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ABSTRACT

Lightweight foamed concrete (LFC) is recognised for its high flowability, minimal utilization of
aggregates and superior heat insulation properties. LFC is excellent under compression but poor in
tensile stress, as it produces multiple microcracks. LFC cannot withstand the tensile stress induced
by applied forces without additional reinforcing elements. Hence, this study was conducted to
examine the potential utilisation of oil palm pressed fibre (OPPF) reinforced LFC in terms of its
mechanical properties. Two densities, 600kg/m® and 1200kg/m?®, were cast and tested with six
different percentages of OPPF, which were 0.15%, 0.30%, 0.45% and 0.60%. The parameters
evaluated were compressive strength, flexural strength and tensile strength. The results revealed
that the inclusion of 0.45% of OPPF in LFC helps to give the best results for the compressive
strength, flexural strength and splitting tensile strength. The OPPF facilitated to evade the
promulgation of cracks in the plastic state in the cement matrix when the load was applied.
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INTRODUCTION

Lightweight foamed concrete (LFC) is characterised as a light cellular concrete with random
air bubbles produced from the process of mixing foaming agent into the mortar [1]. LFC is known for
its high flowability, low cement content, minimal use of aggregates, and superior heat insulation [2].
Moreover, LFC is deemed an economical alternative in the manufacture of large-scale lightweight
construction materials and products, such as structural components, partitions, filling grades and
road embankment infills, owing to its simple manufacturing process [3], which covers all stages from
manufacturing plants to the final position of the applications [4]. LFC has a high degree of thermal
insulation, which is a perfect material for use in passive house design [5]. It is undeniable that foam
concrete is not reinforced as easily as traditional concrete, due to its low resistance to concentrated
stress [5] and the difficulty of ensuring a sufficient bond of reinforcement [6]. LFC has a wide range
of densities, from 300kg/m? to 1900kg/m?3, depending on its composition and the production machine
used [7].

Some natural fibre, namely oil palm pressed fibre, is used in composites to develop
lightweight, thermally insulated cement composites [8]. Oil palm pressed fibre (OPPF), also known
as palm pressed fibre (PPF), is the residue of biomass produced after palm fruits are pressed for the
extraction of palm oil [9]. After oil extraction, approximately 11 per cent of the OPPF is produced
from palm fruits [9]. OPPF is generally made up of fabric, broken kernels and shells [10]. In mills,
OPPF is currently primarily used as fuel for steam boilers [11,12]. As a lignocellulosic substance,
OPPF has drawn researchers’ interest because of its potential use in the development of bio-
composites [13]. Natural fibre-reinforced composites have many advantages, such as being light
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weight, low-cost, highly durable, and with fair strength and rigidity [14,15]. OPPF acts as a
reinforcement to improve its composites' behaviour [16].

There are some advantages of using fibre introduced into the concrete, such as the resulting
composites offering more flexural strength compared to that of a reinforcement bar [17,18]. Besides,
it will increase the impact toughness and post-failure integrity [19] and enhance the bending strength
of the composites [20,21]. In addition, it will arrest the propagation of micro-cracks [22], the tensile
strength of concrete increases and the air void and water voids reduce [23]. Hence, this research
was carried out to determine the effect of the inclusion of OPPF on the mechanical properties of
LFC.

METHODS
Materials
Cement

Ordinary Portland Cement was the cement used, in accordance with BS 12 Standard. Figure
3shows the OPC used in this research, which was supplied by YTL Castle Cement Marketing Sdn
Bhd. All the cement used was in good condition and stored in a covered area. Table 1 shows the
basic composition of OPC.

Tab. 1. - Composition of Ordinary Portland Cement (OPC) used in this study

Chemical Component (%)

Calcium Oxide, CaO 62.91
Silicon Dioxide, SiO2 20.34
Aluminium (Ill) Oxide, Al203 4.47
Iron (III) Oxide, Fe203 4.58
Potassium Oxide, K20 0.29
Magnesium Oxide, MgO 1.24
Sodium Oxide, Na20 0.31
Sulphur Trioxide, SO3 2.58
Loss on ignition, LOI 3.27

Fine Sand

The fine aggregate used was natural fine sand obtained from a local distributor. It had to be
prepared three days before casting, which meant that it had to be dried and sieved. If sand is ideally
indicated in the blend design, it should be fine, with a maximum width of 2 mm and a 600-micron
sieve, and a passage of 60% to 90%. The suitability of the sand had to follow BS822:1992. Figure 1
shows the sieve analysis result done on the fine sand utilized for this study.
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Fig. 1 - Sieve analysis result

Foaming agent

The foaming agent used in this study was a protein-based foaming agent, namely Noraite
PA-1. The foam was produced by a portable foaming generator machine, namely the Portafoam TM-
1 machine. Noraite PA-1 was chosen as the forming agent due to its stability and smaller bubbles,
which create a stronger bubble bonding structure compared to a synthetic-based protein.

