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Abstract: This study investigated the impact of using cow dung ash (CDA) as a partial replacement
for ordinary Portland cement (OPC) in mortar. Mortar mixes are prepared by replacing OPC with
CDA at varying levels: 5%, 10%, 15%, 20%, 25%, and 30%. The chemical composition of CDA
shows that it is composed primarily of SiO2, Al2O3, and Fe2O3, with a significant amount of loss
of ignition. The workability, hardened properties, and microstructure of CDA-containing mortars
are also analyzed. The increasing CDA content in mortar reduces workability and, beyond 5%, it
causes high water absorption due to CDA’s porous nature and unremoved organic compounds. This
impacts the density and compressive strength of the hardened mortar as well as compromising its
homogeneous characteristics. When using 5% CDA, the bulk density and compressive strength of
the mortar are comparable to those of the control mixes. Nonetheless, as the proportion of CDA
increases, both the bulk density and compressive strength of the mortar diminish. The thermal
stability of mortar mixes with 10%, 20%, and 30% CDA is unaffected at temperatures between 500 ◦C
and 600 ◦C. The Fourier-transform infrared spectroscopy (FTIR) analysis reveals the presence of
unreacted particles and wide stretched C–S–H gels in the mortar samples. In general, the results
suggest that CDA can be utilized as a substitute for OPC at a ratio of up to 10% in the manufacturing
of mortar and can serve as a feasible alternative cementitious material.

Keywords: cow dung ash; mortar; microstructure; workability; durability; sustainability; supplementary
cementitious materials; carbon footprint

1. Introduction

The construction sector is a vital and rapidly expanding industry worldwide, playing
a crucial part in the economic growth and development of nations. As construction projects
continue to grow across numerous developing nations, there will be a consistent rise in
the need for concrete, since no other material compares to it in terms of strength and
accessibility. However, the concrete industry is one of the largest consumers of natural
resources and contributes significantly to global anthropogenic carbon dioxide (CO2) emis-
sions. According to the Global Cement and Concrete Association (GCCA), 14 billion cubic
meters of concrete are produced every year for use in the construction of roads, bridges,
tunnels, houses, dams, and flood defenses [1]. The primary source of high CO2 levels in
the concrete industry is the production of Portland cement, which is the main binder and
accounts for approximately 8% of global CO2 emissions with an annual production of more
than four billion tons [2,3]. Taking this into account, cement and concrete manufacturers
are working to accelerate the transition to greener concrete by committing to reducing CO2
emissions by 25% by 2030 and meeting a target aligned with the Paris Agreement to limit
global warming to 1.5 ◦C [1].

Appl. Sci. 2023, 13, 6218. https://doi.org/10.3390/app13106218 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13106218
https://doi.org/10.3390/app13106218
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8778-4551
https://orcid.org/0000-0002-5833-368X
https://orcid.org/0000-0003-1188-7850
https://doi.org/10.3390/app13106218
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13106218?type=check_update&version=1


Appl. Sci. 2023, 13, 6218 2 of 15

Reducing carbon emissions from the cement industry is a significant challenge, but
there are several approaches that can be taken. One of the most practical, economical, and
sustainable approaches to reducing the CO2 emissions caused by the concrete industry is the
use of a sustainable system loop that can transform waste resources into valuable products.
This approach provides a range of advantages that go beyond reducing clinker content
and associated carbon emissions. It enables a reduction in the use of conventional cement
ingredients such as limestone, thereby conserving valuable natural resources. Moreover,
repurposing waste materials that would otherwise end up in landfills promotes waste
reduction and diversion, thereby fostering more sustainable waste management practices.

In the past two decades, several studies have already explored supplementary cemen-
titious materials (SCMs) derived from industrial and agricultural byproducts [4–11]. These
include silica fume, fly ash, blast furnace slag, rice husk ash, coffee husk ash, ground nut
ash, bamboo leaves ash, banana leaves ash, sugarcane bagasse ash, corncob ash, animal
bone ash, tobacco waste ash, glass powders, coal bottom ash, and eggshell ash. Several
studies have also investigated the potential of waste materials to replace various ingredients
used in concrete production, including the use of recycled aggregates, coconut fibers, glass,
marble, and rubber tree seeds [12–18]. The objective is to conserve natural resources and
address the environmental impact caused by these waste materials. By substituting con-
ventional ingredients for waste materials, the concrete industry can contribute to resource
conservation and mitigate the burden on the environment.

