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Abstract: This article reports the durability performance of modified concrete with silica nanopar-
ticles and a high volume of waste ceramic tiles under varying elevated temperatures. Ordinary Port-
land cement (OPC) was replaced with 60% waste ceramic tiles powder (WTCPs) and supplemented 
with 2, 4, 6, 8, and 10% nanopowders from waste glass bottles (WGBNPs) as a rich source of silica. 
The natural aggregates (both coarse and fine) were fully replaced by the crushed waste ceramic tiles 
(WTCAs). After 28 days of curing, the modified specimens were exposed to varying elevated tem-
peratures (200, 400, 600, and 800 °C) in a furnace followed by air cooling. Tests such as residual 
compressive strength, weight loss, ultrasonic plus velocity, visual appearance, and microstructural 
analysis were conducted. Additionally, analysis of variance (ANOVA) was used to validate the per-
formance of the proposed predictive equations, as well as their terms, using p-values and F-values. 
It was discerned that OPC substitution with WTCPs and WGBNPs significantly improved the con-
crete’s performance under elevated temperatures. It is observed that the addition of 2, 4, 6, 8, and 
10% WGBNPs lowered the concrete deterioration by increasing the residual strength and reducing 
both internal and external cracks. This study provides some new insights into the utilization of 
WTCPs and WGBNPs to produce sustainable and eco-friendly modified concrete with high spalling 
resistance characteristics at elevated temperatures. 

Keywords: modified concrete; high volume wastes tile ceramic; silica nanoparticles; resistance to 
elevated temperatures 
 

1. Introduction 
Human activities have caused a multitude of environmental issues in recent decades, 

including water, soil, and atmospheric pollution, in addition to global warming [1–3]. 

Citation: Joudah, Z.H.; Hafizah A. 

Khalid, N.; Algaifi, H.A.; Mhaya, 

A.M.; Xiong, T.; Alsultani, R.;  

 Huseien, G.F. Effects of Waste Glass 

Bottle Nanoparticles and High  

Volume of Waste Ceramic Tiles on 

Concrete Performance When  

Exposed to Elevated Temperatures:  

Experimental and Theoretical  

Evaluations. Fire 2024, 7, 426. 

https://doi.org/10.3390/fire7120426 

Academic Editor: Lizhong Yang 

Received: 8 October 2024 

Revised: 14 November 2024 

Accepted: 19 November 2024 

Published: 21 November 2024 

 

Copyright: © 2024 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Fire 2024, 7, 426 2 of 30 
 

 

These problems have largely been exacerbated by the cement industry, in which vast 
quantities of clay, shale, gypsum, and fossil fuels are employed. Furthermore, the industry 
contributes to approximately 8% of global CO2 emissions [4,5]. It is estimated that by 2050, 
the demand of OPC (a broadly used binding agent in the concrete industries) will continue 
to increase by nearly 6 billion tons [4–6]. It has been determined that one potential method 
of surmounting the emission of CO2 emanated by the cement industry is the partial re-
placement of OPC with agro-industries-originated supplementary cementitious materials 
(SCMs). These SCMs include fly ash (FA) [7], silica fume (SF) [8], sugarcane bagasse ash 
(SCBA) [9], ground-granulated blast furnace slags (GBFS) [10], walnut shells ash (WSA) 
[11], rice husks ash (RHA) [12], limestone powders (LSP) [13], waste papers (WPs) [14], 
metakaolin (MK) [15], and palm oil fuel ash (POFA) [16]. In recent years, various structural 
engineering characteristics of these SCMs have been intensively studied to determine 
whether they would be viable partial replacements for OPC [17–20]. Another important 
SCM that is employed as a part of an OPC substitute in the production of materials, in-
cluding mortars, pastes, concretes, high-performance concrete (HPC), pavement concrete, 
concrete paving blocks, self-compacting concrete (SCC), ultra-high-performance concrete 
(UHPC), and ultra-high-performance SCC, is ceramic waste [21–23]. 

Extensive studies in recent years have indicated that ceramic tiles waste (CTW) can 
be used to replace the various aggregates and cement that constitute concrete. In the pre-
sent work, the literature related to composites based on cement, including CTW as a po-
tential replacement for aggregates and cement, has been closely examined [24–27]. More-
over, scientific research highlights regarding the physicochemical, mechanical, and dura-
bility properties of CTW are investigated [28]. Previous studies have shown that ceramic 
tiles aggregates (CTA) at specific quantities can be utilized to make concrete in order to 
make it stronger and more durable [29]. The mechanical and durability performance of 
concrete can also be enhanced by using materials enriched with high-silica contents like 
finely ground ceramic tiles powders (CTP) [30,31]. The impacts of CTP addition at various 
levels in concrete against chemical attack [32–36], drying shrinkage [37], and fire resistance 
have been evaluated [38]. The academic community is increasingly calling for the imple-
mentation of waste materials in concrete, promoting environmental fortification and the 
creation of sustainable cities and communities [39–42]. 

Many researchers have examined the post-heating performance of concrete and steel 
reinforcements. For example, Harada [43] explored the relationship between residual 
bond strength and temperature by exposing concrete samples to temperatures of up to 
450 °C, finding that the residual bond strength was 60% at 100 °C and 10% at 450 °C. 
Additionally, Royles and Morley [44] found that high temperatures significantly reduced 
the bond’s performance. In the building industries, concrete specialists should ensure 
proper fire security requirement in the design program [45,46]. Fire is a major life-threat-
ening environmental situation that buildings can face, making it crucial to incorporate 
proper fire safety measures into building design. These measures, assessed through fire 
resistance, refer to the time in which a structural component can maintain its integrity and 
stability and limit heat transfer during a fire [47,48]. Generally, modified concretes pre-
pared with high-aluminosilicate-content materials, such as FA, GBFS, POFA, and WTCPs, 
have shown significant improvement in concrete performance under elevated tempera-
tures and aggressive environments, such during as sulphuric acid or sulphate attacks [49–
51]. The remarkable fire resistance of high-aluminosilicate cement stems from the chemi-
cal composition of its constituent materials that are fundamentally inert, possessing low 
thermal conductivity, high specific heat, and slow rate of strength degradation at rising 
temperature [52]. These distinct characteristics of concrete recommend it as an efficient 
barrier to fire in the surrounding areas, protecting it from fire damage [53]. 

Waste glass had been used to replace cement and conventional aggregates in the pro-
duction of concrete, and many studies have examined these applications [54–56]. Using 
waste glass to substitute cement could enhance the sustainability of construction, reduce 
costs, and reduce CO2 emissions [57]. Shi and Zheng [58] have examined how waste glass 
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particle size influences the pozzolanic reaction. In one study by Franco-Luján [59], waste 
glass particles sized ≤ 45 µm were shown to be viable partial substitutes for OPC, and they 
had pozzolanic properties. Cementitious compounds (e.g., C–S–H and C–A–S–H) result 
from the pozzolanic reaction [60–62], and the mechanical properties of cement-based ma-
terials are thereby enhanced. The strength activity index (SAI) values of mortars made 
with 20% waste glass, at 28 days, reveal a significant enhancement in strength perfor-
mance [63,64]. As per the reported results, the minimum threshold for determining that a 
SCM has pozzolanic properties was met by the majority of mortars, which had values over 
75% [65]. From these findings pertaining to the calcium hydroxide content and SAI of 
waste glass materials, it appears that waste glass does have pozzolanic properties, though 
these emerge as more pronounced at the 28-day point of ageing. This makes waste glass 
similar to a range of alternative SCMs, including FA, SCBA, RHA, and palm oil fuel ash 
[66–68]. 

