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Abstract: This study evaluates the utilization of biomass olive oil waste ash (OA) as a concrete paving
material. Concrete pavement was produced by replacing a portion of Portland cement with OA at
different percentages up to 15%. An additional set of concrete pavement was prepared by incorporating
OA with nano-silica (NS) at various contents up to 1.5%. The optimal replacement contents of OA or
OA and NS were investigated in terms of workability, compressive strength, strength development
rate, and durability. The results showed that the optimal replacement level of OA content was 7.5%.
The incorporation of NS with OA increased the optimal replacement level to 15%. The incorporation
of NS with OA improved the strength, durability, and workability of all mixes. The utilization of OA
with NS at optimal levels can produce concrete pavements. Using NS and OA, approximately 10 %
cost savings could be achieved, together with a sustainable, environmentally friendly disposal method
of olive oil waste.
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1. Introduction

Like many Mediterranean countries, such as Tunisia, France, Spain, and Turkey, Jordan has
extensive olive tree farms that are solely committed to olive oil production. About 750 million olive
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trees exist in Mediterranean countries, and future growth in olive tree cultivation is anticipated due to
the worldwide rising demand for olive oil [1]. Many olive mills existed in Jordan, especially in the
northern part of the Irbid region. During the process of olive oil extraction, large amounts of by-products
or waste are generated. This waste is divided into two categories: liquids (olive oil wastewater) and
solids (pomace). Pomace is mainly composed of olive pulp, skin, and stones. The remainder of
depleted pomace is known as “nocciolino”, which is used as fuel for home heating in the winter due
to its lower costs compared to petroleum-based products. Pomace can be used for other applications
including animal feeding due to its high fiber contents [2], as compost to produce organic fertilizer [3],
as a source of bioactive compounds for use in pharmaceutical and cosmetic industries [4], and as
biofilter for toxic metal removal [5]. However, such applications still present disadvantages and
limitations. For example, significant reduction in soil germination capacity, leaf necrosis, and
increased phytotoxicity are known disadvantages of the use of pomace as soil fertilizer [6]. Also,
pomace contamination with substances such as pesticides, heavy metals, or mycotoxins can pose health
risks when used for animal feeding and cosmetic applications [7].

The demand for alternative fuels and renewable energy has increased, and the energy supply has
diversified accordingly due to pressure on environment preservation and energy conservation. Biomass
contributes significantly to the production of ash, necessitating management that respects the
environment [8]. The use of additives to improve the strength and longevity of concrete has been
studied by numerous researchers. Fly ash has been thoroughly investigated for its potential to enhance
concrete performance. The successful integration of fly ash into concrete has the potential to yield
substantial cost savings in the repair and rehabilitation of concrete structures and rigid asphalt
pavements. Over 75,000 tons of waste from olive oil extraction manufacturing are produced each year
in Jordan [1]. These wastes, when burned as biofuel, yield a sizable amount of ash, which is normally
dumped in sanitary landfills resulting in groundwater pollution and other environmental problems.
Recycling this waste could help to reduce negative environmental effects. Furthermore, it could
support long-term growth and contribute to the sustainable development of some construction materials,
like concrete pavement [9]. To maximize the use of biomass resources as renewable alternatives to
fossil fuels, proper management of ash is essential [1,7].

Transforming agricultural and industrial waste from a pollutant into a useful resource can
significantly aid sustainable development. This waste can be recycled and used as a partial substitute
for materials such as cement in construction industries [10—12]. However, using these materials in
larger proportions often negatively impacts the strength and durability of the building materials [13—15].
The possible use of biomass olive oil waste ash (OA) in the manufacturing of Portland cement has
been investigated in many studies [16—18]. These investigations revealed that adding up to 10% OA
by weight of cement increased the Portland cement concrete mixtures’ stability at high temperatures.
However, unfavorable effects on strength and long-term durability were noted when OA was added to
concrete pavement in percentages above 10% [19]. This restriction limits the amount of OA that can
be recycled and used in concrete pavement [9]. A potential solution is to combine multiple materials
to increase the recycling rates of this waste [20].