In recent years, researchers have studied the potential of cow dung ash (CDA) as a
supplementary cementitious material. Cow dung, a byproduct of cattle farming, is known
for being a rich source of silicon dioxide, and thus has pozzolanic properties [19]. It also
contains organic matter, including fibrous materials that have passed through the cow’s
digestive system. The chemical composition of cow dung typically consists of carbon,
nitrogen, hydrogen, oxygen, and phosphorus, as well as potassium and calcium [20].
Ekasila et al. [21] investigated the effectiveness of using 10% CDA and 20% rice husk
ash (RHA) in concrete under varying curing conditions. The researchers concluded that
incorporating both SCMs in the concrete resulted in greater strength. Another study
was conducted to evaluate the performance of concrete with 15% CDA that was exposed
to water [22]. The specimens were cured for 28 days and then exposed to fresh water
for different durations of time: 56, 90, 180, and 365 days. The results showed that the
concrete with CDA had superior pH, compressive and split tensile strength, and durability
compared to normal concrete. The researchers also observed a lower bacterial density in
the CDA-containing concrete.

According to Statista, Ethiopia has a significant population of cattle, ranking fifth in the
world and holding the top spot in Africa for total count. The primary use of cow dung in
Ethiopia is as a source of fertilizer, and it is also dried to serve as fuel for cooking purposes.
With the Ethiopian government’s ambitious plan to provide electricity to all citizens by
2025 [23], the rural population of the country will eventually shift towards using electricity
for energy, potentially resulting in wasted cow dung. Therefore, it is necessary to explore
alternative plans for utilizing this free and valuable resource. Considering that cement is
extensively used in building construction in Ethiopia and is responsible for the highest
embodied energy and CO2 emissions [24], incorporating cow dung ash as a supplementary
cementitious material presents a promising solution for addressing the environmental
challenges stemming from both the cement industry and cow dung waste.

This paper aims to investigate the viability of using CDA as a partial replacement for
ordinary Portland cement (OPC) in mortar production. This study stands out from other
research on the topic by conducting a thorough investigation of the impact of CDA on
various properties of mortar when used as a partial replacement for OPC. Unlike previous
studies that focused on a limited set of factors, this work evaluated a range of parameters,
including workability, water absorption, bulk density, compressive strength, homogeneity,
surface attack resistance, thermal decomposition, and mineralogical composition. Addi-
tionally, as the properties of cow dung can be affected by multiple factors, the findings of
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this study are significant and novel, as no prior research has been carried out on this topic
in the particular region where the study was conducted.

2. Materials and Methods
2.1. Materials
2.1.1. Cement

The OPC used in this study had a 42.5R grade and was sourced from Dangote Cement
Plc. The quality of the cement was assessed as per ASTM C1084 [25]. The grading and
physical properties were in conformity with the requirements necessitated by standard
specifications of ASTM C150/C150M [26].

2.1.2. Fine Aggregate

Fine aggregate was obtained from impurity-free river sand in Lalibela, Ethiopia. The
sand was subjected to various tests to ensure its quality met the ASTM standard. Figure 1
shows the fine aggregate gradation curve result of the sieve analysis test as per the standard
ASTM C117 [27]. In addition to this, other physical property evaluations were conducted
on the sand samples, and the undertaken test results are outlined in Table 1, with reference
to their respective test standards.
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Table 1. Test results of the fine aggregate.

No. Test Type Test Standards Test Result Unit

1 Fineness modulus ASTM C117 3.11 [-]
2 Loose bulk density ASTM C29/C29M 1779.63 [Kg/m3]
3 Compacted bulk density ASTM C29/C29M 1885.46 [Kg/m3]
4 Voids ASTM C29/C29M 35.60 [%]
5 Specific gravity ASTM C128 2.70 [-]
6 Water absorption ASTM C128 3.36 [%]
7 Free moisture content ASTM C566 2.50 [%]
8 Silt content ASTM C136 3.50 [%]
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2.1.3. Cow Dung Ash

The cow dung samples were obtained from the cattle production area surrounding
the city of Bahir Dar, Ethiopia. The samples were sun-dried for a week and subsequently
calcined in a muffle furnace at 800 ◦C for 2 h. This particular temperature was chosen as it
was found to yield CDA of superior quality [28]. Once burned, the samples were allowed
to cool and then ground using a milling machine. Samples that passed through a sieve size
of 150 µm were used for cement replacement. The resulting cow dung ash had a dark gray
appearance, as shown in Figure 2.
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Figure 2. A visual representation depicting the OPC and CDA utilized in the study.