Recent developments in nanotechnology present new possibilities for improving 
concrete properties by incorporating nano-sized particles [69–71]. Specifically, nano-silica 
has demonstrated a notable ability to enhance the hydration process [72], contribute to 
denser microstructures [73], and raise early strength development [74]. In study con-
ducted by Onaizi et al. [75], it was found to incorporate 4–6% WGBNPs, with effective 
microorganisms significantly improving the early strength development of high-volume 
fly ash concrete. In another study [6], the WGBNPs were used as an FA-OPC replacement 
to enhance the bond strength performance of a low-cement binder. From the obtained 
results, the authors reported that the inclusion of 4% WGBNPs improved the early and 
late strength properties of the proposed high-volume FA binders. Hamzah et al. [72] used 
the WGBNPs to enhance the geopolymer mortars durability properties. The authors 
found that drying shrinkage, porosity, carbonation, and resistance to abrasion and sul-
phuric acid attack positively improved with the inclusion the WGBNPs in the FA-GBFS 
matrix. When used alongside ceramic wastes, the use of WGBNPs can help to overcome 
the limitations related to the early strength development in concrete that are typically as-
sociated with most of the pozzolanic material. Research has shown that the presence of 
WGBNPs in concrete can accelerate the hydration reaction, together with the microstruc-
ture density improvement [69]. Results indicate that nano-silica particles act as a nuclea-
tion site, facilitating homogeneous and faster production of C-S-H gel, thereby leading to 
a significant increase in the early strengths of concrete. 

Considering the immense importance of various industrial wastes for sustainable 
concrete development, this study systematically evaluated the combined effect of WTCAs, 
WTCPs, and WGBNPs (as OPC and natural aggregates substitutes) in modifying various 
engineering properties (mechanical strength, durability, and microstructures) of the pro-
posed high-performance concrete, rich in high aluminosilicates. The effects of these waste 
components on the concrete performance under elevated temperatures were accessed. It 
is asserted that through the optimization of pozzolanic materials’ particles size and reac-
tivity, it is possible to enhance the fire resistance of concrete by up to 800 °C, thus promot-
ing broad usage in the construction sectors. 

2. Experimental Approaches 
2.1. Characterizations Constituent Raw Materials of Concrete 

Industrial wastes such as wastes tile ceramic materials (WTCMs) and WGBNPs were 
utilized as OPC, and natural aggregates (fine and coarse) were substituted to design the 
proposed concrete specimens. In this study, waste ceramic tiles were sourced from the 
construction industry. The collected materials were initially cleaned, and only homogene-
ous ceramic tiles were selected, specifically those with consistent thickness and without 
any glassy coating. These tiles were then crushed using a jaw crusher and subsequently 
sieved according to ASTM C33-16 [76]: “Standard Specification for Concrete Aggregates”. 
Ceramic particles passing through a 10 mm sieve but retained on a 4.75 mm sieve were 
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used as coarse aggregates in concrete specimen preparation. Ceramic particles retained 
on the 10 mm sieve were further crushed to obtain the desired sizes. Aggregates passing 
through a 4.75 mm sieve and retained on a 75 µm sieve were utilized as a fine aggregate 
replacement. Ceramic waste particles passing through the 75 µm sieve were ground in a 
Los Angeles abrasion testing machine with 20 stainless steel balls, each 40 mm in diameter, 
for 6 h to produce WTCPs. This ceramic powder was then used as a cement replacement 
in the formulation of modified cement concretes. The physical and chemical characteris-
tics, microstructures, and morphology of all constituents were determined. The color of 
OPC was dark greyish with the specific gravity of 3.15, surface area fineness of 3995 cm2/g, 
and median particle size of 16.4 µm, wherein 97% of the OPC particles could pass through 
a 45 µm wet sieve. OPC fulfilled the chemical requirement of ASTM Type I cement as 
specified in ASTM C150 [77]. Table 1 displays the compositions of OPC with the oxides of 
calcium (67%) and silica (17%) as its main constituents. It was inferred that OPC contain-
ing a high amount of lime can contribute to faster hydration reactions and higher early 
strength compared to the synthesized ceramic powders. 

The particle size (median) of the obtained ceramic powder was estimated to be 17.1 
µm, with 97% of the particles being smaller than 45 µm. After six hours of grinding, the 
size of the particles in the ceramic powders could match those in OPC, thereby meeting 
the pozzolanic requirements of ASTM C618 [78], which specifies that 66% of the particles 
must pass through a 45 µm sieve. The BET analysis was conducted to evaluate the physical 
characteristics of the ceramic powders. The powder exhibited a light gray color, with a 
surface area of 16.4 m²/g and a specific gravity of 3.06. The specific gravity, which influ-
ences the surface area, was found to be lower than that of the OPC material. The XRF of 
ceramic powders was recorded to determine their elemental compositions (Table 1). The 
primary oxide components were silica and alumina, comprising 85.6% of the ceramic con-
tent. The levels of silicate, aluminum oxide, and calcium oxide significantly influenced the 
specimens’ synthesis by contributing to the formation of C-A-S-H and C-S-H phases dur-
ing hydration. A notable 13.2% sodium oxide (Na2O) content was present in the ceramic 
chemical composition, which is known to have a strong impact on the hydration process. 
The loss on ignition (LOI) values in the WTCPs were minimal, aligning with the ASTM 
C618 standard. 

Glass waste bottles were sourced from the food industry. Initially, these bottles were 
rinsed with tap water to remove any impurities then crushed using a crushing machine. 
The crushed glass was then sieved through a 600 µm mesh to separate the larger particles. 
Nanoparticles were prepared via mechanical ball milling, a process based on the principle 
of using high-energy ball milling to reduce particle size, thus altering the surface proper-
ties of the material. To achieve medium particle sizes of ≤25 µm, the sieved glass (maxi-
mum weight 5 kg) was processed in a Los Angeles Abrasion Machine with a 25 kg capac-
ity, using sixteen 40 mm stainless steel balls, for a duration of three hours. The resulting 
powder was then heated at 110 °C (±5) for one hour, followed by an additional grinding 
for seven hours in a specialized ceramic-ball mill to attain optimal nanoparticle distribu-
tion. The nanoscale powder obtained, termed WGBNPs, was subsequently utilized in the 
preparation of the proposed concrete materials. The median particles size, specific surface 
areas, and specific gravity of WGBNPs corresponded to 80 nm, 206 m2/g, and 1.02. Addi-
tionally, the surface morphology of the concrete revealed significantly higher silica than 
OPC and ceramic powders. Table 1 shows the chemical compositions of WGBNPs as ob-
tained from XRF measurement. The oxides of aluminum and silica were the major com-
ponents of WGBNPs (making up to 83%). Moreover, the WGBNPs demonstrated lower 
loss on ignition (LOI) values, which align with the standards outlined in ASTM C618. 

