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Abstract

In this study, the incorporation of waste eggshell powder
(ESP), a calcium carbonate (CaCOs)-rich by-product of the
food industry, into cement-based mortars was investigated.
Eggshells were ground and calcined at 800 °C and 900 °C
for two hours to produce ESP800 and ESP900. ESP
replaced cement at 5%, 10%, and 15% by weight, yielding
seven mortar mixtures. Thermal and microstructural
properties were examined by TG/DSC, FE-SEM, and XRD.
Workability was assessed with the flow table test, and
specimens cured for 7 and 28 days were tested for
ultrasonic pulse velocity (UPV), flexural strength (FS), and
compressive strength (CS). Calcination temperature and
replacement level significantly influenced performance. At
5% replacement, ESP900-5 achieved the best results, with
a 28-day CS of 45.6 MPa, 9.9% higher than the control. At
15% replacement, FS decreased by 19% (ESP800) and 9%
(ESP900), and CS decreased by 27.5% and 20%,
respectively. UPV indicated denser matrices up to 10%
replacement, with porosity increasing at 15%. Statistical
analysis showed curing duration as the most influential
positive factor, replacement ratio as the strongest negative
effect, and calcination temperature as consistently
beneficial. Multiple linear regression and ANOVA
confirmed the statistical significance of these variables and
demonstrated high predictive accuracy (R? > 0.9).

Keywords:  Eggshell powder, Cement,
Compressive strength, Flexural strength

Mortar,

1 Introduction

The cement production process is highly energy-
intensive and releases substantial amounts of carbon dioxide
into the atmosphere. Similarly, the extraction of natural
aggregates requires considerable energy and contributes to
increased greenhouse gas emissions. Combined with the
widespread use of cement-based construction materials, this
leads to the rapid depletion of natural resources and
significant environmental degradation [1]. Cementitious
composites are the second most consumed material in the
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Bu c¢alismada, gida endistrisinin kalsiyum karbonat
(CaCO0:s) agisindan zengin bir yan {irlinii olan atik yumurta
kabugu tozunun (ESP) cimento esasli harclara ikame
edilmesi incelenmistir. Yumurta kabuklari 6giitiilmiis ve iki
saat slireyle 800 °C ve 900 °C’de kalsine edilerek ESP800
ve ESP900 firetilmistir. ESP, ¢imentonun %5, %10 ve
%15°1 oraninda ikame edilerek yedi farkli har¢ karigimi
hazirlanmistir. Termal ve mikroyapisal 6zellikler TG/DSC,
FE-SEM ve XRD ile analiz edilmistir. Islenebilirlik,
yayilma tablasi deneyi ile degerlendirilmis; 7 ve 28 giin kiir
edilen numuneler iizerinde ultrases gecis hizi (UPV),
egilme dayanimi (FS) ve basing dayanimi (CS) testleri
yaptlmistir. Kalsinasyon sicakligt ve ikame orani,
performanst &nemli Olciide etkilemistir. %5 ikamede,
ESP900-5 karigim1 28 giinliik CS degerinde 45.6 MPa’ya
ulasarak kontrole kiyasla %9.9’luk bir artis saglamistir.
%15 ikamede ise FS degerleri ESP800’de %19, ESP900°de
%09; CS degerleri ise sirastyla %27.5 ve %20 azalmistir.
UPV sonuglari, %10°a kadar ikame seviyelerinde daha
yogun matrisler olustugunu, %15 ikamede ise
gbzenekliligin arttigin1 gostermistir. Istatistiksel analizler,
kiir stiresinin FS ve CS tzerinde en etkili olumlu faktor,
ikame oraninin en giiglii olumsuz etken ve kalsinasyon
sicakliginin ise her iki dayanim parametresine de siirekli
olarak olumlu katki sagladigini ortaya koymustur. Coklu
dogrusal regresyon ve ANOVA analizleri, bu degiskenlerin
istatistiksel olarak anlamli oldugunu dogrulamis ve yiiksek
tahmin dogrulugu (R? > 0.9) gostermistir.

Anahtar kelimeler: Yumurta kabugu tozu, Cimento, Harg,
Basing dayanimi, Egilme dayanimi

world after water and are extensively used in the construction
sector [2].

In recent years, research on the utilization of industrial
waste as a partial replacement for cement or aggregates has
gained momentum [3, 4]. In addition to industrial by-
products, biological and agricultural wastes have gained
interest as supplementary cementitious materials owing to
their renewability and widespread availability [5]. In this
context, eggshells—generated in large quantities through the
poultry industry and widely consumed in the agricultural and

* Sorumlu yazar / Corresponding author, e-posta / e-mail: ozlem.caliskan@bilecik.edu.tr (O. Caliskan)
Gelis / Received: 29.06.2025 Kabul / Accepted: 14.11.2025 Yayimlanma / Published: xx.xx.20xx

doi: 10.28948/ngumuh.1790353


https://orcid.org/0000-0002-6663-3340
https://orcid.org/0000-0002-5272-9552

NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. Erken Goriiniim / InPress
A. F. Senol, O. Caliskan

food sectors—stand out among eco-friendly biological
wastes because of their easy accessibility and low cost [6].

