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Abstract: The continuous demand for economical high-
performance thermally resilient concrete with superior me-
chanical behavior is pivotal for sustainable concrete infra-
structure. Few studies have examined the effect of the
frictional resistance of fine aggregates on the thermal resil-
ience of concrete structures. Laboratory tests (compressive
strength, thermal conductivity, and ultrasonic pulse velocity
tests) were conducted to evaluate the thermal resilience of the
fine aggregates. The results showed that 20 % optimal partial
replacement of traditional aggregate by Wadi Gyada Alkharj
Fine Aggregate (WGAFA) enhanced compressive strength
(CS), thermal conductivity (TC), and ultrasonic pulse velocity
(UPV) by 19 %, 23.8 %, and 36.5 %, respectively, compared to
traditional aggregate. The results showed that TC, CS, and UPV
declined by 58 %, 49 %, and 47 %, respectively, after exposure
to the 800 °C thermal effect versus that at 25 °C. A predictive
model for post-heating compressive strength (CS) was pro-
posed for fire-resistant infrastructures to prevent loss of life
and reduce financial losses from infrastructure destruction.
This study demonstrated that non-destructive test parameters
can effectively evaluate the post-heating residual compressive
strength of fire-affected concrete structures for future use.

Keywords: fine aggregate; sustainable; concrete; post heat-
ing strength

1 Introduction

Due to expanding urbanization and industrialization in this
era, the consumption of concrete has shown an increasing
trend on a daily basis [1]. The global population surpassed

*Corresponding author: Sultan Almuaythir, Department of Civil
Engineering, College of Engineering in Al-Kharj, Prince Sattam Bin Abdulaziz
University, Al-Kharj 11942, Saudi Arabia, E-mail: s.alhomair@psau.edu.sa.
https://orcid.org/0000-0002-1389-3173

seven billion people in the 21st century, creating a significant
need for building and housing development worldwide.
This, in turn, led to an increase in the demand for concrete.
As a result, the materials used to produce concrete may face
depletion or decrease in availability [2]. There is a demand to
produce thermally resilient concrete to sustain high thermal
variation, which may lead to fire disasters that necessitate
the integration of life cycle assessment and circular economy
in building construction [3-5].

Concrete structures in service life face unpredictable
fire exposure; however, the impact of non-uniform cooling
caused by fluid infiltration during fire suppression treat-
ments has been minimally explored [6]. To address this gap,
this study investigated the effect of nonuniform cooling on
the degradation of the pore structure and properties of
concrete after exposure to high temperatures [7]. Cyclic
cooling and heating cause early crack development in
concrete [8].

Concrete is the most widely used material in the con-
struction industry globally. Owing to its exceptional
compressive strength, durability, and moldability, cement
concrete is a ubiquitous material of choice [9, 10]. When
produced with a meticulous design, precise specifications,
and rigorous manufacturing processes, this engineered
substance yields concrete with outstanding performance in
construction applications [11].

Fire disasters can produce severe cracks, resulting in
concrete infrastructure failing to encounter high thermal
variations. The resilience of concrete infrastructure to var-
iations in temperature in the environment is termed as
thermal resilience [12, 13]. When designing structural com-
ponents for buildings, it is essential to ensure that they meet
both fire resistance and load-bearing requirements. Fire
resistance is important because, when other fire control
measures fail, the structural integrity of the building be-
comes the last safeguard [14-16]. Concrete beams, columns,
and slabs should not spall at higher temperatures in the case
of fire disasters or structures that are to be used as fire
workplaces. The fire resistance of concrete is measured
based on the strength and durability parameters [17].

8 Open Access. © 2025 the author(s), published by De Gruyter. [[(c<) 2| This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/rams-2025-0184
mailto:s.alhomair@psau.edu.sa
https://orcid.org/0000-0002-1389-3173

2 —— S. Almuaythir: Wadi Gyada Al-Kharj sand concrete: post-heating strength prediction

The stiffness and strength of concrete are reduced at
higher temperatures levels due to the deterioration and loss
of binding forces [18]. The significance of research in this
area lies in understanding the causes of spalling, which is
believed to result from the buildup of pore pressure during
heating [19].

The Coarse aggregates accounts for 65-75 % of the con-
crete; however, the effect of frictional resistance fine ag-
gregates is to explore for the evaluation of thermal
resistance of concrete [20, 21]. Various concrete specimens
with different mix ratios were prepared experimentally, and
key performance indicators, such as density, porosity,
damping ratio, compressive strength, and flexural strength,
were evaluated to analyze their variations [22, 23]. The
gradation and coefficient of uniformity of particles signifi-
cantly affect the strength properties of concrete [24, 25].

The gradation and fineness modulus of fine aggregates
significantly affect the compressive and tensile strengths of
concrete [26-28]. The morphology (shape and texture) of the
fine aggregates also play a key role [29]. However, the bond
strength between cement-paste and rounded aggregates
may be weaker, resulting in lower compressive and tensile
strengths over time. The fineness modulus of fine aggregates,
which refers to the average size of the particles, also affects
concrete properties. A higher fineness modulus (indicating
coarser aggregates) typically leads to improved strength due
to better particle packing and reduced voids in the mix [30].
Although preliminary studies have been conducted in these
areas, comprehensive research on aggregate-related factors,
such as aggregate content, particle size distribution, and
gradation, along with strategies for optimization, remains
insufficient. Research has indicated that a careful increase in
aggregate content can improve the material density and
compressive strength while simultaneously reducing porosity
[31-33]. Balancing the morphology and fineness modulus is
essential for optimizing both the compressive and tensile
strengths of concrete [34, 35].

