Chapter 30

The Effects of Oil Palm Shell Volume
Fractions on Thermal Conductivity
for Insulation Concrete

Eravan Serri, M. Zailan Suleman, and M. Azree Othuman

Abstract Industrial waste has been considered as an option in the initiative to
promote green and sustainable construction. Oil palm shell (OPS) is one of the
industrial wastes produced from the processing of palm oil and its ability to be used
as a lightweight aggregate in concrete mixes has been tested. OPS has a high
porosity content, which means that it is a good heat insulation material in concrete.
This study focuses on the OPS volume fraction in concrete and its effects on the
thermal insulation concrete. The volume fractions used are 30, 32, 34, 36, and 38 %
from concrete density. Density decreases with the increase of volume fraction. The
highest reduction from air dry to oven density is 13 %, which is obtained from a
volume fraction of 34 % OPS. The volume fraction affected compressive strength
and thermal conductivity. All mixes achieved for the requirement for load-bearing
strength based on compressive strength were obtained. The highest strength was
22 Mpa by volume fraction, 30 % used. Volume fractions used are within the range
of the semi-structure which has the same capacity as thermal insulation materials,
below 0.75 W/m K (according to RILEM requirements) except for the volume
fraction, 30 %. The thermal properties increased according to the increase in
density except for the specific heat result, and they have a strong relationship within
the thermal conductivity and compressive strength results. Thus the OPS light-
weight concrete (OPSLC) capacity as a heat insulation material is proven and it can
reduce energy use in buildings.
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Nomenclature

k Thermal conductivity, W/m K
fcu Compressive strength, Mpa

Subscripts

OPS Oil palm shell

OPSLC Oil palm shell lightweight concrete
UPV Ultrasonic pulse velocity

Sp Superplasticizer

SSD Saturated dry density

30.1 Introduction

Concrete is the main material in the construction industry and is used throughout the
world. The high demand for concrete will affect natural resources as ingredients in
concrete. Because of the wide usage of this material, many studies are investigating
the properties of these materials. One type of concrete of interest to researchers is
lightweight concrete. And to produce lightweight concrete, the use of lightweight
aggregate is one method that can be implemented. Lightweight aggregate often is
made of waste materials that occur as by-products from other industries, and hence
their use is ecologically desirable. Growing popular as solid waste material in
concrete is oil palm shell (OPS). Resulting from the processing of oil palm, OPS
contributes 5.5 % as solid waste from overall oil palm manufacture [1] and by using
OPS as aggregate made from waste materials occurring as by-products from other
industries, their use is ecologically desirable [2]. OPS is traditionally used as solid
fuel for steam boilers to run turbines for electricity [3], cover the surface of the roads
in the plantation area [1], dandified into briquettes [4], converted to bio-oil by using a
pyrolysis process for biomass energy [5], and for the production of charcoal and
activated carbon. For more than 20 years, researchers have investigated [6] the
potential of OPS as a structural lightweight aggregate. The highest compressive
strength obtained by Shafigh et al. [3] was about 53 MPa by using crushed OPS. The
tensile/compressive strength ratio of OPSLC is lower than normal concrete, but it is
comparable with the lightweight concrete aggregate concrete made with an artificial
lightweight aggregate of an equivalent grade. The bond strength of OPSLC was
found to be about 2.3-3.9 times higher compared to the design bond strength as
recommended by BS 8110 [7]. Thus the bond stress of the OPS lightweight concrete
(OPSLC) showed that it satisfied the bond criterion as per the code’s requirement.
Other advantages of OPS as a lightweight aggregate are high porosity content
(Fig. 30.1) and Okpala [8] reported that the porosity of OPS at about 37 %. The nature
of porosity is one of the important factors in the selection of thermal insulation
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Fig. 30.1 Right: OPS shape, left: porosity inside the shell

material . Thus, the porosity of a lightweight concrete is a function of the “self-
porosity” of the aggregate (i.e., the porosity of the aggregate as a material), the shape-
factor and surface quality of the aggregates, and also of the porosity of the whole
concrete mass, which is generally used to reduce the unit volume of concrete, and is
known to have excellent heat interception and noise absorption properties due to the
shapes of porous elements. The aim is to utilize this porosity to the best advantage in
obtaining good insulation properties, while also achieving the required strength.