Given the environmental burden associated with
conventional Portland cement production—which involves
extraction, grinding, and sintering of raw materials at
temperatures exceeding 1400 °C—there is a growing interest
in alternative binders that require lower thermal energy. In
this regard, the calcination of eggshell waste to produce
eggshell powder (ESP) is typically performed at 800-900 °C
for about 1-2 hours, far below the clinkerization temperature
of cement manufacturing. Consequently, ESP preparation
consumes less energy and emits substantially lower COs,
providing a more sustainable and low-carbon alternative for
partial cement replacement in concrete [7,8].

Similar evidence of calcination-induced activation has
been reported for other mineral additives. In a study on high-
strength mortars, Saridemir et al. [9] showed that replacing
cement with calcined diatomite powder (5-20%)
significantly enhanced pozzolanic reactivity when calcined
at 850 °C and improved both mechanical strength and
residual performance after exposure to 400-1000 °C.
Moreover, Ruan et al. [10] found that incorporating calcined
clay and limestone powder at 50-70% cement replacement
did not result in a substantial increase in compressive
strength but contributed to microstructural densification,
improved toughness, and refined pore structure in
cementitious materials. These findings collectively indicate
that calcination at moderate-to-high temperatures (=<800-900
°C) can substantially activate various siliceous and
calcareous materials, enhancing their reactivity and
performance in blended systems.

Eggshell waste can be collected from households,
restaurants, bakeries, catering services, and poultry farms
[11]. However, improper management of such waste poses
risks to public health and may lead to environmental
problems [12]. Despite generating 8—10 million tons of waste
annually worldwide, the industrial utilization rate of eggshell
by-products remains below 5%, causing landfill burdens and
disposal-related  environmental concerns; therefore,
valorizing eggshells as a calcium-rich cementitious resource
offers significant practical and industrial relevance [13].
Moreover, the circular utilization of ESP contributes to
resource efficiency in the cement industry, as its CaCOs-rich
composition enables partial substitution of limestone powder
in blended cements, supporting decarbonization efforts [14].
Beyond construction applications, eggshell waste has also
demonstrated value in sectors such as environmental
remediation, bioceramics, catalysis, and chemical
production, further emphasizing its high resource potential
[15].

Previous studies have compared untreated and calcined
forms of eggshell powder. Jaber et al. [16] showed that while
untreated ESP provided only minor strength gains, thermally
treated ESP (750 °C) achieved markedly better performance,
increasing compressive strength by 29 % and reducing water
absorption by 30 % at 15 wt % replacement. This
improvement was attributed to the conversion of CaCOs to
reactive CaO during calcination, which enhances C—-S—-H
formation and microstructural densification.

The primary constituent of eggshells is calcium
carbonate (CaCOs3), which, when calcined at temperatures
above 700 °C, decomposes to form calcium oxide (CaO)
with basic characteristics [17]. Calcined ESP can accelerate
hydration, promote C—S-H gel formation, and enhance
mechanical performance, including long-term strength and
chemical resistance [18]. This transformation enables partial
self-cementing behavior and enhances the capability of
calcined ESP to contribute CaO for hydration-driven gel
formation in cementitious systems, rather than functioning
as a conventional pozzolanic material. Accordingly, various
researchers have investigated the effects of eggshell powder
(ESP) and calcined eggshell powder (CESP) on cementitious
mortars and concretes under different parameters.

Zhou et al. [19] mechanically cleaned eggshells collected
as industrial waste, followed by calcination at 900 °C for
three hours to remove organic matter and convert CaCOs to
Ca0. Using the ground powders, they produced silica-
bonded, monetite-based cement, and reported that the
addition of nanosilica increased the compressive strength
from 8.5 MPa to 20.2 MPa. Wang et al. [13] calcined ESP at
900 °C for different durations (10, 20, and 30 minutes) to
develop cementitious systems containing limestone; the
inclusion of CESP increased the 28-day compressive
strength by 32.3% and reduced the degree of carbonation by
33.4%. Similarly, Maglad et al. [20] utilized eggshell powder
calcined at 900 °C for 120 minutes in the production of
lightweight foamed concrete at replacement levels of 5—
20%, identifying 15% as the optimum dosage. Maqsood and
Eddie [21] investigated the influence of eggshells calcined at
various temperatures and durations on setting time and
hydration, revealing that the presence of Ca(OH): played a
decisive role in determining the setting behavior.

Khan et al. [2] examined the influence of ESP on water
absorption capacity and reported that lower replacement
levels reduced water uptake. Jaber et al. [16] found that
processed ESP improved the properties of cement mortar to
a greater extent than unprocessed ESP, whereas Grzeszczyk
et al. [22] indicated that incorporating 10% ESP extended the
setting time without adversely affecting strength. Wei et al.
[23] reported that fine ESP particles, with sizes smaller than
cement particles, enhanced workability and improved
mechanical strength at replacement levels of up to 5%.

