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RS	� River sand
RG	� Recycled glass
DOE	� Design of experiments
SEM	� Scanning electron microscopy
EDS	� Energy dispersive spectroscopy
TC	� Thermal conductivity

Introduction

In the last decades, the construction industry has faced sev-
eral significant challenges, such as insufficient supply of 
essential raw materials, high energy consumption, consid-
erable CO2 emissions, and accumulation of waste in open 
areas, all negatively impacting the environment. As a result, 
researchers have increasingly focused on recovering local 
materials and integrating waste in construction materials, 
including vegetal, mineral, and metallic waste [1, 2]. This 
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Abstract
The growing demand for sustainable construction materials has led to increased interest in utilizing industrial waste in 
concrete production. In particular, the replacement of conventional fillers with recycled materials presents both envi-
ronmental and technical advantages. This study investigates the partial replacement of limestone filler (LF), with two 
powdered materials, waste glass powder (WGP) and waste expanded perlite (WEP), in desert sand concrete (DSC). The 
Design of Experiments technique was employed to assess the influence of these substitutions on the fresh and hardened 
properties of DSC, including workability, compressive strength, thermal conductivity, water absorption, and microstruc-
ture. Results showed that combining LF and WGP improved workability by up to 15.27%, while WEP tended to reduce 
it. Thermal conductivity was significantly reduced by WEP, achieving up to 15.29% reduction at full replacement. Com-
pressive strength increased by up to 56% at 90 days with WGP, while ternary blends (LF–WGP–WEP) improved strength 
by 11.9%–24.85% compared to the control mix. Full replacement of LF with WGP also reduced water absorption by 
approximately 35.52%. SEM and EDX analyses revealed that WGP enhanced the microstructure and promoted C–S–H 
formation, contributing to reduced porosity and improved performance. These findings highlight the sustainable potential 
of reusing industrial waste in DSC to achieve both environmental and technical benefits. The approach supports circular 
economy principles and presents a promising solution for eco-efficient construction in arid regions.
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practice not only helps mitigate the environmental impact 
of waste but also offers a potential solution for its disposal 
[3, 4]. Recent studies further indicate that the depletion 
raw material and mismanaging waste can be addressed by 
valorizing untapped local resources and recycling discarded 
materials [1, 5, 6].

In ordinary concrete, natural sand constitutes approxi-
mately 25–28% of the total aggregate volume. Despite its 
relatively small proportion, it plays an important role in 
determining the properties of the concrete [7, 8]. This role is 
even more significant in sand concrete, where the total vol-
ume of aggregates is entirely sand. In many regions, rivers 
serve as the main source of sand (river sand, RS) for con-
crete production. However, the increasing scarcity of such 
materials due to overuse and ecological harm is causing 
significant environmental and economic challenges, making 
the exploration of alternative resources crucial [9, 10].

In this context, Desert Sand (DS) emerges as a promising 
alternative. Abundant in arid regions like the Sahara, DS has 
gained increasing attention for its potential use as fine aggre-
gates in concrete and mortar [11, 12]. For instance, Bederina 
et al. [13] demonstrated that using DS and RS in specific 
proportions, along with LF, can produce sand concrete that 
meets essential workability and strength requirements. With 
the depletion of RS, using DS in sustainable construction 
practices offers an attractive solution to address the growing 
demand for sand in the construction industry [9, 14].

Huynh et al. [9] reported that the total replacement of 
RS with DS reduces workability, mechanical strength, and 
ultrasonic pulse velocity while increasing drying shrinkage, 
porosity, water absorption, and chloride permeability. Nev-
ertheless, mixtures containing 50% or 100% DS combined 
with 35% ground granulated blast furnace slag showed sig-
nificant performance improvements, surpassing the mini-
mum requirements for most construction applications.

Similarly, Kaufmann [15] investigated using DS in 
combination with calcium sulfoaluminate cement as an 
eco-friendly alternative to traditional Portland cement. 
The high gypsum content in this cement promoted ettrin-
gite formation, retaining mixing water and addressing the 
high water demand of DS. This approach produces a denser 
microstructure and improved mechanical performance. 
Additionally, Wang et al. [16] investigated the freeze–thaw 
resistance of 3D-printed composites with DS, finding that a 
sand-to-cement (S/C) ratio of 1.7 offered optimal mechani-
cal performance and freeze–thaw resistance. Dong et al. 
[17] explored the partial replacement (0 to 40%) of RS with 
DS in lightweight pozzolan aggregate concrete, and their 
results indicated that substitution rates of 20–30% improved 
freeze–thaw resistance.

In parallel with the research on alternative aggre-
gates, the recycling of industrial waste materials presents 

another promising way to improve the sustainability of 
concrete. Glass waste, which is often disposed of in land-
fills, has gained attention as an alternative to both natural 
aggregates and cement. Sustainable development demands 
efficient waste management, reduced landfill use, and 
increased recycling and reuse in civil engineering [18]. 
Reusing glass waste as a substitute for natural aggregates 
or Portland cement has been widely studied to address the 
approximately 200 million tons of glass landfilled annually. 
However, global recycling rates remain low despite ongo-
ing efforts. Given the rising consumption of glass prod-
ucts, recycling offers a practical solution. Over the last two 
decades, numerous studies have confirmed the feasibility of 
incorporating recycled glass (RG) in concrete, either as a 
partial or full replacement for aggregates [19–21] or as a 
partial replacement for cement [21–23].

