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ABSTRACT: The palm oil industry generates a significant amount of wastes which their managing has been
a major environmental concern in producing countries. The utilization of these wastes as an aggregate source
for concrete production will help to sanitize the environment and provides a cheaper and renewable
aggregates source for construction industries. This paper presents the results of the experimental program
conducted on fly-ash based geopolymer concrete containing Palm Oil Clinker Aggregate (POCA). Several
geopolymer concrete mixes were prepared in which POC was used as a replacement to both fine and coarse
aggregates at different percentages starting from 25% to 100%. Mix proportioning was done in accordance
with ACI 211.1-91. Geopolymer concrete specimens were cast, cured at ambient conditions and tested for the
slump, density, water absorption and compressive, shear and flexural strengths. Overall, the use of fly ash-
based geopolymer binder and POCA can enhance the sustainability aspects in concrete production as well as
produce a high strength concrete. A concrete mixture containing 100% POCA can produce a structural
lightweight concrete having a compressive strength of more than 30 MPa and a density of 1821 kg/m?. The
use of a geopolymer binder promotes the workability and strength of POCA concrete and reduces its water
absorbability. Incorporation of POCA up to 75% did not much change the structural efficiency of the
produced concrete, while it was reduced by 32% when the POCA fully replaced the natural aggregate.
Nevertheless, the benefits in terms of cost, energy, and environmental savings cannot be overlooked.
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1. INTRODUCTION ductility of concrete. Incorporation of 70% POCA
found to increase the concrete ductility by 2.8
High amounts of agricultural and industrial times over the normal aggregate concrete [10]. The
waste are generated worldwide. The increasing improved ductility side to side with the reduced
demands for palm oil have increased the amount of weight promotes the use of POCA concrete for the
generated wastes, which their management is a enhancement of the earthquake’s structural
major concern to the producing countries. resistance. The use of OPS as a replacement to
Malaysia and Indonesia are the world's largest aggregate has been also investigated by many
producers of palm oil and huge amounts of wastes researchers [11, 12]. Due to its organic matter
are generated in the milling process every year [1, content, OPS is known to increase the water
2]. These wastes are usually disposed in landfills absorption of concrete when used in its raw form.
generating environmental hazards and wasting the OPSs have a uniform particle gradation and 60%
available land resources which would have been to 90% of the shells are in the range of 5 mm to 13
put into beneficial alternative uses [3]. mm in size [13]. The high absorption of the OPS
Considerable efforts have been made to utilize will adversely affect the mechanical properties of
such wastes in concrete including the oil palm concrete due to the voids which are created at the
shell (OPS), palm oil clinker (POC) and palm oil paste-aggregate interfacial zone. This besides the
fuel ash (POFA), and promising results were smooth surface of OPS will reduce the bond
obtained [2, 4-6]. To date, POC and POFA have strength between the cement paste and OPS [14].
been used to produce a high-strength concrete with Geopolymers are innovative binders that can
a compressive strength of more than 80 MPa [7]. utilize many types of waste materials to produce a
POCA has been successfully used in lightweight green construction material [3]. Geopolymers are
concrete production [8, 9]. It is reported that aluminosilicate  molecular units that can be
concrete with a density in the range of 1770 kg/m? produced by the geopolymerization processes.
to 2050 kg/m?® and compressive strength of 25 MPa Geopolymerization represents the processes of the
can be produced using POCA [8]. This is higher chemical integration of materials having rich
than the minimum strength required for structural content of silicon and aluminum atoms (such as:
lightweight concrete applications. On the other fly ash, granulated blast furnace slag, red mud, rice
hand, using POCA is reported to increase the husk ash, and volcanic ash) and an alkaline
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solution (such as sodium hydroxide and sodium
silicate). These atoms are combined by the process
to produce the building units of geopolymer
binders which are analogous to those binding the
natural rocks [15]. Geopolymer binders can be
used as an alternative to the Ordinary Portland
Cement (OPC) in concrete production. Even they
are known to provide superior properties [16].
Properties of geopolymer binders are mainly a
function of the source material and alkaline
solution properties [15, 17-19]. The use of a
geopolymer binder and POCA will help to produce
a concrete that its main constituents are waste
materials. This will promote a new generation of
green construction materials and save the
environment where the cement industry is
considered as the second larger producer of CO;
emissions [3]. At the same time, quarrying of
aggregate to supply the increasing demand for
construction materials is another originator to
environmental degradation. Researchers have
explored the utilization of POCA in OPC concrete.
However, limited research is available on the
incorporation of POCA in the production of
lightweight geopolymer concrete. Yet, many
researchers considered the use of POFA as source
material to produce the geopolymer binder itself
[20].

