
OPEN

Scientific Reports |        (2026) 16:19349 1| https://doi.org/10.1038/s41598-026-56701-4

Mechanical and microstructural 
performance evaluation for 
cement-based mortar: calcined 
mud powder
Zafer Kurt

Although there are ongoing studies on innovative green materials, building materials are mostly 
composed of cementitious compounds as binders. Cement is known to significantly increase CO2 
emissions both during its production and utilization. Furthermore, while the utilization of industrial by-
products in waste storage and disposal processes offers positive contributions to the circular economy, 
this approach does not constitute a holistic and adequate solution in terms of the environment and 
human health. This study presents the results of the effect of mud powder obtained from Rize province 
on the mechanical and microstructural properties of cement mortars to the academic environment. The 
mud was dried and ground, then calcined at 600, 700 and 800 °C. The calcined mud powder obtained 
at the optimum calcination temperature was substituted into cementitious mortars at 0%, 10%, 20%, 
30% and 40% by weight. The parameters used in the study were material/ball weight = 1/12 and binder/
cement weight = 0.45. Compressive and flexural tests were performed for mechanical strength and 
XRD, SEM–EDS, FTIR, Specific gravity, and UPV tests were performed to explain the microstructures. 
The numerical and test data imply that the maximum 28-day compressive strength of 46. 65 MPa was 
obtained as a result of 10% substitution of calcined mud powder, which is a natural resource. These 
results indicated that calcined powder mud (CPS) has strong potential as a sustainable material for 
construction and structural applications.

Keywords  Mud powder, Supplementary cementitious material, Calcination, Compressive strength, XRD, 
Numerical analysis

The Global Cement and Concrete Association explains today’s massive use of concrete with the following data 
approximately 14 billion m3 of concrete is used globally every year1. Considering the current world population 
in 2024, the annual per capita concrete use is 1.72 m32. However, concrete requires a binder material to be 
manufactured, the most common of which has been cement since the 1800s. Cement production is estimated to 
contribute about 8% to global carbon footprint emissions3,4. The use of concrete in such high quantities around the 
world, and therefore the increasing use of cement as a binder, increases the carbon footprint impact. Researchers 
are increasingly focusing on the use of industrial by-products and alternative materials as pozzolanic or mineral 
additives in cement-based systems5–10. This is appropriate because the human population and urbanization are 
increasing day by day and therefore the demand for cement is increasing in parallel. In recent years, various 
strategies have been proposed to reduce the environmental impact of the construction industry, with particular 
emphasis on material-based approaches. Among these, the use of supplementary cementitious materials 
(SCMs) has emerged as a key pathway. The utilization of SCMs has been shown to reduce the consumption of 
conventional cement while enhancing the structural and functional performance of concrete11–13.

More specifically, the incorporation of SCMs in cement-based mixtures contributes to the formation 
of additional hydration products during the chemical reaction process14,15. Their higher specific surface 
area improves the contact efficiency during hydration16,17, while their filling effect enhances the density and 
compactness of the cementitious matrix18,19. Also, calcined mud powder (CPS) may exhibit similar behavior, 
as its pozzolanic characteristics and fine particle structure can contribute to hydration reactions and matrix 
densification mechanisms. Commonly used SCMs such as granulated blast furnace slag (GGBS)20,21, fly ash 
(FA)22,23, silica fume (SF)24,25, and metakaolin (MT)26,27 are widely adopted as partial replacements for ordinary 
Portland cement (OPC). However, due to increasing demand, the availability of these materials has become 
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more limited, and their cost has risen in recent years28. For instance, limited availability of certain supplementary 
cementitious materials (SCMs), particularly in small quantities for research purposes, has been reported, as 
these materials are often produced and distributed at industrial scales. Consequently, there is an increasing 
need for environmentally friendly, cost-effective, and readily accessible alternative materials to partially 
replace ordinary Portland cement (OPC). In this context, materials that can be sourced locally and require 
minimal processing are considered particularly advantageous. Since such materials are often locally available, 
require limited logistical support, and can be supplied at relatively low cost, they offer significant potential for 
both the construction sector and environmental sustainability. Examples of SCMs that can be used as such 
natural alternatives include rice husk29,30, palm oil31,32, limestone calcined clays33,34, seashell powder35,36, and 
more37–40. However, large-scale production of such materials typically requires extensive processing, which 
leads to increased costs. Therefore, researchers are increasingly focusing on natural resources that require less 
processing and offer more economical alternatives. In recent years, studies have been carried out on the use of 
mud-like materials as reinforcing cementitious materials. Tang et al.41, have studied the usability of red mud 
in the production of low carbon emission cements. In the study, 3 different substitution rates (15%, 30% and 
45%) and calcination temperature (400 C, 600 C and 800 C) were used as parameters. They also compared the 
performance of red mud with blast furnace slag and fly ash, which are the most commonly used waste materials. 
Their findings indicate that the optimum cement composition is up to 30% substituted red mud calcined at 
600 °C. Huang et al.42, aimed to produce ultra-high performance concrete using red mud and limestone powder. 
For this purpose, they substituted red mud up to 30 wt% and limestone powder up to 10 wt% and determined 
the effect on compressive strength performance at 3, 7, 14, 28, and 56 days. The mechanical strength values they 
obtained show that strength above the reference value can be obtained with 10% red mud and 10% limestone 
substitution. Kaze et al.43 calcined laterite soil, which is widely used in the tropics, and substituted it into Portland 
cementitious materials. The calcination temperature was 600 C and the substitution rates were 10, 30 and 50 
wt%. As a result of the study, characterization of laterite soil substituted materials was established. In terms of 
mechanical strength, the data obtained show that the compressive strength decreases dramatically up to 50% 
substitution rate.