Recent studies have demonstrated that the use of nano-silica can enhance the strength and
durability of concrete [21]. The use of nanoparticles results in a major change in the microstructure
properties of the bulk product. The high surface areas and large numbers of sites introduced by the
nanomaterials when used as additives are known to affect particle dispersion, formation of cementing
products, kinetics, densification, porosity, and reducing grain growth [22]. The amount of nano-silica
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to be used in the concrete mixture can vary from 2% to 4% as a replacement for cement weight to
improve the performance of the concrete [23]. Exceeding this suitable replacement range can weaken
the enhancement effect on the mechanical properties [24]. The use of nano-additives results in
improvements in rheological properties, mechanical strength, and temperature resistance of the
structure [24,25]. The above advantages increase the durability of the structure built [26]. The particle
size distribution of nanoparticles can substantially improve the integrity of micro and macrostructure.
Moreover, it accelerates the cement hydration and promotes the pozzolanic reaction, which leads to
the increment of the produced C—S—H gel [27].

Concrete is the most extensively used construction material in the world [28]. Concrete has
numerous applications, including the rigid pavement that is used for the construction of highways and
airport runways. Cement is the main binding material in concrete and its production is responsible for
the production of a large percentage of CO, emissions [28]. Many studies have investigated the
enhancement of the environmental effect of concrete by reducing the amount of used cement. Fly ash
from agricultural and industrial waste has been employed as a partial or full replacement material for
cement. Applications included the production of self-consolidating concrete pavement [29,30],
lightweight concrete using palm oil ash [31,32], and geopolymer concrete [33—35]. User-friendly
software and artificial intelligence have been developed to predict and optimize the mix proportions
of geopolymer concrete and self-compacting concrete incorporating byproduct waste ash [36-38].
Recently, studies have demonstrated the benefits of using industrial, agricultural, and olive waste ash
to enhance construction materials such as asphalt pavement mixtures and concrete pavement [39—41].
Limited studies have evaluated the effect of OA on concrete properties. However, OA has been used
to improve the properties of cement mortars [1,42], enhance the alkali-silica reaction in concrete [16],
and enhance the fire performance of concrete pavement when it is exposed to extreme heat levels [43].
Additionally, olive pomace could replace traditional aggregates (e.g., sand or gravel) in concrete,
reducing the demand for natural resources like river sand [44].

This study aims to investigate the use of olive oil ash to improve the performance of concrete
pavement, offering a sustainable and environmentally friendly way to dispose of this toxic waste. This
approach supports the circular economy, turning agricultural waste into a resource for construction,
and reducing the environmental footprint of both industries. The effects of OA incorporation on
concrete properties, including strength, durability, and workability, were investigated to determine the
optimal replacement percentage. Moreover, this study investigates the use of nano-silica as a boosting
agent to increase the percentage of OA utilization in concrete pavement. This approach could facilitate
the recycling of larger quantities of industrial and agricultural waste, reduce their environmental
impact, and reduce concrete pavement production costs and emissions. The combination of OA and
nano-silica represents a novel composite material in concrete paving materials [9]. While both
materials have been individually investigated in concrete, the use of their combination is an area that
remains relatively unexplored. Nano-silica’s contribution to improving water tightness and chemical
resistance, along with olive pomace’s potential for improving thermal performance, can lead to
pavements that perform better in extreme climates or environments with high freeze-thaw cycles. This
can result in concrete pavement with a longer lifespan and reduced life-cycle costs. This area is
relatively unexplored and may provide additional opportunities for research and development in green
construction materials. It can motivate future studies and innovations in using OA in construction.
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2. Materials and methods
2.1. Characteristics of raw materials