Reinforced concrete (RC) structures are susceptible to fire
damage during their lifespans. Concrete infrastructure is only
stable up to certain temperatures, and this stability can be
disrupted when temperatures fluctuate [36]. The degree of
temperature, along with the duration of exposure and heating
rates, significantly affects the molecular structure, contrib-
uting to the degradation of concrete. At extremely high tem-
peratures, the mechanical properties and stiffness of concrete
decrease significantly due to physical and chemical changes
[37, 38]. Additionally, in the case of severe fires, spalling of
Ordinary Portland Cement (OPC) concrete can occur, causing
the outer layers of the concrete to deteriorate rapidly, which
may expose the internal reinforcement to high temperatures,
potentially weakening the overall structure [39, 40].
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Fire exposure causes temperatures to rise, which can
lead to spalling in concrete, severely compromising its
structural integrity and reducing its mechanical properties,
particularly its compressive strength [41]. In extreme cases,
spalling can contribute to the failure of crucial structural
components [42]. The primary causes of explosive spalling
are the accumulation of vapor pressure within the pores of
the concrete and the uneven distribution of thermal stresses
[43] whereas if heating is rapid and the concrete has a dense
pore structure, the vapor cannot escape quickly enough,
resulting in a significant build-up of pore pressure [44, 45]
and which ultimately leads to spalling. Moreover, cracking
in the concrete matrix can be accelerated by the chemical
decomposition of hydrates, differential shrinkage of con-
crete paste, thermal instability, and expansion of coarse
aggregates [46]. The mismatch in thermal and elastic prop-
erties between aggregates and cement paste at elevated
temperatures can also lead to cracking in the interfacial
transition zone (ITZ), further weakening the concrete and
exacerbating the destructive processes [47].

The effects on the concrete structure are significant for
the life span of concrete infrastructure. When subjected to
high temperatures, cementitious materials undergo decom-
position, which leads to a significant reduction in their load-
bearing capacity. In the case of Portland cement-based ma-
terials, physically bound water evaporates within a temper-
ature range of 30-100 °C, whereas different changes occur
from 200 to 900 °C [48]. The thermal conductivity of concrete
depends on its compactness and stiffness of the concrete [49].
High-strength concrete shows high potential for conducting
thermal waves. The deterioration of the concrete causes a
reduction in the thermal conductivity. The ultrasonic pulse
wave (UPV) is a nondestructive parameter used for the
strength and soundness of concrete structures [50]. The UPV is
high for high-strength concrete. After concrete is exposed to a
high level of thermal effects, the UPV is reduced.

Past studies on concrete for thermal resilience and
lifespan, are extensive in the literature. The fire protection
methodology is well described in the [51] for the design of
concrete structures for structural fire design [52-54]. At high
temperatures, the spalling and cracking of concrete struc-
tures are initiated, which is critical for the stability of con-
crete infrastructures [55, 56] whereas the concrete
properties can be assessed for the resistance of the materials
to fire [57].

Past studies have been insufficient for the prediction
of post-fire strength scenarios using nondestructive and
destructive macro-investigations of concrete properties.
Hence, it is essential to develop a model for use in precau-
tionary measures for residual resilience after the exposure of
concrete buildings to elevated temperatures, as an effective
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fire-resistant concrete structure is essential for the safety and
durability of residential and industrial infrastructure. This
novel study predicts the post-heating compressive strength of
concrete based on predictors, such as thermal conductivity
and ultrasonic pulse velocity, for use in the assessment of
residual resilience at the post-heat stage.

2 Materials

Wadi Gyada Alkharj Fine Aggregate (WGAFA) is abundantly
available in the study area near Riyadh, Saudi Arabia. WGAFA
was collected from a site in Wadi Gyada, Alkharj. Large sand
strata are available at this site and can be used in the con-
struction of infrastructure. Figure 1 shows the collection of
fine aggregate samples from the Wadi Gyada Alkharj field.

The materials used in this study were WGAFA, coarse
aggregate, and cement. The physical properties of the
aggregate significantly affect the properties of concrete;
hence, the characterization of fine and coarse aggregates is
vital to evaluate concrete integrity and lifespan. The prop-
erties of the WGAFA and cement are presented in Table 1.

X-ray Fluorescence is an excellent method for the
quantification of oxide compounds in materials to assess the
chemical composition of the materials used in this research,
as shown in Table 2.

The comprehensive characterization of Wadi Gyada Fine
Aggregate (WGAFA) reveals a material with distinct and ad-
vantageous properties that explain its superior performance
over traditional sand. Chemically, the data shows that WGAFA
is composed of 92.5 % SiO,, confirming its highly siliceous and
inert nature. This high puritylevel is a critical differentiator, as
it indicates that WGAFA is largely free from the clay minerals,
soluble salts, and organic impurities often found in variable
concentrations within natural sands sourced from other lo-
cations. This chemical stability ensures that the aggregate does
not participate in detrimental reactions with cement, leading
to a more predictable and durable composite material.
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Table 1: Properties of aggregates used in this research.