Water

The water used had to be clear and clean. Water was required for the preparation of the
mortar, mixing the foam concrete and the curing work. The water-cement ratio used for this research
was 0.45, because this ratio can achieve reasonable workability, based on previous research.

Oil Palm Pressed Fibre

The fibre used was OPPF, which was freshly collected from an industrial unit after
processing. The OPPF was covered by a skin of grease which would cause fungus growth and
spoilage. The fibre needed to be washed until it was free from the grease. The OPPF was placed

under the sun to dry, as shown in Figure 2. Figure 3 visualizes the surface morphology details of
OPPF structure.

Fig. 2 - OPPF was placed under the sun in the drying process
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Fig. 3 — Surface morphology details of OPPF structure

The raw OPPF x-ray diffraction pattern is shown in Figure 4. It can be seen that the raw OPPF
used for this research had diffraction patterns at around 26 = 23 and 26 = 18, which signified the
crystalline and amorphous areas, correspondingly. Table 2 demonstrates the chemical composition
and mechanical properties of single raw OPPF.
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Fig. 4 - OPPF x-ray diffraction patterns

Tab. 2. - Chemical composition and mechanical properties of raw OPPF

Lignin (%) 31.4+3.8
Cellulose (%) 26.2+0.7
Hemicellulose (%) 31.7+44
Extractives (%) 4.3+ 0.2
Tensile strength (N/mm?) 139.6
Young’s modulus (kN/mm?) 14.3
Elongation at break (%) 9.76

Mix Design

A total of 10 mixes and 2 densities, 600 kg/m* and 1200 kg/m?3, were prepared. The volume
fractions of OPPF considered were 0.15%, 0.30%, 0.45% and 0.60%. For all the mixes, the sand-
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cement ratio used was 1:1.5 and the water-cement ratio used was kept constant at 0.45. Table 3
shows the mix proportions of this study.

Tab. 3: Mix proportions

Mix OPMP Density Cement (kg) Sand Water Mix Ratio

(%0) (kg/m°) (ka) (kg) (C:S:W)
1 - 600 20.72 31.09 9.32 1:1.5:0.45
2 0.15 600 20.72 31.09 9.32 1:1.5:0.45
3 0.30 600 20.72 31.09 9.32 1:1.5:0.45
4 0.45 600 20.72 31.09 9.32 1:1.5:0.45
5 0.60 600 20.72 31.09 9.32 1:1.5:0.45
6 - 1200 40.22 60.33 18.10 1:1.5:0.45
7 0.15 1200 40.22 60.33 18.10 1:1.5:0.45
8 0.30 1200 40.22 60.33 18.10 1:1.5:0.45
9 0.45 1200 40.22 60.33 18.10 1:1.5:0.45
10 0.60 1200 40.22 60.33 18.10 1:1.5:0.45

Testing

Tests were carried out investigating the mechanical and durability properties with the
inclusion of OPPF. Destructive tests, which included compression tests, flexural tests and splitting
tensile tests, were done to determine the mechanical properties of LFC. Table 4 shows the details
of the specimens and standard codes referred to in these tests for the durability and mechanical
properties. Figures 5, 6 and 7 demonstrate the setup for compression test, flexural test and splitting
tensile test correspondingly.