A considerable body of research on supplementary cementitious materials (SCMs) has focused on improving 
compressive and mechanical properties through the incorporation of industrial by-products into cementitious 
systems. However, the potential of calcined mud powder as alternative components in cement-based composites 
has not been sufficiently explored in the existing literature. This creates a clear gap, particularly in understanding 
whether such materials can provide comparable performance while offering a more accessible and sustainable 
option. For this reason, in this study, the mechanical properties and material characterization of the experimental 
groups formed by substituting calcined mud powder cementitious composite between 10–40% by weight to 
the control group were revealed. Additionally, researchers working on supplementary cementitous materials 
mostly examine the material at the micro level. The differences that the strengths they obtain cause in structural 
applications generally raise questions. In this study, the mechanical parameters obtained from UPV tests were 
used in finite element analysis, and the outputs that the parameters revealed in structural applications were 
examined.

Materials and methods
Materials
Cement
The binder material used in the study is CEM I 42.5 R-type cement. D90 granulometry parameter is 46.3 µm. 
The specific surface area is 1622 m2/kg and specific gravity is 3.12 gr/cm3. The material was supplied from Unye 
Cement Company See Fig. 1.

Calcined mud powder (CPS)
The calcined mud powder material was obtained from Çağırankaya locality of İkizdere district of Rize province. 
According to the results of the Mastersizer analysis, D50 granulometry parameter is 63.2 µm, the specific surface 
area is 687.4 m2/kg and the specific gravity is 1.85 gr/cm3. Table 1 demonstrates the results of XRF analysis. Also, 
Fig. 2 presents the particle size distributions of the cement and calcined mud powder materials used in the study. 
The cement sample exhibited D50 and D90 values of 13.5 µm and 46.3 µm, respectively, indicating a relatively 
finer particle structure. In contrast, the calcined mud powder showed larger particle sizes, with D50 and D90 
values of 63.2 µm and 1310 µm, respectively. According to the XRF results, the total amount of SiO₂, Al₂O₃, and 
Fe₂O₃ in the calcined mud powder material was determined as 82.99%. This value is higher than the minimum 
limit specified for Class N pozzolans in ASTM C618 44. The obtained result indicates that the calcined mud 
powder possesses a suitable chemical composition for pozzolanic activity and may therefore be considered as a 
potential supplementary cementitious material in cement-based systems.

Three different temperatures, 600, 700, and 800  °C, were used for calcination. The powder sample was 
subjected to calcination in the furnace for 1  h to reach high temperature and 1  h under the temperature it 
reached. XRD patterns of the powder samples were then obtained (see Fig. 2).

Tap water
The mixing water used during the experimental program was supplied from the Building Materials Laboratory 
of the RTEU Technical Sciences Vocational School and complied with the requirements specified in ASTM 
C1602/C1602M − 22 (2022) 45, ensuring that the chemical and mechanical properties of the specimens were not 
adversely affected.
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General procedures
The experimental flowchart, including material preparation, calcination, mortar preparation, curing, and testing, 
is depicted in Fig. 3. The powdered material used in this study was obtained as fill soil from the Çağırankaya 
region of Rize province, Türkiye, and transported in sealed sacks to the Building Materials laboratory at the 
Recep Tayyip Erdoğan University Vocational School of Technical Sciences. Initially quite moist, the raw material 
(powdered soil) in the open sack was left to room temperature (22 °C ± 5 °C) for 7–10 days to remove its natural 
moisture content. After losing its moisture due to room temperature, the raw material was sieved through 
standard sieves to obtain a fine powder with particle sizes between 63 µm and 200 µm, allowing it to exhibit 
pozzolanic properties. The prepared powder was subjected to a calcination process at temperatures of 600 °C, 
700  °C, and 800  °C. To ensure controlled heating, the furnace was allowed to reach the target temperature 
gradually, and the heating time was proportional to the set temperature (e.g., approximately 60 min for 600 °C; 
70 min for 700 °C, and 80 min for 800 °C). After reaching the desired temperature, approximately 1 kg of powder 
was held at this temperature for 60 min. At the end of this period, the furnace door was opened and the material 
was allowed to cool rapidly at room temperature. The chemical composition and particle size distribution of the 
calcined mud powders were determined using XRF and laser diffraction (Mastersizer) analyses, respectively. 
These analyses were carried out at the Niğde Ömer Halisdemir University Central Research Laboratory. Mortar 

Chemical content Calcined Mud Powder (%) Cement (%)

SiO2 63.113 17.982

Al2O3 16.007 4.738

Fe2O3 3.872 3.409

K2O 2.429 1.224

Na2O 1.461 0.383

CaO 1.292 64.201

MgO 0.823 1.286

TiO2 0.542 0.127

Mn3O4 0.084 0.059

BaO 0.057 0.067

P2O5 0.040 0.082

LOI 10.190 3.654

Table 1.  Chemical oxide composition results.

 

Fig. 1.  Volume and particle size graph for cement and calcined mud powder.
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Fig. 3.  Flow chart of the study conducted.
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Fig. 2.  XRD pattern of calcined mud powder for different temperatures.
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mixtures were prepared according to TS EN 196–146 standard using a water-cement ratio of 0.45. Fresh mixtures 
were poured into 40 × 160 × 160 mm rectangular prismatic molds and compacted on a vibrating table for 120 s to 
minimize trapped air voids. The samples were kept in the molds at room temperature for 24 h to gain their early 
strength, then removed from the molds. The removed samples were kept in sealed plastic bags (22 °C ± 5 °C) 
for curing until the day of testing. Before the test, the samples were removed from the bags. Compressive and 
flexural strength tests were performed on day 7 and 28. In addition, characterization techniques including XRD, 
SEM–EDS, FTIR, specific gravity, and ultrasonic pulse velocity (UPV) tests were applied to both powder and 
hardened samples. The material compositions of the mixtures are summarized in Table 2, while details of the 
applied test methods are given in Table 3. The abbreviation CPS is used to denote calcined mud powder.