  



Fire 2024, 7, 426 5 of 30 
 

 

Table 1. Chemical compositions of OPC, WTCPs, and WGBNPs, obtained via XRF measurement. 

Composition and LOI OPC WTCPs WGBNPs 
SiO2 17.60 71.7 69.14 

Al2O3 4.53 13.89 13.86 
Na2O 0.13 13.21 8.57 
Fe2O3 3.35 0.36 0.24 
CaO 67.84 0.02 3.16 
MgO 2.18 0.64 0.68 
K2O 0.27 0.03 0.01 
SO3 2.10 0.01 4.10 

Others 0.27 0.01 0.08 
LOI 1.73 0.13 0.16 

Contaminants-free crushed WTCAs were utilized as fine and coarse aggregates to 
replace the natural aggregates (river sand and crushed granite stone) and make the pro-
posed mix design. These aggregates were stored under saturated surface dry (SSD) con-
ditions, reducing the moisture contents in the specimens. Sieve analyses (Figure 1) of the 
WTCAs as coarse aggregates were conducted following the stipulation of ASTM C136 
[79]. As coarse aggregates, the WTCAs’ specific gravity, highest size of particle, and rate 
of water absorption were 10 mm, 2.36, and 1.4%, respectively (in accordance with ASTM 
C127 [80]), compared to 10 mm, 2.67, and 1.2% for natural coarse aggregates. Additionally, 
the natural aggregate was replaced by coarse waste ceramic particles, meeting the require-
ments of ASTM C33. 

The concrete mixes were designed using WTCAs as fine aggregate that met the stand-
ards. Similarly, ceramic waste was crushed and sieved to meet ASTM C33 requirements, 
making it a viable replacement for river sand in the proposed concrete mixtures. Follow-
ing ASTM C128 standards, the specific gravity and water absorption ability of the WTCAs 
fine aggregates were also measured in SSD form [81]. The processed fine WTCAs were 
graded well, with a maximum size of 4.75 mm, indicating its suitability for the concrete 
mixture. 

 
Figure 1. Results of sieve analysis for sand, crushed stones, and fine and coarse aggregates of ce-
ramic waste according to ASTM C33. 



Fire 2024, 7, 426 6 of 30 
 

 

2.2. Fabrication of Mix Designs 
Table 2 outlines the modified sustainable mixes containing amounts of WGBNPs-de-

rived nanosilica with enhanced hydration reaction and microstructures. The resultant 
mixture included WTCPs (252 kg/m3) and OPC (168 kg/m3), along with specified aggre-
gate proportions, water-binder ratios (w/b), and superplasticizer (SP). The content of 
WGBNPs ranged from 2 to 10% of the total binder content. The performance of the pro-
posed modified concrete was assessed through extensive testing, including compressive 
strength, splitting tensile strength, and flexural strength tests, as well as X-ray diffraction 
(XRD), differential thermogravimetric analysis (TGA-DTG), and field emission scanning 
electron microscopy with energy dispersive X-ray (FESEM-EDX) measurements. 

All the obtained binders composed of OPC, WTCPs, and WGBNPs were mixed ho-
mogeneously for 3 min in a mechanical blending machine (0.2 m3 capacity), producing the 
desired concrete. Initially, for 2 min, the aggregates (fine and coarse) were blended, fol-
lowed by the addition of the other 50% (blended for an extra 3 min at dry conditions). 
Subsequently, the ternary blended binder (OPC-WTCPs-WGBNPs) was introduced. All 
materials, including the binder and aggregate, were blended in dry conditions for an ad-
ditional 5 min followed by water and SP activation. Lastly, the obtained mixture was 
blended for an extra 4 min, followed by the measurement of the slump values. The ob-
tained mixes were dispensed in pre-made steel molds according to the ASTM C579-18 
standards [82]. Workability was assessed through a slump test in accordance with ASTM 
C143 [83]. 

The concrete specimens were prepared in cubical-shaped (100 mm × 100 mm × 100 
mm) pre-cleaned (free of any residues) molds in accordance with the corresponding 
standards of BS 1881-108 [84]. The designed mixes were dispensed in the molds as com-
pacted layer by layer, wherein the compaction of each one was performed on a vibration 
table, ensuring the minimization of air trapping. A plasterer float was used to label the 
obtained mix surface on mold. The concrete mixes were kept in laboratory conditions at a 
temperature of 26 °C ± 1.5 and a relative humidity of 75% for 24 h, followed by demolding 
and water-curing for a week. The procedure for the preparation of the proposed concrete 
specimens is presented in Figure 2. 

Table 2. Concrete mix containing 60% WTCPs as an OPC substitute and a varying level of WGBNPs. 

Phase Mix Codes Mixtures 
Binder, kg/m3 Waste Ceramic, kg/m3 

W/B SP, % 
OPC WTCPs WGBNPs Fine Coarse 

Control sample OPC 100% OPC 420 0 0 

816 894 0.48 1.5 

High-volume WTCPs 60WCP 60% WTCPs 168 252 0 

Effect of WGBNPs 
(2, 4, 6, 8, and 10%) 

2NPs 2% WGBNPs 

168 252 

8.4 
4NPs 4% WGBNPs 16.8 
6NPs 6% WGBNPs 25.2 
8NPs 8% WGBNPs 33.6 

10NPs 10% WGBNPs 42 
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Figure 2. Proposed concrete specimens’ preparation procedure. 

2.3. Tests Procedure 
To evaluate the modified concrete specimens’ resistance to varying elevated temper-

atures of 200, 400, 600, and 800 °C, cubes with a size of 100 mm × 100 mm × 100 mm were 
cast. After 4 weeks of age, the concrete specimens were subjected to tests using an auto-
matic furnace, according to ASTM E119 standard [85] (Figure 3). For each heating stage, 
three cubical samples were examined to calculate the mean value. Before subjecting the 
specimens to elevated temperatures using the furnace, the weight, UPV readings, and vis-
ual appearance were assessed, as shown in Figure 4. In accordance with ASTM C109 [86], 
the compressive strength (CS) test was carried out. For the CS, three cubes’ specimens 
were tested at 28 days, and the average value was considered as a reference to measure 
the residual strength after heating. After each stage of heating (Table 3), the residual CS 
(RCS) was assessed to measure the deterioration in proposed performance in aggressive 
environments. 