Previous studies highlight uncertainties regarding the 
impact of RG, in both powder or coarse form, on the work-
ability of concrete mixtures. The mechanical properties 
of concrete are primarily influenced by the fineness of the 
incorporated RG and the curing age of concrete [24, 25]. 
Most studies report that RG decreases thermal conductiv-
ity, improves thermal properties, and reduces sorptivity. 
For example, Sikora [26] and Maglad [27] showed that fine 
RG aggregates can successfully replace natural fine sand 
without adversely affecting the mechanical performance of 
concrete.

Ammari et al. [28] found that partially replacing cement 
with WGP enhances the flexural and compressive strength 
of sand concrete by up to 9% and 18%, respectively, with an 
optimal WGP addition of 10%, whereas thermal conductiv-
ity and shrinkage were reduced by 12.74% and 20%, respec-
tively. Similarly, Shayan [29] showed that WGP could 
replace up to 30% of cement in 40 MPa concrete, achieving 
55 MPa at 404 days while improving resistance to chloride 
penetration and lowering greenhouse gas emissions.

In addition to glass, expanded perlite (an amorphous 
volcanic rock) offers potential as a sustainable additive. Its 
lightweight porous structure provides excellent thermal and 
acoustic insulation, but its production generates waste [29, 
30]. Studies, such as those conducted by Long et al. [31] and 
Kotwica et al. [32, 33], demonstrated that WEP enhances 
hydration, reduces embodied CO2 emissions, and improves 
thermal properties in cementitious materials, despite slight 
reductions in compressive strength. Pichor et al. [34] 
reported that substituting sand with WEP reduces density 
and improves the thermal conductivity of autoclave con-
crete while maintaining reasonable compressive strength up 
to a 10% replacement.

When aggregate size decreases to ≤ 6 mm, as in sand con-
crete, the cement dosage significantly increases (> 400 kg/
m3) due to the smaller, more numerous voids that require 
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filling. This creates technical and economic challenges as 
the balance between cement and fine materials becomes 
inconsistent. In sand concrete, voids are initially filled with 
fillers, and rigidity is achieved using additional cement, typ-
ically matching traditional concrete dosages. High quanti-
ties of fillers (70–220 kg/m3 or more) are required, and their 
properties (e.g., geological origin and shape) strongly affect 
the performance of this material [35]. LF waste (fraction 
smaller than 80 µm produced during aggregate crushing), 
is commonly used. Research on replacing or combining 
LF with other materials remains limited, although using 
such fillers aligns with recycling efforts for industrial waste 
[36–40].

This study aims to partially and fully replace LF with 
two powdered industrial wastes, including WGP and WEP, 
in DSC. Using DOE, the research evaluates the fresh and 
hardened properties of sand concrete, including workabil-
ity, mechanical strength, thermal conductivity, and water 
absorption. Microstructural analyses are also conducted to 
explore the effects of their combination. The novelty of this 
research lies in its innovative strategy, which is to substi-
tute conventional fillers (LF) with recycled industrial waste 
materials (WGP and WEP), thereby aligning with circular 
economy principles. This innovative approach promotes 
the sustainable use of resources, reduces the environmen-
tal impact of industrial waste, and improves the mechanical 

and functional performance of DSC. By integrating waste 
valorization in construction practices, this study addresses 
critical sustainability challenges while advancing the devel-
opment of eco-friendly, high-performance materials.

Materials and methods

Materials

	● The cement used for producing the studied DSC is of 
type CEM II/B- 42.5N, complied with the European 
standard [41], distributed by LAFARGE cement compa-
ny (Algeria). This cement is used in high-performance 
concrete for civil engineering structures. The physical 
and chemical properties of the cement are shown in 
Table 1.

	● A clean DS collected from the Bousaâda region in Alge-
ria, part of arid zones, was used in the study. Its granu-
lometric distribution curve shows that this sand has a 
maximum grain diameter of approximately 0.63  mm, 
with fines content (< 0.08 mm) of less than 5%, as il-
lustrated in Fig. 1. X-ray diffraction analysis shows that 
the sand is primarily siliceous, as shown in Fig. 2. The 

Table 1  Physical and chemical properties of raw materials
Raw materials Physical properties Chemical composition (%)

Absolute density Apparent density Fineness modulus (cm2/g) Sand equivalent (%) CaO SiO2 Al2O3 Fe2O3 SO3

Cement 3.1 – 3700–5200 – 70.41 14.329 6.759 3.902 3.059
DS 2.6 1.577 – 88.23 2.15 92.473 4.040 0.569 0.000
WEP 0.6 0.34 2150–3100 – 1.52 77.33 13.369 1.326 0.000
WGP 2.57 1.62 2200–2800 – 15.45 81.90 1.46 0.48 0.30
LF 2.7 1.61 2500 – 87.45 3.731 6.053 1.565 0.044

Fig. 1  Particle size distribution 
curves for raw materials
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National Aggregates Company (ENG) of Algeria. WGP 
was obtained by grinding waste glass using a Los Ange-
les apparatus with metal balls. WEP was provided by the 
"Taouab" factory in Algeria. During the processing and 
filtering of WEP, a significant amount of powder is gen-
erated, making it a valuable resource for construction, 

main physical and chemical characteristics of the sand 
are provided in Table 1.