These findings indicate that ESP and its calcined forms
at different temperatures can have significant effects on the
workability and mechanical performance of cement-based
mortars. However, in the existing literature, studies that
systematically evaluate the combined influence of
calcination temperature and replacement ratio on both fresh
mixture properties and hardened characteristics—such as
ultrasonic pulse velocity, flexural strength, and compressive
strength—are limited. In this study, eggshells sourced from
the food and bakery industries were calcined at 800 °C and
900 °C, and incorporated into cement-based mortars at
replacement levels of 5%, 10%, and 15%. Thermal behavior,
microstructure, and particle size distribution were analyzed
to evaluate the influence of calcination on the material
characteristics, whereas performance changes were
quantitatively examined through flow table measurements,
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ultrasonic pulse velocity testing, and flexural and
compressive strength evaluations. The novelty of this work
lies in its comparative evaluation of the influence of ESP
obtained at different calcination temperatures on both fresh
and mechanical properties, supported by experimental and
statistical analyses. The results provide original insights for
the optimal utilization of waste-derived calcium sources in
sustainable binder design.

2 Materials and methods

2.1 Materials

Discarded chicken eggshells were sourced from nearby
food establishments, including restaurants, bakeries, and
cafés. They were thoroughly washed with tap water to
remove adhering organic residues, ensuring material purity
and preventing undesirable reactions during subsequent
processing. The cleaned shells were oven-dried at 70 °C for
approximately 24 hours to remove remaining moisture and
then manually pre-crushed. The crushed material was ground
in a laboratory-scale ball mill operating at 60 rpm for 2 hours,
resulting in a particle size distribution in which 90% of the
particles were below 75 pm. The ground powder was sieved
through a 75 pum mesh, and the undersized fraction—having
a specific gravity of 2.48 g/cm>—was designated as eggshell
powder (ESP) for use in the study (Figure 1).

e

2 hours

waste eggshell

Figure 1. Preparation of eggshell powder

In the literature, calcination of eggshell powder (ESP) at
temperatures between 700 °C and 900 °C for 1-3 hours has
been reported to effectively remove organic compounds and
impurities [1, 2, 17]. In this study, the prepared ESP samples
were calcined in an electric furnace at a heating rate of 10
°C/min to target temperatures of 800 °C and 900 °C, with
each temperature maintained for 2 hours (Figure 2).
Following calcination, the samples were allowed to cool
naturally to ambient temperature (20 °C) over a 24-hour
period. The resulting calcined products were designated
according to calcination temperature: ESP800 (specific
gravity: 2.39 g/cm?) for the material calcined at 800 °C and
ESP900 (specific gravity: 2.31 g/cm?®) for the material
calcined at 900 °C.
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Figure 2. Calcination of ESP in an electric furnace at
different temperatures for 2 hours

Using a NETZSCH STA 449 thermal analyzer,
thermogravimetric (TG) and differential scanning
calorimetry (DSC) analyses were conducted to assess mass
loss, thermal decomposition behavior, and characteristic
properties of ESP800 and ESP900 over the temperature
range of 25-900 °C. The tests were designed to
quantitatively assess the thermal stability of the samples and
the transformations occurring during calcination. Each
specimen was heated from room temperature to 900 °C in a
nitrogen environment at a controlled heating rate of 10
°C/min, with the TG/DSC outcomes displayed in Figure 3.
The TG curve shows negligible mass change between 25—
100 °C, indicating low hygroscopicity and minimal initial
moisture content. Between 100—600 °C, a slight mass loss is
observed, attributed to the removal of bound water and
partial decomposition of organic residues. Beyond this
range, the primary decomposition process begins, with a
pronounced slope appearing around 700 °C and continuing
up to 850-900 °C. In this interval, mass decreased by
approximately 47%, stabilizing at around 52.96% of the
initial value. This significant loss corresponds to the
decomposition of calcium carbonate (CaCOs; — CaO + COs),
where COs- release is the main cause of the reduction. The
DSC curve supports these findings, displaying a distinct
endothermic peak near 800 °C, characteristic of CaCO:s
decomposition. At lower temperatures, energy changes were
minimal, with no notable endothermic or exothermic events.
Overall, the results confirm that ESP is thermally stable at
lower temperatures, with major structural changes occurring
between 800-900 °C, and that it predominantly consists of
calcium carbonate, consistent with previous studies [5, 22,
24].