Tab. 4. Mechanical properties tests

Type of Test Specimen Standard

Axial compression test Cube (100mm x 100mm x 100mm) BS EN 12390-3: 2001
Flexural test Prism (100mm x 100mm x 500mm) ASTM C 348

Splitting tensile test Cylinder (100mm diameter x 200mm height) ASTM C496/C 496M

Fig. 5 - Compression test setup according to BS EN 12390-3: 2001
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Fig. 6 - Flexural test setup according to ASTM C 348

-

Fig. 7 - Splitting tensile test setup according to ASTM C496/C 496M

RESULTS AND DISCUSSION
Compressive Strength

Figures 8 and 9 show the results of the axial compressive strength test of both 600kg/m? and
1200kg/m? densities of LFC with the addition of different proportions of OPPF. There was an
enhancement in the strength of the control until 0.45% of OPPF addition. The strength reduced when
0.60% of OPPF was added. The factor that led to the decreasing value of fibre reinforced LFC was
the interruption of fibre presence. Next, the highest compressive strength for both densities was at
day-56, compared to day-7 and day-28. For the density of 600kg/m?, the highest compressive
strength was 1.61N/mm? at day-56 with the addition of 0.45% of OPPF. The lowest compressive
strength was 0.89N/mm? with the addition of 0.60% of OPPF at day-7. For the density of 1200kg/m?,
the highest compressive strength was 5.82 N/mm? at day-56 with the addition of 0.45% of OPPF.
The lowest compressive strength was 3.22 N/mm?, which was for plain LFC at day-7. At day-28, the
strength of the control specimen of 600kg/m® density increased from 1.16N/mm? to 1.24N/mm?,
1.30N/mm? and 1.44N/mm?, when 0.15%, 0.30% and 0.45% of OPPF was added, respectively. For
the 1200kg/m?® density, the strength of the control specimen was 3.68N/mm?, and it increased to
4.61N/mm?, 4.77N/mm? and 5.35N/mm? when 0.15%, 0.30% and 0.45% of OPPF was added,
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correspondingly. This shows that the addition of OPPF increases the compressive strength of LFC
accordingly. There was a massive enhancement in strength from day-7 to day-90. When the OPPF
volume fraction exceeds 0.45%, the compressive strength of LFC reduced intensely, as evidenced
by other studies. According to Thakrele [24], the inclusion of high-volume fraction of natural fibre in
LFC will impede the hydration process, consequently causing in low strength concrete. As LFC
comprises void gaps of a wide range of sizes and shapes in the cement matrix and micro-cracks at
the transition zone between the matrix, the inclusion of fibre can assist in the failure of the mode
under compression stress [25].
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Fig. 8 - Influence of different percentages of OPPF on axial compressive strength of 600 kg/m?®
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Figure 10 shows the scanning electron microscopy result of fractured surface of LFC
strengthened with OPPF. Although addition of OPPF plays and important role to enhance the
interfacial adhesion between cement paste and the OPPF, the evidence of pull-out of fibre can be
clearly seen under compressive load especially for lower density LFC (600 kg/m?). Lower density
which consists of large pores unable to withstand additional load under compressive due to poor
adhesion. Anyhow, the addition of OPPF in LFC assisted in bounding the LFC matrix in lateral
direction, thus improved the confinement effect and indirectly improved the compressive strength of
LFC when the specimens were compressed.

Fig. 10 - SEM image of fractured surface of 600kg/m? density LFC under compression load

Flexural Strength

Figure 11 and Figure 12 show the results of the flexural strength test of both densities of LFC,
600kg/m?® and 1200kg/m3. The flexural strength rose noticeably from the control up to the addition of
0.45% of OPPF. The improvement in the flexural strength of the LFC was attributed to the fact that
the fibre behaves as a reinforcing layer that connects the grid of the cementitious matrix in a durable
manner relative to the specimen, without any fibre being added in the tensile zone. Meanwhile, the
flexural strength declined when 0.60% of OPPF was added. The reason for the decrease in the value
of the fibre reinforced LFC was the interruption of fibre presence [26]. Next, the highest flexural
strength was recorded for both densities at day-56, compared to day-7 and day-28. For the density
of 600kg/m?, the highest flexural strength was 0.37N/mm? at day-56 with the addition of 0.45% of
OPPF. The lowest flexural strength was 0.9N/mm? without any proportion of OPPF at day-7. For the
density of 1200kg/m?, the highest flexural strength was 1.28N/mm? at day-56 with the addition of
0.45% of OPPF. The lowest flexural strength recorded was 0.72N/mm?, which was found in the plain
LFC at day-7. It can be seen that for both densities, plain LFC attained a lower flexural strength
compared to the LFC with the addition of OPPF. The reason for the increase in flexural strength was
the fracture process of the fibre, which derived from the progressive debonding of the fibre that
slowed the crack propagation [27]. According to Musa et al. [28], the flexural strength of LFC ranges
between 15% and 35% of its compressive strength. Whereas in the current research, the flexural
strength of LFC is between 18-30% of its compressive strength. The OPPF in LFC is to strengthen
FC mass and transfer the basic material character from brittle to ductile elastic-plastic. OPPF
contributes towards enhancing the flexural strength of LFC. Though, disproportionate OPPF volume
fraction may also lead to reducing bonding and deteriorating [29]. The use of a 0.45% volume fraction
of OPPF can be considered an optimal percentage for this type of concrete based on the increment
of flexural strength. The enhancement of flexural strength is compatible with the compressive
strength upsurge. Elevated flexural strength is due to the reduction of porosity in LFC mixes.
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Fig. 11 - Influence of different percentages of fibre on flexural strength of 600 kg/m? density
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Fig. 12 - Influence of different percentages of fibre on flexural strength of 1200 kg/m? density

