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Evaluating the mechanical
performance and durability of
cement mortars incorporating
sesame shells as partial cement and
sand replacement
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Nelson Maureira-Carsalade®, Pablo Fernando Parra® & Siva Avudaiappan’**

This study examines the mechanical and durability behaviors of cement mortar containing sesame
shells (SS) as partial substitutes of cement and sand with regard to sustainable construction using

an agricultural by-product. Three types of SS—raw powder, vinegar-treated powder and vinegar-
thermal-treated powder (250 °C)—were used as the fine aggregate replacements at 1%, 2%, and 3%
by weight. Mechanical performances (compressive strength, dry density) and durability (UPV, water
absorption, water porosity, workability) of the composites were investigated in a systematic manner.
Results show that substituting sand with SS causes a significant decrease in the compressive strength
(up to 54% at 3%of replacement) and the increase in porosity and water absorption that compromised
the durability. On the contrary, the use of SS, particularly the treated one, caused strength decrease
(up to 42.3%) with improved durability properties specifically lower porosity (8.84%) and lower water
absorption (1.7%). UPV of all mixes were above 4.2 km/s representing good internal consistency. Error
bars were included in all test figures with replicate specimens to properly demonstrate the variation
and to reinforce the reliability of the data. The findings suggest that the optimal use of SS is as a 3%
cement replacement in treated form, offering an environmentally friendly alternative with acceptable
mechanical performance and significantly improved durability.
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The cement industry is a major contributor to global carbon emissions, accounting for approximately 8% of
anthropogenic CO, emissions worldwide, with nearly 0.9 tons of CO, released per ton of cement produced.
This environmental burden, coupled with the depletion of natural sand resources due to escalating concrete
demand, underscores the urgency of developing sustainable alternatives' ™. Agricultural waste materials, such
as sesame shells (SS), offer a dual opportunity to mitigate these challenges by reducing cement dependency
and repurposing underutilized biomass®~’. Over 6 million tons of sesame are harvested annually, generating
vast quantities of SS that are typically burned or discarded, exacerbating air pollution and waste management
issues®!1. Roman builders utilized ash leftovers from burning agricultural trash; they combined the ashes with
lime and clay and kneaded the mixture for about two days to create a cement-like substance with extremely
strong bonds!?>"1. Leveraging SS in cementitious systems not only addresses these environmental concerns but
also aligns with circular economy principles by transforming waste into value-added construction materials.
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The increasing demand for concrete globally poses significant environmental challenges, particularly due
to the production of Portland cement, which accounts for approximately 7-8% of global CO, emissions. Every
ton of cement produced emits nearly 0.9 tons of CO,, largely due to calcination and fuel combustion during
manufacturing. In light of escalating environmental concerns and the depletion of natural resources, sustainable
alternatives to conventional cement and fine aggregates have become a research priority. This study specifically
addresses these challenges by investigating the use of SS—an underutilized agricultural by-product—as partial
replacements for both cement and sand in mortar production. Unlike prior research which has predominantly
focused on sesame shell ash (SSA) or fiber applications, this work explores the mechanical and durability
performance of mortars incorporating untreated and treated SS, providing new insights into their synergistic
behavior when used as dual replacements. The novel contribution lies in evaluating the combined effects of
chemical (vinegar) and thermal (250 °C) treatments on SS and identifying optimal substitution levels (1-3%)
that achieve enhanced sustainability without compromising structural integrity.

Additionally, research is being done on the employment of agricultural solid wastes as admixtures, additives,
and aggregates in concrete. Billions of tons of agricultural waste are produced by agriculture in many countries of
the world. Many wastes can only be burned to produce energy, and they cannot be used in any other value chain.
Agricultural wastes frequently lead to disposal issues'>!6. Therefore, studies on the effective utilization of these
solid wastes will contribute to addressing the consumption of the materials in a more ecologically responsible
manner'’~°. Researchers have recently demonstrated that ashes from a variety of agricultural leftovers can be
used in the concrete industries. Because of the high proportions of CaO, Sio,, A1203, and Fe,O, in its chemical
composition, it can partially replace conventional stabilizers like cement and quicklime?*-2%, Green concrete—a
concrete that is more sustainable and friendly to the environment—can be made in the concrete industry by
using agricultural residue ash?>-%.

Current studies investigated the utilization of SS as a promising material for concrete and cement mortars,
building on the research into the utilization of agricultural waste and addressing both environmental concerns
and the rising costs of traditional materials. In these materials, cement plays a vital role in ensuring the
cohesiveness of the cement paste and its adherence to aggregate particles, both of which affect the concrete’s
strength®. However, the cost of building has increased due to the rising cost of cement, necessitating the use of
alternative materials. Sesame shell, an agricultural waste product, offers a way to save expenses while addressing
environmental issues. If not managed appropriately, sesame shell—which is usually burned, disposed of, or
allowed to decompose—can produce a large amount of trash as well as pose health and environmental risks.
Sesame straw can be added to concrete and mortar mixtures to reduce waste and provide the construction
industry with an eco-friendly, more inexpensive building material®"*2.