Table 2 compares the results of the X-ray fluorescence (XRF) test conducted on the CDA
with the chemical requirements specified by ASTM C150/C150M for Portland cement. The
test results indicated that the CDA contained 16.66% SiO2, 6.15% Al2O3, and 7.4% Fe2O3,
with a negligible amount of SO3. The sum of the silicious oxides was 30.21%, which did not
meet the minimum requirements specified by the standard. The content of MgO, a chemical
component found in CDA, falls within the range specified by ASTM C150/C150M for OPC.
The loss of ignition (LOI) in the CDA was found to be over 34%, whereas the maximum
limit specified by the ASTM is 5% for OPC. This suggests that there are high amounts of
unburned inorganic materials present in the CDA, which could result in reduced density
and strength.

Table 2. CDA composition analysis and its correlation with the ASTM standard for OPC.

Chemical Compositions
Oxide Content [%]

CDA OPC (ASTM C150/C150M)

CaO 8.18 61–67
SiO2 16.66 19–23
SO3 0 0–5.35

Al2O3 6.15 2.5–6
Fe2O3 7.4 0.1–5
MgO 4.72 1–5
LOI 34.13 -

Na2O 4 -
K2O 5.92 -
MnO 0.26 -
P2O 7.59 -

2.1.4. Mortar Mix Preparation

The mortar mixes were prepared using a water-to-binder ratio of 0.51 and a volumetric
ratio of 1:2.75 for cement and sand. As the main objective of our study was to explore the



Appl. Sci. 2023, 13, 6218 5 of 15

effects of partially replacing OPC with CDA, we examined different levels of CDA content,
ranging from 5% to 30%, in increments of 5% (i.e., 5%, 10%, 15%, 20%, 25%, and 30%). A
total of 336 cubes, three samples for each mix, were produced specifically for the purpose of
performing tests on the hardened mortar properties. Table 3 illustrates the mix codes and
the percentages of OPC and CDA used, along with their respective quantities. The table
also presents the quantity of potable tap water used to mix the mortar for each mix series.

Table 3. Proportions and quantities of materials in mortar mixtures.

Mix Code
OPC Content CDA Content Water Sand

[%] [kg] [%] [kg] [kg] [kg]

CDA0 100 3.219 - 0 1.631 8.85
CDA5 95 3.058 5 0.161 1.631 8.85

CDA10 90 2.892 10 0.321 1.628 8.84
CDA15 85 2.725 15 0.481 1.625 8.82
CDA20 80 2.56 20 0.64 1.621 8.8
CDA25 75 2.395 25 0.798 1.618 8.78
CDA30 70 2.231 30 0.956 1.615 8.76

2.2. Methods

After conducting multiple tests on the material characteristics of cement, fine aggre-
gates, and CDA, the workability, hardened, and microstructural properties of the control
and CDA-containing mortar specimens were assessed using the test methods and types
presented in Table 4. These methods adhere to ASTM standards. The properties of hard-
ened mortar consist of water absorption, bulk density, compressive strength, homogeneity,
and resistance to sulfate attack. To carry out these tests, the mortar mixes were molded into
50 mm × 50 mm × 50 mm cubes. After molding, the cubes were covered with plastic sheets
and stored at room temperature for 24 h. The cubes were then removed from the molds and
submerged in water for curing until the time of the test, which occurred at 3, 7, 28, 56, and
91 days. To analyze the microstructural properties of mortar specimens containing CDA,
selected samples underwent thermogravimetric analysis (TGA) and Fourier-transform
infrared (FTIR) spectroscopy.

Table 4. The fresh, hardened, and microstructural properties test results of the mortars.

