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Abstract

The aim of this study is to investigate the potential use of rapidly increasing agricultural
wastes in concrete production by substituting them for cement, thereby reducing their
environmental impact and producing eco-friendly concrete. For this purpose, concrete
samples were produced using a combination of almond shell biomass (ASB) and silica
fume (SF). These samples were subjected to standard compressive strength tests as well
as ultrasonic pulse velocity (UPV), porosity (P), and maturity (M) tests. In addition,
the microstructure of the samples containing ASB and SF was examined using scanning
electron microscopy (SEM). The test results show that the combined use of ASB and SF
in concrete production significantly improves the strength properties, and the best results
were obtained from the ASB6SF10 series. A significant increase of 37.7% was observed in
the compressive strength values of the ASB6SF10 series from the early age between 3 and
28 days. UPV and P values were obtained as 4.46 m/s and 10%, respectively. The use of
ASB and SF in concrete production has been found to be critically important in terms of the
mechanical and physical properties of concrete and environmental benefits. The results
of the study show that ASB and SF have potential for use in concrete production and can
contribute to more sustainable concrete production, waste management, and the circular
economy by reducing the negative environmental impacts arising from this production.

Keywords: agricultural waste; eco-friendly concrete; almond shell biochar; SEM;
waste management

1. Introduction

The construction industry is a constantly and steadily growing sector, and in parallel,
the dependence on supplementary cementitious materials (SCMs) is also increasing. This
situation leads to environmental challenges such as carbon emissions, resource consump-
tion, and waste storage issues. Numerous studies are being conducted to combat these
challenges. Most of these studies focus on integrating cement-based materials into concrete.
The use of SCMs in concrete aims to reduce carbon emissions and produce more envi-
ronmentally friendly and economical concrete [1]. The construction sector also plays an
important role in reducing these carbon emissions. International climate agreements clearly
demonstrate the importance of this issue. The Renovation Wave strategy, which came to
the fore under the “European Green Deal” and prioritizes energy and resource efficiency,
emphasizes this issue [2,3]. Again, within the same scope, according to a United Nations
(UN) report, cement, which is the primary binding material in construction, accounts for
approximately 3 billion tons of annual production, and this figure is expected to double
to approximately 6 billion tons over the next 50 years. This situation also highlights the
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increasing demand for construction materials [4,5]. From another perspective, for example,
the Paris Agreement encourages countries to set their own national climate plans with
better targets. To this end, the necessary work and initiatives must be undertaken regarding
the current trajectory of carbon emissions [6]. In this context, the use of industrial or
agricultural waste as cement-based material is recommended by many researchers [7,8].

With growing global concerns about sustainability and resource conservation, the
construction industry is increasingly focusing on reducing its carbon footprint. One of the
best solutions for this is to replace cement in concrete production with various cement-based
materials [9-11]. Industrial and agricultural wastes are commonly used in cement-based
materials known as SCM. Numerous studies have been conducted on agricultural waste
types. However, although agricultural wastes are widely used in concrete production, the
effect of almond shell biochar (ASB) on concrete has not been fully evaluated. Reviewing
the few studies conducted on ASB, it is reported that ASB has the potential to be used as
a partial substitute for cement in concrete [12,13].

The development of environmentally friendly concrete stems from the need to reduce
environmental problems by both minimizing pollution caused by cement production and
recycling waste generated by industrial production. In this context, various types of
agricultural waste have been evaluated for use in concrete [14,15]. Chen et al. have stated
in their studies that biochar facilitates the cement hydration process and the formation
of calcium silicate hydrate (C-S-H) gel, thereby increasing the mechanical strength of
concrete. Furthermore, in their life cycle analysis, they confirmed that the addition of
biochar significantly reduced CO, emissions with the addition of SCMs [16,17]. In another
study, a sustainable method was developed by incorporating biochar derived from waste
wood into concrete. The study found that the use of biochar supported the formation
of additional cement hydrates due to its moisture-regulating effect, and that adding 1%
biochar by weight increased compressive strength by 8.9%. On the other hand, they noted
that using 5% biochar reduced compressive strength [18].