	● Three types of inert fillers LF, WGP, and WEP were 
introduced into the study, contributing to sustainability 
and circular economy principles as highlighted in pre-
vious research [42–44]. LF used was produced by the 

Fig. 2  The X-ray diffraction (XRD) 
patterns for different quantities of 
materials used
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ensuring a comprehensive assessment of the key factors 
such as workability, strength, thermal conductivity, and 
water absorption of DSC. By focusing on the most sig-
nificant variables, DOE ensures more reliable, data-driven 
results [42, 46, 47]. DOE is widely applicable across dis-
ciplines and industries, especially when investigating the 
relationship between a variable of interest, Y (e.g., concrete 
properties), and input variables Xi (e.g., proportions of the 
component materials). Indeed, it is relevant to use “experi-
mental design” methods when we are interested in a func-
tion of the type [48]:

Y = f (Xi)� (1)

In an experiment, the “response” is the measured quantity 
of interest, while the variables influencing it are called “fac-
tors”. DOE enables obtaining maximum information with 
minimal experimentation by adhering to strict mathematical 
principles. Two key concepts underlie DOE: the experimen-
tal space and the mathematical modeling of the quantities 
studied.

The study's factors for the mixture design are the propor-
tions of the mixture’s constituents, which are interdependent 
because their sum must always equal 100%. Denoting Xi as 
the content of constituent i, this relationship is expressed as:

i=n∑
i=1

Xi = 100%� (2)

particularly in desert sand concrete (DSC) applications. 
All fillers used in the experimental program were in 
powdered form (particle size smaller than 0.08  mm), 
with their granulometric distributions shown in Fig. 1, 
while their meniragical compositions are illustrated in 
Fig. 2. The main physical and chemical characteristics 
of these fillers are presented in Table 1.

	● A high water-reducing superplasticizer, “MEDAFLOW 
30” was used. This liquid solution complies with EN 
934-2 [45] and can be easily diluted in the mixing water.

Methods

Mixture design

This study builds on the same mix design proportions used 
in previous studies [13, 40] while incorporating industrial 
wastes, aiming to enhance the performance of DSC for sus-
tainable and innovative construction practices. The base 
mix proportions and the design of the concrete mixes for the 
21 experimental tests, developed using the DOE method, 
are presented in Table 2. This table includes the quantities 
of all mix components, including the varying proportions of 
fillers (LF, WGP, and WEP) used in each mixture.

The DOE method was employed to systematically evalu-
ate the influence of different waste materials on the prop-
erties of DSC. This approach facilitates the optimization 
of ingredients while minimizing experimental efforts and 

Table 2  Detailed mixture compositions derived from the designated mixing plan
Mixture Additives in concrete per 

unit 1
Additives in concrete per (kg/
m3)

Sand (kg/m3) Cement (kg/m3) Water (l/m3) Sp (%)

LF WGP WEP LF WGP WEP
DSC 1 1 0 0 200 0 0 1305 350 245 2
DSC 2 0.8 0.2 0 160 38 0
DSC 3 0.6 0.4 0 120 75 0
DSC 4 0.4 0.6 0 80 113 0
DSC 5 0.2 0.8 0 40 150 0
DSC 6 0 1 0 0 188 0
DSC 7 0.8 0 0.2 160 0 9
DSC 8 0.6 0 0.4 120 0 18
DSC 9 0.4 0 0.6 80 0 27
DSC 10 0.2 0 0.8 40 0 36
DSC 11 0 0 1 0 0 45
DSC 12 0 0.8 0.2 0 150 9
DSC 13 0 0.6 0.4 0 113 18
DSC 14 0 0.4 0.6 0 75 27
DSC 15 0 0.2 0.8 0 38 36
DSC 16 0.6 0.2 0.2 120 38 9
DSC 17 0.2 0.2 0.6 40 38 27
DSC 18 0.2 0.6 0.2 40 113 9
DSC 19 0.4 0.4 0.2 80 75 9
DSC 20 0.4 0.2 0.4 80 38 18
DSC 21 0.2 0.4 0.4 40 75 18
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Cm
q+m−1 = (q + m − 1)!

(m)! (q − 1)! � (4)

Using q = 3 and m = 5, the calculation yielded:

C5
3+5−1 = 7!

5!.2!
= 5040

240
= 21

These 21 experiments were designed and analyzed using 
the JMP 18 statistical software developed for advanced data 
analysis, visualization, and design of experiments (DOE).