The utilization of agricultural waste in cementitious materials has gained significant attention as a sustainable
alternative to conventional construction resources. While studies have explored various agro-waste materials, the
potential of SS remains underexplored. For instance, Sulaiman, et al.* investigated sesame straw ash (SSA) as a
10-30% cement replacement in concrete, reporting a 15% reduction in compressive strength at 20% substitution.
Their methodology involved grinding ash to 45 um and testing strength at 28 days. Similarly, Elmardi, et al.*
incorporated sesame stalk fibers (SSF) at 0.5-2% by volume, observing improved flexural strength but reduced
workability due to fiber clumping. These studies focused solely on ash or fiber forms, neglecting untreated SS
and dual replacements. Furthermore, Orame, et al.* explored the potential of sesame plant mucilage (Sesamum
indica) as an additive in concrete. Their analysis revealed that sesame mucilage contains 25.58% SiO,, Al,O,, and
Fe,O, collectively. Over a 28-day curing period, the compressive strengths of concrete mixtures with 1.0%, 1.5%,
and 2.0% sesame mucilage content were higher than those of the control mix, achieving values of 33.2 MPa,
31.3 MPa, and 30.8 MPa, respectively. Additionally, increased sesame mucilage content enhanced the flexural
and tensile strengths of the mixtures at all curing ages, surpassing those of the control mix. Lastly, Sulaiman, et
al.3Vs study examined the impact of SSA combined with rice husk ash (RHA) in place of cement on the durability
and flexural strength of concrete. In the experiment, cement was substituted out for mixed rice husk and sesame
straw ashes in increments of 0, 10, 15, 20, 25, and 30%. The blend of SSA and RHA was shown to be a useful
addition to cementitious ingredients for making concrete.

In contrast, Orame, et al.*® explored sesame mucilage (1-2% by weight) as a concrete admixture, achieving
33.2 MPa compressive strength at 28 days through polysaccharide-enhanced hydration. However, their work did
not address SS as a direct cement or sand substitute. Walnut shell studies, such as Aadi, et al.36replaced cement
with 5-10% untreated walnut powder, resulting in a 25% strength loss due to poor pozzolanicity. Mohammed
et al. [31] Mohammed, et al.*” substituted sand with walnut shells (10-30%), finding optimal performance at
20% under high temperatures. These works highlight trade-offs in single-material substitutions but lack insights
into combined cement-sand replacements or SS-specific treatments. In another study, the fine aggregate was
replaced by walnut shells (WS) in three ratios (10, 20 and 30) % in production cement mortar exposed to room
temperature, 400 °C and 600 °C by Mohammed, et al.3®. There was a negative impact of usage walnut shells
on mortar’s properties and they concluded that the best ratio of WS is 20% with water to cement ratio 0.5 for
structural construction exposed to 400 °C. The fine and coarse aggregates were replaced by WS in five ratios
(5, 10, 15, 20 and 25) % in producing concrete by Hilal, et al.**. The concrete’s mechanical properties affected
negatively by usage WS and they found that the best ratio of WS is 15% for fine and coarse aggregate to get
appropriate properties for concrete. Moreover, the WS was utilized as substitution of coarse aggregate in ten
ratios (5, 10, 15, 20, 25, 30, 35, 40, 45 and 50) % in casting of self-compacting concrete (SCC) by Hilal, et al. 4o,
The WS led to reduce fresh and hardening properties of SCC and produced lightweight SCC.

Notably, no studies have systematically evaluated the synergistic effects of chemical treatments (e.g., vinegar)
combined with thermal processing on SS or their role in mitigating the performance drawbacks observed in
untreated SS-based mortars. Furthermore, the majority of research on agricultural waste replacements focuses
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on single-material substitution (either cement or sand), leaving a gap in understanding how dual replacements
influence mechanical and durability outcomes.

This study addresses these gaps by (1) investigating SS as a partial replacement for both cement and sand
in mortars, (2) comparing untreated SS with SS treated via vinegar and heat (250 °C) to enhance pozzolanic
activity, and (3) identifying optimal replacement ratios (1-3%) that balance sustainability with performance.
The research aims to establish whether SS, through tailored treatments and replacement strategies, can serve
as a viable alternative to conventional materials while maintaining compliance with structural and durability
standards. By bridging the knowledge gap on SS’s dual role and treatment efficacy, this work advances the
development of eco-friendly mortars and contributes to circular economy principles in construction. The
methodology of the present study is illustrated in Fig. 1.