Although positive results have been achieved with the use of agricultural waste types
in concrete, most studies have focused on mortars and remained limited in scale. Very
few studies have examined the combined use of agricultural wastes and SCMs in concrete
production and evaluated this combination. Nelson et al. investigated the effect of using
alkoxy, metakaolin, and blast furnace slag as SCMs on the mechanical properties of concrete.
Their work revealed that these SCMs improve compressive strength when used at optimal
ratios, as presented in the literature [19]. The use of cement, partially ground almond shell
ash, and recycled concrete aggregate in mortar production resulted in increased flexural
strength but decreased compressive strength [20]. Similarly, in a study examining the effect
of almond shells on self-leveling mortar, eight SCM series were prepared using textile
dye-impregnated almond shells. Quantitative analyses were performed on the prepared
series using Scanning Electron Microscopy (SEM), X-ray Diffraction Analysis (XRD), Energy
Dispersive X-ray Spectroscopy (EDS), and Fourier Transform Infrared (FTIR) to determine
their durability properties [21].

In recent times, efforts to dispose of and recycle environmentally harmful waste have
come to the fore in the construction sector in building materials [22,23]. Contributing
to sustainability and producing environmentally friendly concrete provides significant
ecological benefits. A comprehensive review of the literature reveals that there are very
few studies on the combined use of ASB and SF in concrete production. In this regard,
researching the potential use of locally readily available ASB and SF in concrete will
significantly reduce the storage problem of these materials and lessen their environmental
impact, while also enabling the production of more environmentally friendly concrete by
reducing the amount of cement used. For this, the potential use of ASB, which is locally
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available and produced in large quantities from agricultural waste, as a cement replacement
in combination with SF has been examined. For this purpose, a total of 7 concrete series
containing ASB at 3%, 6%, and 9% ratios and SF at 10% ratio were prepared, including
1 reference sample. Destructive and non-destructive tests were applied to the prepared
series on the 3rd, 7th, and 28th days. As a result, it was observed that the use of ASB
has a significant effect on the mechanical and physical properties of concrete. This study
reports that ASB, a type of agricultural waste with pozzolanic properties, can be effectively
used in certain proportions together with SF and has significant environmental benefits.
Furthermore, the combined use of these two materials in concrete contributes significantly
to the circular economy, sustainability, and the problem of agricultural waste storage.

2. Materials and Methods
2.1. Properties of Materials

The cement used in the study is CEM [ 42.5 R Portland cement type produced according
to TS EN 197-1 standard [24]. This cement was supplied by the local Elazig Birlik concrete
company. Silica fume was supplied from Antalya Eti Metallurgy. The chemical and physical
compositions of cement and silica fume are presented in Table 1.

Table 1. Physical and chemical properties of the cement and SF (%).

Chemical Composition Cement (C) Silica Fume (SF)
SiO, 21.12 94.94
Al,O3 5.62 0.70
Fe, O3 3.24 0.60
CaO 62.94 0.83
MgO 2.73 0.71
SO3 2.30 0.21
NaZO 0.10 -
Physical Composition
Density (g/cm?) 3.15 2.20
Specific Surface (cm?/ g) (Blaine) 3379 96.5% < 45 pm

Andesite was used as fine aggregate, and basalt was used as coarse aggregate, and
they were classified as (0-2) fine-1, (2—4) fine-2, and (4-8) coarse mm. The particle size
distribution of the aggregate, cement, ASB, and SF materials used in the study is presented
in Figure 1.

=
M om o
o o o

Percent Passing (%)
5 8

=]

(4]
0.063

(L R -] w
= =1

o 01 1.0 100
Particle size (mm} Particle size (um)

Figure 1. (a) Classified aggregates; (b) Particle size distribution of aggregates and other materials.

11.2

Cumulative passing (o)

015
0.25

https://doi.org/10.3390 /buildings16010112


https://doi.org/10.3390/buildings16010112

Buildings 2026, 16, 112

4of 16

Almond Shell Biochar (ASB)