A second-degree polynomial model was developed to 
describe the influence of varying proportions of LF, WGP, 
and WEP on the selected properties of DSC. The model is 
expressed as:

The primary objective of this study is to partially or entirely 
replace LF with WGP and WEP, two types of waste mate-
rials (WGP, and WEP), as schematized in Fig. 3. Various 
binary and ternary combinations were examined to com-
pressively assess the effects of these fillers on the properties 
of DSC both in the fresh and hardened states. To achieve 
this, the mixture design considered three factors (LF, WGP, 
and WEP) expressed as volume proportions, with the con-
straint [49]:

WGP + WEP + LF = 1� (3)

For three factors (q), five levels of proportion (m) were 
selected to enhance the clarity of the study and its results. 
The number of experiments was calculated using the “com-
binations with repetition” formula:

Fig. 3  Simplified schematic illustrating the approach used to incorporate filler waste into the concrete mix
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and WEP were prepared with proportions of 20%, 40%, and 
60%.

An equilateral triangle was generated using JMP 18 
software to represent the three-component mixtures. The 
vertices correspond to the pure components, while binary 
mixtures are represented along the sides (e.g., the left side 
of Fig. 4 shows mixtures of LF and WGP).

Using the same software, the responses obtained were 
represented by ternary diagrams that link the three compo-
nents (LF, WGP, and WEP) to each studied property.

Mixture proportions and sample preparation

Concrete mixing was performed using an AUTOMIX mixer 
(Fig.  5). DS, cement, and fillers were first combined and 
mixed for one minute. Half of the water, premixed with the 

Y = b1 · LF + b2 · WGP + b3 · WEP + b4 · (LF · WGP )
+ b5 · (LF · WEP ) + b6 · (WGP · WEP ) � (5)

Here, the coefficients bi represent the influence of each 
variable or interaction on the response (Y ). These coeffi-
cients were determined using the standard least-squares fit 
method, and analysis of variance (ANOVA) was conducted 
to evaluate the significance of each term. Residuals were 
used to compute the variance of the coefficients, serving as 
the basis for testing their significance [49, 50].

Table 2 provides the detailed proportions of the mixtures 
in kg/m3. LF was replaced with WGP and WEP in propor-
tions of 20%, 40%, 60%, 80%, and 100%. Binary mixtures 
of WGP and WEP were also considered in these propor-
tions. Additionally, ternary mixtures involving LF, WGP, 

Fig. 4  Ternary diagram illustrating the 21 combinations of components evaluated in the study
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Compression tests were performed on 40 × 40 × 40  mm 
cubes as per NF EN 12390-4 [54].

Experimental results and discussions

Statistical models

A comprehensive statistical analysis was conducted to 
understand better the influence of the three key factors, LF, 
WGP, and WEP, on the properties of sand concrete. The 
goal was to develop predictive models that link these factors 
to critical material properties, including slump, compressive 
strength, thermal conductivity, and water absorption.

The analysis was conducted using a robust modeling 
approach known for its ability to generate visual represen-
tations such as iso-response curves with ternary diagrams 
(Fig. 4). These diagrams provide a clear understanding of 
how each factor, along with their interactions, influences the 
performance of the DSC mixtures.

Table 3 presents the regression coefficients, p-values, 
and correlation coefficients (R2) for the predictive models 

admixture, was then added and mixed for 30 s. The remain-
ing water was subsequently added, and mixing continued 
for an additional two minutes to ensure thorough homog-
enization. Fresh concrete tests, including the shaking table 
spreading test, were then conducted. The concrete was 
poured into pre-oiled prismatic molds (40 × 40 × 160)  mm 
and compacted on a vibrating table for 10 s to remove air 
bubbles and ensure optimal compactness.

Nine specimens were prepared for each mixture, including 
one designated for thermal conductivity testing using a “Hot 
Disk” apparatus after being cut to 40 mm × 40 mm × 20 mm. 
All specimens were cured in tap water at 20 ± 2 °C for 7 and 
90 days.

Tests

The slump-flow test was performed in accordance to 
ASTM C1437 [51]. Water absorption by immersion was 
measured at 28 days following ASTM C642 [52]. Flexural 
strength tests were performed on 40 × 40 × 160 mm prisms 
at 7 and 90 days, in accordance with NF EN 12390-5 [53]. 

Fig. 5  Key steps involved in the sample preparation process
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	 The slump of DSC increased with higher LF content, 
followed by WGP, reflecting improved workability. 
However, excessive WEP content reduces workability 
due to its lightweight and low density.

	● Compressive strength:
	 WGP had the strongest positive effect on compressive 

strength, especially at 90 days, enhancing the long-term 
mechanical performance of DSC. LF and WEP also con-
tributed positively, though imbalances in their propor-
tions slightly reduced strength in some instances.

	● Thermal conductivity (W m−1 K−1):
	 LF made the most significant contribution to thermal 

conductivity, followed by WGP and WEP. Higher WEP 
levels slightly reduced conductivity, consistent with its 
insulating properties.

	● Water absorption (%):
	 Water absorption was most influenced by LF; WGP also 

had a positive impact. Their combination reduced wa-
ter absorption, indicating a denser matrix and improved 
impermeability. However, higher WEP levels slightly 
increased absorption due to its effect on pore structure.

	 These results underscore the potential of incorporating 
industrial wastes, such as WGP and WEP, into DSC for 
sustainable and innovative construction materials. The 
predictive models developed in this study enable the 
optimization of DSC mixtures, balancing workability, 
strength, thermal performance, and permeability to meet 
specific application needs (Fig. 6).