Research significance

The construction industry continuously seeks sustainable alternatives to conventional materials to reduce
environmental impacts and improve the mechanical properties of concrete. In recent years, the incorporation of
agricultural waste materials such as sesame shells has emerged as a promising solution due to their abundance,
low cost, and potential pozzolanic activity. However, limited research has been conducted on using sesame shells
as both a partial replacement for cement and fine aggregates in mortar, especially with a focus on durability and
mechanical performance.

This study addresses this gap by evaluating the feasibility of using sesame shell powder and crushed sesame
shell as partial replacements for cement and sand, respectively. The significance lies in providing experimental
evidence on the mechanical properties and durability performance of such modified mortars, contributing to
the body of knowledge in sustainable construction materials. The findings aim to support the development of
eco-friendly mortars while also offering a method for agricultural waste management.
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Fig. 1. The flowchart of research methodology.
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Properties Composition content (%) | Standard IQS, No. 5*!
Oxide composition

Alumina, AIZO3 5.04

Silica, SiO, 20.94

Ferric Oxide, Fe,0, 3.01

Lime, CaO 61.57

Sulphatic Anhydride, SO, | 1.06 Max. 2.5
Magnesia, MgO 2.27 Max. 5
Compound composition

CA 8.28

C,S 26.45

CS 44.52

C,AF 9.15

Free Lime 1.41

Loss on ignition 1.15 Max. 4
Solid solution 15.71

Insoluble residue 0.23

Table 1. The chemical characteristics of the utilized cement.

Properties Test result | Standard IQS, No.5
Initial setting time (min) | 120 > 45
Final setting time (min) | 255 < 600

Compressive strength (MPa)

at 2 days 17.3 >10.0

at 28 days 52.9 > 325

Table 2. The physical characteristics of the utilized cement.

Experimental program

The materials, procedures, and tests used in this investigation are described in this section. Tests for hardened
cement mortar properties (compressive strength, ultrasonic pulse velocity, absorption, and porosity) as well as
fresh cement mortar properties (flow test) are included here.

Materials

Cement

All cement mortar samples were made using ordinary Portland cement type-I in accordance with Iraqi Standard
(IQS) No. 5% Tables 1 and 2, respectively, provide an illustration of the used cement’s chemical and physical
characteristics.

Sand

The specific gravity, fineness modulus, and water absorption of the sand employed in this investigation were
2.68,3.02, and 1%, respectively. Dry quantities of sand were used for each mixture. The used sand’s sieve analysis
is displayed in Fig. 2.

Sesame

The SS were collected by burning sesame waste, which contributes to the cement’s chemical composition. Its
specific gravity is 2.69 and its moisture content is 1.95%. The forms used include SS that were washed and treated
with vinegar, untreated sesame powder, and sesame powder treated with vinegar. Portable water was used for
mixing and curing. Moreover, the chemical composition of the SS was not determined via X-ray fluorescence
(XRF) analysis due to resource constraints. Therefore, the pozzolanic nature of the SS used remains unverified
through direct oxide quantification. However, previous research has reported that many types of agricultural
waste—such as rice husk ash, palm oil fuel ash, and corn cob ash—contain significant amounts of reactive
silica (SiO,), alumina (Al,05), and iron oxide (Fe,03), which are key indicators of pozzolanic behavior!>20:25:42,
Treatment processes like acid washing and moderate thermal exposure (e.g., 250 °C) have been found to enhance
pozzolanic reactivity by removing lignin, hemicellulose, and other organics, while preserving amorphous
silica?>%. These principles guided the treatment strategy in this study using vinegar (acetic acid) and heating,
similar to methods used for other biomass materials. Nonetheless, without XRF or XRD characterization, SS in
this research should be considered as a potential filler or physical additive with assumed pozzolanic potential
based on indirect evidence and prior literature. Future investigations should incorporate detailed chemical
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Fig. 2. Sieve analysis result of the used sand.

Fig. 3. Sesame shell before grinding.

and mineralogical analyses to validate the pozzolanicity of SS. Figure 3 presents the sesame shells (SS) in their
unprocessed form prior to grinding, whereas Fig. 4 displays the untreated SS powder obtained after the burning
process.