Physical properties WGA fine Natural coarse
aggregate aggregate
Unit weight (g/cm?) 1.52 1.51
Percentage of voids (%) 43.8 38.2
Apparent density (g/cm?) 2.73 2.54
Water absorption capacity 1.26 1.56
(%)
Specific gravity 2.74 2.49
Fineness modulus 2.79 2.18
Silt content (%) 2.1 -
Aggregate crushing value - 14.42
(% ACV)
Aggregate impact value (% - 9.53
AlV)
Table 2: Chemical composition of by X-ray Fluorescence.
Constituent/oxides (%) WGA fine aggregate Cement
SiO, 92.5 201
Ca0 1.5 65.7
Al,03 2.8 4.4
MgO 0.1 0.41
Na,0 0.2 1.22
K,0 0.8 0.01
Fe,03 0.6 3.84
SOs3 0.07 1.74

Physically, WGAFA exhibits two key superior character-
istics. First, its lower water absorption of 1.26 %, compared to
1.8 % for traditional sand, indicates that the Wadi Gyada par-
ticles possess a denser and less porous internal structure. This
property is highly beneficial in a concrete mix, as it reduces the
amount of water absorbed by the aggregate particles them-
selves. Consequently, more mix water remains available for

Figure 1: Wadi Gyada Al-Kharj fine aggregate
sampling site and deposits. (a) Representative
view of the Wadi Gyada Al-Kharj sand strata at
the sampling/collection location; (b) close-up
view of the WGAFA deposit/collected fine
aggregate.
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cement hydration, and the risk of a weakened Interfacial
Transition Zone (ITZ) due to water withdrawal is minimized,
directly leading to a stronger bond between the paste and the
aggregate. Second, the higher fineness modulus of 2.79 for
WGAFA, against 2.3 for traditional sand, signifies a coarser and
potentially better-graded particle size distribution.

The combination of these properties provides a clear
mechanistic explanation for the observed performance im-
provements. The coarser, denser particles of Wadi Gyada sand
are posited to create a more optimized granular skeleton.
When used as a fine aggregate, its particle size distribution
allows it to fill voids more efficiently than the traditional sand,
leading to improved particle packing density. This densifica-
tion of the microstructure directly translates to the docu-
mented enhancements in mechanical and physical properties.
The reduction in overall porosity results in higher compressive
strength, as the solid skeleton is more competent at resisting
loads. It also leads to a higher Ultrasonic Pulse Velocity, as
sound waves travel faster through a less porous, more
continuous solid medium. Similarly, the observed improve-
ment in thermal conductivity is a direct consequence of this
reduced porosity and the creation of more continuous path-
ways for heat to flow through the solid matrix of the composite.

3 Methods
3.1 Mix details and test schedule

Experimental program was devised for different tests in
this research, is presented in Table. Concrete specimens

Table 3: Engineering tests in and corresponding parameters.

Experiment/samples Parameters Conditions

For each substitution
ratio (i.e., 0, 5%, 10 %,
15 %, 20 %, 30 %, 40 %
and 50 %)

For each substitution

Thermal treatment (TT)
(144 samples)

Temperature measure-
ment up to 800 °C in
increments

Compressive strength
test, (72 samples)

UPV tests (same sam-
ples which are later
used in compressive
strength)

Thermal conductivity
(72 samples)

Compressive strength
(for each substitution
ratio before and after
m

Velocity measurement
(for each substitution

ratio before and after
1

Measurement of
conductivity

ratio (i.e., 0, 5 %, 10 %,
15 %, 20 %, 30 %, 40 %
and 50 % before and
after TT)

For each substitution
ratio (i.e., 0, 5%, 10 %,
15 %, 20 %, 30 %, 40 %
and 50 % before and
after TT)

For each substitution
ratio (i.e., 0, 5 %, 10 %,
15 %, 20 %, 30 %, 40 %
and 50 %)
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Figure 2: Thermal exposure setup for post-heating testing of concrete
cubes. (a) Furnace chamber showing the concrete cube specimens
during thermal exposure; (b) enlarged view of the cube specimens/
arrangement.

Optimization of WGAFA Proportion and Heat Treatment
of Cubes

Non-destructive Testing of Concrete Cubes
(Ultrasonic Pulse Velocity: ASTM C597-16; Thermal

Conductivity)

Mechanical Properties
(Compressive Strength: ASTM C39,)

Figure 3: Flow chart of methodology.

(100 mm cube size) were exposed to elevated temperatures
(25°C-800°C), and various tests — such as mass loss, ul-
trasonic pulse velocity (UPV), and compressive strength
was conducted. Subsequently, the specimens were cooled
in the ambient air. The test schedule is presented in
Table 3.

The cube samples were cured up to 28 days and then
placed in the furnace for exposure to different temperatures
levels is, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C,
and 800 °C, as shown in Figure 2 (a) and (b).

A flow chart of the different processes and methods
adopted in this study is presented in Figure 3.

A conventional mix design was used for the concrete
trial mixes. Mixes were designed to target workability in the
range of 60-170 mm, using Portland Cement (PC) and a free
W/C ratio of 0.45. The workability of the mixture was
assessed using the procedure specified in ASTM C143. During
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Table 4: Material quantities for 1 m? of control mix.
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Mix ratio W/C ratio A/C ratio Cement (kg/m°)

Fine aggregate (kg/m®)

Coarse aggregate (kg/m°) Water (kg/m®)

1:2:4 0.45 4 328

660 1,322 147

the placement stage, external vibrations were applied to
compress the experimental concrete.

The concrete specimens were stored at room tempera-
ture for 24 h before removal from the molds. Once demolded,
the specimens were subjected to water curing for 48h to
improve their strength and durability. Following steam
curing, the specimens were subjected to a controlled envi-
ronment with a relative humidity of 60 % and a temperature
of 25 °C for additional curing. The compressive strengths of
the cubes were measured after 28 days of curing for samples
containing 0 %, 5 %, 10 %, 15 %, 20 %, 30 %, 40 %, and 50 % of
WGAFA. The concrete mix design was based on the Absolute
Volume method as outlined in BS 5328: Part 2:1991, “Method
of Specifying Concrete Mixes.” Based on the initial estimate,
a mix ratio of 1:2:4 was selected. The mix also had an
aggregate/cement ratio of 4:1. A trial mix was developed and
evaluated for its workability, strength, density, and finishing
characteristics, and then modified for application to all
concrete mixtures.

