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Abstract: The reduction of carbon footprint, the recycling of agricultural waste, and the development
of novel environmentally friendly building materials are urgent matters that necessitate innovative
solutions. The objective of this study is to explore the feasibility of utilizing banana leaf ash (BLA)
as a partial substitute for cement in conventional density concrete technology. The BLA-modifying
additive was produced under laboratory conditions. Its chemical, phase and granulometric composi-
tion was assessed. To determine the degree of effectiveness of BLA, eight concrete compositions were
developed, where the BLA content varied from 0% to 14% with an interval of 2%. The properties of
fresh concrete, such as density and slump, as well as compressive strength, flexural strength, water
absorption, and microstructure of hardened concrete, were studied. It has been determined that the
BLA additive exhibits pozzolanic activity, with a SiO2 content of 50.83%. It is recommended that the
replacement of cement with BLA does not exceed 10% for optimal results. Concrete modified with
6% BLA had the best properties and structure. The study revealed a significant 7.42% increase in
compressive strength, a 7.01% increase in flexural strength, and a notable 9.28% decrease in water
absorption. Thus, the obtained result proves the possibility of using BLA as a modifying additive in
the technology of cement composites. The developed concrete has improved properties and is a more
environmentally friendly building material than conventional concrete.

Keywords: composite; banana leaf ash (BLA); strength; pozzolanic activity; concrete; concrete
microstructure

1. Introduction

Currently, cement is the main raw material component of the construction industry in
all countries of the world. The construction of civil and industrial infrastructure requires a
large amount of this building material [1]. It is a well-established fact that cement manu-
facturing relates to a significant amount of energy, resulting in a substantial detrimental
impact on the climate and the environment due to the release of significant amounts of
CO2 [2–4]. According to calculations by the international research project for monitoring
greenhouse gas emissions, the Global Carbon Project, carbon dioxide emissions worldwide
have increased by 4.9% in recent years, amounting to 36.7 billion tons. The Carbon Brief
organization has published the results of an analysis of the total volume of carbon dioxide
emissions by countries since 1850. The study showed the countries that bear the greatest
historical responsibility for the climate emergency: the United States is recognized as the
largest polluter on planet Earth, followed by China and Russia. The following countries
are more evenly distributed in terms of total volumes: Brazil, Indonesia, Germany, India,
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the United Kingdom, Japan, and Canada. Carbon dioxide remains in the atmosphere for
centuries, and the cumulative volume of CO2 emissions is closely related to the +2 ◦C
warming that has already occurred in the world. Thus, in order to reduce the negative
impact on the environment, it seems logical to use alternative materials with astringent
properties [5–8]. A significant amount of research in the global scientific community is
devoted to assessing the possibility of using various technogenic wastes in the form of
slags and fly ash as materials that can reduce cement consumption and improve the envi-
ronmental situation [9–19]. For example, studies [9–12] prove the possibility and rationality
of using ground granulated blast furnace slag (GGBS) up to 40% as a pozzolanic material,
replacing part of the cement. GGBS concrete has the required strength properties and is
resistant to various types of aggressive influences. In addition to GGBS, alternative types
of slag can also be utilized as a partial substitute for cement in concrete manufacturing.
As an illustration, in reference [13], the inclusion of up to 20% ferronickel slag enabled
the production of concrete with enhanced compressive and splitting strength. The use of
manganese slag [14] in high-strength concrete has increased its resistance to salt erosion.
Fly ash is also an effective pozzolanic additive. In [15], with a degree of replacement of up
to 20% by fly ash, concrete was obtained that has the best resistance to freezing and thawing
in seawater. With an identical level of replacing part of the cement with fly ash, 20%,
in [16], an environmentally friendly composite with improved compressive and flexural
strength was obtained. Studies [17–19] further substantiate the efficacy of utilizing fly ash
in cement composites.