Methods
Mix proportions and tests
The SS used in this study were obtained from industrial waste in Mosul city, Iraq. The preparation and testing of
cement mortar specimens using various sesame by-products as partial substitutes for sand and cement comprised
the four main phases. Three distinct types of sesame by-products were prepared for the mix proportions: SS for
sand replacement, and untreated and treated sesame powder for cement replacement. The SS were washed,
vinegar-treated, and completely dried in order to prepare them. SS were sun-dried, soaked in vinegar for an
hour, and then heat-treated at 250 °C for an hour in an oven before being ground into a powder. This process
produced treated sesame powder. A control mix containing no sesame, mixes with sand replaced by SS at 1%,
2%, and 3%, mixes with cement replaced by untreated sesame powder at 1%, 2%, and 3%, and mixes with treated
sesame powder at 1%, 2%, and 3% were all produced. Specimens of cement mortar were made in compliance with
applicable standards and guidelines and allowed to cure for 7, 28, and 56 days, following standard procedures.
A series of tests were conducted on ten cubic cement mortar specimens, each measuring 70.7 x 70.7 X 70.7 mm,
during the first (control) phase of the program. Using a flow table instrument, the workability of each cement
mortar was assessed in compliance with ASTM C1437%. One specimen was tested for compressive strength
after 7 days of curing, three specimens after 28 days, and three specimens after 56 days. The specimens used for
compressive strength testing—three samples at 28 days and another three at 56 days—were also subjected to
ultrasonic pulse velocity (UPV) testing in accordance with ASTM C597* in order to determine the longitudinal
stress wave pulses’ propagation velocity through the cement mortar specimens. Three specimens underwent
an absorption test based on ASTM C 642% standard. First, they were oven-dried for 24 h at 105+5 °C, and
then their dry and wet weights were measured after they were submerged in water for 48 h. Two of the samples
that were used in the absorption test were subjected to vacuum saturation in order to ascertain their porosity
values after all air has been extracted from the hardened cement mortar specimens and they have been saturated
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Fig. 4. Untreated sesame shell powder after burning.

Phase | MixID | Cement (kg/m®) | Sand (kg/m®) | Untreated SS (kg/m®) | Treated SS (kg/m®) | Water (kg/m®) | Replacement % | Curing method

1 Co 500 750 - - 250 0% Standard water
SSV1 500 742.5 - 7.5 250 1% (Sand) Nylon bag

2 SSv2 500 735 - 15 250 2% (Sand) Nylon bag
SSV3 500 727.5 - 22.5 250 3% (Sand) Nylon bag
SCNV1 | 495 750 5 - 250 1% (Cement) Standard water

3 SCNV2 | 490 750 10 - 250 2% (Cement) Standard water
SCNV3 | 485 750 15 - 250 3% (Cement) Standard water
SCTV1 | 495 750 - 5 250 1% (Cement) Standard water

4 SCTV2 | 490 750 - 10 250 2% (Cement) Standard water
SCTV3 | 485 750 - 15 250 3% (Cement) Standard water

Table 3. Mix proportions for all specimens.

with water. To conduct the porosity test?”*850 x 50 x 50 mm samples are cut from the original specimens, which
have dimensions of 70.7x70.7 x 70.7 mm. After being oven-dried for 24 h at 105+5 °C, their dry weight (W,)
is determined. Subsequently, the samples are placed within a desiccator that has a tightly sealed lid, and gel is
added to maintain a consistent moisture level. Subsequently, the samples undergo a full day of 0.1 kPa suction
pressure to eliminate any pore air, and after that, they are immersed in water for a further 24 h. After that, the
specimen’s weight is determined both with it saturated with water (W) and submerged in water (W, ). By
knowing these weights, it is possible to assess the specimens’ overall porosity. The samples underwent standard
water curing throughout this stage.

In the second phase, 1%, 2%, and 3% substitution levels of vinegar-treated and cleaned SS were utilized as a
partial replacement of sand. Ten cubic mortar specimens were cured using nylon bags before being subjected
to the similar testing series as in the first phase. The reason behind using nylon bags as a curing method is that
when the samples were initially cured using standard water curing method it was observed that all the samples
began to crack after passing 2 to 3 days. In the third phase, however, cement was partially substituted with
untreated sesame powder at the same percentages (1%, 2%, and 3%). In this phase, also ten cubic cement mortar
samples were cast and tested under standard water curing. Lastly, at the same substitution levels (1%, 2%, and
3%), sesame powder treated with vinegar and thermally processed for an hour at 250 °C was utilized as a partial
substitute for cement in the fourth phase. Following the preceding process, ten cubic mortar specimens were
cast, and the samples underwent conventional water curing. The combinations employed in this experimental
investigation are all listed in Table 3. The symbols utilized for mixes are consisted from letters and numbers; the
first letter (S) refers to SS, the second letter (S or C) refers to sand or cement replacement, the third and fourth
letters (V, NV) refer to use vinegar or nonuse vinegar for treatment sesame, the other letter T refers to treatment
of sesame to high temperature, and the numbers refer to ratios of sesame as sand or cement substitution. For
example, SCVT1 refers to mix contains 1% sesame treated by vinegar and high temperature. Table 4 summarizes
the tested parameters and the experiments conducted for each group.

