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Abstract: The global cashew nut production worldwide has reached about 4 million tons in 2017. West Africa, with about one third of
cashew raw nuts worldwide production, is the largest cashew nut production region. This cashew production generates large quantities of
cashew nut shells (CNS) waste that must be disposed. This study aims to valorize CNS ashes in asphalt mixtures. Different proportions of
ashes were added as partial replacements to the very fine sand element in the asphalt concrete. The physico-mechanical properties of the
mixtures were tested using the Marshall test. The results show that CNS ashes can replace fine sand in asphalt concrete. The best

characteristics of the asphalt concrete were obtained with a 15% ash composition.
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1. Introduction

Environmental pollution due to poor waste management is a
global problem, given the ever-increasing volume of waste
produced per capita and the growing world population.
Several organic and inorganic waste management processes
exist, including heat treatment and burying. Toxic waste
materials are mostly incinerated. The incineration generates
ashes that also need to be disposed. Using the landfill
method to treat waste aggravates the issue at stake. After
waste materials are buried, organic materials putrefy
resulting in contaminated leach and gas, and the leachate
generated is harmful to human health. Today, it is clear that
it is no longer sufficient to simply reduce waste materials
into ashes and bury them on a site. Other innovative
solutions, including recycling must be investigated; Waste
materials transformed into ashes could be used in wood-
cement panels [1] or in concrete [2, 3]. Cashew hulls are
among the wastes covered in the present study, and require
an ideal management process. Wu et al [1] studied the
properties of wood-cement particleboards incorporating
wood ash and found that up to 30% replacement rate, wood
ash has excellent potential for use as partial replacement to
Portland cement for this application without scarifying
physical and mechanical properties of the product.
According to Woyciechowski et al. [2], the use calcareous
fly ash as an additive to concrete is not permitted in Europe
but can done in North America. As consequence, high-
calcium fly ashes are being studied and considered as partial
addition to concrete [2]. Feasibility research studies have
already been conducted on the addition of additives to
bituminous mixtures in order to improve their properties but
also dispose hazardous wastes. Woyciechowski et al. [2]
found that an increase in the content of calcium fly ash used
as a partial cement substitute (a fly ash to cement ratio
between 0.2 and 0.5) in concrete at a constant w/c ratio
caused a slight increase in the compressive and tensile
strength. In their study, Ishap et al [3] demonstrated that
bamboo ash can be one of the alternatives to geopolymer

concrete when it faces exposure to high temperatures as the
addition of 5% bamboo ash in 95 fly ash exhibited improved
compressive stress after a short period of time. Glinicki et al.
[4] tested fly ashes from coal combustion (in circulating
fluidized bed boilers) as a potential additive to cement binder
in concrete. They found that the addition of this fly ash as
replacement of cement by 20% or 30% by weight did not
induce significant changes in qualitative phase composition
of hardened cement paste cured in water up to 400 days in
regard to curing for 28 days. Moreover, Horsakulthai et al.
[5] gradually replaced cement in concrete by wood ash. They
found that up to a proportion of 20 percent, the physico-
mechanical properties of concrete did not vary significantly.
The work of Ottosen et al. [6] demonstrated that concrete
made with ash is of high quality. Blaisi [7] indicated that the
realization of concrete with wood ash contaminated with
arsenic is safe for humans because the ash is perfectly
homogeneous in the concrete. Caprai et al. [8] investigated
the use of bottom ash (0-50 % weight), obtained from the
incineration of municipal solid waste, as binder replacement
in wood cement composites. They found that the use of
bottom ash at these proportions did not alter the thermal
conductivity of the composite. Use of ash at 30% weight was
beneficial since the mechanical properties of the modified
composite are improved as a result of reduced macro
porosity of the final composite. Most of these listed research
works focus on hydraulic concrete (cement), and ignore
asphalt. Nonetheless, they did not address hydraulic
conductivity and porosity. The contribution of this research
study lies in the change in the binder used (bitumen instead
of cement) and the investigation into a wide range of
mechanical characteristics. This article also provides a
solution to the problem of waste management of ashes by
examining the prospect of using cashew nut shells in asphalt
concrete. The stabilization-solidification method presented in
[9] will be used for this experimental study. This research is
motivated by scientific interest in the prospective use of CNS
and the enormous quantity of CNS waste generated during
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production. A number of researchers have likewise indicated
interest in the implementation of CNS waste management in
engineering or construction. Research works have shown that
CNS oil can be added to lubricants to improve its viscosity
and wear resistance [10] or used as biodiesel [11, 12]. It can
be also used as natural fiber reinforcements in polymer
composites to improve their wear resistance and frictional
performance [13] or as fuel briquettes to replace woods and
charcoals [14].