The materials that were used to produce the concrete pavement were ordinary Portland cement
type I, OA, nano-silica, and fine and coarse aggregate. The raw olive oil waste (pomace), OA, and
nano-silica are shown in Figure 1. Raw pomace was collected from Alwasatiah in the North of Jordan,
west of Irbid City. The source of raw pomace is presented in Figure 2. Special treatment of the raw
pomace was required to transfer it into usable material, including incineration and milling. The
incineration was applied by self-combustion in an oven that is usually used for home heating; the
process lasted three hours until the solid waste was burnt and transformed into gray-colored ash. After
incineration, some of the OA formed large particle sizes; therefore, it underwent ball milling for 2 h
using steel balls of 5-10 mm size at a ball-to-ash weight ratio of 10 and then sieved using a #200 sieve.
The specific gravity of OA was 2.06, and its size ranged from 1.0 to 20.0 um. The smaller particle size
of OA could make the ash more reactive due to the larger surface area and could also work as a better
filler to bridge the smaller voids in concrete pavement. A larger surface area and smaller particle size
of OA could aid in reacting with the available water and enhance the bond with the product of cement
hydration in concrete pavement. This could lead to an improvement in concrete pavement strength
and durability.

Figure 1. Materials used in this study (a) raw olive oil waste, (b) olive oil ash, and (c) nano-silica.
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Figure 2. Source of pomace: (a) location in Jordan [9]; (b) raw pomace waste.

The characteristics of OA were evaluated using scanning electron microscopy (SEM) and X-ray
diffractometer (XRD). The SEM micrographs of OA before and after implementing the ball milling
techniques are presented in Figure 3a,b, respectively. The micrographs show that before milling, OA
has irregular angular shapes with agglomerations of fine and coarse particles. After the milling process,
the particles provided less angularity or curved shapes with lower agglomeration of particles. The XRD
results of the milled OA are given in Figure 4. The XRD analysis shows the formation of various peaks
pointing to the existence of crystalline phases in the treated OA. The primary phases were calcite,
quartz, magnesium silicon phosphide, sylvite, and fluorapatite. A small deviation at 20 angle from 27
to 45° is typical of amorphous compounds.

Figure 3. SEM of OA: (a) before ball milling and (b) after ball milling.

The chemical composition of the used cement, OA, and nano-silica was analyzed using X-ray
Fluorescence (XRF) analysis and is given in Table 1. OA was composed of 20.10%, 30.21%, 30.0%,
and 5.51% of Si0O,, Ca0, K»0, and MgO, respectively. The chemical percentages of SiO», CaO, K>O,
and MgO in cement were 21.98%, 65.95%, 0.63%, and 2.16%, respectively. These results show that
the binding properties of OA are lower than those of cement because of low lime (CaO) content. The
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used nano-silica is solely composed of SiO2 (99%), with a highly dispersive white color powder
appearance, and an average particle size from 10 to 25 nm. The used cement was the ordinary Portland
cement type I that conforms to the ASTM C150/C150M [45] standards, with a specific gravity of 3.1.
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Figure 4. XRD analysis of the treated olive oil waste ash.
Table 1. Chemical composition of used cement and OA.
Material Chemical composition content (%)
SiO, AL O3 CaO Fe,O3 MgO Na,O K,O P,0s Losses
Portland cement 21.98 5.42 65.95 4.87 2.16 0.16 0.63 0.06 1.52
OA 20.10 4.51 30.21 2.51 5.51 0.41 30.0 60 2.81

Natural river sand as fine aggregate and limestone as coarse aggregate were used in the
preparation of the concrete pavement mixtures. The gradation of both fine and coarse aggregates meets
the requirements of ASTM C33/C33M [46] for concrete aggregate. The details of physical properties
and the gradation of aggregates are shown in Table 2 and Figure 5, respectively. The limestone coarse
aggregate (maximum size of 20 mm) and river sand fine aggregate (maximum aggregate size of 5 mm)
were incorporated into this concrete pavement mix. Tap drinking water was used for the mixing.

Table 2. Characteristics of the used fine and coarse aggregate.

Properties

Natural river sand

Limestone aggregate

Specific gravity
Absorption
Unit weight (kg/m?)