Slump flow test

Table 4 summarizes the results of the slump flow test con-
ducted on the 21 DSC mixtures studied. The reference 
mix (100% LF), showed results consistent with a previous 
study [13], confirming its suitability as a benchmark. It was 
selected due to its superior performance in both fresh and 
hardened states, and served as baeline for evaluating the 
other mixtures.

developed for each response. The exceptionally low p-val-
ues (< 0.0001) for the primary factors LF, WGP, and WE 
demonstrate their significant influence on the studied prop-
erties. These results validate the inclusion of these factors 
in the models.

The final predictive models for the studied properties are 
represented by the following equations:

Slump:

S (%) = 74.166LF + 60.952WGP + 32.976WEP

+ 24.851LF · WGP − 30.208LF · WEP

− 45.833WGP · WEP
� (6)

7-days compressive strength (MPa):

CS7j = 18.174LF + 17.607WGP + 12.137WEP

+ 7.17LF · WGP − 10.730LF · WEP

+ 0.80WGP · WEP
� (7)

90-days compressive strength (MPa):

CS90j = 26.89LF + 38.98WGP

+ 23.87WEP + 18.81LF · WGP

− 5.02LF · WEP − 7.36WGP · WEP
� (8)

Thermal conductivity 
(
W · m−1 k−1)

:

Tc = 1.667LF + 1.571WGP + 1.469WEP

+ 0.147LF · WGP − 0.151LF · WEP

− 0.368WGP · WEP
� (9)

Water absorption (%):

Wab = 7.56LF + 4.73WGP + 6.59WEP

− 5.33LF · WGP + 0.30LF · WEP

− 4.36WGP ∗ WEP
� (10)

From the results of the statistical models:

	● Slump (%):

Table 3  Estimated model parameters for the investigated responses
Response Slump test (%) CS7j

 CS90j
 Thermal 

Conductivity
Water Abs. by immersion 
(%)

Correlation coefficient (R2) 0.86 0.83 0.88 0.70 0.92
Coeff p-value Coeff p-value Coeff p-value Coeff p-value Coeff p-value

LF 74.166 < 0.0001∗ 18.17 < 0.0001∗ 26.89 < 0.0001∗ 1.6678 < 0.0001∗ 7.56 < 0.0001∗

WGP 60.952 < 0.0001∗ 17.607 < 0.0001∗ 38.98 < 0.0001∗ 1.5711 < 0.0001∗ 4.73 < 0.0001∗

WEP 32..976 < 0.0001∗ 12.137 < 0.0001∗ 23.86 < 0.0001∗ 1.4693 < 0.0001∗ 6.59 < 0.0001∗

LF.WGP 24.851 0.2953 7.174 0.1229 18.81 0.0234∗ 0.1474 0.4768 − 5.36 0.0006∗

LF.WEP -30.208 0.2072 − 10.730 0.0273∗ − 5.02 0.5198 − 0.1516 0.4647 0.30 0.8072
WGP.WEP -45.833 0.0639 0.8065 0.856 − 7.36 0.3494 − 0.3684 0.0883 − 4.36 0.0028∗

1 3
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However, workability decreased to levels below the ref-
erence mix at higher proportions of WGP (80% and 100% 
substitution, i.e., DSC5 and DSC6), as seen in Fig. 7a and 
Table  4. This trend aligns with the findings of Rahma et 
al. [57], who observed reduced workability with increased 
WGP content. Despite its low water absorption, the fineness 
and high specific surface area of WGP create surface ten-
sion, effectively trapping water necessary for maintaining 
consistency. Nevertheless, the workability remained within 
acceptable limits, meeting the “plastic” classification as per 
ASTM C1437.

In the binary combinations of LF and WEP or WGP and 
WEP, as well as in ternary mixes incorporating all three 
components, an increase in WEP content led to a loss in 
workability, clearly observed in Fig.  7b and reflected in 
Table 6. This reduction can be explained by the high water 
absorption of WEP, which increases the water demand 
of the mix. These findings corroborate earlier study [58], 
where the porous microstructure and large specific surface 
area of perlite were identified as primary contributors to 
higher water requirements [59, 60].

The iso-response diagram in Fig. 7 illustrates the slump 
flow results across various proportions of LF, WGP, and 
WEP. The diagram employs color gradients to represent 
slump levels: lighter shades indicate lower slump values 
(approximately 30%), while darker shades represent higher 
slump values (up to 80%). This visual representation facili-
tates the identification of optimal component proportions 
for achieving desired workability levels, enabling precise 
adjustments to mix consistency.

From the iso-response curve (Fig.  7.a), the substitu-
tion of LF with WGP (DSC2, DSC3, and DSC4) resulted 
in notable workability improvements of 4.16%, 15.27%, 
and 11.11%, respectively, as also seen reported in Table 4. 
This enhancement can be attributed to the fine particle size 
of WGP, which fills microvoids more efficiently than LF, 
thus releasing trapped water and increasing concrete den-
sity. This observation aligns with earlier study [55] and cor-
relates with the short-term compressive strength results at 
7 days (refer to Table 4), which exceeded those of the ref-
erence concrete. It is important to note that the pozzolanic 
activity of glass powder typically develops fully in the long 
term [18, 56] further supporting these findings.