Currently, more and more researchers are switching to studying agricultural waste as a
modifying additive in the production of cement composites [20–24]. Rice husk ash (RHA) is
the most popular [25–28]. Replacing cement with 10% RHA [24] made it possible to obtain
concrete with a 10.26% higher compressive strength and reduced thermal conductivity com-
pared to concrete without RHA. The self-compacting concrete with 20% RHA developed in
the study [26] has increased compressive strength and increased the resistance to chloride
migration by three times. In [27], with a 10% replacement of cement with RHA, cellular
concrete had compressive strength, splitting tensile strength and flexural strength higher
in comparison with the control composition by 22.16%, 20.41% and 22.31%, respectively.
Other studies [28–34] have also verified the efficacy of RHA. An equally popular type of
plant ash used in cement concrete is sugarcane bagasse ash (SCBA) [24]. In a study [35],
the addition of 3% SCBA improved the properties of high-strength concrete. Compressive,
bending, and splitting strengths increased by 11.1%, 14.8%, and 8.5%, respectively. Replac-
ing part of Portland cement with up to 30% SCBA [36] allows one to obtain concrete with
the required mechanical properties and good resistance to sulfuric and hydrochloric acid.
The incorporation of 10% SCBA [37] increased compressive strength by 12% and flexural
strength by up to 8%. The positive effect of using SCBA is confirmed by works [38–41].
Another common type of plant ash used as a binder replacement is palm oil ash (POFA) [42].
For example, in [43], the inclusion of POFA into concrete increased its acid resistance. A
study [44] proved the effectiveness of using POFA as a cement replacement by up to 50%.
The incorporation of 5–15% POFA [45] resulted in an environmentally sustainable and cost-
effective composite with improved properties. Studies [46–49] confirm the effectiveness
of using POFA as a modifying additive that replaces part of the binder. In addition, the
effective usage of corn cob ash and sunflower seed husk ash in concrete is known [50–52].

Among the above-mentioned types of plant ash, the use of banana leaf ash (BLA)
remains the least studied issue. BLA is obtained from banana trees, bananas being one
of the most popular and traded fruits worldwide [53]. Accordingly, the large volumes of
banana production and cultivation led to the emergence of a significant amount of plant
waste. It would be interesting to find a sustainable and cost-effective way to recycle banana
leaf waste. Burning banana leaves produces plant ash, which, like other types of plant ash
mentioned earlier, can be used as an active pozzolanic additive in cement composites [54,55].
For example, in [56,57], replacing part of the cement with up to 10% BLA indicates the
possibility of its use without a significant decrease in strength properties. Research [58]
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suggests the potential of using BLA in ranges from 5% to 20% without significant loss of
concrete strength.

However, there is a dearth of detailed studies on the efficacy of banana leaf ash in
cementitious composites. There are still risks of insufficient understanding of the character-
istics of concrete with BLA. The scientific novelty of this study is the determination of new
dependences of the characteristics of concrete with BLA on the parameters and proportions
of its composition.

The aim of this work is to reveal the structure and properties of concrete with BLA as
a partial replacement for cement in the production technology of normal density concrete
and to determine the optimal level of this replacement.

The objectives of the study are to develop an experimental research program estab-
lishing minimum and maximum levels of replacement of part of cement with BLA; select
and calculate experimental concrete compositions taking into account the characteristics
of the raw materials used; prepare concrete samples with different BLA contents and
evaluate the properties of concrete mixtures and hardened concrete, including density,
compressive strength, flexural strength, water absorption and study the microstructure
using electron microscopy; analyze the obtained results and determine the optimal level of
BLA replacement, as well as perform a comparison with other types of plant ash used in
cement concrete technology.

2. Materials and Methods
2.1. Materials

Portland cement CEM I 42.5N (CEMROS, Moscow, Russia), quartz sand (Don Resurs,
Kagalnik, Russia) and granite crushed stone (JSC “Pavlovsk-nerud”, Pavlovsk, Russia)
were applied as the raw materials for the production of experimental concrete samples.
The features of the listed raw materials can be found in Tables 1–3.

Table 1. Properties of Portland cement CEM I 42.5N.

Indicator Actual Value

Specific surface area (m2/kg) 341

Setting times (min)
-start 160
-end 240

Standard consistency (%) 29.7

Compressive strength at 28 days (MPa) 49.7

Bending strength at 28 days (MPa) 5.6

C3S (%) 73.4

C2S (%) 7.9

C3A (%) 5.5

C4AF (%) 11.6

CaOfr (%) 1.6

Table 2. Properties of quartz sand.