A total of eight (8) different mixes were created: one was
a control mix without any substitution, while the other seven
incorporated WGAFA aggregate substitutions at levels of
0%, 5%, 10 %, 15 %, 20 %, 30 %, 40 %, and 50 % by volume.
The mix proportions were kept consistent regarding the mix
design ratio, water/cement ratio, and the size and type of
both the natural fine aggregate and WGAFA utilized in the
research. In total, 144 concrete cubes were produced for
thermal testing after curing in water for 28 d. Table 4 lists the
detailed mix proportions used in this study.

3.2 Test procedures
3.2.1 Compressive strength

Concrete production and testing were performed for the
study of thermal effects. After production, the initial slump
was measured, and slump loss was evaluated using the
compacting factor test at 30-min intervals, extending up to
150 min. The mixes were covered with polythene sheets and
maintained in a moist environment for 24 h post-casting
before testing or undergoing 20 °C water curing. The engi-
neering properties analyzed included the compressive
strength, flexural strength, and drying shrinkage.

3.2.2 Thermal test

To perform the thermal property assessments, the samples
were cut from the hardened concrete prisms using a power
saw, and their ends were meticulously ground for precise
measurements. The dimensions of the test samples were
varied based on the specific properties evaluated. To assess
the thermal conductivity and mass loss, samples with di-
mensions of 50 mm x 50 mm x 25 mm were prepared. mass
loss was determined by weighing the test sample before and
after it was exposure to a predetermined high temperature
in a sealed electric furnace, which could reach up to 800 °C.
The furnace featured internal electric heating elements with
adjustable heating rates and a precise temperature-control
system.

A consistent temperature ramp rate of 5°C per minute
was employed to reach all target temperatures (100 °C-800 °
C). This controlled rate was chosen to minimize thermal
shock while realistically simulating a building fire’s heating
phase. Upon reaching each target temperature, it was
maintained for a duration of 2 h. This dwell time ensured a
uniform temperature distribution throughout the specimen,
allowing the concrete’s chemical and physical changes to
fully manifest and ensuring the specimen reached thermal
equilibrium before testing. After the heating cycle, the
furnace was switched off, and the specimens were allowed to
cool gradually to ambient temperature inside the closed
chamber. This slow, natural cooling protocol was designed to
simulate a realistic post-fire cooling scenario in a structural
element, avoiding the additional micro-cracking that can
result from rapid quenching.

The heating chamber, measuring 300 mm x 500 mm
internally, was equipped with a steel and insulation jacket to
effectively reduce the risk of spalling in the concrete sam-
ples. A high-precision digital scale with 0.1 g accuracy was
used for precise mass measurements. The Hot Disk software
managed the sensor resistance, measurement duration, and
furnace target temperatures. The testing protocol was set to
capture thermal property data at eight specific target tem-
peratures: 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C,
700 °C, and 800 °C. During each test, the furnace temperature
was gradually raised to the specified target temperature and
held steady until the test sample reached thermal equilib-
rium. With a constant heat source applied, the temperature
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of the sensor, placed between two samples, increased,
facilitating heat flow within the test sample. Once thermal
equilibrium was achieved at each target temperature, the
sensor in the hot-disk apparatus simultaneously measured
the thermal conductivity.

Increased heating of concrete leads to mass loss due to the
weakening of cement bonds at the surface [58]. To measure
mass loss, the weight of the test specimen was recorded at
different target temperatures: 25°C, 200 °C, 400 °C, 500 °C,
600 °C, 700 °C, and 800 °C, creating a mass loss curve relative
to temperature for each WGAFA proportion. Before placing
the specimens in an electric furnace, their initial masses were
measured at room temperature. Specimens from the 20 % and
25 % batches experienced explosive spalling around 200 °C
when heated at rates over 0.5 °C/min. This phenomenon is due
to the dense matrix of the 20 % batch, which leads to pressure
build-up, even at relatively low heating rates.

Thermal properties were calculated by taking the
average of three measurements at each temperature. The
thermal characteristics of WGAFA concrete were then
compared to those of other types of concrete, including
standard concrete made with ordinary aggregate sourced
approximately 150 km away from the site in question.

The thermal conductivity of concrete varies with tem-
perature due to shifts in moisture levels as the temperature
rises. Concrete holds moisture in free, adsorbed, and
bonded states, and these moisture levels fluctuate because
of the microstructural changes that occur when exposed to
high temperatures. When the temperature exceeds 100 °C,
free water starts to evaporate, and around 300 °C, both
adsorbed water and interlayer water from the calcium
silicate hydrate (C-S-H) gel, along with bonded water,
begin to evaporate as well. Up to 400 °C, CaCO3 decomposes
following the decomposition of C-S—H up to 900 °C. At room
temperature, the thermal conductivity ranges from 2.8
3.6 W/m °C.

Different physical and chemical changes in concrete are
described in Table 5.

Table 5: Changes in concrete structure at elevated temperatures [59].