In the production of mortar series, CEM I 42.5R Portland
cement (specific gravity: 3.1 g/cm?) supplied by Vezirhan
Cement Plant was used. The chemical compositions of ESP,
ESP800, ESP900, and cement were determined using X-ray
fluorescence (XRF) analysis, and the results are presented in
Table 1. In addition, the microstructures of these materials
were examined using field emission scanning electron
microscopy (FE-SEM) and are shown in Figure 4
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Figure 3. TG and DSC analyses of ESP

The FE-SEM micrograph of the CEM sample (Figure 4a)
shows that cement particles generally possess an angular,
multifaceted morphology with fractured edges. In contrast,
the ESP micrograph (Figure 4b) reveals noticeably larger
particles with irregular, planar shapes. Particle diameters
ranging from 46.2 to 55.1 pm indicate the natural and porous
structure of the material prior to calcination. The ESP800
sample (Figure 4c), produced after thermal treatment at 800
°C, exhibits more compact, angular, and fragmented
particles, with sizes generally below 17.8 pm. This confirms
that calcination causes a distinct transformation in both
particle size and morphology.

Table 1. Chemical compositions of the powdered materials

Oxide csp ESP  ESP CEMI
Components, % 800 900 42.5R
Si0, 0.1 0.1 0.1 187
ALO; 0.1 0.1 0.1 46
g Fe;0; 02 o0l 03 34
= Ca0 606 674 766  63.7
% MgO 062 068 08 13
2 SO, 001 005 002 27
= K20 002 003 005 07
g TiO, 001 001 001 ;
5
2 P05 001 001 001 ;
Mn;0; 001 001 002 ;

Loss of ignition 36.9 31.2 21.1 39

The ESP900 sample (Figure 4d) shows even greater particle
size reduction under higher -calcination temperature,
producing sharper-edged, denser particles, with most
diameters below 12.8 pm. Furthermore, the irregular and
heterogeneous crystalline structure observed in uncalcined
ESP becomes more uniformly distributed after 2 hours of
calcination at 900 °C, with a well-developed porous
morphology emerging on particle surfaces [17]. The increase
in calcination temperature accelerates  carbonate
decomposition, leading to finer particle sizes, higher surface
density, and improved microstructural integrity. These
changes are considered advantageous, as they may enhance
its effectiveness as a micro-filler and CaO-rich reactive
additive that promotes hydration and secondary gel
formation, rather than acting as a traditional pozzolanic
source.

ESP800

2 ESP900

Figure 4. FE-SEM images of the powdered materials at 3000x magnification: (a) CEM, (b)

ESP, (c) ESP800, (d) ESP900
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The X-ray diffraction (XRD) patterns of ESP, ESP800,
and ESP900, recorded within the 26 range of 10°-80°, are
shown in Figure 5. All samples exhibited characteristic
calcite (CaCQO:s) peaks, denoted by the letter “C,” with the
most intense reflection consistently observed at
approximately 26 = 29.5°. Several additional well-defined
peaks within the 23°-52° 20 range further confirmed the
crystalline structure of calcite in each sample. Peak
intensities  decreased with increasing calcination
temperature, measured as 11.777 A.U. for ESP, 11.132 A.U.
for ESP800, and 6.637 A.U. for ESP900. The marked
reduction of up to 40% in ESP900 relative to ESP800
suggests not only the onset of thermal decomposition at 900
°C but also microstructural changes such as internal cracking
or the development of porosity. No new diffraction peaks
attributable to calcium oxide (CaO) were detected, indicating
either incomplete decomposition or the presence of CaO in
an amorphous phase undetectable by XRD.
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Figure 5. XRD patterns of ESP, ESP800 and ESP900

These results are consistent with previous studies [5, 25]
on the thermal behavior of eggshell-derived, calcium
carbonate-based materials.

River sand (fineness modulus: 2.55) sourced from the
Osmaneli region was used as the aggregate in the production
of the mortar series. The sand exhibited a particle size
distribution of 0—4 mm, a specific gravity of 2.61 g/cm?, and
a water absorption capacity of 1%. Particle size distributions
for ESP800, ESP900, cement, and river sand were
determined using a Mastersizer 2000 analyzer, and the
results are shown in Figure 6. As illustrated, ESP900
exhibited a finer and narrower particle size distribution than
ESP800, attributed to the effect of high-temperature
calcination. For ESP900, 90% of the particles (d90) were
smaller than 52.4 um, whereas for ESP800 this value was
60.2 um. The median particle sizes (d50) were measured as
7.9 um for ESP900 and 13 pm for ESP800. Municipal tap
water was used as the mixing water in the preparation of the
mortar series.
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Figure 6. Particle size distribution curves of powders and
sand

2.2 Methods

The mortar mixtures were prepared in seven series using
a mechanical mixer in accordance with TS EN 196-1 [26].
ESP800 and ESP900 were incorporated as partial cement
replacements at levels of 5%, 10%, and 15% by weight,
while a control series (C) containing only cement as the
binder was also produced. In all mixtures, the aggregate-to-
binder ratio was fixed at 3 and the water-to-binder ratio at
0.5, with no superplasticizers or other chemical admixtures
used. In this study, the term “binder” refers to the
combination of cement and the specified proportion of
ESP800 or ESP900. The series were designated as C, ESP8-
5, ESP8-10, ESP8-15, ESP9-5, ESP9-10, and ESP9-15,
where “ESP8” denotes ESP calcined at 800 °C and “ESP9”
denotes ESP calcined at 900 °C, with the numerical suffix
indicating the percentage by weight of cement replaced. For
example, ESP8-5 refers to a mixture in which 5% of the
binder consists of ESP calcined at 800 °C. Table 2 presents
the material compositions and mix proportions for all mortar
series.