Indicator Actual Value

Bulk density (kg/m3) 1365

Apparent density (kg/m3) 2569

The content of dust and clay particles (%) 0.03

Content of clay in lumps (%) 0.04

Organic and contaminant content (%) No
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Table 3. Properties of crushed granite stone.

Indicator Actual Value

Bulk density (kg/m3) 1438

Apparent density (kg/m3) 2665

Resistance to fragmentation (wt%) 11.2

The content of lamellar and acicular grains (wt%) 6.8

Sieving curves for quartz sand and crushed granite are presented in Figure 1.
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The fineness modulus of the quartz sand was 1.94 (Figure 1a). The grain size of
crushed stone was limited from 5 to 25 mm (fraction over 5 to 20 mm) (Figure 1b).

Banana leaf ash was used as a modifying additive, replacing part of the cement. The
ash was produced in a laboratory setting by burning dry banana leaves in a laboratory
oven. Banana leaves were exposed for 60 min to temperatures of approximately 600 ◦C.
After combustion, the ash was sifted through a 0.16 mm sieve to remove large particles.
The prepared ash was further crushed by grinding in an Activator-4M planetary ball mill at
400 rpm for 60 min. Then the crushed ash was sifted through a 0.08 mm sieve and part of
the banana leaf ash that passed through the sieve was used as an additive. The appearance
of the resulting BLA additive is illustrated in Figure 2. Figures 3 and 4, along with Table 4,
showcase the key properties of BLA.

Table 4. Chemical composition of BLA.

BLA
SiO2 (%) CaO (%) Na2O (%) K2O (%) Al2O3 (%) Fe2O3 (%) MgO (%)

50.83 35.89 1.98 0.89 5.61 3.09 1.71

The photo presented in Figure 2 illustrates the appearance of banana leaf ash.
Figure 3 shows a radiograph of the BLA.
X-ray phase analysis showed the presence of such phases as quartz, altered halite, and

sylvite in BLA.
It should be noted that not all of the SiO2 contained in BLA participates in the poz-

zolanic reaction. An important parameter is the determination of the quartz content in SiO2
using the Rietveld method. Using the Rietveld method, the quartz content was determined
to be 29%.
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The chemical composition of the BLA-modifying additive is presented in Table 4.
As is known [59], SiO2 is a key component in pozzolanic materials. Its presence in BLA

in an amount of 50.83% will ensure the occurrence of chemical reactions, namely, when silicon
dioxide interacts with calcium hydroxide, compounds with cementing properties—calcium
hydrosilicates—will be formed. Thus, BLA has binding properties inherent in cement.
These compounds can fill voids in concrete, thereby increasing its strength.

The size distribution curve of BLA particles can be observed in Figure 4.
Figure 4 illustrates that a significant proportion of BLA particles, specifically 81.7%,

exhibit sizes within the range of 11 to 60 µm. The peak BLA distribution of 11.3% occurs at
particles 35.5 µm in size.

Also, a polycarboxylate-based plasticizing additive PK1 (Poliplast, Russia, Moscow)
was additionally used.

2.2. Methods

To assess the impact of BLA on concrete properties and determine the ideal dosage,
concrete mixtures were formulated and documented in Table 5. Figure 5 illustrates the
complete program of experimental studies.

Table 5. Compositions of concrete mixtures.

Composition PC (kg/m3) QS (kg/m3) GCS (kg/m3) Water (L/m3) PK1 (kg/m3)
BLA

(kg/m3)
% by Weight of

Cement

0BLA 397 793 1050 194 3.97 0 0

2BLA 389.1 793 1050 194 3.97 7.9 2

4BLA 381.1 793 1050 194 3.97 15.9 4

6BLA 373.2 793 1050 194 3.97 23.8 6

8BLA 365.2 793 1050 194 3.97 31.8 8

10BLA 357.3 793 1050 194 3.97 39.7 10

12BLA 349.4 793 1050 194 3.97 47.6 12

14BLA 341.4 793 1050 194 3.97 55.6 14

Note: BLA—banana leaf ash, PC—Portland cement, QS—quartz sand, GCS—granite crushed stone,
PK1—polycarboxylate-based plasticizing additive.
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Forty-eight cube specimens and 24 prism specimens were prepared to determine
the density, compressive strength and water absorption, and 24 prism specimens were
prepared to determine the flexural strength.