Tests
Mechanical experiments
The samples were placed in 40*40*160 mm prismatic molds. The specimens were left in the molds for one day, 
then removed from the molds and stored in bags until the day of testing. The specimens that gained strength 
were first subjected to a bending test, and then two specimens obtained were subjected to a compression test. 
Three specimens were tested for each test series. The mechanical tests were conducted in accordance with the 
general mortar production and test standards46,47.

XRF analysis
XRF analysis is used to determine the chemical composition of samples found in various solid, liquid, and 
powder forms. This analysis can quantitatively determine weights down to the ppm level in oxide or elemental 
form. For this purpose, a Panalytical-Zetium brand device with a 1–4 kW power amplifier and a dual-detector, 
which is part of the inventory of the Central Research Laboratory at Niğde Ömer Halisdemir University, was 
used cement and calcined mud powder (800 °C) in the production of mortar.

Mastersizer analysis
The particle size of powdered materials used in mortar production is important because it affects the mechanics 
of the mortar produced and the characterization of the material. For this purpose, the particle size of the cement 
and calcined mud powder material (800 °C) used was determined using a Zetasizer ZS90 model device at the 
Central Research Laboratory of Niğde Ömer Halisdemir University. The main parameters used in the device are 
0–90 °C temperature, 0.3–5 nm particle size, and 0.1 ppm-40% w/v.

XRD analysis
The mortars were ground into powder in a grinder for XRD analysis. The powder samples were analyzed using 
the Rigaku SmartLab device (Cu-K-beta type PW1830, 2θ range: 4°–90°) located in the RTEU Central Research 
Laboratory. The main parameters used were 40 kV operating voltage, 0.02 step size, and 40 Ma emission.

CPS

Mechanical Micro-structural

Flexural
(7, 28 days)

Compressive
(7, 28
days) XRF

XRD
(28 days)

FTIR
(28 days)

SEM
(28 days)

Specific Gravity
(7, 28 days)

UPV
(7, 28 days)

Powder - - X X - - - -

Control X X - X X X X X

%10CPS X X - X X X X X

%20CPS X X - X X X X X

%30CPS X X - X X X X X

%40CPS X X - X X X X X

Table 3.  Tests for powder and mortar.

 

Sample Name
Tap Water
(gr) Cement (gr) CEN Standard sand (gr) Calcined Mud Powder (gr) Water/ Cement

Control 202.5 450 1350 0 0.45

%10CPS 202.5 405 1350 45 0.45

%20CPS 202.5 360 1350 90 0.45

%30CPS 202.5 315 1350 135 0.45

%40CPS 202.5 270 1350 180 0.45

Table 2.  Amount of materials used SCM’s samples. CPS: Calcined mud powder.
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FTIR analysis
Mortar samples for FTIR analysis were ground into powder samples in a grinder. The experiment was conducted 
using the Nexus 670 spectrometer device located in the Chemistry Department of RTEU. Wavelengths were 
scanned between 600–4000 cm-1.

SEM–EDS analysis
Samples for SEM and EDS analysis were prepared by breaking off pieces no larger than 1 cm in diameter from 
locations that best represent the internal structure. The analysis was performed using an EOL JSM-6510 device 
located at the RTEU Central Research Laboratory. The main parameters used in the analysis were a voltage of 
20 kV, a current emission of 0.9 nA, and a magnification of 5–1,000,000. Before imaging, the samples were dried 
in an oven to remove moisture and coated with a gold film to obtain a clear image.

UPV analysis
The homogeneity of mortars produced with ultrasonic testing devices, the distribution of cracks and voids, 
properties that may change over time, and dynamic physical properties can be determined. At the same time, 
these devices can be used to determine mechanical properties by measuring P and S waves with the help of 
formulas48. Within the scope of this study, before applying mechanical tests to mortar samples, the Proceq Pundit 
PL 200 device was employed to determine the ultrasonic sound velocities and mechanical properties of the 
samples. The P and S waves to be used in determining these properties were identified. The device consists of two 
54 kHz transducers, two 250 kHz S-type transducers, and a calibration rod (25 µs). The device has two 54 kHz 
transducers, two 250 kHz S-type transducers, one calibration rod (25 µs), 24 kHz to 500 kHz, a measurement 
range of 0.1–9999 µs, and a resolution of 0.1 µs. The device can perform measurements in accordance with TS 
EN 12,504–449 and ASTM C 597–02 standards50.

Mortar samples were placed in the device between two side surfaces, and the sound velocity and waves were 
measured along their length. When determining the mechanical properties (elastic modulus (E) and Poisson’s 
ratio (µ)), the following formulas in the device’s user manual were taken into account (Eq. (1), (2)) 51,52.

	
µ = VP

2 − 2VS
2

2(VP
2 − VS

2)
� (1)

In Eq. 1, µ represents the Poisson ratio, VP (m/s) represents the primary wave velocity, and VS(m/s) represents 
the secondary wave velocity.

	
E(kP a) =

ρVS
2(3V P

2 − 4VS
2)

(VP
2 − VS

2)
� (2)

In Eq. 2, E (kPa) represents the elastic modulus, ρ (g/cm3) represents the unit volume weight, Vp (m/s) represents 
the primary wave velocity, and Vs (m/s) represents the secondary wave velocity.