After exposure to the heat, modified concrete specimens were cooled using an air 
cooling method at a lab temperature of 27 °C ± 3. The weight of the tested specimens after 
the exposure to varying elevated temperature were evaluated to determine the loss of 
weight. In accordance with the ASTM C597 standard [87] for ultrasonic pulse velocity 
(UPV), the relative quality and visual appearance of the specimens were evaluated after 
exposure to heat. Subsequently, the concrete specimens underwent CS tests to determine 
both the RCS and strength loss percentage. Furthermore, the microstructures of the spec-
imens were analyzed through various tests, including XRD, FESEM-EDX, TGA-DTG, and 
FTIR measurements. For the XRD, TGA-DTG, and FTIR tests, paste specimens were pre-
pared for this purpose and tested under similar conditions. The XRD analysis was com-
pleted at the 2theta range of 3–90°, with a step size of 0.02° and a scan speed of 0.5 s/step. 
The samples were mounted on a brass stub sample holder and secured with carbon tape. 
After being dried under infrared radiation for 5 min, they were coated with a gold layer 
using a blazer sputtering coater. Images were captured at 20 kV with 1000× magnification 
to observe the patterns. 
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Figure 3. Variation of temperatures against time based on ASTM E119 [85] and ISO 834-12 [88]. 

 
Figure 4. Heating and cooling procedure following ASTM E119 [85]. 

Table 3. Specimens’ sizes, heating, and cooling times. 

No. Temperature, 
°C 

Specimens’ Details Time, Minutes 

Size, mm Number Heating 
Furnace Drop Tempera-

ture 
Cooling in the Lab Con-

dition 
1 27 (control specimens) 100 × 100 × 100 3 0 0 0 
2 200 100 × 100 × 100 3 15 10 60 
3 400 100 × 100 × 100 3 45 30 150 
4 600 100 × 100 × 100 3 95 60 240 
5 800 100 × 100 × 100 3 195 120 360 

2.4. Theoretical Approach 
Response surface methodology (RSM) was used to assess the performance of the con-

crete mixes enclosing a high level of WTCPs and WGBNPs when exposed to various ele-
vated temperatures. Specifically, the face-centered central composite design (FC-CCD), a 
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technique within the RSM approach, was utilized for its simplicity and accuracy in the 
current study. FC-CCD has been extensively used in the literature to mathematically 
study the interaction and relationship between dependent and independent variables [89]. 
WGBNPs and temperature were considered as independent variables, while strength loss, 
weight loss, and UPV were the dependent variables. Several sequential steps were taken 
to develop the RSM model. In the first step, nine experimental tests were conducted using 
Equation (1). These tests were designed according to the basic concept of FC-CCD, which 
involves three groups of experimental tests: factorial, axial, and central groups. Here, 𝑚 
and 𝑛 refer to the number of central experimental tests and the number of independent 
variables, respectively, while 𝑄 represents the total number of required experimental tests. 
Table 4 presents the number and values of the nine experimental tests as well as their 
coded values. 

2 2= + +nQ n m  (1)

Table 4. The required experimental test to develop the RSM model. 

No. 
Real Values Codded Value 

Groups 
WGBNPs, % Temperatures, °C X1 X2 

1 6 500 0 0 Central values 
2 10 500 1 0 Axial values 
3 6 200 0 −1 Axial values 
4 6 800 0 1 Axial values 
5 6 500 0 0 Axial values 
6 10 800 1 1 Factorial values 
7 2 200 −1 −1 Factorial values 
8 2 800 −1 1 Factorial values 
9 10 200 1 −1 Factorial values 

In the second phase, the gathered experimental data were analyzed using Design Ex-
pert software, version 13 (DX13). The relationships between the dependent and the inde-
pendent variables were modeled using a quadratic equation (Equation (2)), where αo de-
notes the intercept, αi represents linear effect coefficients, αii refers to quadratic effect co-
efficients, and αij serves as the interaction effect coefficient. In addition, Yi and Xi represent 
the dependent and independent variables. Subsequently, the performance of the devel-
oped equation was examined through the coefficients of determination (R2) and mean ab-
solute percentage error (MAPE), as shown in Equations (3) and (4) [90,91]. The former 
evaluates the strength and the closeness between the real and estimated results, while the 
latter is widely used to assess the accuracy and reliability of the equation. In these equa-
tions, r refers to the number of experiments, and the averages of the estimated and actual 

experimental results are denoted by Y  and X , respectively. 

2 2 1 2 2
2

1 1 2 1
α α α α

−

= = = =

= + + +   i o i i ij j i ii i
i i j i

Y X X X X  (2)

( )( )
( ) ( )

2

1

2 2

1

 
− − 

=  
 − −
 


 

r

i
r r

i

X X Y Y
Y

X X Y Y
 

(3)

1

1 *100
=

−= 
r

i

Experimental EstimatedMAPE
r Experimental  

(4)
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3. Results and Discussion 
3.1. Fresh Concrete’ Slump Values 

The influence of incorporating high volumes of WTCPs and silica nanoparticles 
(WGBNPs) on the workability of fresh concrete was assessed in accordance with ASTM 
C143 [83]. The findings reveal that replacing OPC with 60% waste ceramic powder signif-
icantly reduced the concrete workability by 18.95%, decreasing the slump readings from 
190 mm to 154 mm. This reduction is attributed to the porous and irregular structure of 
ceramic particles, which increases water demand and subsequently diminishes concrete 
workability. Similarly, incorporating WGBNPs in the high WTCPs-OPC matrix slightly 
reduced the workability (Table 5). As WGBNPs content increased from 0% to 2%, 4%, 6%, 
8%, and 10%, the concrete slump reading decreased by 3.24%, 7.79%, 10.38%, 14.28%, and 
16.88%, respectively. The observed reduction in the flowability of the proposed concrete 
is associated with the high specific surface area of WGBNPs, which increases water de-
mand, raises concrete viscosity, and lowers slump values. 

Table 5. Slump and compressive strength of modified concrete. 

Tests OPC 
100% 

WTCPs 
60% 

WGBNPs 
2% 4% 6% 8% 10% 

Slump, mm 190 154 149 143 138 132 126 
Compressive strength, MPa 43.9 26.3 28.3 36.9 35.3 31.1 26.9 

3.2. Compressive Strength Development 
Table 5 illustrates the effect of different silica nanoparticle concentrations derived 

from WBGNPs on the compressive strength of concrete over time. The inclusion of 
WBGNPs at levels of 2%, 4%, 6%, 8%, and 10% in a high-volume WTCPs mix (60%) con-
sistently enhanced both early and long-term compressive strength. At 28 days, specimens 
containing these nanoparticle concentrations reached compressive strengths of 28.3, 36.9, 
35.3, 31.1, and 26.9 MPa, all surpassing the compressive strength of the high ceramic mix-
ture (26.4 MPa). This improvement is credited to the nanoscale particles’ ability to accel-
erate hydration, enhance gel density, reduce porosity, and refine the concrete’s micro-
structure [92–97]. Overall, incorporating nanomaterials in modified concrete enables fill-
ing and micro-aggregate effects, fostering the formation of cementitious materials and 
yielding a denser matrix [98,99]. 

