranged from 990 to 1295 kg/m?, indicating successful
production of lightweight concrete within the required classifications. Compressive strength
ranged from 5.80 to 16.40 MPa, while flexural strength ranged from 1.27 to 3.81 MPa. Additionally,
the thermal conductivity values ranged from 0.382 to 0.595 W/m- K, confirming the suitability of
this concrete for thermal insulation applications.

Statistical modeling using the RSM methodology demonstrated good predictive performance. The
developed quadratic models showed good agreement with the experimental results. Analysis of
variance showed that Ponza was the most influential factor on all studied properties, particularly
density and mechanical strength. Increasing its content improved compressive and flexural
strength due to its better bonding ability with the cement paste. In contrast, lightweight aggregate
contributed to reducing density and thermal conductivity while maintaining acceptable mechanical
performance. EPS had a clear effect in reducing density and thermal conductivity, but it negatively
affected mechanical properties due to weak cohesion and low stiffness. Therefore, different
lightweight aggregates were combined (hybrid) to achieve the best possible performance. The
interaction effects between the investigated variables played a significant role in determining the
overall performance of the lightweight foam concrete mixes. The interaction between Ponza and
Leca contributed to the improvement of both strength and density, as shown by the contour and
surface plots in Figures 7 and 8, while the interaction involving EPS led to a reduction in mechanical
performance. This confirms the importance of achieving a precise balance between different
lightweight aggregate proportions to obtain the best possible performance. The optimization
process using the desirability function showed that the optimal mix proportions are approximately
17.85% Ponza, 4.22% Leca, and 0% EPS. This mix achieved a balanced performance characterized
by improved mechanical properties, reduced density, and enhanced thermal insulation. The
exclusion of EPS from the optimal mix indicates that its negative effect on strength outweighs its
thermal benefit under the applied optimization conditions. Finally, the validation results showed
good agreement between the experimental and predicted values, confirming the reliability of the
RSM methodology as an effective tool for designing and optimizing foamed concrete mixes using
hybrid lightweight aggregates. In general, this study demonstrates that combining multiple types
of lightweight aggregate with advanced statistical optimization techniques is an effective approach
to producing lightweight foamed concrete for semi-structural and thermal insulation applications.

References

[1] Neville AM. Properties of concrete. Pearson Education India; 1963.

[2] ACI Committee 213R-14. Guide for Structural Lightweight-Aggregate Concrete. 2023.

[3] Hilal AA. Properties and microstructure of pre-formed foamed concretes [dissertation]. University of
Nottingham; 2015.

[4] Rossignolo JA, Agnesini MV, Morais JA. Properties of high-performance LWAC for precast structures with
Brazilian lightweight aggregates. Cement and Concrete Composites. 2003;25(1):77-82.
https://doi.org/10.1016/S0958-9465(01)00046-4

[5] Jones M, McCarthy A. Preliminary views on the potential of foamed concrete as a structural material.
Magazine of concrete research. 2005;57(1):21-31. https://doi.org/10.1680/macr.2005.57.1.21

[6] Amran YM, Farzadnia N, Ali AA. Properties and applications of foamed concrete; a review. Construction
and Building Materials. 2015;101:990-1005. https://doi.org/10.1016/j.conbuildmat.2015.10.112

[7] Kearsley E, Wainwright P. The effect of porosity on the strength of foamed concrete. Cement and concrete
research. 2002;32(2):233-239. https://doi.org/10.1016/S0008-8846(01)00665-2

[8] Abbas AM, Hilal AA. Prediction of strength of foamed concrete containing waste plastic as coarse and fine
aggregates using Minitab software. In: 2021 14th International Conference on Developments in eSystems
Engineering (DeSE). IEEE; 2021. https://doi.org/10.1109/DeSE54285.2021.9719519

[9] Abd OA, Hilal AA, Khaleel TA. The Effect of Adding Waste Tire Rubber on Compressive Strength, Impact
Resistance, and Damping Ratio of Fiber-Reinforced Foamed Concrete. Engineering, Technology & Applied
Science Research. 2025;15(1):19078-19085. https://doi.org/10.48084 /etasr.9162