Almond shells are one of the lignocellulosic agricultural wastes. In terms of
chemical composition, they are rich in cellulose (20-35%), hemicellulose (10-15%), and
lignin (8-16%). They also contain approximately 7-8% ash [25]. This content is important
in terms of the presence of oxides such as SiO, and Al,O3, which may exhibit pozzolanic
activity [12]. Almond shell ash has been evaluated in both energy production and chemical
conversion processes due to its carbohydrate-rich structure. In addition, its richness in
phenolic compounds with antioxidant properties raises the potential for chemical durability.
However, its direct use in building materials has not yet been systematically researched.
Although studies on the use of sustainable SCM-based materials are increasing, there is
no significant research on the combined use of ASB and SF, particularly for strength and
durability. The ASB used in this study was supplied by the Elazig Biomass Energy Facility
(BEF). Almond shells arrive at the facility in their shells and are subjected to pyrolysis,
meaning they are held at 650-800 °C in an oxygen-free environment for a certain period of
time. During this process, the volatile substances within the material are gasified, and the
resulting gas is called syngas. Electricity is generated from this synthesized gas using spe-
cially manufactured gas generators. As a by-product of the gasification process, carbonized
biochar is obtained from the system. The composition of biochar varies depending on the
type of raw material used. ASB is one of the biochars with both high calorific value and
high fixed carbon content [25,26].

The ASB obtained from BEF was ground into a fine powder using a grinding device at
the Firat University Building Materials Laboratory. As a result, organic waste is disposed
of in a “zero waste” manner, electricity is generated from the gas released, and the biochar
material obtained is reused in the industry [27]. The analysis results of the almond shell
biochar used in the study are given in Table 2.

Table 2. Analysis data of almond shell biochar.

State of Sample Unit Air Dry Dry As Received Method of Test
Total Moisture Y% - - 7.18 ISO 589
Inherent Moisture Y% 0.96 - - ASTM D 3173
Ash % 2.37 2.39 2.22 ISO 1171
Volatile Matter % 5.35 5.40 5.01 ISO 562
Total Sulphur Y% 0.02 0.02 0.02 ASTM D 4239
Fixed Carbon % 91.32 92.21 85.59 ASTM D 3172

2.2. Mix Design

In the experiments, the cement dosage was selected as 350 kg/m?. A total of 7 concrete
series were prepared, and the mix ratios for the series are given in Table 3.

When producing concrete samples, in the first stage, the binding materials and ag-
gregates were mixed as a dry mixture for approximately 2 min. Then, mixing water was
added and the mixing process was continued for another 4 min. After this process, the
mixture was poured into 100 x 100 x 100 mm?3 molds and placed on a shaking table to
ensure homogeneous settlement. From the very beginning, cables belonging to the temper-
ature measurement device were placed inside the concrete to determine the temperature
development. After 24 h, the samples that had set were placed in a curing tank. On days 3,
7,and 28, standard compressive strength tests were performed on the samples, along with
ultrasonic pulse velocity (UPV), porosity (P), and maturity (M) tests. The flow chart for the
study is presented in Figure 2.
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Table 3. Mix proportion of concrete (kg/ m?).
Mixtures Cement Water ASB SF Fine-1 Fine-2 Coarse
Aggregate Aggregate Aggregate
ASBOSFO 350 189 0 0 597 597 298
(Reference)
ASB3SF0 340 189 10.5 0 590 590 295
ASB6SFO 329 189 21.0 0 584 584 292
ASB9SFO 319 189 315 0 577 577 289
ASB3SF10 305 189 10.5 35 569 569 285
ASB6SF10 294 189 21.0 35 563 563 281
ASB9SF10 284 189 31.5 35 556 556 278

o

Waste Coarse Ball grinding machine
almond shell biochar M Concrete samples

-Water

Cement

Tests and microstructure analysis
Figure 2. Flowchart for the study.

Preparing the Temperature Datalogger and Placing the Thermocouples

Another test conducted as part of the study is the maturity test. This test estimates the
compressive strength of concrete at an early age, allowing the formwork removal time to be
determined [28,29]. This provides advantages in terms of time and cost during the project
period [30,31]. Two methods were used to estimate strength using the maturity method.
The first of these is the Nurse-Saul method given in Equation (1), in which compressive
strength is estimated by looking at the temperature history of the concrete [32].

M =Y (T—Tp) * At 1)

Here, M represents the maturity index (°C-hour or °C-day), T represents the average
concrete temperature (°C), Ty represents the reference temperature, t represents the elapsed
time (day or hour), and At represents the time interval (day or hour).