3.3. Loss on Weight 
The effects of heating on the specimens’ weight loss were evaluated at varying tem-

peratures of 200, 400, 600, and 800 °C. For all tested specimens, the weight loss percentage 
slightly increased with the increasing exposure temperatures. Figure 5 shows the obtained 
results of four types of modified concrete compared to control specimens of OPC. For the 
control specimens (OPC), the increasing elevated temperature from 27 °C to 200, 400, 600, 
and 800 °C resulted an increase in weight loss of 1.7%, 5.1%, 8.8%, and 12.2%, respectively. 
However, the replacing 60% OPC with WTCPs significantly improved the durability per-
formance and reduce the weight loss percentage to 1.4%, 3.9%, 6.3%, and 9.6%. More en-
hancement on resistance of modify concrete was observed with an additional 4% 
WGBNPs in the high-volume WTCPs-OPC matrix. The weight loss dropped to 1.2%, 3.2%, 
6.1%, and 9.1%, as shown in Table 6. The specimens containing 6% WGBNPs and exposed 
to 200, 400, 600, and 800 °C displayed somewhat better performance than others and 
achieved weight loss of 1.1%, 2.9%, 5.8%, and 8.9%, respectively. The obtained higher per-
formance of concrete modified with WTCPs of 60% and WGBNPs of 4–6% can be at-
tributed to the high content of aluminosilicate, which has shown higher stability under 
elevated temperatures compared to the high-calcium-content control specimens. 
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Figure 5. Loss on weight of the designed mixes containing a high level of waste ceramic tiles powder 
and WGBNPs exposed to elevated temperatures. 

Table 6. Effects of elevated temperatures on weight loss percentage, RCS, and UPV readings of the 
proposed concretes. 

Tests 
Temperature, 

°C 
OPC 
100% 

WTCPs 
60% 

WGBNPs 
4% 6% 

Weight loss, % 

0 0 0 0 0 
200 1.7 1.4 1.2 1.1 
400 5.1 3.9 3.2 2.9 
600 8.8 6.3 6.1 5.8 
800 12.2 9.6 9.1 8.9 

Residual strength (RCS), MPa 

0 43.9 26.4 36.9 35.3 
200 42.01 25.4 35.7 34.2 
400 29.9 22.6 32.5 31.7 
600 16.1 15.9 23.9 23.1 
800 10.49 9.34 13.68 13.27 

UPV readings, m/s 

0 4480 3692 4410 4376 
200 4436 3680 4396 4352 
400 4152 3446 4236 4210 
600 3520 3084 3766 3790 
800 2236 2410 2488 2604 

3.4. Residual Compressive Strength 
Figure 6 illustrates the effect of heating on the RCS of modified concrete. At 28 days 

of age, the modified concrete’ specimens were exposed to 200, 400, 600, and 800 °C. For 
each mixture at varying temperatures, three cubes of concrete were tested, and the average 
value was considered. For all the tested specimens, the deterioration and strength loss 
trend to increase with increasing exposure temperatures. For the control specimens, the 
temperature increasing from 27 to 800 °C reduced the corresponding CS values from 43.9 
to 10.5 MPa. Conversely, the CS value for the mix made with 60% WTCPs as a replacement 
for OPC decreased from 26.4 MPa to 24.4, 22.6, 15.9, and 9.3 MPa. Specimens of high-
volume ceramic containing 4% WGBNPs showed similar trend of results, and the strength 
value dropped from 36.9 MPa to 35.7, 32.5, 23.9, and 13.7 MPa, and from 35.3 MPa to 34.2, 
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31.7, 23.1, and 13.3 MPa for the specimens prepared with 6% silica nanoparticles, as shown 
in Table 6. 

The highest loss in CS with more deterioration at varying elevated temperatures was 
observed with the control specimens of OPC (Figure 7). However, the inclusion of 60% 
WTCP and 4 to 6% WGBNPs significantly improved the concrete performance under heat-
ing. Concrete specimens designed with 60% WTCPs as a replacement for OPC and the 
addition 6% WGBNPs achieved the highest resistance under varying elevated tempera-
tures compared to other specimens. At 200 °C, the loss in strength slightly decreased from 
4.3% to 3.6, 3.3, and 3.1% with the inclusion of 60% WTCPs and 4% and 6% WGBNPs, 
respectively. At 400 °C, a sharp improvement in the resistance of the specimens was ob-
served with the inclusion of WTCPs and WGBNPs, but the loss% decreased from 31.9% 
to 14.4, 11.8, and 10.1%. A similar trend was observed at 600 and 800 °C, and the loss in 
strength dropped from 63.4% and 76.1% to 34.6% and 62.4% with the inclusion of 60% 
WTCPs and 6% WGBNPs in the OPC matrix. 

At the first stage of test, the small range in loss strength was observed when increas-
ing the temperature from 27 °C to 200 °C, attributed to the absorbed and free water evap-
oration. However, there was a repaid increment in strength loss of the OPC specimens 
when increasing the temperature from 200 °C to 400 °C due to the decomposition of Port-
landite (Ca(OH)2) into calcium oxide (CaO) and water (H2O) and the escape of the chem-
ically bound water and decomposed water [100]. Finally, high deterioration and a sharp 
loss in strength with more internal and external cracks were observed when increasing 
the temperature from 400 °C to 600 °C and 800 °C, which is chiefly ascribed to the degra-
dation of Portlandite and calcium (aluminum) silicate hydrate (C-(A)-S-H). 

 
Figure 6. RCS of the designed mixes containing high-volume tile ceramic wastes and WGBNPs ex-
posed to varying elevated temperatures. 
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Figure 7. Strength loss percentage of proposed concrete containing high-volume tile ceramic wastes 
and WGBNPs exposed to elevated temperatures. 

3.5. Ultrasonic Pulse Velocity 
Figure 8 shows the residual UPV reading after the modified concrete specimens ex-

posed to varying elevated temperatures (200, 400, 600, and 800 °C). For all the tested spec-
imens, the increasing exposure temperature from 27 °C to 800 °C resulted in a decrease in 
UPV reading. A small change in UPV readings was observed at a low temperature of 200 
°C. However, the specimens exposed to 600 and 800 °C displayed lower performance and 
showed significant changes in UPV readings. Among the four tested mixtures, a higher 
deterioration was observed for the control specimens. The increasing exposure tempera-
ture from 27 °C to 200, 400, 600, and 800 °C led to a drop in the UPV reading from 4480 
m/s to 4436, 4152, 3520, and 2236 m/s, respectively. However, replacing 60% OPC with 
WTCPs positively improved the concrete performance, increasing the specimens’ re-
sistance to elevated temperatures. The results presented in Table 6 show that the speci-
mens prepared with a high amount of WTCPs and exposed to elevated temperatures have 
higher performance; the UPV readings dropped from 3692 m/s to 3084 and 2410 m/s when 
increasing the elevated temperature from 27 °C to 600 and 800 °C, respectively. A similar 
trend in the results was found for the modified concrete specimens prepared with 4 and 
6% WGBNP; significant improvement was observed with a lower loss in UPV readings. 
The results indicate that the increasing exposure temperature from 27 °C to 600 and 800° 
resulted in a decrease in UPV readings from 4410 m/s to 3766 and 2488 m/s for 4% 
WGBNPs and from 4376 m/s to 3790 and 2604 m/s for the 6% WGBNPs. It is well known 
that increasing the exposure temperatures to 200, 400, 600, and 800° leads to high water 
evaporation, Ca(OH)2 decomposition, the formation of C-(A)-S-H gel, more pores, and 
larger internal cracks. The high deterioration of the concrete’s surface leads to lower UPV 
readings. 
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Figure 8. UPV readings of the specimens containing high levels of waste ceramic tiles and WGBNPs 
exposed to elevated temperatures. 