[10] Njyman A], Hilal AA. Optimizing Strength and Impact of Hybrid Fiber Reinforced Modified Foamed
Concrete by Response Surface Method (RSM). Civil and Environmental Engineering. 2025;21(1):462-474.
https://doi.org/10.2478/cee-2025-0035

[11] Hossain KMA. Properties of volcanic pumice based cement and lightweight concrete. Cement and
concrete research. 2004;34(2):283-291. https://doi.org/10.1016/j.cemconres.2003.08.004

21


https://doi.org/10.1016/S0958-9465(01)00046-4
https://doi.org/10.1680/macr.2005.57.1.21
https://doi.org/10.1016/j.conbuildmat.2015.10.112
https://doi.org/10.1016/S0008-8846(01)00665-2
https://doi.org/10.1109/DeSE54285.2021.9719519
https://doi.org/10.48084/etasr.9162
https://doi.org/10.2478/cee-2025-0035
https://doi.org/10.1016/j.cemconres.2003.08.004

Ghasak and Ameer / Research on Engineering Structures & Materials x(x) (xxxx) xXX-Xx

[12] Topgu IB, Isikdag B. Effect of expanded perlite aggregate on the properties of lightweight concrete.
Journal of materials processing technology. 2008;204(1-3):34-38.
https://doi.org/10.1016/j.jmatprotec.2007.10.052

[13] Kayali O, Haque M, Zhu B. Some characteristics of high strength fiber reinforced lightweight aggregate
concrete. Cement and concrete composites. 2003;25(2):207-213. https://doi.org/10.1016/S0958-
9465(02)00016-1

[14] Cook DJ. Expanded polystyrene beads as lightweight aggregate for concrete. School of Civil Engineering,
University of New South Wales; 1972.

[15] Prasittisopin L, Termkhajornkit P, Kim YH. Review of concrete with expanded polystyrene (EPS):
Performance and environmental aspects. Journal of Cleaner Production. 2022;366:132919.
https://doi.org/10.1016/j.jclepro.2022.132919

[16] Ali T, et al. Sustainable concrete production through the integration of waste foundry sand, fly ash, silica
fume and metakaolin. Scientific Reports. 2025;15(1):27512. https://doi.org/10.1038/s41598-025-
13277-9

[17] Monteiro P. Concrete: microstructure, properties, and materials. McGraw-Hill Publishing; 2006.

[18] Tikalsky PJ, et al. Use of fly ash in concrete. ACI Committee 232. 2002.

[19] Hilal AA. Effect of aggregate roughness on strength and permeation characteristics of lightweight
aggregate concrete. Journal of Engineering. 2021;2021(1):9505625.
https://doi.org/10.1155/2021/9505625

[20] Kursuncu B, et al. Optimization of foam concrete characteristics using response surface methodology
and artificial neural networks. Construction and Building Materials. 2022;337:127575.
https://doi.org/10.1016/j.conbuildmat.2022.127575

[21] Asadzadeh S, Khoshbayan S. Multi-objective optimization of influential factors on production process of
foamed concrete using Box-Behnken approach. Construction and Building Materials. 2018;170:101-110.
https://doi.org/10.1016/j.conbuildmat.2018.02.189

[22] Liu K, Qu W, Zeng H. Multi-objective optimization design of foamed cement mix proportion based on
response surface methodology. Buildings. 2025;15(15):2782.
https://doi.org/10.3390/buildings15152782

[23] Bezerra MA, et al. Response surface methodology (RSM) as a tool for optimization in analytical
chemistry. Talanta. 2008;76(5):965-977. https://doi.org/10.1016/j.talanta.2008.05.019

[24] Montgomery DC. Design and analysis of experiments. John Wiley & Sons; 2017.

[25] Cui H, et al. Analytical model for compressive strength, elastic modulus and peak strain of structural
lightweight aggregate concrete. Construction and building materials. 2012;36:1036-1043.
https://doi.org/10.1016/j.conbuildmat.2012.06.034

[26] Alsanusi S, Bentaher L. Prediction of compressive strength of concrete from early age test result using
design of experiments (RSM). Int ] Civ Environ Struct Constr Archit Eng. 2015;9(12):1559-1563.