In his study, Mubofu [15] analysed and reported on some
functional materials and chemicals that could be synthetized
from a CNS solution and replace certain petroleum by-
products; these products include 3-propylphenol and
polymers. CNS liquid can also be used to coat cashew tree
flour in order to produce polypropylene composites [16].
Joseph et al. [17] evaluated the suitability of using CNS
liquid (0.5%-3.5%) to improve the workability of hot-mix
and warm-mix asphalts. They found that the addition of the
CNS liquid made the asphalt pavements more resistant to
permanent deformation. They concluded that preparing
warm-mix asphalt using CNS liquid is more energy efficient,
environmentally friendly and effective as a road pavement
construction method. The experimental ashes used in the
current research work were obtained following the pyrolysis
of cashew nuts collected at Afonkanta Benin Cashew plant, a
cashew nut processing factory in Benin [18]. Figure 1
describes how to obtain ashes from cashew shells. Pyrolysis
is one of the most used recycling methods for large amounts
of cashew nutshells [19]. During this process, cashew shells
are transformed into charcoal (Figure 1) for domestic use
[20], energy [19], oil and ashes. Part of the oil produced
during pyrolysis can be used for different applications (as
mentioned previously) in industries, and the other part is
used for the self-combustion of cashew nuts during the
pyrolysis process. The resulting bottom ash and fly ash are
used in this experimental work. A small number of research
works have looked at the re-use of fly ashes. Ramakrishna
[21] studied the performance of a composite consisting of a
pure epoxy resin matrix reinforced with fly ash obtained
from a thermal power station to that of a 20% epoxy phenol
cashew nut shell liquid-toughened epoxy matrix. In his study
[21], he found that the toughened matrix filled with fly ash
composites showed better performance  (improved
compression modulus and better water absorption property)
as compared to pure epoxy-fly ash composites. Cashew
shells were used in this study because of their wide
availability in West Africa. However, a large quantity of
cashew is produced globally. Figure 2 shows the global
trends in raw cashew nut production and indicates the top
countries with the highest average production. The figure
illustrates the prospective challenges to be faced in the
management of a large quantity of cashew nuts with growing
production. According to Godjo et al. [18], dry cashew shells
account for 73% of the cashew plant mass. The enormous
quantities of cashew shells that are normally disposed
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justifies the development of a new ecological waste
treatment technique.
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Figure 1: Method used to obtain cashew nuts ashes

Figure 2 shows the worldwide evolution of cashew nut
production since 1961. The global cashew nut production has
increased drastically from 500,000 metric tons in 1980 to
more than 2,500,000 tons in 2010 (Figure 2) and to about 4
million tons in 2017, according to the Food and Agriculture
Organization Corporate Statistical Database (FAOSTAT).
This has thus meant that the quantity of CNS waste to
dispose has also increased. The bulk of the enormous annual
increase (about 12%) in cashew production between 2005
and 2014 was in West Africa [22]. According to Ricau [23],
West Africa has become the largest cashew nut production
region in the world, with a production of over 1,350,000 tons
of raw nuts, before Asia (India, Vietnam, Cambodia,
Indonesia), which produces around 1,300,000 tons. Together,
Asian and West African cashew production accounts for
about 90% of the global production [19]. According to Godjo
et al. [18], the production of 2,500,000 tons of cashew nuts
generates about 1,825,000 tons of waste. This waste can then
be transformed into charcoal [18, 20] and residual ash (fly
and bottom) and recycled into bituminous mixtures.

Two types of bituminous mixtures can be produced:

- Bituminous gravel (BG): This possesses greater
thickness and its composition is almost essentially composed
of large gravel, sand and bitumen.