The mixing procedure strictly followed TS EN 196-1.
[26]. (a) Water was first poured into the mixing bowl,
followed by the addition of cement (or cement + ESP). (b)
The mixer was immediately started at low speed, and after
30 s, river sand was gradually introduced within 30 s while
mixing continued. The mixer was then switched to high
speed and operated for an additional 30 s. (c) After a total
mixing time of 1 min 30 s, the mixer was stopped, and any
mortar adhering to the sides and bottom of the bowl was
scraped toward the center using a rubber scraper for 15 s. (d)
Finally, the mixer was restarted at high speed for another 60
s.

The workability of the fresh mortar mixtures was
evaluated using the flow table method in compliance with TS
EN 1015-3/A2 [27]. For each series, six prismatic specimens
with dimensions of 40 mm x 40 mm x 160 mm were
prepared. The fresh mortar was placed into the molds in two
layers, with each layer compacted using a jolting apparatus.
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The specimen surfaces were then covered with plastic sheets
and stored in the laboratory environment (20 + 2 °C) for 24
hours. After demolding, the hardened mortar specimens were
immersed in lime-saturated water (20 = 2 °C) until the
completion of the 7- and 28-day curing periods, after which
they were subjected to hardened mortar tests. The tests
performed included: ultrasonic pulse velocity (UPV)
measurement in accordance with TS EN 12504-4 [28],
flexural strength testing in accordance with TS EN 1015-11
[29], and compressive strength testing conducted on the two
halves obtained from each flexural test specimen.

Table 2. Mix proportions and mortar series

. CEM ESP800 ESP900  Sand Water
Series

(® ® ® ® (mL)

C 450 - - 1350 225
ESP8-5 4275 225 - 1350 225
ESP8-10 405 45.0 - 1350 225
ESP8-15 3825 67.5 - 1350 225
ESP9-5 4275 - 225 1350 225
ESP9-10 405 - 45.0 1350 225
ESP9-15 3825 - 67.5 1350 225

Flexural strength testing was performed at a loading rate
of 0.05 kN/s, whereas compressive strength testing was
conducted at an increased rate of 2.4 kN/s. UPV
measurements were performed using a UTC-3034
microprocessor-controlled device, capable of measuring
transit times in the range of 0.1-1999.9 us with a resolution
of 0.1 ps. All test results were reported as the average of
values obtained from at least three specimens for each series.

3 Result and discussion

3.1 Flowability

Flow table test measurements of the mortar mixtures’
spread diameters are illustrated in Figure 7. As shown, the
values ranged from 135 mm to 150 mm. The maximum flow
diameter of 150 mm was observed in the ESP8-5 mixture, in
which 5% of the cement was replaced with ESP800. In
contrast, the lowest value, 135 mm, was observed in the
ESP9-15 series with a 15% replacement using ESP900. The
control series (C) exhibited a flow diameter of 145 mm.

Among the ESP800-incorporated mixtures, only the
ESP8-5 series with a 5% replacement level exhibited
improved workability, showing a 3.4% increase in flow
diameter compared to the control series. At a 10%
replacement (ESP8-10), the flow diameter matched that of
the control, whereas at 15% replacement (ESP8-15), it
decreased to 140 mm, corresponding to a 3.4% reduction.
For the ESP900-incorporated mixtures, a 5% replacement
(ESP9-5) resulted in a slight 1.4% increase over the control,
but higher replacement levels led to a general decline in
workability, with reductions of 3.4% for ESP9-10 and 6.9%

for ESP9-15. These results indicate that the effect of ESP on
workability is influenced by both calcination temperature
and replacement level. Calcination reduced particle size
(Figure 6), produced sharper and more angular
morphologies, decreased specific gravity, and increased
microporosity—particularly in ESP900. Such
microstructural changes directly affected water distribution,
inter-particle friction, surface area, and packing density in
fresh mortars.
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Figure 7. Flow diameters of mortar series under testing

The improvement in workability observed in the ESP8-5
and ESP9-5 series can be attributed to the low replacement
level, which promotes the formation of an effective
interfacial transition zone with cement, allows the porous
structure to facilitate dispersion without excessive water
absorption, and benefits from the lower density of ESP
compared to cement. Additionally, the smaller particle sizes
of ESP800 and ESP900 relative to cement (Figure 6) enable
these particles to fill voids between cement grains, thereby
releasing entrapped mixing water and reducing inter-particle
friction—an effect that enhances mortar flowability [4].
Conversely, at higher replacement levels (=10%), the
increased surface area of the finer ESP particles, as
evidenced by the FE-SEM observations in Figure 4 (c—d) and
the particle size distributions shown in Figure 6, leads to
greater water adsorption and higher inter-particle friction,
resulting in reduced flow diameters. Similar reductions in
flowability at elevated ESP contents have been reported in
previous studies, which attributed the decline to increased
water absorption and the lower specific gravity of ESP
compared with cement [18, 20]. In particular, the smaller and
denser structure of ESP900, combined with its lower specific
gravity, causes it to occupy a greater volume within the mix,
increasing water demand and making it the series with the
most pronounced reduction in workability.