Fineness modulus

2.45
1.43

2.94

2.81
0.73
93.31
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Figure 5. Gradation curves of the used fine and coarse aggregates.
2.2. Concrete pavement mixtures incorporating OA

Seven concrete pavement material were prepared. The mix proportions of concrete mixes
including cement, OA, fine aggregate (FA), coarse aggregate (CA), water and superplastisizer (SP) are
given in Table 3. The water-to-cement ratio was kept at 0.50 for all mixes. Seven mixes were produced
with different OA percentages replacing part of the cement. The replacement percentages of cement
by OA ranged from 0.0% (control) to 15%. The details of these concrete mixes are given in Table 3.

Table 3. Concrete pavement mix proportions incorporating OA only.

Concrete mix  Cement (kg) 0OA% (kg) FA (kg) CA (kg) Water (L) SP (L)
MO0-0AO0.0 360 0.0 (0) 722 1098 180 0.0
M1-0A2.5 351 250) 722 1098 180 0.0
M2-0AS5.0 342 5.0 (18) 722 1098 180 0.0
M3-0A7.5 333 7.5(27) 722 1098 180 0.0
M4-0A10.0 324 10.0 (36) 722 1098 180 0.0
M5-0OA12.5 315 12.5 (45) 722 1098 180 0.0
M6-0A15.0 306 15.0 (54) 722 1098 180 0.0

2.3. Concrete pavement incorporating OA and nano-silica

To increase the percentage of OA in concrete pavement and enhance the performance of concrete
in strength and absorption, nano-silica (NS) was added at increasing percentages with increasing OA
in the mix. To improve the workability of concrete, a 3-L superplasticizer was added to all mixes. Six
concrete pavement mixes were prepared by incorporating OA and NS. The NS amount was calculated
as a percentage of cement weight starting from 0% to 1.5% and was added as a replacement for some
fine aggregate. The mix proportions of these mixes are presented in Table 4.

AIMS Materials Science Volume 11, Issue 5, 1035-1055.
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Table 4. Concrete pavement mix proportions incorporating OA and NS.

Portland cement Cement (kg) OA% (kg) NS% (kg) FA (kg) CA (kg) Water (L) SP (L)
MNO0-OA0.0-NS0.00 360 0.0 (0) 0.00 (0) 722.0 1098 180 3.0
MN1-0OA2.5-NS0.25 351 2.50) 0.25(0.9)  721.1 1098 180 3.0
MN2-0OA5.0-NS0.50 342 5.0(18) 0.50(1.8)  720.2 1098 180 3.0
MN3-0OA7.5-NS0.75 333 7.5@27) 0.752.7) 7193 1098 180 3.0
MN4-0OA10.0-NS1.00 324 10.0 (36) 1.00 (3.6) 718.4 1098 180 3.0
MNS5-0OA12.5-NS1.25 315 12.5 (45) 1.25(4.5) 7175 1098 180 3.0
MN6-OA15.0-NS1.50 306 15.0 (54) 1.50(5.4) 716.6 1098 180 3.0

2.4. Mixing and testing

The concrete pavement mixtures were prepared using a 16-L Hobart mixer. Mixing procedures
started by dry mixing the binding materials including Portland cement, OA, and nano-silica together
for at least 2 min until a uniform blend was noted. Then, mixing water and superplasticizer (previously
mixed) were added to the rotating mixer and mixed for an additional 2 min until a homogenous mixture
was observed. Then, the coarse aggregate was added, followed by the fine aggregate, and mixed for
an additional 3 min until a homogenous mixture was observed. The mixture was then poured into 15
cm cubes in three layers and vibrated using the vibration table. The cubes were de-molded after 24 h
and cured in water until the day of testing.

The experimental program involved testing the fresh mixtures for workability using the slump
cone test conforming to the BS, EN 12350-2 [47] standard procedures. The hardened concrete cubes
were tested for their compressive strength at 3, 7, 21, and 28 days. The test was conducted using a
universal testing machine of 3000 kN capacity conforming to the BS, EN 12390-3 [48] standard
procedures. The results were calculated as an average of three cubes. The durability of concrete
pavement mixtures was measured in terms of their absorption. The absorption test was conducted
conforming to BS, EN 1881-122 [49] standard procedures. The test was conducted using 75 mm
diameter core drilled specimens from 15 cm concrete cubes.