- Asphalt concrete (AC): This is the last wearing course,
the last layer of a road surface. In general, asphalt concrete is
composed of aggregates of stones of different sizes: crushed
stone (also known as gravel), crushed stone dust and crushed
stone powder, commonly referred to as "mineral load" or
simply load or net. In Benin, AC is mainly comprised of
rolled gravel, sand, and fillet or net (very fine sand with a
diameter of less than 80 micrometers) and bitumen.The
present research allows verifying the homogeneity and the
physico-mechanical resistance of asphalt concrete containing
cashew shell ash. While cashew nut ashes are not
contaminated wastes, our results open the way for
contaminated plant ash with similar chemical characteristics.
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Figure 2: Trends in Raw Cashew Nut production: Global production, region-wise share and top countries with
highest average production (thousand tons) [22]

The experimental research in this article was done on asphalt
concrete. Asphalt concrete contains a high percentage of
very fine sand, which is difficult to obtain. This fine sand
was partially replaced by the cashew shell ash at percentages
of 5%, 10%, 15%, 20% and 25%, following [24]. Adeotie
Sarl’s geotechnical laboratory was used in conducting the
Marshall tests on the asphalt concrete. These tests carried out
on asphalt concrete specimens were done according to
Nguyen [25] and will enable us to determine the physico-
mechanical characteristics of the asphalt mixture (containing
ash or not), namely:

- Stability: measurement of the resistance of the

= =Gravel ——Sand
specimen to compression; 120
- Creep: measurement of the dimensional variation of :‘i 100
the road surface during traffic; 2 s
- Thickness: verification of the conformity of the &
specimen to calculation standards; 5
- Packing ratio: percentage of tightening or 2 40
arrangement of the asphalt mixture grains. § 20
a 0 +

2. Materials and methods

2.1- Materials

The asphalt concrete tested was composed of sand, gravel,
bitumen and ashes (from cashew hulls). This experimental
asphalt concrete was made in the laboratory of Adeotie Sarl
in Benin. The asphalt concrete was produced using the
following materials: sand, gravel, bitumen and additives
(cashew nut ashes). These materials are described in the
following subsections. Sand: The sea sand in southern Benin,
specifically in Mono department, was used. This sand has
specific characteristics. A granulometric analysis (AG) of the
sand was carried out according to French standard of
computation [26]. The sand characterization tests were
carried out according to the article by Drahtweber [27].
Figure 3 shows the results of the granulometric analysis of

the sand. The sand grains had a diameter of less than 12.5
mm (100%), while 50% had a diameter of less than 4 mm,
versus 20% whose diameter was less than 0.63 mm. A sand
equivalence test (percentage of sand impurity) was also
carried out. This test was used to determine the percentage of
cleanliness of the sand, and was carried out according to the
French standard, NF EN 933-8, following the procedure
presented by Ackerman [28]. Using this method, an average
sand purity of 72.65% was obtained.

0 2 4 6 8 10 12 14 16 18
Sieve pores diameters (mm)

Figure 3: Granulometric analysis of the sand and gravel
used

Gravel: The gravel used came from the south of Benin, in
Seto, and specifically in the municipality of Bohicon
(Department of Zou). This gravel had a 5/15 grade. Its
particle size analysis was carried out according to the French
standard [26] and the characterization tests were carried out
according to [27]. Figure 3 shows the particle size
distribution of the gravel. A large proportion of this gravel
was less than 14 mm in diameter, while less than 10% of the
gravel particles had a diameter of less than 0.080 mm. The
density of the solid particles was evaluated at 2.733 t/m°. The
shape coefficient test was also performed on the gravel. This
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test was done with circular mesh screens and rectangular
mesh screens simultaneously, and allows the percentage
determination of flat gravel: the less the gravel is flat, the
greater the strength of the concrete. The flattening coefficient
and the form factor were estimated at 8.5 and 91.5,
respectively.