Fig. 6  Equipment used for analyzing the thermal properties and microstructure of the samples a Hot Disk test b SEM test c XRF test d XRD test

 

1 3

  396   Page 10 of 25



Innovative Infrastructure Solutions          (2025) 10:396 

achieving 7-day compressive strengths of 19–21  MPa, as 
listed in Table 4.

These results indicate that the short-term strength 
increase is primarily due to the physical effects of the fill-
ers rather than the pozzolanic activity of WGP. Notably, the 
pozzolanic reaction between WGP and calcium hydroxide 
released during cement hydration occurs at a slower rate, 
contributing to higher strength indices at later ages (beyond 
56 days) rather than at earlier ages (7 days) [62, 63]. In their 
study, Afshinnia and Rangaraju [64] demonstrated that fine 
WGP can act as an efficient pozzolanic element when used 
as a cement replacement up to 20% by mass, particularly 
after 28 days. However, at early ages, the pozzolanic reac-
tivity of WGP remains limited.

This phenomenon also explains the observed reduction in 
strength when LF is replaced with higher amounts of WGP 
(80% and 100%) or WEP at all proportions, As shown in 
Fig. 8a and Table 4, these mixes resulting in 7-day compres-
sive strengths of 11–13 MPa. These findings align with prior 
studies [65–67].

At 90  days (Fig.  9), the total replacement of LF with 
100% WGP (DSC6) yielded a significant increase in com-
pressive strength, reaching 56.77%, with a strength value 
of 41.89  MPa. Conversely, the total replacement of LF 
with WEP (DSC11) resulted in a reduction in compres-
sive strength, with a total replacement yielding 22.45 MPa 
(a 16% decrease). The notable strength increase between 7 
and 90 days can be attributed to the pozzolanic activity of 

Compressive strength

The iso-response diagram (Fig.  8) illustrates the 7-day 
compressive strength of sand concrete as a function of the 
proportions of LF, WEP, and WGP. The color gradients 
on the diagram indicate compressive strength levels, with 
numerical values corresponding to the experimental results 
for each mix. The color gradients in the diagram represent 
compressive strength levels, with lighter shades indicating 
lower strengths (around 12 MPa) and darker shades indicat-
ing higher strengths (up to 21 MPa). The diagram identifies 
optimal component proportions to achieve desired strength 
levels.

From the results, it is evident that supplementary cementi-
tious materials (SCMs) influence compressive strength 
through three primary mechanisms: (i) the filling effect, (ii) 
the acceleration of ordinary Portland cement (OPC) hydra-
tion, and (iii) the pozzolanic reaction [61].

As shown in Table 4, mixes with higher slump flow val-
ues also exhibited higher 7-day compressive strength. This 
improvement is attributed to the combination of LF and 
WGP, which effectively fills voids and releases trapped 
water. The differences in fineness and morphology between 
LF and WGP likely contribute to this beneficial physical 
effect. Previous studies support these observations. For 
instance, the iso-response diagram (Fig.  8a) highlights 
mixes DSC2, DSC3, and DSC4 as high-performing mixes, 

Table 4  Results of characterization testing for the investigated responses
Mixture Additives proportions in concrete Compressive strength 

(MPa)
Slump test 
(%)

Hardened density 
of concrete (kg/
m3)

W. Abs. by 
immersion 
(%)

Th. con-
ductivity 
W m−1 k−1LF WGP WEP 7 days 90 days

DSC 1 1 0 0 18.88 26.72 72 1835.9 7.02 1.713
DSC 2 0.8 0.2 0 19.24 32.35 75 1863.2 6.28 1.693
DSC 3 0.6 0.4 0 21 38.88 80 1902.3 5.33 1.67
DSC 4 0.4 0.6 0 19.17 37.05 83 1937.5 4.43 1.636
DSC 5 0.2 0.8 0 18.2 38.65 65 1957 4.39 1.679
DSC 6 0 1 0 17.37 41.89 60 1898.4 4.52 1.568
DSC 7 0.8 0 0.2 13.18 25.45 63 1785.1 7.87 1.526
DSC 8 0.6 0 0.4 12.72 23.7 60 1851.5 7.59 1.563
DSC 9 0.4 0 0.6 11.73 22.24 45 1835.9 6.80 1.522
DSC 10 0.2 0 0.8 13 22.51 35 1820.3 6.86 1.470
DSC 11 0 0 1 12.02 22.45 30 1742.1 6.95 1.451
DSC 12 0 0.8 0.2 18.76 33.34 45 1878.9 4.78 1.504
DSC 13 0 0.6 0.4 15.33 28.98 45 1894.5 4.53 1.374
DSC 14 0 0.4 0.6 14.26 27.24 40 1882.8 5.18 1.473
DSC 15 0 0.2 0.8 12.148 28.44 30 1847.6 5.07 1.385
DSC 16 0.6 0.2 0.2 17.46 29.9 50 1914 6.32 1.540
DSC 17 0.2 0.2 0.6 13.48 30.53 45 1847.6 5.28 1.575
DSC 18 0.2 0.6 0.2 15.72 33.36 52 1875 4.375 1.440
DSC 19 0.4 0.4 0.2 15.34 30.46 55 1875 5.20 1.522
DSC 20 0.4 0.2 0.4 16.52 31.48 40 1882.8 5.39 1.561
DSC 21 0.2 0.4 0.4 16.05 31.78 35 1875 4.79 1.565
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Fig. 7  a Iso-response curves illustrating spread results obtained using the shock table b Correlation curve comparing observed values with pre-
dicted values for spread
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Fig. 8  a Iso-response curves illustrating 7-day compressive strength b Correlation curve comparing experimental (observed) and predicted results
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Fig. 9  a Iso-response curves illustrating 90-day compressive strength b Correlation curve comparing experimental (observed) and predicted results
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(DSC11) demonstrates the lowest thermal conductivity 
value of 1.451 W m−1.K−1. These values, as also reported 
in Table 4, indicate that replacing LF with either WEP or 
WGP significantly reduced the thermal conductivity of the 
concrete, with WEP exhibiting the most favorable effect.