That advantage gives OPS the same low thermal conductivity value as other
lightweight aggregates such as clinker, expanded vermiculite, expanded slate, and
expanded clay. The previous study stated that using lightweight aggregate can be
good thermal insulation in lightweight concrete [9, 10], but thermal conductivity of
concrete will increase with increasing cement content [9]. To reduce the cement
content, Lee et al. [11] investigated by introducing entrained air into a lightweight
aggregate; concrete mix and aggregate normally constitute about 70—80 % by volume
of Portland cement concrete [11]. The fineness of the pores will give better insulation
properties and also, most important, moisture content (increases in moisture by mass
linearly will increase thermal conductivity 42 % [12]). Due to that condition, this
study investigates the effect of volume fraction OPS to lightweight concrete on
thermal insulation concrete requirements and mechanical strength. The use of OPS
as insulation material in concrete is a new area of research not yet explored.

30.2 Material and Experimental Program

Ordinary Portland cement ASTM type I was used as binder, with specific gravity of
3.10 and Blaice specific surface area of 3,510 cm?®/g; and local sand with specific
gravity, fines modulus, water absorption and maximum grain size of 2.67 %,
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2.66 %, 0.95 %, and 2.36 mm., respectively. Superplasticizer was used in the range
1 % of cement volume. Potable water was used. Old OPS was used as coarse
aggregate, implying they were discarded approximately for half a year in a palm oil
mill yard. Old OPS does not have fiber and has less oil coating, which results in a
better bond within the OPS surface and mortar. OPS in deferent shape and sizes
were used and,a stone crushing machine was used to crush the OPS for their crushed
shape. The physical properties of OPS used in this study are shown in Table 30.1.
Due to the high water absorption of OPS, it was washed and kept in a saturated dry
(SSD) condition before mixing.

30.2.1 Mix Proportion

The mix design for lightweight aggregate concrete was used for semi-structural
with thermal insulation capacity purposes. The mix design was based on the
absolute volume method with five different volume fractions of OPS. The mix
design details are shown in Table 30.2.

Table 30.1 The physical OPS shape Crushed
properties of OPS - -
Specific gravity 1.22
Water absorption (%)
24 h 18.73
Bulk density 626.4 kg/m®
Fines modulus 5.82
Thermal conductivity 0.17 W/m K
Grading (% by weight passing sieve size stated)
14 mm 100
10 mm 99.9
6.3 mm 35.98
5 mm 14.19
2.3 mm 0.6
Table 30.2 Mix proportion
OPS Cement Sand Water Sp
Mix Crushed | Volume (%) (kg/m®) (kg/m®) (kg/m®) (kg/m?)
C-30 537 30 400 720.75 160.16 40
C-32 581 32 375 675.26 150.06 38
C-34 618 34 350 631.46 140.33 35
C-36 647 36 325 584.91 129.98 33
C-38 678 38 300 540.62 120.14 30
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30.2.2 Testing of Specimens

The specimens were tested based on the following testing standard. The density test
was carried out according to the BS EN 12390-7:2009, the specimens are weighted
in the air and suspended in water, as they are removed from the curing or exposure
conditions.

The compressive strength test was done in accordance with BS 12390-3:2009,
and three 100-mm cubes were tested, each at 7, 28, 90, and 180 days. At the age of
28 days, the splitting tensile strength, modulus of elasticity, and flexural strength
were measured in accordance with ASTM C496/C496-11, ASTM C469-10, and
ASTM C78-10. Ultrasonic pulse velocity was measured according to BS EN
12504-4:2004.

The thermal properties of specimens at room temperature were measured with a
Hot-Disk probe TPS2500. The system is based on the transient plane source
technology. This method is based on recording the temperature rise of a plane
source heating the surrounding materials to be measured. The basic concept of the
corresponding sensor is the fact that the conducting pattern is used both as a heat
source and as a temperature sensor [13].

All specimens were prepared according to ASTM C332-99 [14] and the testing
met the ISO/DIS 22007-2.2 standard. A sensor chosen with radius 9 mm, consisting
of a very fine nickel double spiral covered with two thin layers of electrically
insulating material, is placed between two specimens 75 ¢ and 45 mm thickness.
The two sample pieces were prepared with a section of flat surface each in order to
obtain a contact surface with as thin air layers as possible.