In view of bringing POCA and fly ash-based
geopolymer binder together as ingredients in
concrete production, from being waste materials
and polluting to the environment to a wealth-
creating element, the current study investigates the
properties of this sustainable green construction
material. The utilization of both POCA and Fly ash
wastes as ingredients in concrete manufacturing is
one of the many alternatives that could push down
disposed wastes. The present work studies the
production of high-strength lightweight concrete
using POC as aggregates and fly ash-based
geopolymer as a binding material.

2. MATERIALS AND METHODS

The geopolymer binder was produced using fly
ash as source material, and a mixture of sodium
silicate and sodium hydroxide solutions for the
activating  solution choice. The chemical
composition of the used fly ash is shown in Table
1. The used fly ash can be classified as Type-F fly
ash but with high calcium content. The high
calcium content can be beneficial in producing a
geopolymer binder that can be cured at ambient
conditions [17]. The concentration of the used
sodium hydroxide solution was 14 M. The used
sodium silicate solution composed of 29.43%,
14.26%, and 56.31% of SiO,, Na,O, and H,O ,
respectively. The sodium hydroxide solution to
sodium silicate mixing ratio was 1:2 as a weight
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ratio. Two types of aggregate were used; the first
was crushed granite having a 14 mm maximum
aggregate size for the coarse aggregate and natural
river sand for the fine aggregate. The second was
the POCA for both coarse and fine aggregates.
POC was collected from the clinker mill, after
which it was crushed and sieved to the desired
particle sizes. The properties of POCA used are
given in Table 2.

Table 1: Chemical composition of fly ash (% by

weight)

Composition % Composition %
Fe;0s 29.32 P20s 1.11
SiO; 28.52 SO3 0.73
CaO 17.91 MnO 0.3
Al,0s 12.34 TiO; 1.06
K20 1.81 ZnO 0.13
MgO 1.78 L.O.l. 3.62

Table 2: Properties of POC aggregates

Properties Fine Coarse
Size of aggregate <5mm 5-14 mm
Bulk dry density 1096 kg/m® 823 kg/m®

Bulk specific
. 1.87 1.62
gravity (SSD)
Water absorption 0 0

(24 hours) 14.65% 4.43%

Abrasion value (%) - 26.21%

Aggregate crushing 18.04%

value

The experimental program involved the mix
design, casting and curing, and determination of
fresh and hardened properties of concrete mixtures.
Proportioning of the mix ingredients was done in
accordance with ACI 211.1-91 [21]. The
aggregates were used in dry condition. Five mixes
were prepared by maintaining a constant fly ash
content of 480 kg/m®, and alkaline solution to fly
ash ratio (Alk/FA) of 0.50. The details of the mix
proportions are given in Table 3. Mix designations
POCC-0, POCC-25, POCC-50, POCC-75, and
POCC-100 represents the geopolymer concrete
mix containing 0%, 25%, 50%, 75% and 100% of
POCA, respectively as volume percentages.

The available standards for mixing, casting,
and testing of OPC concrete were also adopted
here for geopolymer concrete mixing, casting, and
testing as possible. For each mix, cylindrical
specimens of 150 mm diameter were prepared in
accordance with ASTM C192 [22]. The slump of
the fresh concrete was measured in accordance
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Table 3: Details of geopolymer concrete mixtures in kg/m?