Bitumen: The bitumen used in this article (Figure 4a) was
50/70 penetration grade bitumen. It is used for paving work
in the department of Zou (Benin). The Vicat needle
penetration test described in [28] gives a value situated
between 5 and 7 millimeters for this bitumen. The ball-ring
test described allows the estimation of the softening point of
the bitumen. The results of this test show this point to be
between 48 and 52 degrees. The Duriez test described in the
study performed by Bendimerad and Zadjaoui [29] allows
the measurement of the water resistance of the bitumen,
which was evaluated at 0.70.

a) Bitumen

b) Cashew shell ash

Figure 4: Images of bitumen and ashes used

Cashew shell ash: The ashes were obtained following the
pyrolysis of cashew nuts collected at the Afonkanta Benin
Cashew plant, one of the cashew nut and almond processing
plants in Benin. The processing was conducted at the
pyrolysis unit of the University Institute of Technology
(1UT) of Lokossa. With this process, about 82% of the mass
of processed hulls is recovered as gas [18] and 18% in the
form of charcoal. Organic ashes, such as cashew shell ash,
are generally somewhat similar in chemical composition.
Anowai et al. [30] have shown that the compositions of
bottom organic ashes do not differ from those of the fly
organic ashes for a given plant. Table 1 presents the global
composition of the cashew shell ashes (bottom and fly ashes)
tested. These contain several oxides, including quartz (SiO,),
which can be harmful to health.

Table 1: Chemical composition of tested cashew shell ashes
(weight %)

o Mg | Al Si P K Ca Fe

23.26 | 6.88 | 2.30 | 5.66 | 2.68 | 37.17 | 16.72 | 5.34

Figure 4b shows an image of the ashes used. Scanning
mobility particle size (SMPS) analysis and Aerodynamic
particle sizing (APS) analysis revealed that these ashes
consist of ultrafine particles with a diameter of less than 100
nm and fine particles with a diameter of less than 10 pm
(Figure 5a and b). An x-ray diffraction analysis revealed
that these ashes consist of oxides such as SiO,, Al,O3 and
Fe,O;, among other compounds (Figure 6). These three
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oxides account for nearly 88% of the composition of plant
ash [30].
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Figure 5: Granulometric distribution of experimental
cashew nut shell ashes tested : a) ultrafine particles - b) fine
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Figure 6: X-ray diffraction Composition of the cashew

nut shell ashes tested

2.2- Methods

Equipment: The equipment used was comprised of a
concrete mixer, a digital scale, an oven, a vibrator, a ladle,
basins and bowls, and especially, a good cold room, plus the
Marshall press (Figure 7), as well as a 0.080 mm sieve for
the nets. Experimental work was carried out on each type of
mixture, namely:

- Asphalt concrete containing 0% ash: This concrete gives
the reference value.

- Asphalt concrete mixtures containing 5%, 10%, 15%, 20%
or 25% ash.

Samples and tests on the asphalt concrete mixture were made
in accordance with [31, 32]. Furthermore, the test pieces
used to obtain the experimental results were 100 mm in
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diameter and 63.5mm in height. These cylindrical specimens
are presented in Figure 8.

a) b
Falling height: 457 mm;
Weight of the lady Marshall: 4.536 Kg

Figure 7: Equipment used: a) Dame Marshall; b) Marshall
test press

Figure 8: Examples of asphalt concrete samples
manufactured and tested

Description of the Marshall Test: This is an experimental
method  for  determining the  physico-mechanical
characteristics of an asphalt mixture. Developed by Bruce
Marshall in 1939, it is used to compact asphalt test pieces
into molds and then subjecting them to a compression test.
The equipment consists of three compacting molds, each
comprising a base and a mold body, two extractor pistons, a
thermostatic bath and a press equipped with a device to
measure the force during the test. The preparation
temperature of pure bitumen-based samples, including that of
molds, is 160 degrees Celsius. The expected filling weight is
1200 g.

The Marshall test process is described in Figure 9. In it, the
amount of hydrocarbon mixture is weighed after a paper disk
is placed at the bottom of the mold, after which the rise is set
up, and then the mixture is immediately introduced into the
mold. A disc is placed on the surface of the hydrocarbon
mixture to avoid particles being transferred to the
compacting tools. The compressing tool is held
perpendicular to the mold. The mixture is compressed by
applying 50 hammer strokes (Figure 9d), and the compaction
time did not exceed 3 minutes. The mold is then placed for at
least 15 minutes under a stream of water to avoid wetting the
test piece. Next, it is kept at room temperature for at least
one hour before it is removed from the mold. The demolding
process is carried out by passing the mold test piece in the
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rise using an extractor piston. After demolding, the
numbered specimens are weighed. The dimensions of the
samples are measured in 6 different zones for the height and
3 zones for the diameter. The apparent sample density is
calculated from the geometrical measurements. The
measurement of the bulk density is done by hydrostatic
weighing, and the test samples are kept at room temperature
for at least 6 hours after compacting. The following physico-
mechanical properties were studied: Marshall Stability: The
Marshall specimen was subjected to compressive loading in
a crushing jaw after standing in a 60-degree water bath for
30 minutes. The reading was done at the sample break.
Marshall Test Creep: The creep measurement is the
dimensional variation of the roadway during traffic. This is
measured in mm. It is the difference between the reading
start and end values of the test. Compactness (Packing
factor) of the Marshall Test: This is the value of the asphalt
samples after the crushing test. It is a direct reading from the
Marshall test machine.