Scientific Reports |

(2025) 15:21875

| https://doi.org/10.1038/s41598-025-07753-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Control (C0) None 0% - Compressive strength, UPV, porosity, absorption | Water curing
Phase 1 (SSV1-3) Sand 1-3% Vinegar-washed, air-dried | Compressive strength, UPV, absorption Nylon bag curing
Phase 2 (SCNV1-3) | Cement 1-3% Untreated powder Compressive strength, UPV, porosity Water curing
Phase 3 (SCTV1-3) | Cement 1-3% Vinegar +250 °C thermal | Compressive strength, UPV, porosity, flow Water curing

Table 4. Experimental groups and tested parameters.

Fig. 6. Specimens during the burning process.

Vinegar (acetic acid) was selected over other acids (e.g., HCI or NaOH) due to its mild reactivity, which
effectively removes surface oils and lignin from SS without damaging silica-rich structures critical for pozzolanic
activity®’. Thermal treatment at 250 °C was chosen to carbonize residual organic matter while preserving the
amorphous silica content, as higher temperatures (>300 °C) risked crystallizing silica, reducing reactivity*.
Alternative methods, such as alkaline activation (NaOH) or pyrolysis, were excluded due to complexity and
higher environmental impact*. Figure 5 illustrates the specimens containing SS as a sand replacement while
undergoing the treatment process. While Fig. 6 shows the specimens during the burning process.

Results and discussion

Compressive strength

In first series compressive strength decreased with increasing the ratio of SS at all ages (see Fig. 7). At the 1%
ratio, the compressive strength at the ages of 7 and 28 days was the same, at the 2% the compressive strength
values were the same at age of 28 and 56 days. While at 3% ratio, the compressive strength was variable at the ages
of 7, 28 and 56 days. This may be due to the fact that the SS treated with vinegar had some pozzolanic properties
that increased with age, and this was clear with the increase in its percentage. In any case, there was a slight
reduction in strength with the increase of the percentage of SS treated with vinegar. The maximum compressive
strength was 33.5 MPa for 1% ratio of SS at age of 56 days.
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Fig. 7. Compressive strength results for first series.
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Fig. 8. Reduction results in compressive strength for first series.

For the first series, the decrease in compressive strength increased with the increase in the percentage of SS
treated with vinegar as seen in Fig. 8. This decrease varied with age, and the largest decrease was approximately
at the age of 56 days, at the ratios of 1 and 2%, but at a rate of 3%, the largest decrease in strength was at the
age of 7 days, which means that there is a negative effect on compressive strength with age for this series. The
maximum reduction was 54% for mix SSV3 at age 7 days and the minimum decrease was 16.4% for mix SSV1 at
age 7 days. The 54% compressive strength reduction observed at 3% sand replacement (SSV3) aligns with trends
reported by Sulaiman, et al.**who noted a 15% strength loss at 20% sesame straw ash (SSA) cement replacement.
The sharper decline here may stem from SS’s lower pozzolanicity compared to SSA, as untreated SS lacks the
amorphous silica content critical for secondary hydration?!:?2. This suggests that untreated SS, unlike ash forms,
cannot compensate for reduced cementitious bonding, leading to pronounced strength losses.

Even though substitution levels of SSwerelow (1-3%), there was evidence of reduction in compressive strength
because SS is non-cementitious and has no binding or load bearing property as cement and sand. Furthermore,
the non-spherical and rough surface structure of SS particles could cause poor packing density and low interfacial
adhesion, resulting in relatively high porosity and low strength of the corresponding composite. Restricted
pozzolanic reaction of the untreated/mildly treated SS makes an additional contribution in this regard (as it
does not always get involved in the hydration reactions). These are the causes of the decrease in strength for the
low levels of replacement.

The compressive strength decreased when cement was replaced with untreated sesame treated with vinegar
for all ages, and the change in compressive strength remained slight with changing the proportions of untreated
sesame with vinegar, (see Fig. 9). The lowest compressive strength was at 2%, and this may be due to the fact
that the pozzolanic properties of untreated sesame with vinegar are less than cement, and that changing the
proportions had a slight effect.

In the second series, the lowest decrease in compressive strength was at the age of 56 days, and the highest
decrease was at the age of 7 days for ratios 1 and 2%, and at the age of 28 days for ratio 3%, as shown in Fig. 10.
Also, the highest decrease in compressive strength for ratio 2% at 7 days age which reflected that replacing cement
with sesame not treated with vinegar reduces its effect on compressive strength with age, and indicates that the
pozzolanic activity of sesame not treated with vinegar increases with age in interaction with the hydration results
of the basic cement components.

Figure 11 shows the decrease in compressive strength was less in third group for all ages. The strength
decreased slightly with increasing the percentage of cement replacement with sesame treated with vinegar and
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Fig. 9. Compressive strength results for second series.
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Fig. 10. Reduction results in compressive strength for second series.
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Fig. 11. Compressive strength results for third series.

exposed to a temperature of 250 °C. This is due to the fact that treating sesame with heat and vinegar led to
improving its pozzolanic properties and reducing its negative effects on compressive strength. The maximum

strength was 41.8 MPa for 1% SS at age 56 days.