Mix Designation Fly Ash Fine Aggregate Coarse Aggregate
Sand Clinker Granite Clinker
POCC-0 480 620 0 1050 0
POCC-25 480 465 121.8 787.5 164.6
POCC-50 480 310 243.7 525 329.1
POCC-75 480 155 365.5 262.5 493.7
POCC-100 480 0 487.3 0 658.3

with ASTM C143 [23]. The geopolymer concrete
specimens were cured at ambient conditions at a
temperature of 23+2°C and relative humidity 80
+5%. The compressive strength of concrete was
measured at the age of 1, 3, 7, 28, and 90 days in
accordance with ASTM C39 [24]. The density and
water absorption were measured after 28 days in
accordance with ASTM C642 [25]. To determine
the flexural and shear strength of the geopolymer
concrete mixtures, prisms of 150x150x500 mm
were cast and tested at the age of 28 days. The
flexural strength was obtained using the third-point
loading test in accordance with ASTM C78 [26].
The shear strength was obtained by the direct shear
test in accordance with the Japan Society of Civil
Engineers (JSCE) test procedures [27] with some
modifications. Fig. 1 shows the setup used for the
shear test.

l Load

10 10 10

«— Groove

Fig. 1. Direct shear test setup

A groove of 2 mm width and 15 mm depth
were sawn all-around faces of the specimens in the
narrow gap of 2.5 mm between the rigid
supporting edges and loading blocks as shown in
the schematic setup in Fig. 1. This was done to get
a predefined crack plane and guarantee that the
failure will due to the direct shear mode of failure
[28]. For all tests, three specimens were tested, and
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the average value was recorded. The scanning
electron microscope (SEM) was used to explore
the  specimens’  microstructure at  5000x
magnification.

3. RESULTS AND DISCUSSIONS
3.1 Slump

The results of the slump test are displayed in
Fig. 2. The results revealed a reduction in the
slump value with the increment of the aggregate
replacement ratio. This can be attributed to the fact
that POCA got a higher water absorption as
compared to the granite aggregate. The 5 minutes
absorption of POC coarse aggregate was 2.83%
compared to 0.04% for the granite aggregate. This
means that POCA will absorb higher amounts of
the alkaline solution during the mixing processes.
In turn, this will reduce the amount of the solution
available for fly ash and a drier paste will be
produced. The paste works as a lubricant to the
aggregate. On the other hand, POCA is lighter than
the used natural aggregates.

The higher the POCA content the lower the
fresh unit weight of the produced concrete. Since
the slump is a measure of the displacement of the
fresh concrete mass from its original position
under gravity without any disturbing force, its
magnitude will be reduced as the overall weight of
the fresh content decreases. Additionally, the
rough and spiky surface of POCA will reduce the
mixture workability. The slump value decreased
almost in a linear fashion (21% reduction for each
25% POCA increment) to reach a 30 mm for
POCC-100 mix. Such a slump value in the case of
conventional concrete mixtures is known to
produce a stiff concrete mixture. However, the
workability of this mix was acceptable and not as
expected for such low slump value. This can be
attributed to the fact that fly ash is a very fine
material and it has the filler action, this besides the
high viscosity of the alkaline solution (compared
to water) will produce a mix of high consistency.
Yet, in terms of slump value, a concrete mixture of
medium workability can still be produced when
the aggregate replacement percentage is in the
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range 25 to 75%. In addition, no segregation or
floating was observed for all mixtures. Using of
POCA with OPC concrete is reported to provide
almost a similar range of slump. Most of the
published work reported the use of
superplasticizers to maintain workability [29],
while when it was not utilized a zero-slump vale
was reported [29].

In this research, superplasticizers were not
utilized; yet, higher workability was obtained. The
use of the alkaline solution in geopolymers instead
of water in OPC concrete helps to increase the
workability in the case of POCA. Smaller amounts
of the alkaline solution were absorbed by the
POCA because of its higher viscosity as compared
to water. The 5 minutes alkaline solution
absorption of the coarse POCA was 1.76% which
is lower by almost 38% than its water absorption
value. It’s worth mentioning that in the case of
geopolymer binders, the use of superplasticizers
does not have a significant effect the same as in
OPC concrete, the alkaline solution tends to
degrade the superplasticizer and wastes its
functionality [30].
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POCC-0 POCC-25 POCC-50 POCC-75 POCC-100
Mix Designation
Fig. 2. The slump of geopolymer concrete
mixtures at different POCA percentages