Test Category Properties Test Standards Examined Samples Curing Ages

Fresh Workability ASTM C1437 All -

Hardened

Water absorption ASTM C1403

All 3, 7, 28 and 56 days
Bulk density ASTM C642

Compression strength ASTM C109/C109M
Homogeneity ASTM C597

Sulfate attack resistance ASTM C1012

Microstructure
Thermal decomposition -

CDA0, CDA10, CDA30
28 days

Mineralogical composition - 7 and 28 days

3. Results and Discussion

This section covers the test results and discusses the impact of cow dung ash as a partial
replacement for cement in the mortar specimens. Our focus is on how CDA influences the
workability, hardened properties, and microstructure of the mortar specimens compared to
the reference specimens that used only ordinary Portland cement.

3.1. Effects of CDA on Workability

The workability or fresh property of the plastic mortar was determined by measuring
its consistency using the flow table method in accordance with ASTM C1437. The result
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of this test is shown in Figure 3. As can be observed from this figure, the slump of the
mortar decreased significantly with increasing levels of CDA replacement. The greatest
reductions in slump were observed for CDA replacement levels of 25% and 30%, with
slumps decreasing by 68% and 90%, respectively, compared to the reference mix (CDA0).
Similar findings were reported by [29,30]. This phenomenon is primarily attributed to the
higher porosity of CDA particles in comparison to cement. The porous nature of CDA
particles leads to an increased absorption of mixing water within the mixture, especially
as the proportion of CDA in the mixture increases. Consequently, compensating for the
reduced workability resulting from CDA utilization necessitates a higher quantity of
superplasticizer to maintain the desired workability of the mortar. According to ASTM
C1437, the initial flow of the mortar should be 110 ± 5%. Hence, only the fresh mortar
containing 15% CDA met this requirement.
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3.2. Effects of CDA on Hardened Mortar Properties
3.2.1. Water Absorption

The water absorption test results are presented in Table 5, which reveal that the water
absorption of the mortar specimens increased as the percentage of CDA content increased at
all curing ages. The increased water absorption can be ascribed to the porous characteristics
of CDA particles, as these particles possess a significant capacity to absorb water. This
effect becomes particularly pronounced as the content of CDA in the mixture increases.
The findings regarding water absorption align well with the observed workability of the
mixture. However, it should be noted that the absorption capacity of the CDA-blended
mortar decreased with longer curing periods, as reported by [31]. At a curing age of 56 days,
the highest water absorption of 11.34% was observed when the CDA content was 30%,
resulting in an increase of approximately 36% compared to the reference mix (8.35%). On
the other hand, the lowest water absorption was 9.71% at a CDA content of 5%. The water
absorption of the mortar samples with CDA content beyond 15% exceeded the maximum
allowable limit of 10% [32]. It is important to note that lower water absorption is associated
with lower porosity percentage and better compressive strength of the mortar paste [33].
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Table 5. Water absorption of the reference and CDA-containing mortar specimens.

CDA Content
Water Absorption [%]

3rd Day 7th Day 28th Day 56th Day

0% 10.03 9.90 9.74 8.35
5% 10.64 10.54 10.14 9.71
10% 11.05 10.96 10.20 9.75
15% 11.38 11.25 11.12 9.78
20% 11.90 11.49 11.46 11.04
25% 12.15 11.34 11.30 11.22
30% 12.30 12.10 11.80 11.34

3.2.2. Bulk Density

The bulk density test results are presented in Table 6. From the presented table, it
is evident that the bulk density of all mortar specimens incorporating CDA decreases as
the percentage of CDA used as a partial replacement for cement increases. This decline in
bulk density can be attributed to the utilization of CDA, which hampers the formation of
dense and compacted microstructures within the mortar. This observation is supported by
the results of microstructural tests discussed in Section 3.3. The bulk density of all cube
specimens, including the control mixes, was found to be highest at 56 days of curing and
lowest at 3 days of curing. It can be observed that the bulk density of the mortar improved
as the curing ages increased from day 3 to day 56. The bulk density of the mortar blended
with 5% CDA at 28 days was approximately similar to that of the control mix. Moreover,
all sample cubes met the minimum bulk density requirement of 1500 kg/m3. A similar
investigation was also reported by [20].

Table 6. The bulk density of the reference and CDA-containing mortar specimens.