3.6. Visual Appearance and Impact of Temperature Rise on Cracks 
The effects of an elevated temperature of 800 °C on the surface, cracks number, and 

width of the tested concrete specimens were evaluated. Figure 9 highlights the surface 
cracks of the OPC and modified concrete specimens with high-volume WTCPs contents 
(60%) incorporating varying WGBNPs (4 and 6%) after exposure to 800 °C. Control spec-
imens, which were prepared with only OPC as a binder, showed lower performance un-
der heating compared to other specimens. Compared to concrete specimens and those 
designed with WTCP or/and WGBNPs, wider cracks were observed in the surface of OPC 
specimens exposed to 800 °C (Figure 9a). As shown in Figure 9b, replacing 60% OPC with 
WTCP slightly reduced the deterioration of the concrete surface. A similar trend was ob-
served, for the inclusion of 4% and 6% WGBNPs, which significantly improved the con-
crete durability under the heating. The addition 4% and 6% WGBNPs enhanced the re-
sistance of the tested specimens and reduces the width and number of cracks on the sur-
face, as shown on Figure 9c,d. The heating process is commonly associated with several 
changes, such as moisture evaporation, internal vapor pressure buildup, fine aggregate 
expansion, cement paste contraction, and chemical decomposition. When subjected to el-
evated temperatures, concrete undergoes significant changes in both its chemical compo-
sition and its physical structure. Above approximately 110 °C, dehydration processes, in-
cluding the release of chemically bound water from calcium silicate hydrate (C-S-H), be-
come prominent. This dehydration, combined with the thermal expansion of aggregates, 
generates internal stresses, leading to the formation of microcracks within the material, 
starting at around 300 °C. Calcium hydroxide [Ca(OH)₂], a critical component of cement 
paste, dissociates near 530 °C, contributing to the shrinkage of the concrete structure. 
When fires are extinguished using water, calcium oxide (CaO) reacts to form [Ca(OH)₂], 
which exacerbates cracking and accelerates the crumbling of the concrete [101]. Conse-
quently, the effects of high temperatures typically manifest as surface cracking and spall-
ing. C-S-H gel, the primary strength-contributing compound in cement paste, begins to 
decompose at temperatures exceeding 600 °C. By 800 °C, concrete typically disintegrates, 
and at temperatures above 1150 °C, feldspar melts while other minerals in the cement 
paste transition into a glass phase [102]. Consequently, significant microstructural altera-
tions occur, leading to a substantial loss of strength and durability in the concrete. Both 
concrete color and other characteristics, like density and thermal resistivity, were consid-
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erably influenced by the change in chemical contents, especially with respect to the for-
mulation of more hematite and nepheline under elevated temperatures, which affected 
the concrete’s strength and physical characteristics [103,104]. 

 

 
Figure 9. Visual appearance of modified concrete containing a high volume of waste ceramic tiles 
and WGBNPs after exposure to elevated temperature: (a) 100% OPC; (b) 60% WTCPs; (c) 4% 
WGBNPs; (d) 6% WGBNPs. 

3.7. Impact of Temperature Rise on Discoloration 
The heating-dependent color changes of modified concrete with WTCPs and 

WGBNPs were evaluated. Figure 10 shows the influence of heating (800 °C) on the tested 
concrete specimens’ color. The increasing temperature from 27 °C to 800 °C led to a color 
change from light to dark grey when increasing the level of OPC substitution by WTCPs 
and WGBNPs, which was retained until 400 °C. With the further increase in temperature 
at 400 °C, the color of the concrete shifted slightly to a vanilla shade. However, at 800 °C, 
it turned into a light grey-white color. The burning effect was more intense on the external 
surfaces and gradually decreased toward the interior, leading to most of the observed 
changes. Detailed observations of the crushed specimens showed that the surface color at 
a given temperature penetrated the concrete, depending on the inward heat intensity. In 
addition, a noticeable discoloration of the specimen’s surface was found to extend up to 
nearly 10 mm deep, mainly for the concrete subjected to 600 °C or lower, which differed 
in the mixes exposed to 800 °C. The obtained findings are consistent across all modified 
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concrete mixes containing WTCPs and WGBNPs. Concrete is a composite material com-
posed of aggregates, cement, and water. Consequently, the type and characteristics of the 
aggregate and cement significantly influence the properties of concrete when exposed to 
elevated temperatures. The color changes, internal and surface cracks, and strength dete-
rioration of the concrete with varying cement compositions and aggregates differ under 
high-temperature conditions, primarily due to the mineral composition of the cement and 
aggregates. For instance, quartz, in ceramic aggregates, undergoes a polymorphic trans-
formation at 570 °C, where quartz α converts to quartz β, leading to volume expansion 
and structural damage [103,104]. Additionally, the extent of the color change in heated 
concrete is closely associated with the type of aggregate used in its composition. It is 
widely recognized that concrete containing siliceous aggregates, such as quartz and flint, 
exhibits a red hue when heated to temperatures between 300 °C and 600 °C. Furthermore, 
the cement matrix changes color depending on the temperature: it becomes whitish-gray 
at 600 °C to 900 °C and shifts to a buff color when heated between 900 °C and 1000 °C 
[103,104]. These temperature-induced color changes in construction concrete are readily 
identifiable through visual comparison with unheated concrete. 

 
Figure 10. Discoloration of modified concrete containing a high level of waste ceramic tiles and 
WGBNPs exposed to elevated temperatures: (a) 100% OPC; (b) 60% WTCPs; (c) 4% WGBNPs; (d) 
6% WGBNPs. 

3.8. Scanning Electron Microscopy (FESEM) 
The effects of heating on the surface morphology of modified concrete specimens ex-

posed to 800 °C were evaluated. Figures 11–14 illustrate the change in surface morphology 
of 60% OPC, 4% WTCP, and 6% WGBNPS concrete specimens, respectively. All the ob-
tained results from the FESEM test after exposure to heat were compared to the surface 
morphology of specimens before heating exposure. The tested specimens of the proposed 
concrete showed significant change in surface morphology after being heated to 800 °C; 
the rough surface, pores, and cracks sharply increased; and the deterioration clearly ap-
peared. In Figure 11, the control specimens prepared with only the OPC binder showed 
greater deterioration in the surface than other samples containing WCP and WGBNPs 
binders. The specimens designed with low OPC content that was replaced by WTCPs and 
WGBNPs showed similar outcomes, wherein the number of cracks and pores increased 
with the increasing exposure temperatures (Figures 12–14). Specimens prepared with 
lower OPC content showed better performance compared to control specimens. 