The iso-response curves in Fig. 11 further confirm that 
the full replacement of LF with WGP or WEP results in 
reductions in thermal conductivity by 8.46% and 15.29%, 
respectively. The trend observed across mixtures in Table 4 
and Fig. 11 shows that inceasing the WEP proportion con-
sistently decreases thermal conductivity. These observations 
align with findings from previous studies, which suggest 
that thermal conductivity is influenced not only by porosity 
but also by the mineralogical composition of these materi-
als [71].

As shown in Table 4, adding WEP reduces the density 
of DSC, which plays a dual role: first, by lowering the bulk 
mass, and second, through its porous microstructure and 
intrinsic-low thermal conductivity (approximately 0.04 W 
m−1.K−1), which contribute to imroved thermal insulation 
[59, 60].

For comparison, Zhang et al. [44] investigated the effect 
of expanded perlite (EP) content ground to sizes smaller than 
44 µm on the thermal insulation performance of lightweight 
aggregate geopolymer concrete. They found that replacing 
metakaolin and ground granulated blast furnace slag with 
50% expanded perlite yielded a lightweight, thermally insu-
lating, eco-friendly construction material, supporting the 
potential of WEP as a sustainable thermal modifier.

both glass and perlite, as reported by other researchers [64, 
68, 69].

The reduction in strength with WEP additions (Fig. 10) 
can be explained by variations in particle size, surface tex-
ture, particle size distribution, and the slower pozzolanic 
reactivity of perlite, consistent with other studies [44, 70].

In general, higher proportions of WGP and LF result in 
greater compressive strength, with WGP having a more pro-
nounced effect. This is evident in the iso-response diagram 
(Fig. 9), and corroborated by the values in Table 4. In con-
trast, increasing the proportion of WEP in the mixes leads 
to a decrease in compressive strength. However, the values 
obtained remain acceptable compared to those obtained in 
earlier studies. Notably, ternary mixes combining LF, WGP, 
and WEP (e, g., at 20%, 40%, and 60% ratios) outperformed 
the control mix, achieving higher average compressive 
strengths than the 100% LF refrence.

Thermal conductivity

Figure  11 presents the thermal conductivity values of the 
studied sand concretes, highlighting the effects of incor-
porating recycled WGP and WEP, either as total or partial 
replacements or combined with LF.

To clarify the comparative trends, the mixes containing 
100% of each filler material (DSC1, DSC6, and DSC11) are 
first analyzed. The reference mixture (DSC1), composed 
solely of LF, exhibits a thermal conductivity value of 1.713 
W m−1.K−1. In contrast, the mixture containing only WGP 
(DSC6) achieves a lower thermal conductivity value of 
1.568 W m−1.K−1, while the mixture composed only WEP 

Fig. 10  Compressive strength 
at 7 and 90 days for mixtures 
composed of 100% of each type 
(LF- WGP–WEP)
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Fig.11  a Iso-response curves for thermal conductivity b Correlation curve comparing experimental (observed) and theoretical (predicted) results 
for thermal conductivity
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However, mix DSC11 (100% WEP) exhibits a less homo-
geneous microstructure with visible micropores, indicating 
poor particle compaction. This observation is consistent 
with the reduced mechanical strength compared to the con-
trol concrete, as presented in Table 4.

Mixes DSC6 (100% WGP), DSC1 (100% LF), and 
DSC19 (40% LF + 40% WGP + 20% WEP) display more 
uniform and compact microstructures. These mixes contain 
a greater amount of C-S–H gel and Ca(OH)2 crystals, high-
lighting the combined effects of LF’s filling properties and 
WGP’s superior pozzolanic activity.

The EDX analysis of mix DSC6 (100% WGP), as shown 
in Fig.  14, reveals high-intensity peaks for calcium and 
silica, with significantly broader silica peaks compared to 
mixes DSC1, DSC11, and DSC19. The dissolved silica 
reacts with hydrated lime (Ca(OH)2) to form additional 
C-S–H phases, contributing to a denser microstructure and 
higher compressive strength [12, 76].