3.2 Ultrasonic pulse velocity test results

According to the ultrasonic pulse velocity (UPV) test
results, higher UPV values indicate that the mortar matrix
possesses a more homogeneous, dense, and high-quality
structure, whereas lower UPV values suggest the presence of
cracks, voids, or other discontinuities within the internal
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structure [30]. Therefore, UPV measurements serve as an
important non-destructive indicator for assessing the internal
structural integrity of the specimens and identifying potential
defects.

Figure 8 shows the average UPV values of the mortar
mixtures after 7 and 28 days of curing. As seen in the figure,
notable variations in UPV values are observed depending on
the curing period and the replacement ratio.

The control mixture exhibited a 7-day UPV value 0f 4010
m/s. For the ESP800 series, UPV values ranged from 3700
to 4095 m/s, whereas for the ESP900 series, they ranged
from 3850 to 4280 m/s. A comparison between the two series
shows that, particularly at the 5% replacement level, ESP900
achieved higher UPV values. At this level, both ESP8-5 and
ESP9-5 exhibited increases relative to the control mix, with
gains of approximately 2.1% and 6.7%, respectively. This
improvement can be attributed to the finer and more reactive
particles of ESP900, calcined at 900 °C, which enhance
matrix density. At the 10% replacement level, the ESP9-10
series recorded a UPV value about 5.7% higher than its
ESP800 counterpart. At the highest replacement level (15%),
ESP900 showed a UPV approximately 4.1% greater than
ESP800; however, both series presented lower UPV values
than the control. These findings indicate that increasing the
replacement level promotes higher porosity in the mixture,
which in turn reduces ultrasonic pulse velocity.

At 28 days, the UPV value for the control series was 4280
m/s. The ESP800 series exhibited values between 3800 and
4350 m/s, whereas the ESP900 series ranged from 4100 to
4500 m/s. The highest value, 4500 m/s, was achieved by the
ESP9-5 series, corresponding to an increase of
approximately 5.1% compared to the control. UPV values
between 3600 and 4500 m/s are typically classified as ‘good’
concrete quality, while values exceeding 4500 m/s indicate
‘excellent’ matrix density and durability in cementitious
composites [5, 31, 32]. This improvement is attributed to the
high calcium oxide content of ESP900, which, when
combined with the silica-rich composition of the cement
mortar, enhances matrix density and contributes positively to
structural integrity [30]. At the highest replacement level
(15%), both series recorded lower UPV values than the
control, with ESP8-15 measuring 3800 m/s (11.2%
reduction) and ESP9-15 showing a 4.2% reduction. Notably,
the UPV of ESP9-15 was about 7.9% higher than that of
ESP8-15, indicating that while low ESP contents can
improve matrix density and performance, higher contents
tend to increase porosity, thereby reducing UPV.

3.3 Flexural strength test results

Figure 9 presents the flexural strength results of the
mortar mixtures after 7 and 28 days of curing. At 7 days, the
ESP8-5, ESP8-10, and ESP8-15 series recorded decreases of
approximately 1%, 7%, and 10%, respectively, compared to
the control series. In contrast, the ESP9-5 series exhibited a
4% increase, while the ESP9-10 and ESP9-15 series showed
reductions of 2% and 7%, respectively. These results
indicate that, at early ages, only the ESP9-5 mixture
enhanced flexural strength, whereas all other replacement
levels led to lower values than the control.
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Figure 8. UPV measurements of the mixtures after 7 and
28 days of curing
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Figure 9. Flexural strength values of the series after 7 and
28 days of curing

At 28 days, the ESP8-5 and ESP9-5 series exhibited
flexural strength increases of approximately 5% and 9%,
respectively, compared to the control series. In contrast,
ESP8-10 and ESP8-15 showed reductions of 6% and 19%,
while ESP9-10 and ESP9-15 decreased by 3% and 9%,
respectively. These results indicate that low ESP
replacement levels (5%) can enhance flexural strength by
improving the interfacial transition zone (ITZ) within the
matrix. This improvement is particularly evident for
ESP900, whose finer particles can fill voids between cement
grains, strengthening the ITZ between cement paste and
sand. At higher replacement levels, however, disruption of
microstructural continuity reduces strength. Comparable
trends were reported Maglad et. al., (2024) [20], who
investigated calcined eggshell powder (CESP) in lightweight
foamed concrete and observed that increasing CESP content
enhanced both flexural and compressive strengths up to an
optimum level (15 %), beyond which performance declined.
Their SEM analyses attributed the improvement to densified
microstructure and refined pore dispersion.
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This behavior is also consistent with [23], who found that
cement replacement with 2.5-10 % ESP resulted in
maximum strength at 5 %, confirming the positive
contribution of finely ground ESP to matrix densification.
This behavior is consistent with previous studies reporting
that low dosages of mineral additives improve strength
through a pore-filling effect [23].