Fire 2024, 7, 426 17 of 30 
 

 

It is well know the elevated temperatures negatively affect concrete durability by 
generating micro-cracks and causing pore enlargement, and this is attributed to hydration 
reaction-mediated products and intense water loss. These findings suggested that the ob-
tained specimens cannot withstand the elevated temperature-induced extreme heat stress, 
resulting in reduced CS. With a further increase in temperature, the coarse aggregate in 
the concrete begun to degrade thermally, producing cracks, spalling, and a decrease in CS 
[105]. After exposure to 800 °C, considerable deterioration and damage to the concrete 
microstructures were observed [106]. Extensive cracking and the formation of large pores 
were noted, suggesting substantial degradation of the concrete microstructure because of 
accelerated dehydration and the transition from disordered to ordered structures, thus 
contributing to CS decrease [107]. 

 
Figure 11. FESEM images of 100% OPC (a) before and (b) after heat exposure at 800 °C. 

 
Figure 12. FESEM images of 60% WTCPs (a) before and (b) after heat exposure at 800 °C. 

 
Figure 13. FESEM images of 4% WGBNPs (a) before and (b) after heat exposure at 800 °C. 
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Figure 14. FESEM images of 6% WGBNPs (a) before and (b) after heat exposure at 800 °C. 

3.9. Energy Dispersive X-Ray Analysis (EDX) 
The EDX spectra of the control specimen (OPC) and the optimal mixtures prepared 

with 60% WTCP and 4% WGBNPs were recorded. The obtained results for EDX are pre-
sented in Figures 15 and 16. The content of Ca, Si, Fe, Al, Mg, S, K, and Na were found to 
be 39%, 6.6%, 2%, 1.9%, 1.1%, 1%, 0.1%, and 0.1% for the OPC specimens (Figure 15) and 
21.2%, 11.5%, 3.3%, 1.2%, 0.8%, 0.5%, 0.3%, and 0.3% for the 4% WGBNPs specimens (Fig-
ure 16), respectively. The high content (39%) of Ca for the OPC specimens compared to 
the lower Ca content (21.2%) of the 4% WGBNPs specimens was attributed to the water 
evaporation in Portlandite (Ca(OH)2) and dense gels of C-S-H and C-A-S-H, which ex-
plained the lower CS performance of OPC specimens under the heating [108,109]. Fur-
thermore, the high content of Si (11.5%) for the 4% WGBNPs specimens compared to 6.6% 
was observed with OPC specimens, contributing to the high thermal stability of modified 
cement with WTCPs and WGBNPs under elevated temperatures. 

 
(a) 
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(b) 

(c) 

Figure 15. EDX maps of control concrete specimens (100% OPC) exposed to 800 °C: (a) electron 
image; (b) map sum spectrum; (c) layered elements images. 

 
(a) 
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(b) 

 
(c) 

Figure 16. EDX maps of high level WTCPs-incorporated and 4% WGBNPs-supplemented concrete 
exposed to 800 °C: (a) electron image; (b) map sum spectrum; (c) layered elements images. 

3.10. Thermogravimetric and Differential Thermal Analyser (TGA) 
Figure 17 shows the analysis results of the TGA curves of modified concrete designed 

with a high amount of WTCP and WGBNPs. The effect of heating (200, 400, 600, and 800 
°C) on the structure of 100% OPC, 60% WTCPs, 4% WGBNPs, and 6% WGBNPs mixtures 
were evaluated. The control specimens of 100% OPC were found to be lower stability un-
der elevated temperatures compared to other specimens. It was observed that specimens 
made with 60% OPC replacement via WTCPs and WGBNPs inclusion had significantly 
high thermal stability under the heating. The change in weight was improved from 73.56% 
to 74.29%, 74.65%, and 80.61% with an additional 60% WTCPs and 4% and 6% WGBNPs 
in the matrix, respectively. The higher performance of 60% WTCPs, 4% WGBNPs, and 6% 
WGBNPs mixtures under an aggressive heating environment attributed to the low cal-
cium content with higher silica and aluminium compared to the 100% OPC control mix-
ture. The high loss in weight for the 100% OPC specimens may be due to the evaporation 
of free water when it was heated in the furnace. Additionally, the dehydration of cement 
gel could make the crystalline phases more dense [110]. 
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Figure 17. Weight change percentage of proposed concrete containing a high volume of ceramic and 
WGBNPs exposed to 900 °C. 

3.11. FTIR Spectral Analyses of Specimens 
Figure 18 illustrates the Fourier transform infrared spectroscopy (FTIR) of modified 

concrete containing a high amount of WTCPs and WGBNPs and exposed to elevated tem-
perature (800 °C). The FTIR spectral analysis showed main bands around 600–1200 cm−1. 
The stretching bands of Si-O-Al, Al-OH, and Si-O/C-(A)-S-H were located at a wave-
number of 650–700 cm−1, 750–800 cm−1, and 850–900 cm−1, respectively. The changes in the 
band vibrations of varying modify concrete mixtures after exposure to heating were 
clearly evidenced. The change in the IR vibration frequency for the OPC specimen com-
pared to the ones made using WTCPs and WGBNPs can be ascribed to the decrease in C-
(A)-S-H gels in the exposed control specimens’ matrix, which weakened the three-dimen-
sional structure. The replacement of 60% OPC with WTCPs and WGBNPs reduced the 
production of C-(A)-S-H gels, displaying high performance under an aggressive heating 
environment. 

 
Figure 18. FTIR of modified concrete made from a high level of WTCPs and WGBNPs (a) before 
heating and (b) after being exposed to elevated temperatures (800 °C). 
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4. Modeling and Analysis 
4.1. Predictive Equations 

In this section, the behavior of a large amount of WTCPs-based concrete, incorporat-
ing WGBNPs exposed to elevated temperatures, was predicted based on strength loss, 
weight loss, and UPV using three quadratic equations. These equations aim to predict and 
assess the effect of varying amounts of WGBNPs (2–10%) on high-volume ceramic-based 
concrete subjected to heating ranging from 200 to 800 °C. Table 7 presents the developed 
equations, accompanied by several statistical parameters to ensure their accuracy and 
ability to provide precise predictions with minimal error. The robustness and the close-
ness with respect to the actual and predicted results of all equations were demonstrated 
by R² values higher than 0.97. This aligns with the findings of Mhaya, Algaifi [111], which 
highlight that an R² value higher than 0.9 indicates highly precise results. Moreover, the 
MAPE was calculated to evaluate the accuracy of the developed equations. Low MAPE 
values indicate excellent results, while high values indicate poor predictive performance. 
In our study, the MAPE values for strength loss, weight loss, and UPV were 7.46%, 2.268%, 
and 2.743%, respectively, confirming that the equations are reliable and accurate. These 
findings are consistent with those of Sujjaviriyasup and Pitiruek [112], who reported that 
higher accuracy could be obtained when the MAPE value is lower than 10%. Additionally, 
analysis of variance (ANOVA) was used to validate the performance of the proposed equa-
tions and their terms using p-values and F-values (Table 8). A higher F-value and a lower 
p-value (less than 0.05) indicate that the model and its terms are significant [113]. It was 
observed that the equations for strength loss, weight loss, and UPV, as well as their terms, 
are all significant. 