Figure 13 visualizes the scanning electron microscopy result of fractured surface of LFC
strengthened with OPPF under flexural load. As far as flexural load is concern, there was very little
indication of OPPF retreat occurred signifying the stress which was transferred to the OPPF in the
cementitious composite was stronger resulting in OPPF rupture rather than principally fibre pull-out.
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Fig. 13 - SEM image of fractured surface of 600 kg/m?® density LFC under flexural load

Splitting Tensile Strength

Figures 14 and 15 display the trend concerning the development of the splitting tensile
strength of LFC. The splitting tensile strength rose visibly from the control up to the inclusion of
0.45% of OPPF. The trend of the growth in the splitting tensile strength of LFC with the inclusion of
OPPF was attributed to the elasticity of the fibre, which can stretch and bond strongly with the cement
matrix to avoid cracking [30]. Subsequently, the splitting tensile strength dropped when 0.60% of
OPPF was added. For the 600kg/m? density, the highest splitting tensile strength was 0.21N/mm?,
which was at day-56 with the inclusion of 0.45% OPPF. The lowest splitting tensile strength was
0.09N/mm?2, which was the plain LFC at day-7. For the 1200kg/m?density, the highest splitting tensile
strength was 0.78N/mm? at day-56 with the addition of 0.45% OPPF. The lowest splitting tensile
strength was 0.32N/mm?, which was the plain LFC at day-7. The splitting tensile strength of LFC
attained in this investigation is about 60% of its flexural strength. As shown in Table 1, the elongation
at break for mesocarp fibre is considered minimal (9.76%), resulting in high tensile strength [31].
Elongation at break expresses the ability of fibre to resist changes of shape without crack formation.
Natural fibre such as oil palm fibre is more rigid, thus contributes to enhancing the splitting tensile
strength [32]. LFC is known to have low tensile strength and brittle nature. Though, based on the
data recorded in this study, the tensile strength was shown to increase due to the presence of OPPF.
The increase of tension strength is due to the increase in toughness of concrete due to the presence
of OPPF where 0.45% of fibre content addition enhances the increment of tensile strength in FC by
promoting optimum pozzolanic reaction with OPC content, thus producing denser and stronger
concrete.
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Fig. 15 - Influence of different percentages of fibre on tensile strength of 1200 kg/m? density LFC

Figure 16 demonstrates the scanning electron microscopy result of fractured surface of LFC
reinforced with OPPF under tensile load. It can be seen that fibre pull-out was little compared to fibre
breakage. There was an effective transfer of tensile stress from one member to another in LFC
composites for both densities considered in this research. There was also excellent interphase
between the OPPF and the cementitious matrix of LFC. The inclusion of OPPF in LFC aided in
bounding the LFC cementitious matrix in transverse direction, thus enhanced the internment effect
and circuitously enhanced the tensile strength of LFC.
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Fig. 16 - SEM image of fractured surface of 600kg/m? density LFC under tension
CONCLUSION

In the study, the mechanical properties with the addition of different proportions of OPPF into
different densities of LFC were investigated. Two densities of LFC, 600kg/m?® and 1200kg/m?3, were
prepared and tested with five different percentages of OPPF added, which were 0%, 0.15%, 0.30%,
0.45% and 0.60%. The results show that the best outcomes, in terms of mechanical properties, were
obtained with the 1200kg/m? density with the 0.45% addition of OPPF. This achieved the highest
strength (compressive, flexural and splitting tensile), The OPPF helped to avoid the promulgation of
cracks in the plastic state in the cement matrix when the load was applied.
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