Result and discussions
Flexural strength
Figure 4a, b show the flexural strength test results for the samples after 7 and 28 days, respectively. For the 7th 
day, the average values obtained were 8.14 MPa for the control sample; 8.33 MPa for 10% CPS; 7.08 MPa for 

Fig. 4.  Flexural strength values: (a)-7 days, (b)-28 days.
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20% CPS; 6.99 MPa for 30% CPS; and 4.54 MPa for 40% CPS. Based on these values, when the control sample 
is taken as a reference, changes of + 2.29%, -13.06%, -14.16%, and -44.25% were observed for the other samples, 
respectively. In this regard, it is seen that the 10% calcined mud powder substitution improves the void structures 
by acting as a filler and improves the flexural strength, but substitution values between 10 and 40% reduce the 
flexural strength. At a 40% substitution rate, the flexural strength value is seen to drop dramatically. As is well 
known, for a composite or mortar material to gain strength, a gel called C-S–H must form. The increase in 
strength value may vary depending on the quality, density and compactness of this gel. For binding properties, 
CaO from limestone or chalk and minerals such as SiO₂, Al₂O₃, and Fe₂O₃ from clay-like structures react to 
form the gel structure called C-S–H. At a 10% substitution rate, CaO and SiO₂, Al₂O₃, and Fe₂O₃ minerals 
play a supplementary role in the chemical reaction. However, at a 40% substitution rate, while SiO₂, Al₂O₃, and 
Fe₂O₃ components are sufficiently present in the structure, the CaO content has decreased due to the reduction 
in the weight of the cement. This situation has relatively prevented the formation of a compact gel and caused a 
dramatic decrease in strength.

Saxena et al.53 investigated the mechanical performance of cement by substituting calcined marl (CPS) at 
0–40% by weight and using tap water and seawater as mixing water. Regarding flexural strength, they obtained 
approximately 9 MPa in the control group after 28 days. Looking at the substitution ratios, they observed a 
gradual decrease in flexural strength up to 40% with increasing substitution ratio in the 28-day samples. In the 
present study, a slight increase in flexural strength was observed with a 10% substitution ratio of CPS, followed 
by a gradual decrease up to 30%, and a dramatic decrease at 40%. At this point, it is seen that CPS shows similar 
flexural strength performance to marl for substitution ratios up to 30% (approximately 8 MPa).

Sha et al. (2024)54 replaced cementitious materials in cement mortars with coal-based synthetic natural gas 
slag (CSNGS). The substitution ratio of pozzolan or supplementary cementitious materials was selected between 
0–75% in this study, which is quite high. When examined in terms of comparing flexural strengths, a strength 
of 6.8 MPa was obtained in the control group at 7 days, while 10% slag substitution did not change this value. 
However, a 24% decrease was observed at a 40% substitution ratio. Furthermore, a sharp decrease was found 
at substitution rates of 40–75% because sufficient minerals could not be provided for adequate gel formation. 
At 28 days, a strength of 8.3 MPa was achieved for the control group, while a strength of 8.7 MPa was reached 
under the condition of 10% slag substitution. The reason why the strength values obtained in this study for the 
control group strengths are higher than the strengths in the specified study is attributed to the different water/
binder ratio. The flexural strength for the CPS material at a 10% substitution rate was 23% higher at 7 days and 
10% higher at 28 days, respectively.

Yannick et al. (2023)55 added leaded glass powder as a SCM’s to cementitious composites at substitution rates 
of up to 35%, replacing cement. In addition to conducting numerous environmental and chemical tests, they also 
examined this pozzolan material with mechanical tests. The flexural strengths for 7 and 28 days in the control 
group were between 6 and 7 MPa, respectively. When comparing the performance of pozzolans between studies, 
differences of up to approximately 45% emerge. This clearly demonstrates the pozzolanic activity and flexural 
strength performance of CPS’s. Furthermore, the trend of increasing strength between 0–10% and decreasing 
strength between 10–35% is similar to the current study, indicating that the study was conducted in consistence 
with the literature.

Compressive strength
The compressive strengths obtained as the average of 5 different series and 6 different samples are given in 
Fig. 5a,b for 7 and 28 days. The reported strength values correspond sequentially to the Control, 10% CPS, 20% 
CPS, 30% CPS, and 40% CPS specimen groups throughout the discussion of the experimental results. For all 
series, compressive strengths of 42.68, 43.57, 41.54, 40.612, and 20.53 MPa were obtained at 7 days, respectively. 

Fig. 5.  Compressive strength values: (a)-7 days, (b)-28 days.
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Accordingly, changes of + 2.07%, -2.67%, -4.85%, and -51.90% occurred relative to the control group. Positive 
development up to a 10% substitution rate in early strength was achieved with gel structures (see Fig. 5).

When the 28-day strengths were examined, values of 46.10, 46.65, 45.00, 41.74, and 23.60 MPa were obtained 
for all series, respectively. The tendency of pozzolan to form gel and its potential for chemical reaction can be 
characterized based on the strength values obtained relative to the control group. In this case, compared to 
the control group, the 28-day compressive strengths showed changes of + 1.20%, -3.53%, -9.45%, and -48.80%, 
respectively, according to the increasing substitution ratios. A sharp decline at a 40% substitution rate is noticeable 
as a common trend in both 7-day and 28-day strengths. It is observed that the powder material substituted with a 
high proportion of cement reduces the hydration product CH formed in the chemical reaction, which negatively 
affects the mechanical strengths4.