Table 7. Predicted equations for strength loss, weight loss, and UPV. 

Response Developed Equations with Their Validations 

Strength loss 
(%) 

2
1 2 21.66 0.32 0.004 0.0001SL X X X= − − +  

2 0.9993R =  7 .46M A P E =  

Weight loss (%) 
6 2

1 2 1 2 20.07 0.032 0.0068 0.0001 6.91WL X X X X E X−= − − + − +  
2 0.9994R =  2 .2 68M A P E =  

UPV (m/s) 
2 2

1 2 1 23135.2 266.5 2.33 21.76 0.005UPV X X X X= + + − −  
2 0.9719R =  2 .7 43M A P E =  

Table 8. ANOVA analysis for the proposed equations. 

Dependent Variables Term Mean Square Sum of Squares p-Value F-Value Note 

SL 

Model 1810.39 5431.2 <0.0001 2233.2 significant 

1X  9.63 9.63 0.0183 11.88  

2X  5251.1 5251.1 <0.0001 6477.4  
2
2X  170.51 170.51 <0.0001 210.3  

WL 

Model 22.92 91.69 <0.0001 1784.5 significant 

1X  1.01 1.01 0.0009 78.84  

2X  89.78 89.78 <0.0001 6989.9  

1 2X X  0.116 0.116 0.0399 9  
2
2X  0.773 0.773 0.0015 60.18  

UPV 

Model 9.25 × 105 3.69 × 106 0.0023 34.53 significant 

1X  2773.5 2773.5 0.7637 0.1036  

2X  3.09 × 106 3.09 × 106 0.0004 115.44  
2
1X  2.42 × 105 2.42 × 105 0.0396 9.05  
2
2X  3.61 × 105 3.61 × 105 0.0213 13.50  
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4.2. Relationship Between Dependent and Independent Variables 
After developing three quadratic equations, 2D and 3D plots were constructed to 

clearly illustrate the evolution of CS, WL, and UPV with varying values of WGBNPs and 
temperature. These plots provide deep insights into the relationships between the inde-
pendent and dependent variables of the proposed concrete. As shown in Figure 19, with 
the increase in WGBNPs, both strength and weight loss decreased, while the UPV im-
proved. On the other hand, increasing the temperature led to a decrease in strength and 
UPV, as well as an increase in weight loss. However, at 6% WGBNPs, the proposed con-
crete exhibited reasonable results compared to the control sample. Specifically, at 200 °C, 
the strength, weight loss, and UPV were 3.1%, 1.18%, and 4352 m/s, respectively, com-
pared to the control sample’s 3.6%, 1.44%, and 3680 m/s. At 800 °C, these values were 
62.4%, 8.95%, and 2604 m/s, respectively, compared to the control sample’s 64.6%, 9.63%, 
and 2410 m/s. 

 

  

  
  

Figure 19. Evolution of the proposed concrete exposed to elevated temperature: (a,b) SL; (c,d) WL; 
(e,f) UPV. 
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4.3. Variables Interaction Analysis 
In this section, the interaction of the independent variables involving WGBNPs (X1) 

and temperature (X2) and their impact on SL, WL, and UPV of the proposed concrete were 
investigated. As shown in Figure 20, the first variable (WGBNPs) showed a positive effect 
on strength and weight loss, indicated by a gradient slope. Specifically, both SL and WL 
decreased with the increase in WGBNPs content. Additionally, UPV increased with the 
increase in WGBNPs up to 6%; beyond this value, a decrease in UPV was observed. On 
the other hand, the second independent variable, temperature, exhibited a sharp slope, 
indicating that SL, WL, and UPV were negatively affected by the increasing temperature. 

  

 
 

Figure 20. Perturbation plot for (a) SL, (b) WL, and (c) UPV. 

4.4. Equations Verification 
According to Algaifi, Syamsir [114], an additional experimental test should be con-

ducted and compared with the predicted results to verify the accuracy and reliability of 
the developed equations. The difference between the experimental and predicted results 
(error percentage) should not exceed 10%, indicating a good agreement, as supported by 
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Salah, Mutalib [115]. Moreover, an equation’s performance is considered excellent when 
the MAPE approaches zero. Equation (5) presents the error percentage formula used to 
verify the proposed equations. 

In our study, as shown in Table 9, the MAPE for SL, WL, and UPV of the proposed 
equations are 5.6%, 3.8%, and 1.61%, respectively, demonstrating the equations’ ability to 
forecast with minimal error. 

Pr(%) 100Experimental edictedError percentage
Experimental

−
= ×

 
(5)

Table 9. Verification of the developed equations. 

Output 
Input 

Experimental Predicted Error Percentage 
(%) WGBNPs, 

(%) T, (oC) 

SL (%) 4 400 13.99 14.78 5.6 
WL (%) 4 400 3.354 3.482 3.8 

UPV (m/s) 4 400 4050 3985 1.61 

5. Conclusions 
Effects of WTCPs and WGBNPs content on the structural engineering properties of 

modified concrete were assessed with respect to elevated temperatures resistance. From 
the results, the following conclusions can be made: 
i. From the obtained results, it is found the workability and compressive strength are 

significantly influenced by WTCPs and WGBNPs content. The slump value of fresh 
concrete mixtures tend to decrease with the increasing content of WTCPs and 
WGBNPs in the OPC matrix. However, the results showed that the added 4% of 
WGBNPs to the WTCPs-OPC matrix enhances the compressive strength perfor-
mance among other ratios (2, 6, 8, and 10%). 

ii. Replacement of 60% of OPC by WTCPs significantly improved the durability per-
formance of the proposed concrete by decreasing the loss of compressive strength 
after exposure to the varying elevated temperatures (200, 400, 600, and 800 °C). It is 
well known that increasing the aluminosilicate content in the cement matrix in-
creases its thermal stability. 

iii. Varying the content of WGBNPs in the cement matrix considerably increased its 
resistance to heating by increasing the residual compressive strength and reducing 
the weight loss percentage. 

iv. The UPV test results indicate that the inclusion of WTCPs and WGBNPs in the ce-
ment matrix controlled the internal cracks and pores number and enhanced the per-
formance of the matrix under the heating. 

v. The microstructures analyses using XRD, FTIR, FESEM, EDX, and TGA measure-
ments demonstrated the good thermal stability of the modified concrete made from 
high-percentage WTCPs (60%) and WGBNPs when subjected to temperatures up to 
800 °C. 

vi. A practical benefit of examining the surface discoloration in fire-modified concrete 
that contains a high volume of WTCPs and WGBNPs lies in its use for the prelimi-
nary assessment of fire-related damage. This allows for a better understanding of 
the fire’s intensity. 

vii. It is asserted that reusing industrial materials like ceramic tiles and glass bottles can 
result in the production of highly durable concrete. This approach offers economic 
benefits, enhances sustainability, and promotes environmental friendliness. 
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