Figure 9: Marshall test process and stages:
a) Quartzing of asphalt concrete; (b) Filling of molds; ¢)
Steaming; d) Compaction of mixture; €) Demolding and
f) Crushing tests and reading

3- Experimental Results

The raw experimental results and calculations derived from
the Marshall tests are presented in Tables 2 to 7. The tests
were repeated three times with the samples identified as A, B
and C. These tables are arranged so as to present clearly
measured data and computed data. In these tables, the
following acronyms and notations are used:

P1 (air): The actual mass of the sample immediately after
demolding (g); P2 (water): The apparent mass obtained by
hydrostatic weighing (g); P3 (air): The mass of the sample
after immersion in water (g)

TL: Content of the binder (g)

K: Wealth module

MVR: Real density (g/cm?)

MVRCr: Real density of aggregates (g/cm?)

VR: Volume of residual voids (cm®); VO: Volume of voids
occupied by air (cm®); VI: Calculated percentage of voids
filled with bitumen in the test tube (cm®); VB: Volume of
bitumen in the test tube (cm?);

VA: Volume of aggregates (gravels, sands and ashes) present
in the test tube (cm®)
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P3 (air) 11984 | 11991 | 1196.1 |1197.87
Table 2 : Marshall test results at 0% ashes (Reference) Density (water) 0.996 0.996 0.996 1.000
Samples ID ‘ A | B ‘ C ‘ Mean TL 58 58 5.8 5.80
Measured data Calculated values
P1 (air) 1196.6 | 1196.7 | 11968 | 1196.7 Vapp 48371 | 483.81 | 48270 | 48341
P2 (water) 716.1 | 717.6 | 7175 717.07 (MVA) 2477 2478 2478 248
P3 (air) 1196.7 | 1196.9 1197 1196.87 (MVR) 2,523 2,523 2523 252
Density (water) 0.996 | 0.996 0.996 1.00 (VR) 1.82 1.79 1.81 1.81
TL >-8 >-8 >.8 >.80 (MVAG) 2.342 2.342 2.342 2.34
Calculated values (MVRG) 2755 | 2755 2.755 2.76
Vapp 482.40 | 481.10 | 481.30 481.60 (VO) 15.01 14.98 15.00 15.00
(MVA) 2480 | 2487 | 2.487 248 (VL) 87.85 | 88.02 87.94 | 87.94
(MVR) 2523 | 2523 | 2523 2.52 Stability (N) 29250 | 29360 29680 | 29430
(VR) 170 | 142 1.46 153 Creep (10 mm) 3.9 3.64 3.62 4.54
(MVAG) 2.345 | 2351 | 2.350 2.35 Thickness (mm) 60.3 60.4 60.3 60.3
(MVRG) 2.755 | 2.755 2.755 2.76 Packing factor (%) | 98.18 98.21 98.19 98.19
(VO) 14.90 | 1466 | 14.69 14.75
(VL) 88.61 | 90.30 | 90.09 89.67
Stability (N) 29680 | 30000 | 30000 29893 3 Table 5 : Marshall test results at 15% ashes
Creep (10" mm) | 355 | 328 | 333 3.39 samplesio | A | B ¢ Mean
Thickness (mm) 60.1 | 602 | 60.3 60.2 Measured data
Packing factor (%) | 98.30 | 9858 | 98.54 98.47 F1 (ain) 11982 | 1199 | 11989 |1198.70
P2 (water) 716.2 716.9 7172 | 716.77
Table 3 : Marshall test results at 5% ashes P3 (air) 1199.3 | 11993 1199.1 |1199.23
Samples ID \ A \ B | C | Mean Density (water) | 0.996 0.996 0.996 1.00
Measured data TL 5.8 5.8 5.8 5.80
P1 (air) 11975 | 11986 | 1198.4 | 1198.17 Calculated values
P2 (water) 716.2 717 717 716.73 Vapp 48491 | 48421 | 48371 | 484.28