3. Results and discussion

This section is divided into two parts. The first part presents the performance of concrete
pavement incorporating OA only. The second part provides the performance of concrete pavement
including OA and nano-silica.
3.1. Effect of OA on concrete pavement properties
3.1.1.  Workability

The slump test was performed for all mixes with OA ranging from 0.0% to 15.0%. The slump of

concrete pavement containing OA is shown in Figure 6. The findings show that when the amount of
OA in fresh concrete increases, its slump and workability decrease. This could be related to OA’s
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greater surface area and smaller size. Also, the angular shape of the OA particles is expected to reduce
the workability of the mixture and increase the friction between constituents. Furthermore, the specific
gravity of OA is lower than that of cement. A larger volume of OA will result from replacing cement
by weight, which will cause the mix to use more water. When this slump lessens, the workability will
be greatly diminished. A greater reduction in slump will result from the higher OA content. One could
model the relationship between OA content and a slump as a linear relationship using Eq 1.

Slump = 106 — 10.714(0A) (1)

Where OA represents the percentage of OA content. Figure 6 provides the values of the model
parameters and correlation coefficients. The R? was 0.9973, which suggests that the data fit well the
linear regression model.

120.0 : :
: | | |
loog —35 Blump =-10.714(0&8y + 106 | L
: 2= ().9973
’E‘ 80.0 +— |
E: 60.0 54
@ 400 —
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Olive oil ash (%)
Figure 6. Slump of fresh concrete pavement mixtures versus OA content.
3.1.2. Compressive strength and strength development rate

Figure 7 shows the results of compressive strength versus curing time at all OA content. The
findings show that compressive strength increased as OA content increased up to 7.5%. As the OA
content surpassed 7.5%, compressive strength declined. The same trend was noted for different curing
times. According to the results, compressive strength increased to a higher value at 7.5% OA content.
Because OA has a lower specific gravity and a larger volume than a similar weight of cement, it
improves compressive strength. Furthermore, the OA particles are smaller, which may lower the
effective water-to-cement ratio (w/c) in concrete containing OA. According to Abraham’s laws, the
most important factor influencing the strength of concrete pavement is the (w/c): a reduction in w/c
can increase compressive strength. OA contains silica and alumina, which can act as pozzolanic
materials. When combined with calcium hydroxide, which is considered a weak by-product of cement
hydration, these pozzolans react to form additional calcium silicate hydrate (C—S—H), which is
responsible for the strength of concrete. This increases the density and strength of the concrete over
time. Also, due to its fine size, OA provides a filler effect similar to the microvoids within the concrete

AIMS Materials Science Volume 11, Issue 5, 1035-1055.
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matrix. OA at 2.5%, 5.0%, and 7.5% improved the concrete pavement strength by 6.25%, 10.63%,
and 13.13%, respectively. The strength of concrete pavement decreased with 10% of OA. The strength
development of concrete pavement incorporating OA is presented in Figure 8. The figure shows that
the utilization of OA did not provide significant effects on the strength development rate.
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Figure 7. Compressive strength of concrete pavement containing OA versus curing age.
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Figure 8. Strength development of concrete pavement containing OA during curing times.
Regression analysis was used to establish the relationship between the compressive strength of
concrete after 28 days of curing and the OA content in order to better visualize the effect of OA content

on concrete pavement compressive strength. Figure 9 presents the findings. The quadratic formula in
Eq 2 was the best model to fit the data.