CDA Content
Bulk Density [Kg/m3]

3rd Day 7th Day 28th Day 56th Day

0% 2568.80 2585.60 2589.86 2594.40
5% 2560.00 2582.00 2588.00 2590.40
10% 2493.34 2558.67 2561.34 2576.00
15% 2489.34 2498.00 2555.08 2560.00
20% 2466.66 2480.00 2513.20 2544.00
25% 2452.00 2464.00 2492.50 2504.00
30% 2428.00 2460.00 2480.96 2488.00

3.2.3. Compressive Strength

Figure 4 illustrates the cube compressive strength of mortar specimens at different
curing periods with varying percentages of cow dung ash. It can be observed from Figure 4
that there was a linear decrease in the compressive strength of the mortar with an increase
in the percentage of CDA used, and the greatest reduction was observed for the specimens
containing 30% CDA across all curing periods. The observed reduction in compressive
strength is expected, given that the water absorption increased and bulk density decreased
with increasing CDA content. The slow rate of strength development can be attributed to
the low CaO content present in CDA. As a result, the formation of the C-S-H gel is hindered
due to the reduction in cement content. Additionally, the presence of pozzolanas, known for
reducing early strength and slowing down hydration, contributes to this delayed strength
development. Regardless, in all cases, the strength of the mortar improved as the curing
period progressed. The highest compressive strength, measuring 40.79 MPa, was achieved
after 56 days, while the lowest value of 15.07 MPa was recorded after 3 days of curing.
Based on the findings, there was no significant difference in the compressive strength of
specimens containing 5% CDA and those in the control mix, and this result is consistent
with the findings reported in [30]. Moreover, even at 15% replacement of cement with CDA,



Appl. Sci. 2023, 13, 6218 8 of 15

the reduction in compressive strength at the age of 56 days was not found to be significant.
In comparison to the control mix sample, it was observed that at a curing time of 28 days,
the compressive strength of the mortar specimens containing 20%, 25%, and 30% CDA
decreased by 5.66 MPa, 6.51 MPa, and 8.87 MPa, respectively. As per the Indian Standard,
IS 2250 [34], the cement and sand mortar should have a minimum compressive strength of
11.5 MPa and 17.5 MPa at the end of 3 and 7 days, respectively. It can be observed that all
the mortars containing CDA samples met the specified standards.
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Figure 4. The compressive strength of mortar cubes.

3.2.4. Homogeneity

Figure 5 displays the results of the ultrasonic pulse velocity (UPV) test conducted to
evaluate the homogeneity of the reference and CDA-containing mortar specimens. It is
evident from Figure 5 that the ultrasonic pulse velocity of the mortar decreased with an
increase in the percentage of CDA. The results suggest that the homogeneous characteristics
of the mortar are compromised with an increase in the percentage of CDA. The trend
observed in the results of the UPV test is consistent with the findings of the compressive
strength tests. The experimental results indicate that the UPV values for CDA percentages
of 0% to 30% were 2900–1814 m/s, 2900–954 m/s, 3100–1954 m/s, and 3280–2742 m/s
after 3, 7, 28 and 56 days of curing age, respectively. As observed from the figure, there
were no significant differences in the UPV values between the 3rd and 7th day results;
however, the UPV values changed remarkably after later ages. The 28th day UPV results
were 4.5–11.5% higher than the respective 7th day results, and the 56th day UPV results
were 5–28.7% higher than the respective 28th day results. According to IS 13311 (Part 1):
1992 [35], the quality of the mortar in terms of uniformity was medium strength up to 25%
CDA cement substitute.
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3.2.5. Sulfate Attack Resistance

All of the mortar specimens’ ability to withstand sulfate attack was determined by
analyzing the variations in their compressive strength following exposure to a sodium
sulfate (Na2SO4) solution. Figure 6 illustrates the results of the test depicting the variation
in compressive strength of mortar containing CDA, subjected to sulfate attack, in compari-
son to the control mortar sample, at various curing periods. It is evident that the mortar
specimens containing up to 10% CDA are able to withstand sulfate attack without much
impact on their compressive strength, as the reduction in strength is negligible. Further-
more, it was observed that the compressive strength starts to decrease beyond 15% CDA
content, which means that at CDA20 to CDA30, the sodium sulfate significantly affected the
strength of the mortar specimens. This phenomenon can be attributed to the high quantity
of CaO and the formation of a gel, particularly when the CDA replacement ratio exceeds
10%, as demonstrated by the microstructural tests discussed in Section 3. Consequently,
the density of mortar samples decreases, allowing for the diffusion of sulphate ions into
the mortar pores. This accelerates the chemical reaction between the hydration products
of cement, such as Na2SO4 and sulphate ions, with Ca(OH)2 and monosulfate, resulting
in the formation of gypsum and ettringite (crystal needles) within the mortar pores [36].
These factors collectively have a negative impact on the mortar’s ability to resist sulfate.
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3.3. Effects of CDA on Microstructure of Mortar
3.3.1. Thermal Decomposition