The compositions of concrete mixtures used in the study are presented in Table 5.
The process of producing concrete samples incorporating the BLA additive involved

the following primary stages:

− dosage of raw materials in the required quantity;
− loading of raw materials into the concrete mixing plant BL-10 (ZZBO, Zlatoust, Russia)

in the following sequence: cement, sand, BLA and water with a plasticizing additive
dissolved in it; mixing this mixture until a homogeneous consistency, introducing
crushed stone and additional mixing until the finished concrete mixture is obtained;

− loading the concrete mixture into metal cube molds and prisms and compacting them
on a laboratory vibrating table SMZh-739M (IMash, Armavir, Russia);

− smoothing and leveling the surface of compacted samples and keeping them for 1 day
(curing conditions of concrete: air temperature—20 ± 2 ◦C, relative humidity of the
surrounding air not less than 90%);

− demolding and extraction of samples, keeping them in a normal hardening chamber
for 27 days until they reach the age of 28 days.

Before pouring the concrete mixture into the molds, their density and slump were
determined. According to the method [60], the density of concrete mixtures was determined
as one of the fundamental property. The finished mixture was poured into a two-liter metal
vessel, which was then weighed.

The slump of the mixture was determined according to the method [61]. To carry
out the test, a metal cone, a bayonet and a flat metal sheet were used. Before testing, all
equipment was wiped with a damp cloth, the cone was placed on a sheet and the concrete
mixture was loaded into it in three stages. For each stage, 1/3 of the cone was filled and
compacted with 25 bayonet strikes. After compaction, excess mixture was removed and the
cone was lifted upward in the vertical direction. The cone settlement was approximated
by subtracting the height of the settled concrete mixture’s highest point from the height of
the form.

The method outlined in reference [62] was employed to determine the density of
hardened concrete. After 28 days of hardening, the samples were removed from the normal
hardening chamber KNT-1 (RusPribor, Saint Petersburg, Russia), kept under laboratory
conditions and then weighed.
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The determination of compressive and bending strengths was carried out in accordance
with the specified methods [63–67]. Samples in the form of cubes were installed in a
Press P-50 laboratory unit (PKC ZIM, Armavir, Russia); the load increased at a rate of
0.6 ± 0.2 MPa/s. Using the formula, we determined the compressive strength of concrete:

Rc = α
F
A

(1)

Here, F is the breaking load (N); A—sample working section area (mm2); α is a coefficient
taking into account the dimensions of the samples (for samples with a side of 100 mm
α = 0.95).

When testing for bending, samples of concrete were first installed in a special labora-
tory installation, the load was applied at a rate of increase of 0.05 ± 0.01 MPa/s. Flexural
strength was calculated using the formula:

Rc bt = δ
F l
a b2 (2)

Here, F is the breaking load (N); a, b, l—characteristic dimensions of the cross-section of
samples and the length of the line between supports when testing samples for tension
and bending (mm); δ—coefficient taking into account the dimensions of the samples (for
samples with a side of 100 mm δ = 0.92).

The assessment of water absorption in concrete was conducted in compliance with the
specifications outlined in references [68,69]. The formula employed for calculating water
absorption is as follows:

W =
mw − md

md
× 100 (3)

Here, mw is the mass of the sample saturated with water (g); md is the mass of the dry
sample (g).

The process for determining the compressive strength of concrete is presented in
Figure 6.
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Figure 6. Determination of the compressive strength (a–d) and flexural strength (e) of concrete
samples: (a,c) control composition before and after failure, respectively; (b,d) composition with 6%
BLA before and after destruction, respectively.

X-ray phase analysis was performed on a DRON-7 diffractometer (NPP Burevestnik,
St. Petersburg, Russia) using radiation from a copper anode.

The analysis of concrete structure was conducted by employing a 20 kV accelerating
voltage electron microscope VEGA II LMU (Tescan, Brno, Czech Republic). The acquisition
of all the images was performed through reflected electrons (BE), wherein phases containing
higher average atomic weight are portrayed in lighter shades. A carbon coating is sprayed
onto the surface.