Temperature Changes in structure
(WY

100 Free water is evaporated from concrete pores

200 Melting of any organic impurities

300 Loss inter-layer C-S-H water, adsorbed and bonded water
400 CaCOs is dissociated in CaO and H,0

500 C-S-H is decomposed
600 Quartz is transformed into aggregate form
900 C-S-H is completely decomposed
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3.2.3 Ultrasonic pulse velocity (UPV) test

Nondestructive testing, such as the Ultrasonic Pulse Ve-
locity (UPV) test, was performed to evaluate the quality of
concrete based on the ultrasonic pulse velocity method, in
which an ultrasonic pulse is transmitted into the concrete
through a transducer, which undergoes multiple re-
flections within different material phases. This results in
the formation of a complex system of stress waves
including longitudinal, shear, and surface waves. Longitu-
dinal waves, being the fastest, are the first waves to be
detected by the receiving transducer. The distance trav-
elled by these waves was measured, and their velocities
were then calculated.

A UPV device was used to test concrete cubes. After 28 d
of curing, the cubes were placed in a flat position, and the
transmitting and receiving transducers were positioned on
opposite sides of the concrete surface. This is known as the
direct-testing method. The time taken by the ultrasonic pulse
waves to travel through the concrete was recorded in mi-
croseconds, and their velocity was calculated manually in
m/s or km/s. UPVis a nondestructive test used to evaluate the
qualitative integrity of concrete. The measured velocity was
correlated with the strength of the concrete. A high UPV
value indicates a shorter travel time of ultrasonic waves due
to the high compactness and denseness of the concrete. The
voids and cracks present in the concrete lower the UPV,
indicating the low strength of the concrete. The quality of the
concrete specimens was categorized based on the ultrasonic
velocity (m/s) as excellent (for UPV > 4,500 m/s), good (for
4,500 > UPV > 3,500), medium (for 3,500 > UPV > 3,000), and
doubtful (for UPV < 3,000).

This testing approach involves recording the transit
time to compute the “apparent” ultrasonic pulse velocity,
which is determined by the distance between transducers.
While not all types of damage or deterioration influence the
ultrasonic pulse velocity of the material, they can change
the path the pulse follows from the transmitter to the
receiver. For example, cracks caused by loading can
lengthen the actual path that the pulse travels, resulting in
a longer measured transit time. However, the actual path
length is not directly measurable. Because the calculation
depends on the transducer spacing, the presence of cracks
causes a reduction in the “apparent” pulse velocity, even if
the true ultrasonic pulse velocity of the material remains
unaffected. Many forms of cracking and damage are
directional, and their impact on the transit time varies
based on their orientation relative to the path of the pulse.

In the laboratory, the P-wave velocity, also known as the
constrained compressive velocity, of concrete cubes with
varying levels of WGAFA substitution was assessed. This
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Figure 4: Schematic of ultrasonic pulse velocity equipment with
concrete cub.

evaluation followed the standard procedure described in
[60]. Ultrasonic pulses with a frequency of approximately
50 kHz were transmitted and received using a pair of
transducers. The source transducer is driven by a pulse
receiver with a pulse duration of 10 ps. The transient stress
waves produced by the source transducer traveled through
the concrete, and were captured by the receiving trans-
ducer. The captured signal was digitized for a total duration
of 0.001 s at a sampling rate of 10 MHz using a high-speed
digital oscilloscope. The digitized data were then trans-
ferred to a computer for further analysis and storage. The
P-wave velocity (Vp) was determined by dividing the dis-
tance the wave traveled (the length of the specimen) by the
time taken for the wave to travel, as shown in the equation
below.

Vp = D/ (ta—ta)

where ¢, is the time for the first wave arrival, ¢, is the delay
time (measured during the calibration of the transducers),
and D is the distance between the transducers (the distance
between the opposite surfaces of the cube). A schematic of
the UPV test setup is shown in Figure 4.

In concrete made with inferior materials, waves travel
alonger distance due to cracks, voids, or defects within the
material. Therefore, concrete of higher quality will have a
higher velocity, whereas lower-quality concrete will
exhibit a lower velocity. The aggregate quality, density,
and modulus of elasticity had a significant impact on the
results of the UPV test.
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Figure 5: The gradation of fine and coarse aggregate for this research.

4 Results and discussion
4.1 Gradation and density

According to [61, 62], the gradation results of the fine
aggregate (WGAFA and conventional fine aggregate) and
coarse aggregates are presented in Figure 5.

The bulk density of the concrete has been evaluated
(Figure 6), which shows that 20 % replacement of fine
aggregate with WGAFA is the most feasible option to achieve
highest density. However, density is lowered if the replace-
ment aggregate is increased up to 50 %.

4.2 Compressive strength

Compressive strengths of concrete cubes were evaluated for
the WGAFA replacements of 0 %, 5 %, 10 %, 15 %, 20 %, 30 %,
40 %, and 50 % by volume. The Fine aggregate replacement
up to 20 % in concrete causes enhancement of compressive
strength up to 19%, after which the strength shows
decreasing pattern (Figure 7).

The strength of concrete after fire or thermal exposure
is critical to structural designers. The concrete cubes were
placed in a furnace for heating at the elevated temperatures
up 800 °C to compare the strengths of heated and unheated
samples. The average compressive strength (in triplicate,
i.e,, three individual samples) of the cubes was taken after
28-days curing. The compressive strength was evaluated all
the replacement quantities of WGAFA in the concrete mix as
presented in Figure 7 which shows that 20 % replacement of
fine aggregate by WGAFA is the high-strength and most
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Figure 7: The concrete compressive strength versus WGAFA.

feasible option to achieve highest compressive strength (CS)
as 21.9 MPa, 24 MPa and 24.7 MPa for 7, 21 and 28-days curing
period respectively. Whereas, CS is lowered if the replace-
ment aggregate is increased up to 50 %.