Slump (mm)
=

3.2 Air Dry Density

The density test results given in Table 4 show
that the concrete density reduced with the
increment of POCA percentage. The unit weight of
POCA, being a lighter material, is lower than the
unit weight of natural aggregates mainly from rock
fragments. The dry bulk density of fine and coarse
POCA was 1096 kg/m® and 823 kg/m?,
respectively. While it was 1645 kg/m® and 1560
kg/m3 for the coarse granite aggregate and natural
river sand, respectively. In this wise, as POCA
content increases the overall density of the
concrete reduces. The weight loss value was
increasing nearly in a linear fashion where for each
25% increment of POCA the weight reduced by
almost 5.5%. For the mixture at which only POCA
was used (POCC-100), the average density was
1821 kg/md. According to the American concrete
institute, the density range for structural
lightweight concrete is from 1440 kg/m3 to 1850
kg/m?3 [31]. The density of 1821 kg/m?3 recorded
for full replacement fall within the range for
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structural lightweight concrete and suggests that
POCA concrete can be wused as structural
lightweight concrete. According to Eurocode 2, all
the produced mixes incorporating POCA can be
classified as a lightweight concrete where the
density was less than 2200 kg/m? [32].

Table 4: Density of concrete mixtures

The average

Desil\élr:);tion El)g;;?)/ reduction in density
(%)
POCC-0 2345 -
POCC-25 2165 7.7
POCC-50 2079 11.3
POCC-75 1942 17.2
POCC-100 1821 22.3
3.3 Absorption

Fig. 3 displays the water absorption of
geopolymer concrete mixes incorporating various
percentages of POCA. For all specimens, the water
absorption value was lower than 3.2%. All
mixtures  produced  high-quality  concrete
specimens as the water absorption percentage was
less than 10% as recommended by Neville [33].
Concrete produced using POCA is known to have
a high water absorption value. This is true when
OPC is used as a binding material [34]; however,
in this study, the use of geopolymer binder resulted
in a much lower water absorption value. This can
be attributed to the fact that fly ash particles used
in geopolymer binder production are finer in size
than cement binder particles [35]; hence, besides
its being the source materials, it will also work as a
filler [15].

It will react inside the pores of POCA resulting
in a refinement of voids and reduces POCA’s
absorption of water. Moreover, fly ash
geopolymerization processes produce a dense
microstructure as appears from the micrographs
shown in Fig. 7 and affirmed by the low
absorption value measured for the reference
specimen (POCC-0). It’s worth to note that the
increment in the water absorption percentage was
increasing in an exponential manner. This can be
referred to the added porosity due to the POCA
incorporation side by side to the reduced
workability that makes the concrete difficult to be
compacted. The higher percentages of POCA will
increase the interconnectivity of pores and creates
internal networks or pathways that allow the flow
of water into the concrete and increase the
absorption value.
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Fig. 3. Water absorption of geopolymer concrete
mixtures at different POCA percentages

1

Water Absorption (%)

o= th

0

3.4 Compressive Strength

The compressive strength ( f. ) results of
geopolymer concrete mixtures at various POCA
percentages and different ages up to 90 days are
depicted in Fig. 4. Replacement of natural
aggregate with POCA reduced the compressive
strength for all mixtures. This can primarily be
related to the lower strength of POCA as compared
to the granite aggregate. The measured aggregate
crushing value of POCA was around 19% higher
as compared to the granite aggregate. Hence, the
aggregate crushing value will control the concrete
strength. This was noticed from the failure surface
of the tested specimens where most of the
aggregate crushed in the case of POCA, while
many of them remained uncrushed in the case of
granite  aggregate  specimens.  Also, the
compressive strength of POCC-0, POCC-25, and
POCC-50 at 1-day age was almost the same (20
MPa).