3.4 Compressive strength test results

The variation in compressive strength of the mortar series
with curing time is presented in Figure 10. As shown,
increasing the curing period enhanced the strength of all
series. At 7 days, the compressive strength of the control (C)
series was measured at 31.5 MPa. For the ESP800-
incorporated series, the compressive strengths were 32.6
MPa for ESP8-5 and 28.5 MPa for ESP8-10, while ESP8-15
exhibited a further decrease to 23.6 MPa. In the ESP900-
incorporated series, ESP9-5 reached 33.5 MPa—
representing a 6.3% increase over the control—thereby
demonstrating the highest performance among all mixtures.
In contrast, ESP9-10 and ESP9-15 recorded lower strengths
0f 29.5 MPa and 24.8 MPa, respectively.

At 28 days, the control series reached 41.5 MPa. In the
ESP800 series, ESP8-5 achieved 42.2 MPa (+1.7%), while
ESP8-10 and ESP8-15 showed reductions to 36.4 MPa
(—12.3%) and 30.1 MPa (—27.5%), respectively. In the
ESP900 series, ESP9-5 attained the highest strength of all
mixtures at 45.6 MPa (+9.9%), whereas ESP9-10 and ESP9-
15 recorded 40.2 MPa (-3.1%) and 33.2 MPa (-20%),
respectively.

A general evaluation indicates that low replacement
levels (5%) in both the ESP800 and ESP900 series improved
compressive strength at both early and later ages. This
enhancement is attributed to the micro-filler effect of finely
ground calcined ESP, which refines the pore structure and
promotes the nucleation of hydration products. Similarly,
Alsharari et al. [33] observed that mortars incorporating ESP
calcined at 900 °C for 3 h achieved maximum compressive
strength at a 5 % replacement level, while further increases
led to performance deterioration due to dilution of the
cementitious matrix. At medium and high replacement levels
(10% and 15%), however, the reduction in cement content,
insufficient formation of hydration products, and decreased
binder paste volume led to significant strength losses.
Notably, ESP900, calcined at 900 °C, achieved the highest
performance at the 5% replacement level (ESP9-5), but this
benefit diminished at higher replacement ratios. The
observed decline is likely due to the reduced volume of
cementitious phases, which adversely affects the material’s
density and microstructural continuity.

Incorporating ESP at replacement ratios of up to 10% in
cementitious mortars can improve workability to some
extent by increasing the water-to-cement ratio of the mixture
(Figure 7). The reduction in cement content increases the
water available per particle, thereby creating more favorable
conditions for cement hydration and facilitating the
nucleation of calcium silicate hydrate (C—S—H) phases.

Previous studies [21] have also reported that the high
CaO content of ESP accelerates the hydration process,

resulting in denser hydration products and improved
mechanical performance. However, at higher replacement
levels, cement dilution and the associated increase in
porosity become the primary factors contributing to strength
loss. Furthermore, the particle size of ESP is a critical
parameter; finer particles tend to enhance strength through a
micro-filler effect, whereas coarser particles can adversely
affect mechanical properties [34].
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Figure 10. Compressive strength of the mixtures
measured after 7- and 28-day curing periods

Finally, the findings revealed a direct and strong
relationship (R*>0.8) between UPV and compressive
strength, as well as between flexural strength and
compressive strength (Figure 11).

3.5 Statistical evaluations

In this study, multiple linear regression (MLR) and
analysis of variance (ANOVA) methods were applied. MLR,
as an extension of simple linear regression, models the
relationship between a dependent variable and multiple
independent variables [35]. The flexural strength (FS) and
compressive strength (CS) results of the mortar series were
used as dependent variables, while the calcination
temperature of ESP (C, °C), ESP content (ESP, %), and
curing duration (T, days) were considered independent
variables. All statistical analyses were conducted in the
Python programming environment at a 95% confidence level
by evaluating the effects of independent variables on the
dependent variables. Accordingly, the general form of the
model derived from the MLR analysis is presented in
Equation 1 [5].