[27] Chong BW, et al. Design of experiment on concrete mechanical properties prediction: a critical review.
Materials. 2021;14(8):1866. https://doi.org/10.3390/ma14081866

[28] ASTM International. ASTM C150/C150M-24: Standard specification for Portland cement. West
Conshohocken, PA; 2024.

[29] ASTM International. ASTM C618-23: Standard specification for coal fly ash and raw or calcined natural
pozzolan for use in concrete. West Conshohocken, PA; 2023.

[30] ASTM International. ASTM C1240-20: Standard specification for silica fume used in cementitious
mixtures. West Conshohocken, PA; 2020.

[31] Mhedi NM, Hilal AA, Al-Hadithi A. Re-use of waste plastic as fibers in production of modified foamed
concrete. In: 2018 11th International Conference on Developments in eSystems Engineering (DeSE). IEEE;
2018. https://doi.org/10.1109/DeSE.2018.00059

[32] ASTM International. ASTM C330/C330M-23: Standard Specification for Lightweight Aggregates for
Structural Concrete. West Conshohocken, PA; 2023.

[33] Hilal AA, Thom NH, Dawson AR. Failure mechanism of foamed concrete made with/without additives
and lightweight aggregate. Journal of Advanced Concrete Technology. 2016;14(9):511-520.
https://doi.org/10.3151 /jact.14.511

[34] Hilal AA, Thom NH, Dawson AR. On void structure and strength of foamed concrete made without/with
additives. Construction and Building Materials. 2015;85:157-164.
https://doi.org/10.1016/j.conbuildmat.2015.03.093

[35] ASTM International. ASTM C138/C138M-23: Standard test method for density (unit weight), yield, and
air content (gravimetric) of concrete. West Conshohocken, PA; 2023.

[36] ASTM International. ASTM C642-21: Standard Test Method for Density, Absorption, and Voids in
Hardened Concrete. West Conshohocken, PA; 2021.

[37] ASTM International. ASTM C495/C495M-12(2019): Standard test method for compressive strength of
lightweight insulating concrete. West Conshohocken, PA; 2019.

22


https://doi.org/10.1016/j.jmatprotec.2007.10.052
https://doi.org/10.1016/S0958-9465(02)00016-1
https://doi.org/10.1016/S0958-9465(02)00016-1
https://doi.org/10.1016/j.jclepro.2022.132919
https://doi.org/10.1038/s41598-025-13277-9
https://doi.org/10.1038/s41598-025-13277-9
https://doi.org/10.1155/2021/9505625
https://doi.org/10.1016/j.conbuildmat.2022.127575
https://doi.org/10.1016/j.conbuildmat.2018.02.189
https://doi.org/10.3390/buildings15152782
https://doi.org/10.1016/j.talanta.2008.05.019
https://doi.org/10.1016/j.conbuildmat.2012.06.034
https://doi.org/10.3390/ma14081866
https://doi.org/10.1109/DeSE.2018.00059
https://doi.org/10.3151/jact.14.511
https://doi.org/10.1016/j.conbuildmat.2015.03.093

Ghasak and Ameer / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

[38] ASTM International. ASTM C1113/C1113M-09(2024): Standard test method for thermal conductivity of
refractories by hot wire (platinum resistance thermometer technique). West Conshohocken, PA; 2024.

[39] Cihan MT, Giiner A, Yiizer N. Response surfaces for compressive strength of concrete. Construction and
Building Materials. 2013;40:763-774. https://doi.org/10.1016/j.conbuildmat.2012.11.048

[40] Bayuo ], et al. Modeling and optimization of independent factors influencing lead (II) biosorption from
aqueous systems: A statistical approach. Scientific African. 2022;16:e01270.
https://doi.org/10.1016/j.sciaf.2022.e01270

[41] Zhu LW, et al. Actinobacillus succinogenes ATCC 55618 fermentation medium optimization for the
production of succinic acid by response surface methodology. BioMed Research International
2012;2012(1):626137. https://doi.org/10.1155/2012/626137

[42] Zhao Z, et al. Numerical simulation of pore structure and heat transfer behavior in aerated concrete.
Construction and Building Materials. 2023;364:129934.
https://doi.org/10.1016/j.conbuildmat.2022.129934