AIMS Materials Science Volume 11, Issue 5, 1035-1055.
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Compressive strength = 29.086 + 3.7595(0A) — 0.5976(0A)? (2)

Where OA is the OA content in percentage. The R? = 0.8945 indicates the existence of a good
correlation between the measured values.
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Figure 9. Compressive strength at 28 days versus OA content.
3.1.3. Durability

Concrete absorption was used to gauge how durable the concrete was. Figure 10 shows the
absorption of OA integrated into concrete. According to the data, concrete absorption decreased as OA
content increased to 7.5%, at which point the trend reversed. This is a result of the fine OA particles’
ability to fill in the pores and voids in the concrete, particularly in the interfacial zone. Additionally,
OA lowers the effective w/c ratio, which lowers the concrete’s pore structure. This leads to enhancing
the durability of concrete. Olive oil ash at 2.5%, 5.0%, and 7.5% improved concrete pavement
durability, measured by water absorption, by 3.95%, 11.84%, and 15.13%, respectively. The strength
of concrete pavement decreased after 10% of olive waste ash. After 7.5% of OA, the absorption
increased due to large voids produced by OA. This can be attributed to the reduced workability, which
resulted in lower compaction of concrete.

Regression analysis was used to establish the relationship between the OA content and the
absorption of concrete pavement in order to better visualize the effect of OA content on concrete
absorption. The quadratic formula in Eq 3 was the model that best fit the data. Figure 10 provides R?
and model parameters. R?=0.7876 is the square correlation coefficient. The results show that the ideal
replacement content to increase the durability of concrete is 7.5% of OWA.

Absorption = 1.6486 + —0.1632(0A) + 0.0239(0A)? 3)

AIMS Materials Science Volume 11, Issue 5, 1035-1055.
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Figure 10. Absorption of concrete pavement versus OA content.
3.2. Effect of NS and OA on concrete pavement properties

Incorporating OA to improve concrete properties shows an optimum value in terms of strength
and durability, after which degradation will be obtained. The optimum replacement content was 7.5%.
Hence, we investigated if replacing a small part of fine aggregate with nano-silica would contribute to
increasing the recycling rate of OA without negatively affecting the properties of concrete. Below are
the results of adding nano-silica from 0.25% to 1.5% of cement.

3.2.1. Workability

The slump test was conducted for all mixes with OA content ranging from 0% to 15% and NS
content from 0.25% to 1.5%. The slump of concrete pavement containing OA and NS is illustrated in
Figure 11. The concrete slump decreased as the percentage of olive oil ash increased, and this decrease
was further amplified by the addition of nano-silica. This was expected since nano-silica has a very
high surface area and will require additional amounts of water to wet the surface of the particles.
Consequently, a 3 L superplasticizer was added to all mixtures to compensate for the workability
reduction. The results demonstrated that while the use of OA and nano-silica reduced the slump, the
addition of the superplasticizer significantly improved it, achieving the required slump for concrete
operation. The relationship between slump and OA content can be modeled by a linear relationship,
represented by the formula in Eq 4.

Slump =Y = b, + b;(0A) 4)

Where by and by are the model parameters, and OA is the OA content in percentage. The model
parameters and correlation coefficients are given in Figure 11. The R? was 0.9918. This suggests that
the data fit the linear regression model well.

AIMS Materials Science Volume 11, Issue 5, 1035-1055.
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Figure 11. Slump of concrete pavement for the OA and nano-silica mixtures.
3.2.2. Compressive strength and strength development rate

The compressive strength of concrete pavement containing OA and nano-silica after 28 days is
shown in Figures 12 and 13. The results show that a significant improvement in the strength of concrete
was achieved when using nano-silica, which may be due to the small-sized nano-silica filling the voids
in the concrete pavement and reducing the weak interfacial zone between the aggregate and cement
paste in concrete. Nano-silica can also act as a filling material, leading to the refinement of the
microstructure, improving the bond with aggregate, and providing the pozzolanic effect in reducing
the weak calcium hydroxide products. This made it possible to obtain grade 30 MPa concrete pavement
with an increase in OA up to 15%, which in turn increases the recycling rate of this waste, reduces the
costs by replacing cement, and reduces carbon dioxide emissions resulting from cement manufacturing.
Figure 13 shows the increase in strength development rate at higher nano-silica content. The presence
of nano-silica accelerates the hydration process of cement. It acts as a nucleation site for the formation
of hydration products. The increment in the hydration rate means the formation of more C—S—H in
early stages, leading to faster strength gain. Moreover, the high surface area allows for a faster pozzolanic
effect in which the calcium hydroxide is transferred to the additional stronger binder of C—S—H.