P3 (air) 1197.6 | 1198.8 | 11985 | 1198.30 (MVA) 2.471 2.476 2.479 2.48
Density (water) 0.996 | 0.996 | 0.996 1.000 (MVR) 2.523 2.523 2.523 2.52
TL 5.8 5.8 5.8 5.80 (VR) 2.08 1.87 1.77 1.91
Calculated values (MVAG) 2.336 2.340 2.343 2.34
Vapp 483.21 | 483.61 | 483.31 | 483.37 (MVRG) 2.755 2.755 2.755 2.76
(MVA) 2.478 2478 | 2.480 2.48 (VO) 15.23 15.05 14.97 15.08
(MVR) 2.523 2.523 | 2.523 2.52 (VL) 86.37 87.59 88.14 87.37
(VR) 179 1.78 173 177 Stability (N) 30000 | 30000 30000 | 30000
(MVAG) 2342 | 2343 | 2.344 2.34 Creep (10" mm) 4.73 4.35 4.87 4.65
(MVRG) 2.755 | 2.785 | 2.755 2.76 Thickness (mm) 60.4 60.5 60.5 60.5
(VO) 1498 | 1497 | 1493 | 1496 Packing factor (%) | 97.92 | 98.13 98.23 | 98.09
(VL) 88.07 | 88.12 | 88.39 88.19
Stability (N) 29680 | 29240 | 28900 29270 Table 6 : Marshall test results at 20% ashes
Creep (10" mm) 3.25 3 3.24 3.16 samplesiD | A | B c Mean
Thickness (mm) 60.1 60.1 60.3 60.2 Measured data
Packing factor (%) | 9821 | 98.22 | 98.27 98.23 P1 (air) 1199.2 | 1199 1199.4 |1199.20
P2 (water) 716.5 715.9 7163 | 716.23
Table 4 : Marshall test results at 10% ashes P3 (air) 1199.4 1199.1 1199.6 | 1199.37
samplesiD_ | A | B c Mean Density (water) | 0.996 | 0.996 0.996 | 1.000
Measured data TL 5.8 58 58 580
P1 (air) 11983 | 11989 1196 | 1197.73 Calculated values
P2 (water) 716.5 717.1 7152 | 716.27 Vapp ‘ 48471 ‘ 48501 | 48511 | 484.95
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(MVA) 2.474 2.472 2.472 2.47 Table 7 : Marshall test results at 25% ashes
(MVR) 2523 | 2523 2523 | 252 sampesd | A | B | Cc | Mean
(VR) 1.95 2.03 2.02 2.00 Measured data
(MVAGQG) 2.338 2.337 2.337 2.34 P1 (air) 1200 | 1199.3 | 1199.9 1199.73
(MVRG) 2.755 2.755 2.755 2.76 P2 (water) 7153 | 715.2 715.1 715.20
(VO) 15.12 15.19 15.18 15.16 P3 (air) 1200.2 | 1199.4 1200 1199.87
(VL) 87.08 86.63 86.70 | 86.17 Density (water) 0.996 | 0.996 | 0.996 1.000
Stability (N) 28650 28670 28140 28480 TL 5.8 5.8 5.8 5.80
Creep (10 mm) 4.64 5.09 5.09 4.94 Calculated values
Thickness (mm) 60.6 60.6 60.6 60.6 Vapp 486.72 | 486.02 | 486.72 486.49
Packing factor (%) | 98.05 97.97 97.98 98.00 (MVA) 2.465 | 2.468 2.465 247
(MVR) 2523 | 2.523 2.523 2.52
4;1 Abr_lalysw and Dlsc_ussmﬂs | - (VR) 229 | 201 230 227
The bituminous mixture is a rather comp e.x material whose (MVAG) 2330 | 2332 | 2330 233
resistance depends on many parameters: the production
temperature, the physicochemical interaction of the various (MVRG) 2.755 | 2755 | 2.755 2.76
constituents of the mixture, and, above all, the type of (VO) 1541 | 15.34 15.42 15.39
m!xture. In genera_l, the_re are two types of bltumlnogs (VL) 8513 | 8561 85.08 8527
mixtures, as described in Figure 10, namely, asphaltic il
concrete and bituminous gravel. Sy (1Y) ZE8Y | ZBIA | 2iE80 || 2l
r Creep (10" mm) 4.95 5.24 5.2 5.13
Thickness (mm) 60.7 60.7 60.6 60.7
Packing factor (%) 97.71 | 97.79 97.70 97.73
F
32000