Y=ax; +axx, + azxz +....... + anxn + C (1)

As expressed in Equation 1, Y represents the model
output, x, denotes the independent input variables, and a,
refers to the partial regression coefficients. This model is
widely employed to predict a dependent variable (strength)
based on independent variables that exhibit a linear
relationship [36].
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Figure 11. Relationships among compressive strength (CS), ultrasonic pulse velocity (UPV), and flexural strength (FS):

(a) UPV vs. CS, (b) FS vs. CS

Within the scope of ANOVA, the relationships among
the variables were evaluated using the F-statistic, p-value,
and Durbin—Watson coefficient. A high F-statistic indicates
that the independent variables have a significant effect on the
dependent variable, while a p-value below 0.05 confirms the
statistical significance of the model. The Durbin—Watson
coefficient was used to assess the presence of
autocorrelation. The effectiveness of multiple regression
analysis (MRA) depends on the assumptions of linearity
between independent and dependent variables and the
independence of observations. High multicollinearity or
strong correlations among independent variables can
complicate the analysis. Values of the Durbin—Watson
statistic between 1.5 and 2.5 are generally considered
acceptable, indicating the absence of significant
autocorrelation [37, 38]. In this study, the Durbin—Watson
coefficients ranged between 1.74 and 2.41 (Table 3),
confirming that the independence assumption was satisfied
and validating the reliability of the regression model.

In the analyses, the -calcination temperature was
evaluated at three levels: 20 °C (representing the uncalcined
state), 800 °C, and 900 °C. The dataset was randomly divided
into two parts, with 80% used for training and 20% for
testing, in order to assess the predictive accuracy of the
models. Model performance was evaluated based on the
coefficient of determination (R?), mean absolute error
(MAE), and root mean square error (RMSE). The
coefficients of the obtained models are expressed in the
following equations (Equations 2 and 3).

In the regression plots obtained through 5-fold cross-
validation (Figure 12), the experimental values are presented
on the x-axis, while the predicted values from the regression
equations are shown on the y-axis. According to the
analyses, both models demonstrated a high explanatory
power (R%> 0.9), and the error values (MAE, RMSE) were
found to be low. These findings confirm that the developed
regression models can reliably predict the mechanical

performance of mortars containing ESP under different
calcination temperatures and curing conditions, consistent
with the effectiveness of k-fold cross-validation methods
[39] reported in the literatiire.

4 Conclusion

The evaluations presented below are based on the
findings obtained from the experimental investigations;

e A 5% replacement with ESP800 increased flow by 3.4%,
whereas 15% reduced it by the same amount. For
ESP900, a 5% replacement improved flow by 1.4%,
while 10% and 15% replacements led to decreases of
3.4% and 6.9%, respectively. The reduction at higher
replacement levels is attributed to the fine particles
produced at elevated calcination temperatures, which
restrict water mobility.

e ESP incorporation up to 10% enhanced UPV, whereas
15% resulted in a reduction. In general, low-level
ESP900 addition improved matrix density, thereby
increasing UPV, while a 15% replacement at both
calcination temperatures induced greater porosity, which
adversely affected UPV.

e In terms of FS, a 4% improvement was observed only in
the ESP9-5 series at 7 days, while all other series
exhibited decreases. At 28 days, the ESP8-5 and ESP9-5
series achieved increases of 5% and 9%, respectively,
compared to the control. However, 15% replacement in
the ESP800 and ESP900 series resulted in reductions of
19% and 9%, respectively.

e Regarding CS, low replacement levels (5%) in both
ESP800 and ESP900 series improved performance at
both early (7 days) and later ages (28 days). At 28 days,
increases of 1.7% for ESP8-5 and 9.9% for ESP9-5 were
recorded. At higher replacement levels, however,
reductions of up to 27.5% for ESP800 and 20% for
ESP900 were observed in CS values.
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Table 3. ANOVA results for the FS and CS of the mortar mixtures

Sum Mean Durbin
Model df F P- value ‘Watson
of squares square
value
ESP (%) 1.692 1 1.692 19.894 0.001
C (°O) 0.768 1 0.768 9.025 0.013
FS (MPa) T (cure day) 22.252 1 22.252 261.574 <0.001 2413
Residual 0.851 10 0.085 - -
Total 25.562 13 - - -
ESP (%) 189.067 1 189.067 116.47 <0.001
C (°O) 60.353 1 60.353 37.18 <0.001
CS (MPa) T (cure day) 303.646 1 303.646 187.05 <0.001 1.742
Residual 16.234 10 1.623 - -
Total 569.300 13 - - -

FS= 4.1933-0.0936*(ESP)+0.00075%(C)+0.1159*(T)

CS=29-1.0114*(ESP) + 0.00807*(C) +0.4294*(T)
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Figure 12. Scatter plots of experimental vs. predicted (a) FS and (b) CS with statistical metrics

Statistical analyses revealed that curing time exerted the
most significant positive effect on both FS and CS,
whereas the ESP replacement ratio had the strongest
negative effect. Calcination temperature exhibited a
positive influence on both strength parameters, although
its significance for FS was close to the threshold level.

The optimum replacement level was determined as 5%
ESP, which provided the most favorable balance between
workability, density, and mechanical performance. At
this level, the micro-filler effect and enhanced hydration
kinetics led to improved compactness and strength.
However, beyond this ratio, the combined effects of
increased  porosity
dominant, resulting in reduced strength and overall
performance.
In future studies, ESP could be incorporated into binder
systems containing supplementary pozzolans, and its
performance examined under different experimental
conditions such as fiber addition or alternative curing
methods.

and cement dilution became
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