The compressive strengths of the concrete cubes at
different post-heating levels exposed to 25 °C, 100 °C, 200 °C,
300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800 °C temperature
levels, are presented in Figure 8. The strength degradation
due to thermal exposure was observed up to 58 % in case of
mix with optimal 20 % WGAFA.

To quantitatively address the non-linearity of strength
degradation, the rate of compressive strength loss per 100 °C
increment was analyzed for the optimal 20 % WGAFA mix, as
presented in Table 6. This analysis reveals a clear and pro-
nounced acceleration in the degradation rate, rather than a
steady decline. The most severe deterioration occurred be-
tween 400 °C and 600 °C, where the strength loss rate peaked
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Figure 8: Compressive strength versus WGAFA (%) at elevated
temperature.

at —15.8 % per 100°C. This critical temperature window
aligns precisely with the fundamental chemical decomposi-
tion of the cementitious binder. The process initiates with
the de-hydroxylation of Portlandite (Ca(OH), — CaO + H,0)
around 400-500 °C, which not only contributes to mass loss
but also creates a more porous and brittle matrix. Subse-
quently, and more critically, the calcium-silicate-hydrate (C—
S-H) gel — the primary phase responsible for the cohesive
strength and structural integrity of concrete — undergoes
severe and accelerated breakdown above 500 °C. The syn-
ergistic effect of these decomposition reactions leads to a
catastrophic disintegration of the binding phases, resulting
in extensive micro-cracking, coarsening of the pore struc-
ture, and a severe weakening of the Interfacial Transition
Zone (ITZ). The quantified degradation rate of —15.8 % per
100 °C in this range is a direct macroscopic manifestation of
this underlying micro-structural collapse. In contrast, the
degradation rates at lower temperatures (e.g., —4.5% per
100°C from 200-400°C) are primarily governed by the
evaporation of pore water, which has a less drastic impact on
the solid skeleton. This normalized analysis not only clarifies
the non-linear response but also underscores the extreme
vulnerability of concrete structures exposed to fires sur-
passing the 400 °C threshold.

The non-linear behaviour for the mass-loss is shown in
Table 6.

Table 6: Rate of compressive strength degradation per 100 °C for the
20 % WGAFA Mix.

Temperature interval (°C) Average strength loss per 100 °C (%)

25-200 =21
200-400 -4.5
400-600 -15.8
600-800 -9.1
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Table 6 quantifies the non-linear degradation, high-
lighting the accelerated damage in the 400-600 °C range.

4.3 Thermal conductivity

The thermal conductivity was measured for all the mixes
containing WGAFA aggregate substitution as 0 %, 5 %, 10 %,
15%, 20 %, 30 %, 40%, and 50% by volume. The Fine
aggregate replacement up to 20% in concrete causes
enhancement of thermal conductivity up to 23.8 %, after
which the strength shows decreasing pattern. The 28-days
cured concrete cubes were tested for thermal conductivity at
the post-heating stages corresponding to the 25°C, 100 °C,
200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C tem-
perature levels, as shown in Figure 9, which shows 49 %
degradation in thermal conductivity for optimal 20 %
WGAFA replacement with rise in temperature of the con-
crete cubes from 25 °C to 800 °C. Similarly, all mixes showed
degradation in thermal conductivity with an increase in
temperature.

The peak in thermal conductivity at the 20 % WGAFA
replacement level is a significant finding. This can be
explained by two factors: the intrinsic property of the
aggregate and the resulting composite microstructure.
Firstly, WGAFA, with its very high silica (Si0,) content
(92.5 %), has a higher intrinsic thermal conductivity than the
cement paste it displaces. Secondly, at this optimal replace-
ment level, the particle size distribution of WGAFA likely
creates a denser, more efficiently packed aggregate skeleton
with fewer voids, as previously discussed. This optimized
solid matrix provides a more continuous pathway for heat
flow. Beyond 20 %, the increasing porosity of the mix begins
to dominate; since air has a very low thermal conductivity, it
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Figure 9: Thermal conductivity versus WGAFA (%) at elevated
temperature.
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acts as an insulator, reducing the overall thermal conduc-
tivity of the composite.

4.4 Ultrasonic pulse velocity

The ultrasonic pulse velocity (UPV) of the concrete was
measured for all the mixes containing WGAFA aggregate
substitution at 0 %, 5 %, 10 %, 15 %, 20 %, 30 %, 40 %, and 50 %
by volume. The Fine aggregate replacement up to 20 % in
concrete causes enhancement of UPV up to 36.5%, after
which the strength shows decreasing pattern. The 28-days
cured concrete cubes were tested for UPV at the post-heating
stages corresponding to the 25 °C, 100 °C, 200 °C, 300 °C, 400 °
C, 500 °C, 600 °C, 700 °C, and 800 °C temperature levels, as
presented in Figure 10, which shows 47 % degradation in
UPV for optimal 20 % WGAFA replacement with rise in
temperature of the concrete cubes from 25°C to 800 °C.
Similarly, all mixes showed degradation in the UPV with an
increase in temperature.

4.5 Mass loss analysis

Mass loss of concrete with the optimal 20% WGAFA
replacement at elevated temperatures is presented in
Figure 11. The results demonstrate a definitive correlation
between mass loss and the degradation of mechanical and
physical properties. The degradation occurred in two
distinct phases: an initial phase up to 300 °C, characterized
by a gradual mass loss of 4.5 %, which is primarily attributed
to the evaporation of free and physically bound water from
the capillary pores and gel structure. This was followed by a
critical phase between 400°C and 600 °C, where a pro-
nounced mass loss step of 8.0 % occurred (increasing from
4.5% to 12.5 %), culminating in a total mass loss of 15.5 % at
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Figure 10: The concrete UPV versus WGAFA (%) at elevated temperature.
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Figure 11: Mass loss of 20 % WGAFA concrete at elevated temperatures.