The FE-SEM and EDX results further confirm that the 
ternary combination of LF, WGP, and WEP enhances the 
microstructural properties of the material. This mix achieves 
a more homogeneous and denser structure with improved 
strength, effectively addressing the filling deficiencies 
observed in the DSC11 mix (100% WEP).

Conclusions

This study investigated the incorporation of LF, WGP, 
and WEP into DSC. The main findings are summerized as 
follows:

	● Combining LF and WGP in different proportions im-
proved workability, DSC2, DSC3, and DSC4, where 
LF and WGP varied from 20 to 80%, with enhance-
ments of approximately 4.16%, 11.11%, and 15.27%, 
respectively. However, higher WGP proportions (80% 
and 100%) reduced the workability, though still within 
ASTM C1437 standards. Adding WEP generally de-
creased workability.

	● Replacing LF with WGP or WEP progressively de-
creased the thermal conductivity. At full replacement, 
reductions of 8.46% and 15.29%, while ternary use of 
LF, WGP, and WEP showed reductions ranged from 
8.67 to 15.92%.

	● WGP significantly enhanced long-term strength, reach-
ing 41 MPa at 90 days (56% increase). Although WEP 
slightly reduced strength, all ternary mixtures surpassed 
the control concrete, with improvements ranging from 
11.9 to 24.85%.

	● Full replacement of LF with WGP decreased water ab-
sorption by ~ 35.5%. Ternary blends reduced absorption 

Water absorption

Sand concrete generally exhibits a higher water absorption 
capacity than ordinary concrete due to its sand-based granu-
lar composition [72]. Water absorption is widely regarded as 
a critical parameter for evaluating the durability of cementi-
tious composites. According to J. Castro et al. [73], concrete 
quality can be categorized based on its water absorption 
percentage:

	● High-quality concrete: absorption percentage below 3%,
	● Medium-quality concrete: absorption percentage be-

tween 3 and 5%,
	● Poor-quality concrete: absorption percentage exceeding 

5%.

As shown in the iso-response curves Fig. 12, and supported 
by numerical values inTable 4, increasing WGP content in 
the mix leads to a significant reduction in water absorp-
tion. For instance, the full replacement of LF with WGP 
(mix DSC6) results in a 35.52% reduction. This reduc-
tion is attributed to WGP's ability to decrease total poros-
ity and reduce the size of the most probable pores, leading 
to a denser microstructure. These improvements arise from 
WGP's pozzolanic properties and its role in filling voids 
within the cement matrix.

These findings align with previous research, which has 
shown that pozzolanic materials such as WGP produce reac-
tion products that fill capillary pores, reducing the permea-
bility of concrete and consequently improving the durability 
[74, 75]. For instance, the study of Patel et al. [74] reported 
that replacing 20% of cement with WGP reduced water 
absorption by 30%.

On the other hand, when LF is fully replaced by WEP, 
the absorption values remain approximately similar to those 
of the reference concrete. This suggests that WEP does not 
provide the same pore-filling or densifying effects as WGP.

Microstructural analysis

Figures 13, 14, 15, and 16 present SEM images of mixes 
DSC1, DSC6, corresponding to compositions of 100% LF, 
100% WGP, and 100% WEP, respectively. The analysis also 
includes mix DSC19, which contains a ternary combination 
of 40% LF, 40% WGP, and 20% WEP to provide a broader 
understanding. This particular mixture demonstrated 
slightly higher mechanical strength and lower thermal con-
ductivity compared to the reference concrete (100% LF).

The SEM images reveal the presence of C–S–H gel 
along with hexagonal plates of Ca(OH)2 crystals. The inclu-
sion of Ca(OH)2 within the C–S–H gel appears to be a key 
factor contributing to improved mechanical strength [75]. 
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Fig. 12  a Iso-response curve for water absorption b Correlation curve comparing experimental (observed) and theoretical (predicted) results for 
water absorption
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chloride ion penetration. Field-scale validation is also rec-
ommended. Moreover, advanced microstructural investiga-
tions (e.g., XRD, FTIR, and TGA) are encouraged to deepen 
the understanding of the pozzolanic mechanisms involved.

by 10–38%, while WEP-only mixes remained compa-
rable to the control.

	● SEM revealed compact, uniform microstructures in 
LF–WGP mixtures, rich in C–S–H and Ca(OH)2. WEP-
based mixes showed increased microporosity, explain-
ing slight reductions in strength.

	● EDX confirmed that higher WGP content led to in-
creased Ca and Si peaks, indicating active pozzolanic 
reactions and reduced pore volume.

Notably, using WGP and WEP in DSC promotes waste 
valorization, reduces environmental impacts, and supports 
circular economy goals, particularly in arid regions. To fur-
ther validate the practical performance of these mixtures, 
future research should focus on durability aspects such as 
sulfate resistance, freeze–thaw behavior, carbonation, and 

Fig. 13  FE-SEM/EDX analyses of DSC1 composition (100% LF)
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Fig. 14  FE-SEM/EDX analyses of DSC 6 (100% WGP)
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Fig. 15  FE-SEM/EDX analyses of DSC11 (100% WEP)
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