In the literature, numerous studies have been conducted to improve the mechanical and/or durability 
properties of cement by substituting cement with different types of pozzolans at varying ratios in cement-
based mixtures, thereby reducing the carbon footprint through decreased cement usage and contributing to 
the circular economy. Ji et al. (2025)56 aimed to obtain low-carbon emission mixtures by substituting cement 
mortars with 0–40% residual tuff mud calcined powder. They observed a slight decrease at a 10% substitution 
rate, strength close to the control group between 10 and 30% substitution rates, and a drastic decrease at a 40% 
substitution rate. They also used calcination temperatures of 650–750-850 °C in their studies and stated that the 
850 °C calcination temperature provided the most optimal value in terms of compressive strength. Aodkeng 
and Chaipanich (2025)57 substituted three different types of calcined clay materials at 10% and 20% ratios 
in cement mortars. They selected a calcination temperature of 750 °C. They obtained a compressive strength 
above 45 MPa in the control group, which is consistent with the compressive strength obtained in the present 
study. The 10% calcined metakaolin substitution positively improved the compressive strength, reaching a value 
of approximately 55  MPa. Similarly, it was observed that replacing 10% of the control group’s strength with 
lampang calcined clay increased the strength of the samples. In general, CPS can be used as a pozzolanic material 
in cement mortars in terms of mechanical strength, and the recommended substitution rate is 10%. However, at 
elevated substitution ratios, the added material may contribute less effectively to the hydration process and may 
function more similarly to a filler material within the cementitious matrix58.

XRD analysis
XRD analysis is frequently used to determine the mineralogical composition of phases formed in cementitious 
mixtures. The peaks formed as a result of the analysis performed with powder samples taken from rectangular 
prismatic specimens may point to the formation of certain compounds59–61. Five different samples were 
scanned using an automatic database utilizing a PW1830 model with a monochromatic wavelength of λCu-K-
beta at angles between 4 ~ and 90 ~ 2ϴ62. In this context, the phases formed were determined using the QualX 
program63,64. The phase structures of the samples are shown in detail in Fig. 6 for 28-day samples.

Fig. 6.  XRD pattern for mortar samples.
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Upon examining all samples, it is observed that the quartz mineral is dominant in the main phases. This is 
a normal and expected situation. Because three times the weight of standard sand was used in relation to the 
cement and pozzolanic material, quartz became the dominant main phase65. The other phases are Portlandite, 
Ettringite, Albite, Berlinite, Bytownite, and Calcite66–69. When the XRD patterns are examined, it is seen that the 
Portlandite peaks decrease depending on the mixtures, and the low peaks disappear. This can be attributed to the 
pozzolanic reaction that occurs when calcined clay is added to the mixture59. Following an increase in calcined 
clay content, the amount of Portlandite in the mixture decreases as a result of the pozzolanic reaction that occurs 
in the environment, and a similar situation has been demonstrated in cement pastes by Jin et al70. Furthermore, 
the main Quartz peak occurring between 20° and 30° can be attributed to the crystalline silica structure formed 
in all mixtures71. The other phases formed can be attributed to albite, berlinite glassy structure, and bytownite 
calcium-containing pozzolanic powder, and this is supported by XRF analysis67,72,73. At this point, it is observed 
that strength is developed in conjunction with the hydration products formed by calcium and amorphous silica 
content. On the other hand, it is observed that the portlandite peak disappears in samples containing 40% CPS. 
This can be attributed to the formation of a low amount of portlandite with the decreasing amount of cement 
due to the increasing amount of pozzolanic material, and the depletion of the formed portlandite structure due 
to its chemical reaction with the abundant pozzolanic material74.

FTIR analysis
FTIR analysis is a method frequently preferred in microstructure analyses as it provides information about the 
chemical bonds within the samples. Due to the products formed as a result of cement hydration, relationships 
can be established with certain functional groups through wavelength-dependent bands. Figure 7 visualizes the 
FTIR analysis of 28-day-old samples. Also, the Fig. 7 highlights the chemical bonds that can be represented by 
the troughs and peaks corresponding to the refraction at different wavelengths. In addition, the transition points 
of the troughs in the image were zoomed in to examine the changes at the peaks of the troughs.

It is known that hydroxyl bands in clay materials are found at approximately 3600–3700 cm-1 75. O–H bands 
were found at a wavelength of approximately 3650 cm-1 in the graph. This indicates the presence of portlandite 
(Ca(OH)2) in the structure. It is observed that this band is sharp in the control samples, but the band became 
straight as the clay substitution ratio rises. Furthermore, the peak of the band drops as the clay substitution 
ratio increases. This can be attributed to the reduction in cement in the matrix as the clay substitution ratio 
increases and the decrease in portlandite amount due to the increasing pozzolanic reaction. This inference is also 
consistent with XRD analyses. Simultaneously, this behavior may be associated with the gradual deceleration or 
interruption of the reaction mechanisms responsible for gel development due to the limited availability of water 
within the matrix. A similar tendency was also reflected in the mechanical test outcomes. In particular, the OH-
related bands, which maintained a more pronounced vertical character up to 20% CPS replacement, became 
noticeably flatter in the mixtures containing 30% and 40% CPS. This change indicates a reduction of bound water 
within the structure and suggests that the loss of moisture adversely influenced the mechanical performance of 
the material76. The 1640 cm⁻1 band is the bending vibration of O–H bonds and is related to chemical hydration 
water77,78, and can be attributed to the presence of water in the structure and the continuation of the reaction. 
The bands between 1416 cm⁻1 and 1430 cm⁻1 are related to CaCO₃ and the asymmetric stretching vibrations 
of the C–O bonds79. This phenomenon may indicate the presence of CaCO₃ in the samples, as calcite phase 
was detected at approximately 29° in the XRD analysis. The absorption bands around 1165, 802, 775, 749, and 
692 cm⁻1 are Si–O stretching and bending bands and indicate the presence of quartz in the structure80. The 
bands at 820–1220 cm⁻1 can be attributed to [SiO₄] asymmetric stretching vibrations and are the main reaction 