800 °C. This accelerated loss in the 400-600 °C window co-
incides precisely with the critical temperature range where
the compressive strength degradation rate peaked at —15.8 %
per 100°C, and is directly attributable to the chemical
decomposition of the cementitious matrix — specifically, the
de-hydroxylation of Portlandite (Ca(OH), — CaO + H,0) and
the breakdown of the C—S—H gel. This confirms that mass loss
is not merely free water evaporation but a direct macro-
scopic indicator of profound chemical and micro-structural
deterioration that critically compromises the concrete’s
structural integrity under thermal stress.

The findings of this study align with and extend the
existing body of knowledge on sustainable concrete. The
observed 19 % enhancement in compressive strength with a
20 % WGAFA replacement is consistent with the principle
that optimally graded alternative aggregates can improve
particle packing and matrix density [63]. Furthermore, the
pattern of degradation in compressive strength and thermal
conductivity at elevated temperatures observed here
particularly the accelerated loss between 400 °C and 600 °C
[64], resonates with the well-documented behavior of con-
ventional and recycled aggregate concretes, being governed
by the decomposition of hydration products [65]. The novelty
of the present research, however, lies in the development of
a predictive model for post-heating compressive strength
that synergistically uses two non-destructive parameters:
Thermal Conductivity (TC) and Ultrasonic Pulse Velocity
(UPV) [66]. While UPV is commonly used for quality assess-
ment, its combination with TC for post-fire residual strength
prediction is less explored and provides a more robust, dual-
indicator framework for assessing fire-damaged structures
compared to single-parameter or fresh-state models.
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Figure 12: The comparison of temperature (T), compressive strength
(CS), thermal conductivity (TC) and UPV.

4.6 Comparative analysis of thermal
degradation

In brief, the compressive strength (CS), thermal conductivity
(TC), and ultrasonic pulse velocity (UPV) are optimum for the
optimal mix containing 20 % WGAFA. It is evident from the
Figure 12 that with an increase in temperature from 25 °C to
800 °C, the CS, TC, and UPV decreased drastically showing the
degradation of the structure of concrete. This phenomenon
becomes critical in fire incidents, and concrete infrastruc-
ture is restricted for living purposes due to the drastic
decrease in the strength of concrete.

The decline in compressive strength, thermal conduc-
tivity, and UPV beyond the 20 % WGAFA replacement level
can be attributed to detrimental changes in the concrete’s
micro-structure. While a moderate amount of the coarser
WGAFA optimizes particle packing by filling voids including
the micro-voids within the natural sand matrix, excessive
replacement disrupts this optimal gradation. This leads to
an increase in the inter-particle void content and overall
porosity of the composite. A more porous system inherently
weakens the Interfacial Transition Zone (ITZ) — the critical
region between the aggregate and the cement paste — making
it the preferential path for micro-cracking under load,
thereby reducing compressive strength. This increased
porosity also introduces a greater volume of air, which is an
excellent thermal insulator, thereby hindering the solid
matrix’s ability to conduct heat and resulting in lower thermal
conductivity. Similarly, the ultrasonic pulses used in the UPV
test are scattered and dampened by the increased number of
pore and crack interfaces within the degraded microstruc-
ture, leading to a longer travel path and a lower measured
pulse velocity.
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4.7 Predictive model

Due to the drastic decrease in the concrete strength at high-
temperature exposure, it is pivotal to model the data for use
in preventive measures in buildings comprising concrete
infrastructures. For this purpose, the correlation of the CS
with TC and UPV was developed using the curve fitter
approach in surface graphs presented in Figure 13.

Using the values of TC and UPV, which are nondestruc-
tive parameters, the compressive strength can be evaluated
at elevated temperatures in buildings exposed to elevated
temperatures.

Following is the detail of the proposed model and its
statistical validation.

Polynomial Surface Fit Model:

CS(MPa) = —2.6974 - 5.6346*TC (W /m °C)
+ 13.4589*UPV (1m/s)

Model Validation Metrics:
—  R-squared (R%: 0.9497
— Adjusted R-squared: 0.9467
— Root Mean Square Error (RMSE): 1.0625 MPa

The high R? and Adjusted R? values indicate that the model
explains approximately 95 % of the variance in the experi-
mental compressive strength data, demonstrating an excel-
lent fit. The low RMSE signifies high predictive accuracy
within the dataset. The Adjusted R-squared, which accounts
for the number of predictors, confirms the model’s robust-
ness. It is important to note that this validation is based on
the dataset used for model development. While these results
are highly promising, the model’s generalizability should be
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Figure 13: Model of compressive strength (CS), Thermal conductivity (TC)
and UPV.
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further confirmed through external validation with an in-
dependent dataset in future work.

The developed polynomial model provides a straight-
forward and practical tool for engineers. Its strong perfor-
mance (R* = 0.9497) is robust for a regression-based
approach, offering a balance between accuracy and prac-
tical utility. We acknowledge that advanced computational
models, such as the hybrid machine learning techniques
cited by the reviewer, can demonstrate superior predictive
accuracy for complex concrete behaviors. For instance, the
hybrid Extreme Learning Machine-Grey Wolf Optimizer
(ELM-GWO) model has been successfully applied to predict
the compressive strength of concrete containing partial
cement replacements [67].