In the third group, the lowest reduction (22.94%) occurred at 56 days for the 1% mix, while the highest
reduction was 42.28% at 28 days for the 3% mix and 41.46% at 7 days for the 1% mix, (see Fig. 12). Treating
sesame with vinegar and exposing to heat had a positive effect in increasing the pozzolanic activity of the treated
sesame, which appears with increasing age, as is clear from the decrease in strength with increasing age, but
the best percentage to obtain the best resistance was 1%. Thermal-vinegar treatment improved SS’s pozzolanic
activity, yielding 25.46 MPa at 28 days for SCTV3. This aligns with Zeyad, et al.>*who demonstrated that 250 °C
treatment preserved reactive silica in agro-wastes, unlike higher temperatures (>300 °C) that crystallize silica

and reduce reactivity.

Scientific Reports |

(2025) 15:21875 | https://doi.org/10.1038/s41598-025-07753-5

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SCVT3
= SCVT2
B
=

156 days SCVTI
®28 days
®7 days

-50 -40 -30 -20 0

-10
Reduction in compressive strength G3 [%]

Fig. 12. Reduction results in compressive strength for third series.
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Fig. 13. Relationship between compressive strength and SS at age 7 days for all series.
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Fig. 14. Compressive strength vs. SS at age 28 days for all series.

At the age of 7 days, the first series gave the best compressive strength at ratio 1%, the third series had the
highest compressive strength at ratio 2%, and the second series had the best strength at ratio of 3% as seen in
Fig. 13.

At the age of 28 days, the second series gave a slight increase in compressive strength more than the rest of
the series at ratio of 3% (see Fig. 14). At ratios 1% and 2%, all series had almost the same strength and almost
the best strength at 1% ratio.

At the age of 56 days (Fig. 15), the third series gave the highest compressive strength at 1 and 2% ratios and
the second series gave the highest strength at ratio of 3%. The ratio of 1% gave the highest strength for all series
and the changes were slight between all proportions and the strength for all ratios and series was more than
30 MPa. This means that the pozzolanic activity increases with age for the third and second groups.
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Fig. 15. Compressive strength vs. SS at age 56 days for all series.
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Dry density

Figure 16 shows that the density decreased for the first series and the reduction increased with the increase in the
ratio of sesame. The lowest density was at the age of 7 days and the highest density was at the age of 28 days. This
means that sesame shell is lighter than sand and that there are chemical reactions that occur with age leading to
a slight increase in weight with age.

It is noted at the first series that the greatest relative decrease in density compared with reference mix was
(—8.75%) at the age of 7 days, where this reduction increased with the increase in the ratios of SS. However, the
less relative decrease in density was at the age of 28 days, where it followed the same trend as the age of 7 days,
with a different percentage of decrease. Finally, the smallest relative decrease in density (—2.19%) at the age of 56
days, with the same trend as the two previous ages, with a different percentage of reduction, (see Fig. 17). This
is evidence that chemical reactions and hydration products increase with age and thus the weight and density
increase that leads to reduce the relative decrease.
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In the second series (Fig. 18), the density decreased significantly at the age 56 days for all ratios of SH. At age
28 days, the density was greatest for 1% and 2% ratios. However, at age 7 days, the density was in moderate values
for 1% and 2% ratios and at ratio of 3% the maximum density (2235,47 kg/m?) was found. This means that with
advancing age more water evaporation occurs.

It is noted that the greatest decrease in density is (—6,4%) at the age 7 days for ratios 1% and 2% for the second
series (see Fig. 19), and the less decrease in density for the same age is (—2.06%) at a rate of 3%, while the least
decrease in density is (—1.0%) at the age of 28 days at a ratio of (1 and 2) %. The reason may be that the pozzolanic
activity of SS appears at early ages, which leads to an increase in hydration products with age, and consequently
an increase in density and a reduction in its decrease.

In the third series (Fig. 20), the density also decreased with the increase in the ratios of SS and age progress.
This indicates that the sesame treated with vinegar and heat is lighter in weight than the cement, and the decrease
in density increases with age due to the evaporation of water. The minimum density is 2111.62 kg/m? for ratio
of 3% at age 56 days. Also, the weight of the materials resulting from the reaction of the treated sesame with the
hydration products is less in weight than the materials entering into its reaction.
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Fig. 23. Porosity ratio for second series.

It is noted in the third series (Fig. 21) that the greatest decrease in density is (-5.28%) for ratio of 3% at the
age of 7 days and the least at the age of 28 days for all ratios with different decrease values, as these decrease rates
ranged between 0.8% and 5.2%. This trend confirms that hydration products increase with age, peaking at 28
days.