Fig.7.  FTIR patterns for control and CPS samples.
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bands81. In samples from the control group with CPS values up to 40%, it was observed that the reaction bands 
occurred in the range of approximately 1005–993 cm⁻1 and that the reaction bands narrowed. This phenomenon 
can be attributed to a decrease in the amount of amorphous silica, which inhibits pozzolanic activity82. The bands 
at 1035 and 1090 cm⁻1 can be attributed to Si–O–T (Si or Al) asymmetric stretching vibrations82. The bands 
between 700 and 820 cm⁻1 represent Si–O-Si vibrations associated with the abundant quartz in the structure83.

Ultrasonic pulse velocity (UPV) analysis
UPV analysis is a method based on the principle of sound propagation in solid materials and voids, enabling 
the indirect determination of mechanical properties. The UPV values obtained for 7-day and 28-day samples 
are shown in Fig. 8. In the 7-day samples, changes of + 0.14%, -5.80%, -12.30%, and -29.80% were observed 
compared to the control group, respectively. In the 28-day samples, these changes were + 0.13%, -2.90%, -5.25%, 
and -26.87%. In this context, although the UPV results are indirect, they are consistent with the mechanical 
strengths. This is because, after the control group, it is seen that the UPV value increases with the 10% CPS 
substitution, depending on the filling effect of CPS. Subsequently, it is understood that as the substitution rate 
increases, the formation of gel structures in the matrix becomes less frequent due to the decreasing amount of 
cement. Along with this phenomenon, a compact structure did not form because the matrix was porous and the 
gel structures that participated in hydration, or even if they did, were scarce. This situation was found in the UPV 
values, and while the UPV values were higher in the control and 10% CPS samples, which were in a compact 
state, the UPV value dropped dramatically in the 40% CPS sample, which had a more porous structure. Other 
researchers have also noted this result in their studies. There are many studies in the literature indicating that 
UPV values decrease when clay materials are replaced84,85. For example, Padhi et al. (2023) observed that the 
UPV value decreased from 4830 m/s to 3200 m/s in their study where they replaced 35% of the cement with rice 
husk86. At this point, the decrease rate is 33.75%; in our study, it is 26.88% in samples containing 40% CPS. A 
significant part of the difference stems from the structure of the pozzolanic material used. Since each pozzolanic 
material inherently has different binding properties, it creates a different void structure in the mixture in which 
it is used. Different void structures cause different UPV values.

The relationship between the 28-day compressive strength (CS) and ultrasonic pulse velocity (UPV) values 
of the mixtures is presented in Fig. 9. According to the obtained results, an increase in compressive strength 
was generally accompanied by an increase in UPV values. The control and low-substitution mixtures exhibited 
higher compressive strength values in the range of approximately 42–47 MPa, while their corresponding UPV 
values varied between 4254 and 4496 m/s. In contrast, the mixture containing the highest replacement ratio 
showed a noticeable reduction in both compressive strength and ultrasonic pulse velocity values. The linear 
regression analysis demonstrated a strong positive relationship between CS and UPV, with a Pearson correlation 
coefficient close to unity (r = 0.99846) and an R2 value of 0.99693. These findings indicate that ultrasonic pulse 

Fig. 8.  Ultrasonic pulse velocity values for 7 and 28 days.
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velocity measurements were generally consistent with the compressive strength behavior of the tested mixtures 
and may provide indirect information regarding the internal compactness and integrity of the mortar structure.

Specific gravity
Specific gravity primarily represents a density-related physical parameter of the mixtures. However, the gels 
formed during hydration, including C-H, C-S–H, and C-A-S–H, may indirectly affect the compactness of the 
structure by contributing to a lower internal void ratio87. In this context, it can be predicted that mixtures with a 
lower void ratio will have increased mechanical strength. Figure 10 shows the specific gravities of mixtures after 
7 and 28 days. It can be seen that the specific gravities of the mixtures after 7 days ranged from 2.021 to 2.272 g/
cm3. The sample containing 10% CPS has the maximum density, while the sample containing 40% CPS has 
the minimum density. At 28 days, there is no significant change in density, with values ranging between 2.020 
and 2.273 g/cm3. At this point, the 40% CPS substitution reduced the density by 11.08% and 11.11% for 7 and 

Fig. 10.  Specific gravity values for 7 and 28 days.

 

Fig. 9.  Linear regression analysis for CS and UPV.
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28 days, respectively. As the CPS substitution ratio increases, the mixtures become lighter due to their inherently 
fine and light structure75.

In addition to the direct influence of the constituent materials on unit density, the development of hydration 
products may also contribute to changes in the internal structure of the mixtures. The formation of reaction 
products such as C-S–H and C-A-S–H gels can partially occupy capillary spaces within the matrix and promote a 
more compact microstructure. This reduction in internal voids may improve particle packing and facilitate stress 
transfer under loading conditions. For this reason, mixtures exhibiting relatively higher specific gravity values 
may also present lower effective porosity and improved mechanical behavior. On the other hand, increasing 
CPS incorporation may alter the continuity of the cementitious matrix due to the relatively lightweight and 
fine nature of the material, which can result in a less compact internal structure at higher replacement levels. 
Therefore, the variation in specific gravity should not be evaluated solely as a physical density change, but also as 
an indicator of microstructural development associated with hydration reactions, pore refinement, and strength 
evolution within the composite system75,88.