Surface layer
Base layer
Foundation layer
Form layer
General level of grounding

Asphaltic concrete

Bituminous

Materials treated with
hydraulic binder

Earthwork

Figure 10: Schematic illustration of road cross-
section (adapted from http://www.cours-genie-

civil.com/wp-
content/uploads/Cours_route Module C5 1UT.pdf)

Two bituminous mixtures are often used: asphalt concrete
and bituminous gravel (Figure 10). In practice, the
bituminous gravel contains very few fine sand particles and
the asphalt concrete, which constitutes the last layer, contains
a large quantity of very fine sand. This is why asphalt
concrete was chosen for the experimental work. The
physico-mechanical properties of the asphalt mixture
containing different percentages of cashew ash are presented
in the results section. These are stability (Figure 11), creep
resistance (Figure 12), compactness (Figure 13), thickness of
the mixture (Figure 14) and compressive strength (Figure

y =-7223x + 30037

31000 R? = 0.55
30000

Stability (N)

25000 - T T T T
0% 5% 10% 15% 20% 25% 30%

Percentage of cashew ashes added

T 1

Figure 11: Marshall Stability of the asphalt mixture
according to the percentages of the ash added

Creep (10 mm)

15). 2 y = 8.558x + 3.095
R?=0.86
1
O T T T T T T 1
0% 5% 10%  15%  20%  25%  30%

Percentage of cashew ash added

Figure 12: Marshall Creep of the asphalt as a function of
the percentages of ash added
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Figure 13: Marshall Packing factors of the asphalt as a
function of the percentages of ash added

y=2.15x+60.14
R*=0.86

Thickness (mm)
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Figure 14: Thickness of the asphalt as a function of the
percentages of ash added

To validate the tests, it was important to check the thickness
of the asphalt concrete cores (see Figure 14). The Marshall
test allows the measurement of several characteristics of the
bituminous mixture, including its thickness. The test
generally requires that the cores have a thickness between
60 and 63 mm for the validation of the results. All the tests
results were in this range.

2.0
y = -0.4087x + 1.6998
- 2 -
% 18 4 R2=0.55
= *
tw 1.6 -
c
Q
5
o 1.4 -
2
a
S 12
£
o
U 1.0 T T T T T 1
0% 5% 10% 15% 20% 25% 30%

Percentage of cashew ash added

Figure 15: Evolution of the compressive strength of the
mixture according to the percentage of ash added

The best results were obtained by adding ash to asphalt
concrete. However, this is not believed to be due to chance.
An earlier study conducted by Oruc et al. [33] revealed that
the addition of cement in the bituminous mixture
considerably improves its physico-mechanical
characteristics. However, these fibres must contain
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chemical elements close to the cement binder composition.
The more the fibers contain chemical molecules similar to
those in the cement, the more their stickiness is increased.
Figure 16 compares the main compositions of CNS ashes
used and that of cement. The CNS ash used in the tests in
this study contains certain oxides, such as ferric oxide,
alumina oxide and silica oxide, which are also present in
cement (Figure 16), as does the tested cashew nut shell ash
(see Figure 6). It can therefore be concluded that these
chemical elements are responsible for the stickiness of
cement and that their presence in the ash content improves
the properties of the obtained bituminous mixtures. On the
other hand, based on their limited concentrations, they only
offer a minor improvement of the bituminous mixture
versus those reflected in the study by Oruc et al. [33].
Organic ash contains more silica than does cement. Since
sand also contains a lot of silica, the ashes can therefore
replace fine sand in small portions. The ashes of cashew
nuts are mostly composed of ultrafine particles (diameter
less than 100 nm), which are thinner than the fine sand used
in bitumen (0.08 mm). It can therefore only be favourable
when a portion of the fine sand is replaced by the cashew
shell ashes. Other research has been conducted in this field
by Ban and Ramli [34] and Naik [35] on more than five
types of plant ash. They all concluded that the small
diameter of ashes, as well as their chemical compositions,
improves the quality of hydraulic concrete, which should be
the same for an oil mixture.