[43] Beytekin HE, et al. Innovative lightweight concrete: effect of fiber, bacteria and nanomaterials. Iranian
Polymer Journal. 2024;33(9):1327-1350. https://doi.org/10.1007/s13726-024-01313-w

[44] Real S, et al. Thermal conductivity of structural lightweight aggregate concrete. Magazine of Concrete
Research. 2016;68(15):798-808. https://doi.org/10.1680/jmacr.15.00424

[45] Oktay H, Yumrutas R, Akpolat A. Mechanical and thermophysical properties of lightweight aggregate
concretes. Construction and Building Materials. 2015;96:217-225.
https://doi.org/10.1016/j.conbuildmat.2015.08.015

[46] Schackow A, et al. Mechanical and thermal properties of lightweight concretes with vermiculite and EPS
using  air-entraining agent. Construction and building materials. 2014;57:190-197.
https://doi.org/10.1016/j.conbuildmat.2014.02.009

[47] Tuncer M, et al. Engineering properties and thermal conductivity of lightweight concrete with polyester-
coated pumice aggregates. Science and Engineering of Composite Materials. 2025;32(1):20250057.
https://doi.org/10.1515/secm-2025-0057

[48] Azeez AT, Hassan MS, Attiyah AAH. Modelling the complementary role of inert slag aggregate and waste
glass on concrete mechanical strengths using the response surface and design-of-experiment approach.
Construction and Building Materials. 2023;409:134199.
https://doi.org/10.1016/j.conbuildmat.2023.134199

[49] Abbas AM, Hilal AA, Mohammed HA. Optimum Proportions and Properties of Foamed Concrete Made
with Waste Plastic as Fine and Coarse Aggregate. Journal of Materials in Civil Engineering.
2026;38(7):04026170. https://doi.org/10.1061/IMCEE7.MTENG-20639

[50] Chandra S, Berntsson L. Lightweight aggregate concrete. Elsevier; 2002. https://doi.org/10.1016/B978-
081551486-2.50009-2

[51] Mostofinejad D, et al. Innovative energy-efficient lightweight concrete with improved thermal and
mechanical properties using PCM-impregnated LECA aggregates. Construction and Building Materials.
2025;482:141588. https://doi.org/10.1016/j.conbuildmat.2025.141588

[52] Boussetoua H, et al. Mechanical and hygrothermal characterisation of cork concrete composite:
experimental and modelling study. European Journal of Environmental and Civil Engineering.
2020;24(4):456-471. https://doi.org/10.1080/19648189.2017.1397551

[53] ASTM International. ASTM C348-21: Standard Test Method for Flexural Strength of Hydraulic-Cement
Mortars. West Conshohocken, PA; 2021.

[54] Mohamed A, et al. Innovative optimization of seashell ash-based lightweight foamed concrete:
Enhancing physicomechanical properties through ANN-GA hybrid approach. Reviews on Advanced
Materials Science. 2025;64(1):20250131. https://doi.org/10.1515/rams-2025-0131

[55] Wang D, et al. Mix Design Optimization of Coal Gangue-Based Geopolymer Foamed Concrete Using
Response Surface Methodology. Materials. 2025;18(16):3801. https://doi.org/10.3390/ma18163801

23


https://doi.org/10.1016/j.conbuildmat.2012.11.048
https://doi.org/10.1016/j.sciaf.2022.e01270
https://doi.org/10.1155/2012/626137
https://doi.org/10.1016/j.conbuildmat.2022.129934
https://doi.org/10.1007/s13726-024-01313-w
https://doi.org/10.1680/jmacr.15.00424
https://doi.org/10.1016/j.conbuildmat.2015.08.015
https://doi.org/10.1016/j.conbuildmat.2014.02.009
https://doi.org/10.1515/secm-2025-0057
https://doi.org/10.1016/j.conbuildmat.2023.134199
https://doi.org/10.1061/JMCEE7.MTENG-20639
https://doi.org/10.1016/B978-081551486-2.50009-2
https://doi.org/10.1016/B978-081551486-2.50009-2
https://doi.org/10.1016/j.conbuildmat.2025.141588
https://doi.org/10.1080/19648189.2017.1397551
https://doi.org/10.1515/rams-2025-0131
https://doi.org/10.3390/ma18163801