SEM analysis
SEM analyses were conducted on 5 different samples aged for 28 days to determine factors such as gel structures, 
void ratios, non-reactive or remnant materials, and macro or micro cracks that can directly affect mechanical 
properties. Images from the SEM analysis are provided in Fig. 11 (a-e).

In the control sample (Fig. 11a), although some C-S–H gel formation is observed in the matrix structure, the 
presence of particles that have not fully participated in hydration and localized micro voids is notable. However, 
the structure generally exhibits a more homogeneous appearance, and it is evident that the voids remain at a 
limited level. This indicates that the hydration products in the control mixture were able to fill the matrix to a 
certain extent.

Fig. 11.  SEM images for 5 different mix: (a) Control, (b) %10 CPS, (c) %20 CPS, (d) %30 CPS, and e)%40 CPS.
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In the sample containing 10% CPS (Fig.  11b), the surface morphology is smoother, and the C-S–H gel 
phase is more widely distributed throughout the matrix. Additionally, fewer voids were observed compared 
to the control sample, suggesting that the hydration products form a more compact structure. However, the 
presence of unreacted particles in some areas is also noted. Nevertheless, the appearance of this image from 
the microstructure indicates that the use of low-level CPS substitution could positively affect matrix density. 
For mechanical strength, it was observed that gel structures were concentrated in samples replacing 10% CPS 
compared to the control group, voids were reduced, and it has been observed that, even though the density 
of non-reactive materials increases, their number decreases. In the 10% CPS samples, it is apparent from the 
compact structure that the void ratio decreased due to the filling effect of the pozzolanic powder material and 
that the pozzolanic reaction occurred more efficiently with the amorphous silica present in the structure, and 
this mechanism has a positive effect on mechanical strength89.

In the sample with 20% CPS replacement (Fig. 11c), the formation of microcracks becomes more pronounced. 
In particular, the fact that the cracks propagate in connection with the void regions indicates that the continuity 
within the matrix is beginning to weaken. In addition, the increase in macro-voids and irregular porosity 
suggests that the distribution of hydration products within the structure has lost its homogeneity. Although the 
C-S–H gel phase is still present, the gel structure appears to exhibit a discontinuous character in some regions.

In the mixture containing 30% CPS (Fig. 11d), the formation of particle and extensive void regions is notable. 
Although the C-S–H gel structure is observed in some regions, it is evident that a heterogeneous morphology 
has formed throughout the matrix. The presence of unreacted large particles also indicates that the hydration 
mechanism was not sufficiently sustained.

In the 40% CPS sample with the highest replacement ratio (Fig. 11e), it can be seen that macro voids have 
become more concentrated, and unreacted particles are also noticeable. Although C-S–H gel formations have not 
completely disappeared, it is evident that the gel phase has been unable to form a continuous network structure 
within the matrix due to macro cracks. It is considered that these microstructural changes may be related to the 
decrease in mechanical properties observed at high CPS ratios.

Generally, in samples produced with substitution ratios above 10%, the decrease in cement content, along 
with reduced hydration products and particles that could not participate in the reaction, formed a matrix with a 
high void ratio, which negatively affected the strength values 90–92.

EDX analysis was employed to identify the Ca/Si ratios in the mixture for five different samples. An inverse 
relationship was observed between these identified ratios and the mechanical strength when compared to the 
Ca/Si ratio. Furthermore, some studies indicate that there is a significant relationship between this ratio being 
less than 2 and the efficiency of the pozzolanic reaction and high chemical reactivity 90,93.

Structural applications
Example 1: modal analysis
Every object inherently possesses specific vibration amplitudes. These vibration amplitudes must be known 
before any structure is designed. This is because if the natural frequency of the structure coincides with the 
frequency of external loads, a phenomenon called resonance may occur, which can theoretically increase the 
displacement of the system to an infinite value in damped systems 94. To prevent this situation, modal analyses 
must be performed before structures are designed. Modal analysis is used in structural analyses to determine 
eigenfrequencies and eigenmodes. By obtaining this information, an engineer or researcher can gain insight into 
a structure’s vibration frequencies, displacement, and damage tendencies 95.

For this purpose, modal analyses were performed using the Ansys software package, assuming that the six-
storey building, whose formwork plan is given in Fig. 12, was constructed using the material whose mechanical 
properties are given in Table 4 96. The structural elements used were 60 × 60 cm columns, 30 × 60 cm beams, 
15 cm high slab floors, and 80 cm high raft foundations. The floor height is 3 m.

Fig. 12.  Views for structure: (a) mat foundation, (b) story, (c) building.
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Analyses were repeated for each material code. A homogeneous linear isotropic material model was selected 
as the material. For the mesh method, the mesh process was completed using Patch Conforming with a mesh 
thickness of 300 mm. The mesh parameters are an average element quality of 0.75 and an aspect ratio of 14.5. A 
total of 109,170 tetrahedral elements and 204,619 nodes were used. Figure 13 shows the modal analysis results 
for five different material types.

When examining the values in the Fig. 13., it can be seen that for all samples, the period values decreased 
from the control group by up to 10% CPS from the 1st mode to the 6th mode, and increased between 10% CPS 
and 40% CPS. This situation corresponds to the mechanical properties. The relationship between the natural 
vibration period and frequency of a structure is calculated using the following equations.

	
T(s) = 2π

√
m

k
� (3)

f(Hz)= 1
T  (4).