3. Results and Discussion

Figures 7 and 8 show the results of determining the properties of fresh concrete
modified with BLA. Figure 7 shows the dependence of fresh concrete density (ρfc) on the
amount of BLA additive.

Fresh concrete density (ρfc) data obtained experimentally are well approximated by a
linear dependence on the BLA proportion (x in the regression equation)

ρ f c = 2436.4 − 1.488 x, R2 = 0.989 (4)
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here, R2 is the coefficient of determination.
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The data presented in Figure 7 illustrates a clear inverse relationship between the
density of fresh concrete and the content of BLA. Replacing a part of the cement with BLA
up to 14% leads to a slight decrease in density to 0.86%.

Figure 8 depicts the correlation between the slump of fresh concrete and the quantity
of BLA additive.
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Cone slump data obtained experimentally are well approximated by a linear depen-
dence on the proportion of BLA

Slump = 15.1 − 0.663 x, R2 = 0.997 (5)

Modification with the BLA additive affects the slump of concrete mixtures. Figure 8
shows the decrease in the fresh concrete slump as BLA increases. The maximum reduction
in slump of the mixture was 60%. The decrease in the slump of the concrete mixture can
be explained by the porous structure of ash particles and their increased water demand,
which also agrees well with the studies of other authors [25,33,35].

Figures 9–11 show the properties of BLA-modified concrete. Figure 9 shows the
dependence of the composite density (ρ) on the amount of BLA additive.
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Concrete density (ρ) data obtained experimentally have a more pronounced nonlinear
dependence on the BLA proportion (x in the regression equation) and are well approximated
by the parabola equation

ρ = 2417.0 − 5.699 x + 0.147 x2, R2 = 0.992 (6)

As with the density of fresh concrete, the density of hardened concrete tends to
decrease as the amount of BLA increases. Concrete with 14% BLA had a density value,
which is 2.11% less than the control. BLA, like other types of plant ashes, have bulk density
values lower than the bulk density of cement [38,56–59]. Accordingly, replacing part of
the Portland cement with such ash will lead to a slight decrease in the average density of
the composite.

Figure 10 illustrates the correlation between the amount of BLA and the compressive
strength of concrete (R).

Concrete compressive strength (R) data, obtained experimentally in accordance with
the methodology in Section 2, have a pronounced nonlinear dependence on the BLA propor-
tion (x in the regression equation) and are well approximated by a 4th degree polynomial

R = 48.0 + 0.687 x + 0.145 x2 − 0.0378 x3 + 0.0016 x4, R2 = 0.979 (7)

The positive impact of BLA on compressive strength can be observed in Figure 10,
where it replaces up to 8% of cement. The highest value was recorded with 6% BLA:
the compressive strength was 7.42% higher than the strength of concrete of the control
composition (without BLA). The compressive strength change curve can be described
by three characteristic sections. The initial section displays an escalation in compressive
strength as the BLA content ranges from 0% to 4%. Subsequently, the subsequent section
exhibits a pinnacle at 6% BLA, while the final section showcases a decline in strength as the
BLA content ranges from 8% to 14%. It should be observed that the inclusion of BLA at
levels of 10%, 12%, and 14% results in a significant weakening of the concrete’s strength as
opposed to the control formulation. The compressive strength experienced a maximum
reduction of 8.87% in comparison to the control composition.

The flexural strength of concrete (Rbt) is illustrated in Figure 11, demonstrating its
correlation with the quantity of BLA.
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The concrete flexural strength (Rbt) data, obtained experimentally in accordance with the
methodology in Section 2, also has a pronounced nonlinear dependence on the BLA proportion
(x in the regression equation) and is well-approximated by a 4th degree polynomial

Rbt = 5.55 + 0.0783 x + 0.0138 x2 − 0.00380 x3 + 0.000160 x4, R2 = 0.977 (8)

The dependence of the change in bending strength on the BLA content, presented in
Figure 11, has a similar character to the dependence in Figure 10. At 0–6% BLA, an increase
in flexural strength is observed. The flexural strength value at 6% BLA reached a maximum
of 5.95 MPa, representing a 7.01% increase compared to the flexural strength of the ordinary
concrete. And the minimum value of flexural strength with a decrease of 9.71%, compared
to concrete without BLA, was recorded at 14% BLA.