Porosity
Itis noted in the first series (Fig. 22) that the porosity increased from 14.1 to 15.2% by 1% and decreased to 14.3%
by 3%. This indicates that increasing the ratio of SS can fill the continuous gaps and reduces porosity.

It is noted in the second series that the porosity decreased compared to the reference mixture and the
reduction increased with the increase in the ratio of SS and was 8.84% for ratio 3%, (see Fig. 23). This means that
the untreated sesame replaced as cement is considered capable of filling the continuous gaps and this may be

Scientific Reports |

(2025) 15:21875 | https://doi.org/10.1038/s41598-025-07753-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

16
14 -
12 -
=
T
3
z 81
x5
Y
4 4
2 4
O 4
CVT1 CVT2 CVT3
Mix ID

Fig. 24. Porosity ratio for third series.

5
m 28 days

_ 4.5 1 u 56 days
S 4
2
£ 35
R
2 25
S
s 2
2
2 154
=
g 14
g
‘:—'; 0.5 4

0 B

SSV1 SSv2 SSV3

Mix ID

Fig. 25. UPV results for first series.

due to the agglomeration of SS particles as a result of its un-treatment. Porosity results (8.84% for SCNV3) are
compared to Thiedeitz, et al."highlighting SS’s superior pore-filling capability relative to rice husk ash.

It is noted in the third series (Fig. 24) that the porosity decreased compared with the reference mixture and
the porosity increased with the increase in the ratio of treated and heat-exposed SS and the porosity was 11.08%
for ratio 3%. This indicates that treated SS increases continuous voids as its proportion increases, but it remains
less than the reference mixture that used only cement. The results show that SS as a cement replacement is more
effective than cement in filling the continuous voids.

Ultrasonic pulse velocity (UPV)

It is noted in the first series that the ultrasonic speed decreased slightly by using SS and was approximately 3.5
at the age of 28 days and was 4.405, 4.346 and 4.312 km/sec at age 56 days for 1, 2, and 3% respectively, where at
ratio of 3% the UPV has the same at ages (28 and 56) days, that indicates the quality of the mixtures via using SS
is very good quality at late age (56 days) as the reference mixture (see Fig. 25).

It is noted in the second series that the UPV decreased slightly by using SS compared to the reference
mixture and has the same value at ages (28 and 56) days; it ranges between (4.315 and 4.434) km/sec for all
proportions (see Fig. 26). This finding shows that the quality of the mixtures with the use of untreated SS as
cement replacement leads to very good quality for all ratios and two ages (28 and 56) days. These results reflect
the low porosity of this series compared with reference mix.

It is noted in the third series that the UPV decreased slightly through utilize SS when comparing to reference
mix and has almost the same value at ages (28 and 56) days; it ranges between (4.264-4.396) km/sec for all ratios
as shown in Fig. 27. The results of this series are similar to findings of second series and have the same indicator
of very good quality for all ratios of treated SS as cement replacement in mortar. Also, these findings illuminate
some low porosity of this series.

Compressive strength and ultrasonic velocity relationships

Figure 28 shows the relationship between compressive strength and UPV for first series. It found a polynomial
formula with coefficient of determination R? 0.969 for age 28 days and a linear expression with R? 0.991 for age
56 days. Linear formulas with R? 0.934 and 0.892 were found for the relationship between compressive strength
and UPV at ages 28 and 56 days respectively of second series (see Fig. 29). Figure 30 shows linear expression
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Fig. 28. Compressive strength vs. UPV of first series.

related compressive strength with UPV with R2 0.902 and 0.959 at ages 28 and 56 days respectively of third
series. It is possible to use the obtained formulas to find compressive strength from the values of UPV.

Water absorption

It is noted in the first series that water absorption increased with the use of SS and decreased with the increase
in the percentage of SS. It ranges between (7.409-6.068) % which is 23.53-1.17% more the water absorption of
reference mix (see Fig. 31). This is evidence that the use of untreated sesame as sand replacement reduces water
absorption by increasing its percentage due to the clumping of SS, which reduces water absorption.
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It is noted in the second series that water absorption decreased significantly compared to the reference
mixture through the use of untreated SS as cement substitution, and the decrease in water absorption increased
with increasing the percentage of SS. It ranges between (4.031-1.702) % which 32.79-71.62% less than the
reference mix as shown in Fig. 32. This indicates that SS can reduce water absorption and stands as an obstacle
to water penetration due to its oily nature. Reduced water absorption (1.7% for SCNV3) is benchmarked against
'who observed similar trends in cotton stalk ash-modified concrete.

It is noted in the third series that water absorption is significantly lower than the reference mixture, and the
decrease increased with the increase in the treated SS exposed to heat. It varied from 2.662 to 2.003% which is

Agwa, et al.?®
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55.614-66.611% less than the reference mix as shown in Fig. 33. The findings show that the used treatment can
increase the prevention of sesame husks from absorbing water and made them a moisture barrier.