Here, T(s) represents the natural vibration period, f represents the frequency, m represents the mass of the 
structure, and k represents the stiffness of the structure. From the mechanical properties, it can be seen that the 
elasticity modulus increased by approximately 2% up to 10% CPS compared to the control group, then decreased 
by 16.3% at 20% CPS, 24% at 30% CPS, and 57.4% at 40% CPS. Since the elasticity moduli used directly affect 
the stiffness values, they decrease by approximately 0.8% at 10% CPS in mode 1 compared to the control group, 
and by 8%, 11.2%, and 44.1% in the 20% CPS and 40% CPS samples, respectively. This situation indicates that 
when the CPS substitution in the material increases between 10 and 40%, the rigidity of the structure decreases 
and the natural period, which is the time required for the structure to return to its original position, increases.

Example 2: topology optimization
Topology optimization is used to obtain the optimum material and/or section layout that maximises or minimises 
a predefined objective function, such as strength, natural frequency, or weight, by reducing the volume or cross-
section of a part or structure97. In this example, the structure used in Example 1 was analysed for five different 
materials under seismic loading, and section optimization was performed based on the maximum compressive 
strength of the materials, thereby comprehensively examining the effect of the materials on the structure. For 

Fig. 13.  Modal periods of structure for different 5 samples.

 

Material code Density (g/cm3) Elasticity modulus (MPa) Poisson ratio

Control 2,273 39,696 0,227

%10 CPS 2,279 40,480 0,218

%20 CPS 2,230 33,228 0,279

%30 CPS 2,147 30,147 0,283

%40 CPS 2,021 16,901 0,291

Table 4.  Mechanical properties for different materials.
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the analysis of the structure, the unscaled records of the 6.7 magnitude Northridge earthquake that occurred 
in California in 1994 at the Alhambra—Fremont School station (RSN 942) were selected, and the records were 
obtained from the PEER Ground Motion Database98. For the floor covering loads of the structure, 2 kN/m2 was 
considered, and for the moving loads, distributed loads of 5 kN/m2 were considered for all floors99. Figure 14 
demonstrates the earthquake record. The ANSYS Workbench Software Package100 was utilised for numerical 
analysis and for finite element method application.

Since a mesh structure is required for static analysis, a mesh was created using the Patch Independent method 
with a mesh size of 200 mm. A total of 269,778 elements and 501,170 nodes were used in the tetrahedral structure. 
The materials used are homogeneous and have linear isotropic properties. Upon examination of the analysis 
results, the structures were found to be safe for seismic loads in 5 different models. Following the static analysis, 
topology optimization was performed, with global stress selected as the objective function. Optimization was 
carried out on the sections, planning for the maximum global stress to correspond to the compressive strength of 
the material used. The images obtained from the analysis under seismic and cladding loads are shown in Fig. 15.

The analysis results show that the maximum Von Mises stress in the control group was 11.816 MPa and 
the minimum Von Mises stress in the 40% CPS group was 10.895 MPa. The 40% CPS substitution reduced the 
stress values by 7.8% compared to the control group. When examining the sample strengths obtained from the 
pressure resistance test, it is understood that all structural groups remained on the safe side in terms of stress 
analysis (see Fig. 5). The reduced sections obtained as a result of topology optimization are shown in Fig. 16.

When reviewing Fig.  16, the minimum residual volume was 93.660% in the control group, while the 
minimum residual volume was 93.889% in the structure using 40% CPS material. At this point, there was a 
volume difference of 0.229% between the control group and the 40% CPS group.

Conclusions
In this study, calcined powder soil (CPS) obtained from naturally sourced soil material was incorporated into 
cement mortar mixtures at substitution ratios ranging from 10 to 40%. Also, the mechanical and microstructural 
properties of the cement mortars were examined. The results obtained from the mechanical, microstructural, 
and numerical analyses were listed below.

•	 In mixtures with 10% CPS substitution, a maximum value of 8.33 MPa was obtained in 7 days, and 9.59 MPa 
in 28 days for flexural strength.

•	 In terms of compressive strength, mixtures with 10% CPS substitution achieved a maximum value of 
43.57 MPa in 7 days and 46.65 MPa in 28 days.

•	 When mechanical strength is considered, although the 10–30% CPS substitution values are close to those of 
the control group, a dramatic decrease is observed at 40% CPS substitution.

•	 The presence of pozzolanic reaction occurring with the presence of CPS along with microstructural analyses 
has been found to be consistent with mechanical strengths.

•	 In all linear elastic numerical analyses conducted under seismic loads, the structures built for all substitution 
ratios remain on the safe side.

Fig. 14.  Horizontal and vertical component of earthquake record for 1994 Northridge.
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•	 Numerical analyses and topology optimization have demonstrated that CPS can be employed as a supplemen-
tary material in cementitious composites.

Every researcher who has made it their mission to work in this field is trying to reduce the amount of cement 
and produce composite materials that are both load-bearing, economical, and environmentally friendly with 
optimized mixtures, using pozzolanic materials that can be used as a substitute, even if they cannot completely 
eliminate cement. With increasing studies every day, the use of cementitious materials is growing, and knowledge 
is accumulating through research. In this study, not only were the mechanical and microstructural properties 
of the pozzolanic material, deemed appropriate to be named CPS, examined, but the synergistic effect of this 
material in terms of structural engineering was also investigated. However, every study has certain limitations, 
and in this study, information regarding the performance of the specified pozzolanic material in mixtures under 
long-term durability effects remains unclear. The author believes that researchers conducting future studies may 
focus on this issue.

Fig. 15.  Result of earthquake analysis.
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