Having analyzed the changes in the concrete characteristics from BLA content, ex-
pressed in the obtained dependencies in Figures 7–11, we can conclude that replacing part
of the cement with BLA up to 10% is optimal and allows one to obtain concrete with the
required strength properties. The increase in compressive and flexural strength at 6% BLA
can be associated with the pozzolanic properties of this modifying additive. During the
course of hydration reactions, SiO2 particles, the content of which in BLA is 50.83%, actively
interact with calcium hydroxide and form additional cementing compounds that fill the
pores in concrete and prevent deterioration of strength and structural parameters in com-
parison with conventional concrete. Due to the porous structure and good hygroscopicity,
unreacted BLA particles can retain free water [70]. The presence of such free water ensures
that later hydration reactions occur. These results are in good agreement with the results
of other authors, who also studied the effect of replacing part of the binder with ash of
plant origin. For example, in [57], it was proven that replacing part of the cement with
10% BLA is optimal and makes it possible to obtain concrete with improved performance
characteristics. Studies [58,71,72] indicate that the optimal replacement level is no more
than 20% BLA by weight of cement. The resulting concretes with a maximum BLA content
of 20% have characteristics comparable to concretes of the control composition. If we talk
about rice husk ash, its chemical composition is characterized by a large amount of SiO2,
starting from 80%, and, accordingly, this ash has greater pozzolanic activity than BLA. For
example, in [73,74], rice husk ash showed good pozzolanic activity, and replacing part of
the cement by up to 20% made it possible to obtain a concrete composite with improved
strength properties. The introduction of RHA [75] in an amount of 10% improved the
flexural strength to 59.1%. Studies [76,77] have proven that replacing Portland cement up to
30% with sugarcane bagasse ash (SCBA) is rational. In [19], the introduction of 10% SCBA
improved the strength properties of cement mortars. BLA has lower pozzolanic activity
than RHA and SCBA. This has a certain phenomenological nature and is demonstrated in
practice. At the same time, there is currently insufficient evidence of this phenomenon in
the scientific literature, so the study of this issue can be defined by us as a prospect for the
development of this research in the future. However, at the moment it can be stated that in
this way we can conclude that BLA is less effective compared to RHA and SCBA. However,
this fact is logical due to the fact that BLA has less pozzolanic activity.

Subsequently, Figure 12 illustrates the correlation between concrete water absorption
(W) and the quantity of BLA.

Water absorption data obtained experimentally also have a pronounced nonlinear
dependence on the BLA proportion (x in the regression equation) and is well approximated
by a 4th degree polynomial

W = 5.15 − 0.0162 x − 0.0352 x2 + 0.00582 x3 − 0.000223 x4, R2 = 0.957 (9)

The data depicted in Figure 12 illustrates the relationship between the change in
water absorption of concrete and its dependence. It is evident that the addition of BLA
up to 8% yields a beneficial impact by reducing water absorption. The minimum water
absorption value was recorded for concrete with 6% BLA, which is 9.28% compared to
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the control. Concrete modified with 14% BLA has the highest water absorption value,
which is 5.61% higher compared to the control composition. Lower water absorption values
when modifying concrete with BLA additive are explained by the fact that the composite
structure has fewer capillary pores, since BLA particles act as a microfillers and provide
this effect. This gives the structure greater cohesion and slightly affects the density of
concrete compared to concrete without BLA. Similar effects associated with a decrease in
water absorption of a composite when plant ashes are introduced into its composition are
reflected in works [78–80]. Figures 13–15 depict photographs illustrating the microstructure
of concrete samples for the ordinary composition, the composition with 6% BLA, and the
composition with 14% BLA.
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The photographs of concrete presented in Figures 13–15 show that the microstructure of
concrete modified with 6% BLA (Figure 14) is the most ordered, homogeneous, with fewer
pores and has a greater accumulation of zones of calcium hydrosilicates (CSH) in comparison
with the structure control composition (Figure 13) and concrete structure with 14% BLA
(Figure 15). Accordingly, microstructural analysis confirms that BLA in the concrete structure
works as an active mineral pozzolanic admixture and as a microfiller [58,73].