AIMS Materials Science Volume 11, Issue 5, 1035-1055.
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Figure 12. Strength of concrete pavement containing OA and nano-silica versus curing age.
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Figure 13. Strength development of concrete pavement containing OA and nano-silica.

To understand the relationship between the strength of concrete pavement containing OA and
nano-silica, statistical analysis shows that the relationship of the strength of concrete pavement can be
represented by a quadratic relationship with a regression coefficient of 0.8169 at 28 days of curing
and 0.6833 at 7 days of curing, which is a good representation of the relationship. Concrete strength’s
best improvement occurs at 7.5% OA; however, this improvement continues up to 15% and achieves
a strength of grade 30 MPA concrete (see Figures 14 and 15). The quadratic regression model is
presented by Eq 5.

Compressive strength = Y = b, + b; (OA) + b,(0A)?2 %)
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3.2.3.  Durability

Figure 16 shows the absorption of concrete with incorporated OA and nano-silica. According to
the data, absorption decreased as OA content increased to 7.5%, at which point the trend reversed.
This is a result of the ability of fine OA particles to fill in the pores and voids in the concrete,
particularly in the interfacial zone. Additionally, OA lowers the effective w/c ratio, which lowers the
concrete’s pore structure and improves the concrete's durability. The addition of nano-silica increased
absorption in all mixes. This is attributed to nano-silica filling porous voids, enhancing the interfacial
zone, and further reducing the effective w/c ratio. This contributes to increasing concrete strength and
density by reducing the porosity and limiting the penetration of water into concrete material. This will
enhance the durability of concrete pavement.
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Figure 16. Absorption of concrete containing OA and NS at different curing times.

A regression analysis was used to establish the relationship between the absorption of concrete
pavement and the OA content in order to better visualize the effect of OA and NS content on concrete
absorption. The quadratic formula, was the best model to fit the data based on regression analysis. The
quadratic model is given by Eq 6. Figure 16 provides the R?> and model parameters; the model
parameters denoted by bo, b1, and by are 1.7029, —0.02002, and 0.024, respectively. R? = 0.909 is the
square correlation coefficient. It is clear that if NS is utilized, 15% of OA can be recycled without
compromising the durability and strength of the concrete.

Absorption = Y = b, + b; (0A) + b,(0A)?2 (6)

4. Conclusions

The findings of this study support the viability of utilizing and recycling OA in the manufacturing
of concrete pavement. Replacing cement with OA and nano-silica increases the strength and durability
of concrete pavement for building construction materials. The findings can be summarized as follows:

¢ The ideal replacement of cement by OA in concrete pavement, in terms of strength and durability,
1s 7.5%. At this concentration, the strength and durability increased by 13.13% and 15.13%, respectively.

¢ OA content decreases the workability of concrete. This problem could be solved by the addition
of a superplasticizer to achieve the same concrete slump.

e The incorporation of nano-silica with OA enables the duplication of the cement replacement
level while maintaining durability and a concrete strength grade of 30 MPa. This makes it possible to
reuse OA at a higher percentage, up to 15%.

¢ According to the results, savings of 10% and 15% in cost and CO- emissions are expected.

e This study suggests that instead of disposing of OA in sanitary landfills, it can be recycled into
concrete pavement, which offers several benefits. First, it reduces the amount of cement used, thereby
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lowering both production costs and CO; emissions. Second, replacing cement with agricultural waste
creates a more sustainable construction material and results in more durable concrete pavement.

e Future research directions shall consider the effect of the OA treatment process such as
combustion time, temperature, and milling duration to create a more reactive OA content. Also, other
binding systems like geopolymerization or carbon dioxide curing should be investigated for possible
OA increment.
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