Figures 7–9 illustrate and compare the thermogravimetric (TGA) analyses of mortar
samples containing 10%, 20%, and 30% CDA, respectively, after being cured for 28 days.
In all figures, the weight loss was determined by subtracting the level of the lower line
y-axis from that of the upper line y-axis. According to Figure 7, after 28 days of curing,
the mortar sample containing 10% CDA underwent a weight loss of 23% at a heating
temperature of 450 ◦C due to the decomposition of CaO and water from C–H. The weight
loss decreased by 8% after an increase in temperature to 500 ◦C, and then increased again up
to a heating temperature of 600 ◦C. From 600 to 750 ◦C, the weight loss of the mortar sample
significantly decreased by 15% due to the decomposition of water and the C–S–H gel, as
well as the carbonation of CO2 from CO3. In the case of the 28-day cured mortar sample
containing 20% CDA (Figure 8), the trend of thermal stability was almost similar to that of
the 10% CDA sample. The mortar samples containing 10% CDA revealed that the Ca(OH)2
dehydrated and lost approximately 25% its weight at a temperature of 450 ◦C, with only
a 7% weight reduction up to 500 ◦C. Additionally, the figure elucidates that there was no
further weight loss when the heating temperature was increased from 500 ◦C to 550 ◦C.
However, both CaCO3 and the C–S–H gel released CO2 and water, respectively, and lost
13% of their weight as the temperature increased from 500 ◦C to 700 ◦C. Further increases
in temperature did not appear to affect the thermal stability of the mortar. The percentage
weight loss for the mortar sample containing 30% CDA, which was cured for 28 days, is
presented in Figure 9. It can be noticed that the weight loss of the mortar continuously
decreased with an increase in temperature up to 450 ◦C due to the evaporation of water
from the C–H gel. It can also be observed that it exhibited a weight loss of 11% due to
the evaporation of water from the C–H gel, which was relatively smaller than that of the
10% and 20% CDA mortar samples. Furthermore, the weight loss due to carbonation and
dehydroxylation was insignificant compared to the other samples, with a combined weight
loss of about 8% at a heating temperature between 450 ◦C and 700 ◦C. This indicates that
either there were no CaO, CO2, and H2O molecules in the C–S–H gel and CaCO3, as all
these oxides were released at a temperature of 450 ◦C, or the heating temperature might
not have been sufficient in order to remove the oxides. Generally, for all the mortar samples
containing 10%, 20%, and 30% CDA, the thermal stability of 28-day cementitious pastes
would not be significantly affected in a temperature range of approximately 500–600 ◦C.
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3.3.2. Mineralogical Composition

The result of the Fourier-transform infrared spectroscopy (FTIR) analysis conducted
on the mortar samples containing CDA content of 0%, 10%, and 30% after 7 and 28 days
of curing is shown in Figures 10 and 11, respectively. The FTIR spectra for the 7-day
samples, as shown in Figure 10, reveal major peaks at 3860–3640, 2930–2115, 1750–1345,
and 1100–450 cm−1. On the other hand, the spectra for the 28-day samples (Figure 11)
exhibit major peaks at 3760–3640, 2930–2280, 2100–1300, 1016–620, and 490–420 cm−1. The
wavenumbers, curves, peaks, and valleys observed in the FTIR spectra of the selected
mortar samples, i.e., CDA0, CDA10, and CDA30 were almost identical for both curing
periods. This suggested that the CDA content had no significant effect on the hydration
product during the development of the hydration process, despite minor differences in
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wavenumbers observed between the 7th and the 28th day samples. Figure 10 illustrates
that unreacted particles were detected at the major peak wavenumbers of 744 cm−1 for
CDA0 and CDA10 samples. However, for CDA30 samples, the wavenumbers increased
and extended to the range of 813–681 cm−1. The abundance of unreacted particles can
impede the activation reaction, resulting in a delayed early-age strength development.
Additionally, the production of a C–S–H gel was lower in the CDA10 and CDA30 mortars,
while CDA0 exhibited superior C–S–H gel production compared to CDA10 and CDA30.
The wavenumber band between 1644 and 1000 cm−1 indicates the presence of small
amounts of carbon and the O–H–O extending and stretching vibration between 3460 and
1727 cm−1 suggests the presence of free water.