The second method is the Arrhenius equation calculated based on the equivalent age
concept proposed by Freisleben, Hansen, and Pedersen (Equation (2)). In 1960, Copeland
et al. suggested that the effects of cement hydration on the rate of strength development in
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concrete could be described by the Arrhenius equation [33]. The standards related to the
test are specified in ASTM C1074 [34].

t _E( 1 _#)
te = o€ R\273¥T ~ 273+Tr / At ()

Here, te is the equivalent age at the reference temperature, E is the apparent activation
energy, R is the universal gas constant, T is the mean absolute temperature of the concrete,
and T; is the reference temperature.

A four-channel Testo 176-T4 thermometer was used to determine concrete tempera-
tures in the maturity calculations. The device was set up to take measurements every 5 min
after the concrete was poured and placed in the mold and placed on the samples (Figure 3).
As specified in ASTM C1074, the temperature results taken every 5 min at the end of the
1st, 3rd, 7th, 14th, and 28th days were transferred to the computer.

Figure 3. (a) Maturix thermocouple, (b) Concrete temperature datalogger; (c) Placing the thermocou-
ples into the sample.

3. Results and Discussion
3.1. Results of Compressive Strength Tests

Figure 4 shows the strength development of eco-friendly concrete with ASB and
SF additions at different curing ages. The specified curing ages are 3, 7, and 28 days,
respectively. When examining the compressive strength graph, it is generally observed that
at each curing age, there is a decrease in strength with a 3% ASB addition compared to the
reference series, an increase in strength with a 6% ASB addition, and a decrease with a 9%
ASB addition thereafter. In the series where SF was used together with ASB, the highest
strength value was again in the ASB6SF10 series, with values of 30.1, 34.8, and 44.2 MPa
on the 3rd, 7th, and 28th days, respectively. The highest strength value at each age was
obtained from the series with 6% ASB content. In particular, a significant increase of 37.7%
was observed between the 3-day and 28-day compressive strength values in the ASB6SF10
series with SF additive. On the other hand, ASB usage above 6% resulted in decreases of
4.8%, 4.9%, and 4.3% in the strength values on the 3rd, 7th, and 28th days, respectively.
Substituting cement with ASB up to a certain ratio affects strength improvement. However,
as other researchers have noted, ASB usage beyond a certain level has a negative effect on
strength gain as the biochar dosage increases. This is thought to be due to a decrease in
the amount of calcium silicate hydrate (C-S-H) [35,36]. In general, significant increases in
compressive strength have been observed with ASB usage ranging from 3% to 9% and SF
usage at 10%. However, the most suitable increase was achieved with 6% ASB usage. This
situation demonstrates that ASB has significant potential for reuse from agricultural waste.
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Figure 4. Compressive strength test results.

The results obtained from the compressive strength tests conducted on concrete sam-
ples produced by reducing the amount of cement and replacing it with ASB and SF clearly
demonstrate that this study is effective and that the substitution of cement with waste mate-
rials has potential for use in concrete. When evaluated from an environmental perspective,
the global cement consumption for 2023 is approximately 4114 million tons. Cement-related
CO; emissions account for approximately 7-8%. Considering that the construction sector is
a continuous and growing industry, reducing CO, emissions in the cement industry, which
has high consumption and demand, is of high importance in the context of combating
climate change and achieving net-zero targets [37]. Therefore, as an alternative to cement,
reducing the amount of cement and using waste in certain proportions plays an important
role in carbon emissions [36—40].

Environmental Assessment

In the environmental impact assessment of the materials used in the study, CO,
emission values of 6.6 x 107° and 2.5 x 102 CO,/t were taken for ASB and SF, respec-
tively [40,41]. Figure 5 was obtained as a result of the environmental impact assessment
calculations. The comprehensive assessment in Figure 5 reveals that the use of ASB and SF
in concrete production significantly reduces CO, emission values. Furthermore, it is clearly
seen that the amount of cement used has an effective impact on the carbon emission value.

ASBYSF10
ASB6SF10
ASB3SF10
ASBISFO0
ASB6SFO
ASB3SF0
Reference

(=]
W
(=]

100 150 200 250
CO, EMISSIONS (KG)

Figure 5. CO; emission intensity.