At early ages, the failure occurred mainly due
to the geopolymer binder-aggregate bond failure,
where the binder yet to develop its full strength.
Therefore, the concrete strength was not dependent
on the aggregate strength. For POCC-75 and POC-
100 mixtures the strength dropped even at the 1-
day age. This can be ascribed to the loss of
workability at the higher aggregate replacement
percentages. At the age of 90 days, the
compressive strength reduced in an increasing
fashion at higher replacement percentages as
depicted in Fig. 5. At this age, the higher
replacement percentage will result in a higher
content of the weaker POCA and a stiffer mix.
Stiffer mixtures have lower workability; hence,
more air vides will be contained within the
concrete texture in the bulk of the geopolymer
binder and at the transition zone between the
binder and aggregate. This will be more significant
in the case of geopolymer concrete since the
geopolymer binder has a higher viscosity and more
air bubbles will be entrapped. The entrapped air
voids varied in size between 0.5 mm to 6 mm as
can be seen from the fractured surface of the
POCC-100 specimen shown in Fig. 6.

——POCC-0 -—=-POCC-25 -+ POCC-50
POCC-75 ——POCC-100

)
s o o

=

-k W ke U
= =

Compressive Strength (MPa)

=

0 20 40 60 80 100
Age (days)

Fig. 4. Compressive strength vs age at different
POCA percentages

POCA content also affected the rate of strength
development of the geopolymer binder. Fig. 4
shows that at a higher replacement percentage, the
increment in the compressive strength at later ages
was lower. For POCC-0 specimens, the strength
remained to increase until 90 days, at 7 days about
85.9% of the 90 days strength was achieved, while
it was 93.3% for POCC-100. Generally,
geopolymerization is a fast reaction process when
compared to the ordinary cement hydration
reactions [15], and most of the strength will be
achieved at an early age as can be seen in Fig. 4.
At a higher replacement percentage, the POCA
will absorb a higher amount of the alkaline
solution, and fewer solutions will be available for
fly ash fast geopolymerization process. The
geopolymerization processes will be stopped at an
early age, and more fly ash particles will remain
unreacted as can be seen in Fig. 7 for POCC-0 and
POCC-100 SEM micrographs.
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Fig. 5. Average compressive strength loss at the
age of 90 days of different mixtures

specimen
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Fig. 7. SEM microgrphs of POCC-0 (left) and
POCC-100 (right) cracked specimens

To compare the structural performance of
POCA and non-POCA (reference) specimens, the
structural efficiency concept can be introduced.
Structural efficiency can be expressed as the
compressive strength to density ratio [36]. The
structural efficiency (MPa / kg/m®) of POCC-O0,
POCC-25, POCC-50, and POCC-100 was 0.025,
0.025, 0.024, 0.023, and 0.017, respectively.
Incorporation of POCA up to 75% did not much
change the structural efficiency of the developed
concrete. While it was reduced by 32% when
POCA fully replaced the aggregate. Nevertheless,
the benefits in terms of cost, energy, and
environmental savings cannot be overlooked.

In summary, POCC-100 mix in which POCA
fully replaced the aggregate can be used as a
structural lightweight concrete as its density and
compressive strength at 28 days was about 1821
kg/m® and 31 MPa, respectively. The use of fly
ash-based geopolymer binder promotes the
strength of the produced concrete. POCA has a
porous structure, and fly ash particles are very fine
particles working as a micro-filler [37]. These
particles enter inside the POCA pores and react
with the alkaline solution which has been absorbed
by the aggregate. This will increase the bond
between the geopolymer binder and aggregate
resulting in an improvement in the concrete overall
strength. This can also be noticed from the low
absorption results, where for such porous
aggregate a higher absorption value should be
recorded.

3.5 Shear Strength

Table 5 shows the results of the shear strength
test. For all tested specimens, the mode of failure
was the ideal shear mode, which occurred at both
predefined planes coinciding with the grooves. The
shear strength (1) was computed by assuming an
elastic behavior using the following formula
1=P/Aesr, where P is the ultimate load on one plane
of the tested specimen, and Ac is the effective
cross-section area equals to 12x12=144 cm?. The
results showed that increasing the POCA content
proportionally decreased the measured shear
strength. Regression analysis revealed a strong
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correlation between shear and compressive
strengths, and they can be related using 7 =
0.8f,/%5% with a coefficient of determination (R?)
of 0.92. Reduction in the shear strength with the
increment of POCA content was lower than the
reduction in its compressive strength. At full
aggregate replacement, the compressive strength
reduced by 49.3% compared to 31.7% for shear
strength. This may due to the good POCA
interlock.