The diagram shown in Figure 16 demonstrates the four main groups of factors influ-
encing the final properties of concrete modified by BLA. Group 1 includes the properties of
the materials from which concrete was made. Group 2 contains factors characterizing the
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parameters of concrete composition. Group 3 includes technological factors for concrete
production. Group 4 consists of the properties of fresh concrete, from which it is already
possible to predict the approximate characteristics of the finished composite. Compliance
with the specified values of the presented factors and control of each of them in the process
of design, production, and maintenance of concrete will allow us to extract maximum
indicators of concrete quality.
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The banana leaf ash produced in this study influences the nature of the formation
of the properties of Portland cement-based composites and their practical significance in
the manufacture of concrete and reinforced concrete products and structures [56]. If we
consider BLA-modified concrete at the macro and micro levels, the following important
points can be highlighted. At the macro level, the introduction of BLA, due to the highwater
demand of the particles, worsens the settlement of the mixture and, as a result, somewhat
complicates the process of forming and compacting concrete. At the micro level, addi-
tionally introduced silicon dioxide particles interact with calcium hydroxides and form
cementitious compounds, which subsequently strengthens the structure of concrete [58,70].

The BLA additive has good prospects for its widespread use in the construction
industry, especially in the manufacture of concrete and reinforced concrete products of
a wide range. However, there are also a number of limitations. First, there is a need for
more research into BLA concretes, particularly their resistance to sulfate and chloride ions
and other durability properties. Secondly, there may be difficulties in establishing mass
production of BLA related to the logistics of transporting banana leaves to processing and
burning stations.

Overall, the results obtained in this study prove the promise and feasibility of using
BLA admixture as a replacement for part of the binder in concrete. Note that in addition
to the economic effect, BLA also has an environmental effect, as it solves the problem
of recycling large volumes of plant waste. BLA is a fairly promising additive that can
solve a number of problems, namely the environmental problem associated with reducing
the carbon footprint and recycling of agricultural plant waste, and the economic problem,
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solved in part by saving cement in the mass production of concrete. The developed concrete
is more environmentally friendly and is not inferior in its properties to traditional concrete.

After studying additional characteristics of the processes of structure formation and
development of properties of concretes with BLA, as well as after clarifying the expediency
of using these additives in concrete, it is important to mention the economic aspect of
such a material. According to the conducted review and the expected cost analysis, based
on similar productions, as well as the results of consultations with potential industrial
partners, the economic effect of introducing BLA as an additive for cement composites
is estimated at about 16–17% of savings per cubic meter of produced concrete mix. Cost
savings arise due to the reduction of costs arising from defective products, as well as due to
the use of a proven additive in the composition of concrete, which allows saving expensive
components of the concrete mix, both cement and aggregates. Various options are possible,
both with the use of lower grade cement and with some reduction in its consumption. In
the case of aggregates, it is possible to use cheaper components.

4. Conclusions

The possibility of using banana leaf ash as a partial replacement for Portland ce-
ment in normal density concrete technology was investigated. The following conclusions
are formulated.

(1) Replacing some of the Portland cement with BLA does not have a significant effect
on the change in concrete density. The density of fresh concrete decreased slightly
from 2437 kg/m3 for the mixture without BLA to 2416 kg/m3 for the mixture with
14% BLA. For hardened concrete, the maximum density value was 2416 kg/m3 for
the control composition and 2365 kg/m3 for the composition with 14% BLA.

(2) The introduction of the BLA-modifying admixture reduced the slump of fresh concrete
due to the high water demand of BLA particles. At 14% BLA, the slump reduction
was 60.0%.

(3) The optimal amount of BLA replacing part of Portland cement is set to range up to
10% by weight of PC. When the amount of BLA increased to more than 10%, the
strength properties of the composites decreased. Concrete with 6% BLA had the best
properties.

(4) Increases in compressive and flexural strength of 7.42% and 7.01%, respectively, were
recorded, water absorption decreased by 9.28%.

(5) Microscopic studies of the structure of concrete modified by BLA also confirmed the
results of physical and mechanical tests and demonstrated the presence of a large
number of CSH zones.

Limitations and further work include the need for additional research on BLA con-
cretes, particularly their properties such as resistance to sulfate and chloride ion penetration
and other durability properties, to clarify the scope of application of such concretes and the
service life of structures made from them.
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