3.2. Results of Porosity and UPV Tests

After a 28-day standard curing period, porosity and UPV tests were performed on the
concrete specimens (Figure 6). Upon examining Figure 6a, a similar trend in compressive
strength was observed in the ASB6SF10 series, which had the lowest porosity and highest
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Porosity (%)
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Compressive strength (MPa)

50
45
40

UPYV value. With the increase in ASB content and the addition of SF, the microstructure of
the concrete reaches a higher compactness, which leads to a decrease in porosity. Due to
their chemical structure, biochar reduces the formation of ettringite in concrete and ensures
that the concrete has a denser structure [41-43].

UPV (m/sn) P (%)
4.50
T 2
It 445 8
T 1 | >
L 440 2
; 2,
T 2
i 4.35 g
g
430 =
-
4.25
Reference ASB3SFO ASB6SFO ASB9SFO ASB3SF10 ASB6SF10 ASB9SF10
Mixtures
(a)
UPV (m/sn) P (%)
I T *
I = 1

35
30
25
20
15
10

Reference ASB3SF0 ASB6SFO ASBSSFO ASB3SF10 ASB6SF10 ASBSSF10

(b)

Figure 6. (a) Porosity and UPV test results (b) Comparison of compressive strength with porosity
and UPV values.

When examining the UPV results for Figure 6a,b, it is clearly seen that UPV values
increase as porosity decreases in parallel with porosity values. When comparing the UPV
value of the reference sample with the concrete series produced with ASB, it was found to
be higher than the ASB3SF0 and ASBI9SFO series and lower than the other series. When
the concrete samples were evaluated according to Whitehurst’s definition, all series were
found to be of “good” quality [44-46]. Therefore, replacing cement with waste material
enables the production of high-quality concrete with fewer pores. This demonstrates
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that ASB-enhanced concrete series have a significant impact on the compressive strength
of concrete.

3.3. Maturity Test
History of Concrete Temperature

The maturity method in construction provides significant advantages in terms of the
fast and safe execution of construction work. This technique converts the temperature
history of concrete into real-time strength prediction [47-49]. One of the tests performed in
this study is the maturity test. Figure 7 shows the temperature change of cured samples
over 28 days.

e ASB3SF(Q === ASB6SF0 ASBO9SFO0

5000 10,000 15,000 20,000 25,000 30,000

Time (min)

——— ASBOSFO0 ASB3SF10 ASB6SF10 ASBOSF10

o L\w'
\\\AMV ==

————

<

5000 10,000 15,000 20,000 25,000 30,000
Time (min)

Figure 7. Time-dependent temperature change curves of concrete.

Figure 7 shows the 28-day temperature change of the concrete series. Upon examining
the graph, we can observe that the heat release of the ASB-SF-added concrete series is
higher than that of the other series. When comparing the series without SF addition to those
with SF addition, it is evident that the hydration reactions have accelerated and heat release
has increased due to the addition of silica fume. In parallel with the compressive strength
results, it is clearly seen that the highest temperature value is in the ASB6SF10 series.

When examining Figure 8, it is observed that the maturity index depends on curing age
and curing temperature and plays an important role in predicting early age strength. [28,50].
It has been observed that as the compressive strength value increases as specified in the
C1074 standard, the maturity values also increase linearly. The lowest maturity value was
observed in the ASB3SFO series, where the temperature change value was also low. This
indicates that hydration continues with increasing temperature, leading to greater C-S-H
gel formation and consequently higher compressive strength values [51].
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Figure 8. Comparison of (a) Compressive strength-Nurse-Saul values; (b) Compressive strength-
Arrhenius maturity values.

3.4. Analysis of Microstructure

The microstructure analyses conducted within the scope of the study consist of SEM-
EDX and SEM-Mapping scans.

Analysis Results

SEM-EDX results were obtained on seven concrete series, including the reference
mixture, after 28 days. SEM-Mapping was performed on the reference mixture and the
ASB6SF10 series, which was the optimal mixture. The analyses were conducted by the
Bing6l University Central Laboratory Application and Research Center (BUMLAB) using
small pieces taken from the samples after the standard compressive strength test.

Figure 9 shows the analysis of hydration products, which is an important aspect
of microstructure studies. Pores, ettringite formations, and C-5-H were observed in the
reference mixture. The addition of ASB and SF supported C-S-H formation and contributed
to the filling of pores. As the ASB ratio increased in the series containing 0% SF, ridges and,
some material accumulated in piles. Due to the pile-up formed with the increasing ASB
ratio, hydration could not occur sufficiently, and after a certain ratio, this situation caused
a decrease in strength [52,53]. When the reference series is examined, it is seen that there
are pores and cracks, and the addition of ASB supported C-S-H gel formation and created
a filling effect in the cracks.
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Figure 9. SEM-EDX test results.