For concrete of compressive strength of less
than 60 MPa, the shear transfer mechanism is
dominated by the binder-aggregate interlock at the
shearing plane [38]. In such concrete, the
aggregate strength and stiffness are higher than it
for the binder, the binder will be crushed at the
shearing plan. This is true in the case of OPC
normal-weight concrete; however, for lightweight
aggregate which usually has a lower strength and
stiffness, the shearing mechanism will be different
[39]. For the specimens with POCA, it was noted
that many of the POCA was crushed at the
shearing plane. This may happen not only because
of the weaker POCA but also due to the stronger
geopolymer binder-aggregate transition zone since
geopolymer binders have a high adhering
capability. The presence of voids within the POCA
porous structure allows for the fast propagation of
cracks and hastens the failure under applied load
[37]. Accordingly, in POCA concrete, the weakest
plane is the POC coarse aggregate. For
geopolymer POCA concrete, the shear strength
comes mainly from the binder-aggregate transition
zone adhesion, in addition to the binder-aggregate
interlock along with the sheared plans.

Table 5: The mechanical properties of the tested
specimens measured at 28 days

Mix Compressive Shear Flexural
. . Strength Strength Strength
Designation
(MPa) (MPa) (MPa)
POCC-0 64.51 9.41 6.31
POCC-25 58.94 9.04 6.02
POCC-50 51.40 7.94 5.56
POCC-75 46.44 7.09 5.10
POCC-100 32.72 6.42 4.78

3.6. Flexural Strength

Table 5 shows the results of the flexural
strength tests (also known as rupture modulus (f;)).
The effect of POCA content on flexural strength
was like its effect on the previously measured
strengths. Higher POCA content reduced the
measured flexural strength. At full aggregate
replacement, the reduction was about 49%. The
specimens were exposed to bending during the
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flexural strength test. Bending will develop tension and
compression stresses within the bottom and top fiber of
specimen cross-section, respectively. The compression
zone is reported to have an insignificant role in failure
[39]. The tensile zone will play the main role in the
development of flexural strength. Therefore, the low
crushing value of the POCA did not greatly affect the
flexural strength results. Generally, tension failure
happens due to binder-aggregate bond breakdown or
rupture of the binder matrix itself rather than aggregate
fracture. Yet, it was noticed that some of the aggregates
were fractured at the failure surface. This attributed to
the presence of voids within the aggregate matrix which
contributed to the concentration of stresses and hastened
the propagation of cracks, and to the high adhering
capability of geopolymer binders [15, 16]. The ratio of
the flexural strength to the compressive strength did not
vary significantly when the POCA content increased up
to 75%, and it ranged from 9.7% to 11%. While it was
dropped to 14.6 % at full replacement. Regression
analysis showed that the flexural and compressive
strengths are strongly correlated with R? of 0.96 and can
be best related by f, = 3.47¢%0091%  The use of the
ACl 363R-92 [40] recommended equation ( f. =

0.94\/ﬁ) for predation of the rupture modulus of high
strength concrete in the range 21 < f, <83 will
overestimate the results with an estimation error ranged
from 12% to 26%. On the other hand, the use of ACI
318M-14 [41] equation for normal strength concrete

(f. = 0.624,/f/) will underestimate the results with an
error ranged from 20% to 45%.

4. CONCLUSIONS

The outcome of this work revealed that the fly ash-
based geopolymer binder and POCA can effectively be
used to produce a green sustainable structural
lightweight concrete. All POCA mixtures produced a
concrete having a compressive strength of more than 30
MPa. However, only a full aggregate replacement can
satisfy the ACI definition of structural lightweight
concrete since its density is less than 1850 kg/mé. The
use of a geopolymer binder promotes the fresh and
hardened properties of POCA concrete as compared to
POCA with OPC concrete. Geopolymer binder produced
consistent mixes which have acceptable workability
even at low slump values and without the addition of
superplasticizers. In designing POCA mixtures, the
high-water adsorption should be taken seriously.
However, the use of a geopolymer binder reduced the
water absorption and produced high-quality concrete. In
terms of compressive, shear and flexural strengths, and
structural efficiency, the use of 75% POCA content in
designing the geopolymer concrete mixtures found to be
the most efficient content.
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