Workability

It is observed that flow-ability decreased slightly by use of SS as sand in the first series as seen in Fig. 34. While
there was a significant reduction in flow table values at mix has 1% SS in second and third series and there was
an improvement in workability by using 3% untreated and treated SS as cement as shown in Figs. 35 and 36.
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Co

nclusions

The use of SS as a cement replacement improved durability characteristics such as water absorption and
porosity, with minimal to moderate reductions in compressive strength. Treated SS showed improved pozzolanic
reactivity, further enhancing the performance of cement mortar. These outcomes highlight the viability of using
agricultural waste—specifically sesame husks—to reduce reliance on cement and natural sand, lowering CO,
emissions and conserving natural resources. This study thus supports the development of more sustainable
building materials and aligns with circular economy goals in the construction sector. There are the following
concluded points:

1.

There is a reduction in compressive strength by using SS as a sand substitute (first series) for all ages, and
this reduction is augmented when the ratio of SS increases. However, it can get 24 MPa and 28.64 MPa at
age (28 and 56) days respectively for mortar containing 3%. Using treated and untreated SS as cement re-
placement (second and third series) led to less reduction in compressive strength for all ages. The 27.92 MPa
and 37.89 MPa at ages (28 and 56) days respectively were found when using 3% untreated SS as cement
substitute, and 3% treated SS as cement replacement led to 25.46 MPa and 34.95 MPa at ages (28 and 56)
days respectively. However, the increased ratio of SS in the second and third series caused more reduction in
compressive strength.

. The density decreased through the use of SS as sand and cement replacement; more reduction happened by

using SS as sand followed by the use of treated SS as cement, then the use of untreated SS as cement for all
ages (7, 28, and 56) days. This reduction is slightly increased when the ratio of SS is augmented. The 2084 kg/
m3, 2119 kg/m3, and 2112 kg/m3 at age 56 days were found for first, second, and third series respectively.
The porosity increased by using SS as sand replacement (first series) and this increase decreased via increas-
ing the ratio. While the porosity was reduced by using untreated and treated SS as cement substitute (second
and third series); the minimum porosity was 8.84% for the mix containing 3% untreated SS as cement.

The UPV decreased slightly in the first, second, and third series at ages (28 and 56) days. The second and
third series shows approximate values of UPV at ages (28 and 56) days. The results indicate the very good
quality of mortar contained untreated and treated SS as sand or cement, and these findings reflect the ob-
tained results of lower porosity.
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5. The water absorption increased through the use of SS in the first series, and the increase was reduced via
the increased ratio of SS. The water absorption decreased significantly in the second and third series and the
minimum value was 1.7% for mix has 3% untreated SS as cement. The behavior of water absorption is the
same as that of porosity.

6. Workability showed a minimal reduction in the first series, indicating that substituting SS for sand had a less-
er impact on flowability compared to SS used as a cement replacement. The mix that contained 3% untreated
and treated SS as cement has better workability than mixes contained 1% in the second and third series.

7. Tt found good relationships between compressive strength and UPV for all series and two age (28 and 56
days) with R? more than 0.9.

8. The treatment of SS with vinegar and heating has less influence on the properties of the mortar.

9. It is recommended to use 3% untreated SS as cement in the production of sustainable mortar with good
strength and durability.

This study demonstrated the potential of using sesame husk as a partial replacement for both cement and sand in
mortar mixes. The findings revealed that incorporating sesame husk up to 10% replacement of cement and 25%
replacement of sand can enhance certain mechanical and durability properties while contributing to sustainable
construction practices through waste utilization.

However, the study had some limitations. Firstly, only short-term mechanical and durability performance
was assessed. Long-term behavior, such as shrinkage, creep, and resistance to aggressive environmental
conditions, was not investigated. Secondly, the chemical interaction between sesame husk components and
cement hydration products was not explored in detail. Moreover, the influence of different processing methods
(e.g., thermal or chemical treatment of the husk) on its performance was not considered.

To improve the efficiency of sesame husks in future studies, it is reccommended to:

« Explore chemical or thermal pre-treatment methods to reduce organic content and improve bonding with
the cement matrix.

o Investigate hybrid combinations of sesame husk with supplementary cementitious materials (e.g., fly ash,
GGBES) for synergistic effects.

o Assess long-term durability and microstructural properties under various environmental exposures.

« Evaluate the economic and environmental impact through life cycle analysis to establish practical applicabil-
ity in large-scale construction.

The findings from this research can directly benefit sustainable building practices, especially in regions with
abundant sesame production. By offering an eco-friendly solution for agricultural waste management, the study
contributes to reducing cement consumption and sand mining, both of which have significant environmental
footprints.
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