Based on the FTIR analysis depicted in Figures 10 and 11, the curve pattern observed
for 28-day samples were comparable to that of the 7-day samples. Notably, unreacted
particles were identified at identical wavenumbers within the range of 780–450 cm−1, with
a major peak observed at 700 cm−1 for CDA10. The formation of a C–S–H gel was evident
from the peak observed at 1016–1115 cm−1. The stretching vibration mode of Si–O–T (T:
tetrahedral Si or Al) was assigned to the band observed between 950 and 1200 cm−1. This
specific frequency range of 1018–1045 cm−1 was noted to be characteristic of the presence
of silicon tetrahedra (SiO4) in the chain structure of the C–S–H gel [37]. Furthermore, both
figures provided further insight into the formation of the C–S–H gel, with the frequency
range of 1110–970 cm−1 indicating its formation. Unreacted particles were observed in the
600–400 cm−1 range, while O–H–O was detected in the 3440–2328 cm−1 range.
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4. Conclusions

This research explored the potential use of cow dung ash (CDA) as a supplementary
cementitious material by investigating its physical and chemical properties. The study also
investigated how CDA in varying proportions (5%, 10%, 15%, 20%, 25%, and 30%) affects
the workability, hardened, and microstructural properties of mortar. Based on the results
obtained from the study, the following conclusions can be drawn:

• The oxide composition of CDA meets ASTM C150/C150M requirements for cement
and is almost similar to that of ordinary Portland cement. However, OPC contains
greater amounts of the major oxides of CaO and SiO2 in comparison to CDA.

• As the percentage of CDA increases in the mortar mix, its workability decreases.
Compared to the control mortar, the mortar mixes containing CDA exhibit reduced
slump flow. The mortar containing 15% CDA satisfies the slump flow requirements
outlined in the ASTM C1437 standard.

• When CDA was utilized beyond 5%, the water absorption of the mortar samples
considerably increased due to the porous nature and significant presence of organic
compounds that were not effectively removed. As a result, all of the density, homo-
geneity, and compressive strength of the mortar were negatively impacted. Although
the use of CDA as a replacement for OPC resulted in a decrease in compressive
strength, the reduction was not considered significant for up to a 15% substitution, as
observed at the age of 56 days.

• The compressive strength of mortar specimens is not significantly affected by sulfate
attack when containing up to 10% CDA, indicating that these specimens can withstand
such an attack with only negligible reduction in strength.

• Mortar mixes containing 10%, 20%, and 30% CDA were found to exhibit thermal
stability when exposed to temperatures ranging from 500◦C to 600 ◦C. The FTIR
analysis revealed the presence of unreacted particles and a wide-stretched C–S–H gel
in the mortar samples.

• While the effect of CDA on the properties of mortar can differ across different tests,
replacing OPC with up to 10% CDA can serve as a viable substitute for cementitious
materials in mortar production. Adopting CDA as a supplementary cementitious
material may offer a sustainable and eco-friendly approach that delivers advantages
for both the environment and the construction sector.
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• The study has demonstrated the potential of CDA as a promising option for partial
replacement of cement. However, further investigations are needed to explore the
possible synergistic effects of combining CDA with other supplementary cementitious
materials (SCMs), with or without an alkali activator. Such investigations can help
to identify the most effective combinations that can lead to improved mechanical
properties and durability, as well as sustainable solutions in the cement industry.
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10. Zeybek, Ö.; Özkılıç, Y.O.; Karalar, M.; Çelik, A.İ.; Qaidi, S.; Ahmad, J.; Burduhos-Nergis, D.D.; Burduhos-Nergis, D.P. Influence of

Replacing Cement with Waste Glass on Mechanical Properties of Concrete. Materials 2022, 15, 7513. [CrossRef]
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