The analysis conducted based on the SEM-mapping scan results determined the
element concentrations within the material (Figure 10). In the SEM mapping graph of
the reference series, the weight percentages of elements such as Carbon (C), Oxygen (O),
Sodium (Na), Magnesium (Mg), Aluminum (Al), Silicon (5i), Calcium (Ca), and Iron (Fe) are
approximately 7.76%, 41.02%, 0.35%, 2.29%, 3.52%, 10.0%, 31.95%, and 2.61%, respectively.
In the SEM-mapping graph of the ASB6SF10 series, the weight percentages of elements such
as Carbon (C), Oxygen (O), Sodium (Na), Magnesium (Mg), Aluminum (Al), Silicon (5i),
Calcium (Ca), and Iron (Fe) are approximately 6.24%, 39.20%, 0.96%, 1.52%, 2.97%, 11.28%,
35.09%, and 1.87%, respectively.

When compared to the element patterns of the reference mixture, the element patterns
of the ASB6SF10 series contain a significant amount of calcium. SEM-Mapping scans high-
light the compositional difference between the reference concrete and the environmentally
friendly concrete with ASB and SF additions. The cement with ASB and SF substitution
changes the element distribution ratio in the concrete. The most significant element change
ratio was in the calcium content, at 9.86%. This is because calcium is one of the most impor-
tant components in the hydration process [54,55]. This situation contributes significantly to
the strength development process of concrete. This increase in calcium content has resulted
in higher mechanical properties compared to the reference concrete. This situation can
affect the durability and performance of concrete in the long term.
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Figure 10. SEM images and SEM-mapping analysis (a) ASBOSFO reference series; (b) ASB6SF10 series.

4. Conclusions

In this research study, ASB and SF materials were used as SCM in environmentally
friendly concretes, and the performance of sustainable concrete was evaluated. The effect
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of these materials on the mechanical and microstructural properties of concrete was investi-
gated. Based on the experimental results and SEM analysis results, the following findings
were reached.

1.  The experiments and analysis results obtained within the scope of this study will pro-
vide preliminary information on the use of agricultural waste in concrete production.

2. Replacing approximately 6% of ASB with cement provides higher compressive
strength at all curing ages. At the same time, the addition of a second mineral
admixture, SF, further improves the strength value. The combined use of 6% ASB and
10% SF provided the best compressive strength result. Therefore, this ratio will guide
researchers in the use of agricultural and industrial waste and prevent the need for
numerous trial mixtures. This will result in significant savings in time, cost, and labor.

3. The strength of concrete, in terms of porous structure, tended to decrease due to
increased porosity when cement was replaced solely with ASB. This situation indicates
that sufficient hydration cannot be achieved with an increase in the ASB ratio, resulting
in the formation of a porous structure. An increase in compressive strength was
observed with only 6% ASB. However, the combined use of ASB and SF successfully
achieved the increased compressive strength trend.

4. While the use of ASB and SF in concrete production is beneficial in terms of the
concrete’s mechanical properties and performance, these materials also provide sig-
nificant gains in terms of ecology and the circular economy.

5. According to microstructure analysis results, the addition of ASB also created a filling
effect, resulting in a denser concrete structure throughout the surface. On the other
hand, the use of 9% ASB has caused localised segregation in some areas. This has
negatively affected the hydration of the cement and led to a decrease in strength
values. In light of the data obtained from the experimental results, it is recommended
to use approximately 6% ASB and 10% SF in applications.

In conclusion, this study strongly suggests that reducing the amount of cement in
normal-strength concrete plays a significant role in obtaining more environmentally friendly
concrete by reducing CO, emissions. Using almond shells for energy production and
utilizing the ash produced as a by-product in the materials sector yields multiple benefits,
including contributions to sustainability, ecological gains, and solutions to storage problems.
As a recommendation for future studies, using biochar with a higher amorphous silica
content will further improve concrete performance. The type of biomass material used in
the pyrolysis process varies depending on its high silica content. Therefore, it is anticipated
that studies on agricultural waste by-products can evaluate the performance of these
materials in concrete using different materials.
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