The choice of our polynomial model was guided by its
simplicity, interpretability, and ease of deployment in field
conditions where rapid assessment of post-fire damage is
paramount. Our approach aligns with research that priori-
tizes the interpretation of concrete behavior; for example,
studies on the impact failure mechanism of fiber-reinforced
composites provide deep insights into how materials like
silica fume enhance performance under stress [68].
Furthermore, investigating the compaction and compres-
sion behavior of modified cement-treated sands highlights
the importance of practical material selection and mixture
optimization, which is a key consideration in our use of
WGAFA [69]. The cited advanced studies provide a valuable
benchmark for methodology and contextual understanding,
underscoring the potential for developing more complex
predictive systems in future work.

The developed polynomial surface fit model provides a
straightforward, interpretable, and practical tool for engi-
neers, achieving robust performance with an R? of 0.9497
and RMSE of 1.0625MPa. This performance is highly
competitive when contextualized with advanced machine
learning models in the literature. The hybrid Extreme
Learning Machine—Grey Wolf Optimizer (ELM-GWO) model,
noted for its superior predictive accuracy in complex sce-
narios, reported an R? of 0.9510 for predicting the compres-
sive strength of fiber-reinforced concrete containing nano-
silica [70]. The marginal difference in performance between
our simpler polynomial model and other complex, compu-
tationally intensive algorithms under-scores its remarkable
efficacy. The choice of our model was therefore guided not
only by its high accuracy but also by its simplicity, compu-
tational efficiency, and ease of deployment for rapid post-
fire assessment in field conditions, offering a compelling
balance between performance and practical utility.

Whereas, advanced machine learning models (e.g.,
Random Forest, Artificial Neural Networks) reported in the
literature can achieve comparable accuracy (R* up to 0.954)
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for predicting complex concrete behaviors, the choice of our
polynomial model was guided by its superior practicality for
field engineers. Its simplicity and interpretability allow for
rapid, on-site assessment of post-fire damage without
the ‘black box’ complexity of ML algorithms, offering a
compelling balance between performance and utility.

The physical basis for this model lies in the interdepen-
dency of the parameters under thermal stress, as illustrated in
Figure 12. Thermal Conductivity (TC) is a property strongly
influenced by the density and continuity of the solid matrix. A
high TC indicates a well-connected, dense microstructure
conducive to both heat transfer and load bearing. Ultrasonic
Pulse Velocity (UPV) is exquisitely sensitive to the presence of
internal discontinuities such as micro-cracks, voids, and
degraded interfaces. The simultaneous decline in both TC and
UPV, as quantified by our model, is a direct proxy for the
comprehensive micro-structural deterioration — specifically,
the increase in porosity and microcracking — that is initiated
by the chemical decomposition processes (e.g., C—-S—-H break-
down) and physically manifested as the mass loss docu-
mented in Section 4.4. The model effectively captures that this
concurrent degradation signals a severe and comprehensive
breakdown of the concrete microstructure: the solid load-
bearing pathways are diminished (lowering TC and CS), and
the internal flaw population has increased (lowering UPV).
This dual-parameter approach offers a more reliable assess-
ment of post-fire health than either parameter alone.

5 Conclusions

This study explores the potential of partially replacing fine

aggregates up to 50% with Wadi Gyada Alkharj Fine

Aggregate (WGAFA) to significantly elevate the strength

and durability attributes at low to high temperature ranges

using cutting-edge nondestructive and destructive testing
methods.

i. A series of strength tests revealed that 20 % optimal
partial replacement of traditional aggregate by WGAFA
yielded a marked enhancement in compressive strength
(CS), thermal conductivity (TC), and ultrasonic pulse
velocity (UPV) of concrete at optimal use of 20 % WGAFA
of 19 %, 23.8 %, and 36.5 %, respectively, compared with
traditional aggregate.

ii. Asignificant decline in the TC, CS, and UPV was observed
as 58 %, 49 %, and 47 % at exposure to the 800 °C thermal
effect as compared to 25 °C.

iii. A predictive model for compressive strength (CS) was
developed using TC and UPV, which has implications for
infrastructure protection preemptive measures for fire
disaster incidents to save lives. This research is
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significant in that only the non-destructive parameters
for thermally exposed concrete infrastructures, that is,
the post-heating residual compressive strength, can be
evaluated to assess the feasibility of the structure for
future use.

6 Future recommendations

Exposure duration plays a critical role in determining the
residual strength of concrete under high temperatures,
highlighting the need for accurate exposure time measure-
ments. Despite these valuable insights, further research is
required to explore the long-term effects of sustained
elevated temperatures, particularly regarding different
aggregate types, and to identify the critical temperature
thresholds.

6.1 Integration of supplementary
cementitious materials (SCMs)

This study focused on the aggregate phase; however, the
cementitious matrix plays an equally critical role in thermal
resilience. Future research should investigate the synergistic
effects of combining WGAFA with SCMs such as fly ash
and silica fume. As demonstrated in other studies, SCMs
can significantly refine pore structure, enhance later-age
strength, and improve the stability of the hydration products
at high temperatures [71, 72]. For instance, the synergistic
use of silica fume and fibers can enhance strength and
thermal properties [73]. Exploring these ternary blends
(Cement + SCM + WGAFA) is a logical and promising next
step for developing ultra-resilient and sustainable concrete
mixtures.

7 Research limitations

This study was limited by the gradations adopted in the mix
design. However, this model can be developed for other
gradations so that it can be used in diverse patterns in
concrete infrastructure at a wide range of temperature.
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