O Vegetable ashes

60 - [d Cement

M Cashew shell ashes

Average content (%)

Si02 Al203 Fe203 Ca0 MgO K20
Main constituents of cement and vegetable ashes

Figure 16: Comparative study of the main compositions
of Organic ashes and cement. Adapted from [30]

The Marshall test allows the measurement of the packing
factor (see Fig. 08), which measures the space occupied by
the grains of the bituminous mixture. The packing factor
value must be between 95% and 98%. As a result, all the
different types of mixtures have good packing factors.
These results demonstrate that cashew shell ashes do not
destroy the tackiness of bitumen. The chemical
characteristics of the ash do not harm the bitumen, whose
role is to contribute to the welding of the different particles
amongst themselves. The Marshall test also allows the
measurement of the creep of the bituminous mixture [36].
The creep measurement is the dimensional variation of the
roadway during traffic. The lower it is, the better. From the
experimental results obtained, it can easily be deduced that
the bituminous mixture obtained is of better quality when it
contains 15 % ash (reasonable margin). The Marshall test
also measures the stability of the bituminous mixture. This
is the resistance of the specimen to compression. The
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higher the stability, the better the asphaltic concrete mixture
will be. From the experimental results obtained, it can
easily be deduced that the mixture obtained is of better
quality when it contains 15% of ash. It appears that ashes
increase the resistance of concrete at this proportion. The
tests were repeated and no significant dispersion was found.
Future work will focus on the reason of such a good
performance. Benin has a very bad soil. The requirement
for road construction is stricter. The target stability value in
Benin, for regular asphalt concrete (without ashes) is 30
kN. The high stability values recorded (27-30 kN) as
compared to European values (7.5-15 KkN) could be
explained by the type of bitumen class and the quality of
the materials used in our experiment. The gravel roll 5/15
is of better quality than the crushed gravel. Added to this
are the test molds we use. We must also take into account
the volume of our specimens. The more important it is, the
higher the values of the parameters could be. The purpose
of the project was to verify the influence of ash additions in
asphalt concrete. It has been proven that this addition
reduces stability (from 30 kN to 27 kN). However, this
decrease, for percentages of ash added and tested remains
higher than the minimum accepted in the Bohicon region of
Benin.

5- Concluding remarks

This work aims at recycling ash from the pyrolysis of
cashew hulls in asphalt concrete. It has been demonstrated
that it is possible to effectively use such ashes, which are
micrometric and nanoscale in size, as a partial substitute for
very fine sand (diameter less than 80 pm) in asphalt
concrete. Also, according to Ramos et al. [37], the cement
production industry generates a very large amount of
environmental pollution. Consequently, the idea of partially
replacing it with ashes is beneficial. Asphalt concrete is a
building material whose behavior is difficult to predict. In
order to design a bituminous mixture containing ash from
residual materials, a series of tests was made. Asphalt
concretes with ash contents ranging from 0 and 25% were
manufactured and their performances evaluated by
Marshall Tests. This allowed the testing of the samples’
physico-mechanical properties: packing factors, creep,
stability or resistance to compression. The tests showed that
an asphalt concrete containing ash should ideally have a
maximum 15% ash content to be of acceptable quality (i.e.,
possess good stability and creep resistance). For all the
percentages of the ash tested (0 to 25%), the acceptable
thicknesses of the asphalt concretes were obtained. These
values covered the range of the required standards of 60-63
mm. Similarly, the packing factors obtained were also
within desired range, i.e., higher than 95%.1t is essential to
investigate  the addition of organic ash in
asphalt/bituminous mixtures. Nowadays, the incineration of
organic and inorganic waste is the most commonly used
waste disposal method in urban cities [8], but it generates
large quantity of bottom ash that need to be recycled. The
use of cashew ashes in asphalt concrete contributes to a
reduction of the quantity of very fine sand and cement in
asphalt concrete. Recycling cashew nut shells leads to
reduced environmental pollution.
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