30.3 Result and Discussion

30.3.1 Density

Based on Table 30.3, the dry density is 165-211 kg/m® lower than air dry density.
Generally the air dry density for OPSLC is within 1,725-2,025 kg/m and only uses
10-15 % volume fraction of OPS. In this study, mix C-36 and C-38 are of lower
density than previous studies because the volume fraction of OPS used are highest

Table 30.3 Density and Density (kg/m’)

ultrasonic pulse velocity Mix UPV (km/s) Air Dry

(UPV) C-30 3.174 1,815 1,649
C-32 3.043 1,812 1,640
C-34 2.974 1,783 1,584
C-36 291 1,678 1,452
C-38 2.83 1,600 1,424
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Fig. 30.2 Relationship density and ultrasonic pulse velocity (UPV)

which is more than 34 % of the total weight. The lowest air density obtained by mix
C-38, 1,600 kg/m, may be due to more voids rate on concrete. The density is also
contributed from the specific gravity of OPS; more volume of the OPS will reduce
the bulk density of concrete. The highest reducing air to dry density was obtained
by mix C-38, which is 26 % due to high porosity content. For ultrasonic pulse
velocity, it was observed that there was an increase in pulse velocity values
inversely proportional to the amount of volume fractions. The smaller volume
fraction will give a better UPV value. Only mix C-30 and mix C-32 have moderate
quality [15] and the rest have a low quality of concrete. In addition, the UPV value
of concrete may also be greatly affected by the perfection of compaction, and
U. Jonson [6] reported the proportion of OPS did not cause much variation in
workability. The compactness of the microstructures would definitely be affected.
At the same time, the porous cellular structure and OPS itself have also partially
contributed to the low UPV value. The strong polynomial relationship within the
density and UPV value obtained are shown in Fig. 30.2. A lower density will
produce a weak quality of concrete.

30.3.2 Mechanical Strength

Previous researchers used a volume fraction of not more than 15 % because they
designed for structural lightweight strength, but the present study investigates a
higher volume fraction up to 38 % of the total volume of concrete. The lower
volume fraction will produce high mechanical strength. Based on Table 30.2, C-30
has the highest compressive strength; 22 Mpa and C-38 had the lowest compressive
strength which is 12 Mpa. However, all mixes comply with structural requirement
strength according to the ASTM and BS standard which is more than 11 Mpa. For
flexural strength, the values are 8—10 % from the compressive strength for all
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Fig. 30.3 Relationship compressive strength and thermal conductivity

Table 30.4 Mechanical strength

Mix Compressive strength (MPa) Flexural strength (MPa) Tensile strength (MPa)
C-30 22 2.05 1.35
C-32 20 1.79 1.29
C-34 18 1.48 1.13
C-36 15 1.23 1.04
C-38 12 1.05 0.87

mixes, the same as reported by Shafigh et al. [3]. For high strength OPS the flexural
strength is approximately 10 % from compressive strength. The tensile strength is
in the range 0.87—1.35 Mpa (Table 30.4). It can be observed that the splitting tensile
strength increased with increasing the compressive strength. Compared to the
previous [6] study, the range of splitting tensile is 2.0-2.21 Mpa. This study has
the low splitting tensile due to the bond within the cement paste aggregate slightly
weaker because more volume fraction of OPS was used. It can be concluded that the
mechanical strength of this study is lower than previous studies that design for
structural purpose, but all mix designs are archived for the structural standard in
order to achieve insulation concrete with load-bearing strength. Figure 30.3 shows
the strong relationship within compressive strength and thermal conductivity;
R* =00915.

30.3.3 Thermal Properties

The thermal conductivity (k) of the study ranged from 0.58 to 0.78 W/m K. The
increasing of the volume fraction of OPS in concrete significantly contributes to the
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thermal conductivity value because the thermal conductivity of aggregate will
influence the thermal conductivity of concrete. Mix C-38 has the highest OPS
content, therefore the thermal conductivity value showed the lowest compared
with other mixes. The thermal conductivity also increases with increasing cement
content in concrete because cement has high thermal conductivity compared to OPS
[16, 17]. The mix design of this study is based on the absolute volume method, thus
more volume fraction of OPS will reduce the volume of cement and vice versa.
Except for mix C-30, all mix designs were accepted with semi-structure insulation
concrete according to the RILEM requirement, which is below 0.75 W/m K. They
have a strong relationship within compressive strength and thermal conductivity as
shown in Fig. 30.3 and are written as

fcu = 47.129k — 14.174  (R* = 0.92) (30.1)

For specific heat value, the results show inconsistency because the distribution of
aggregate is not uniform in concrete. The specific heat influence of distribution of
OPS is shown in Fig. 30.4, especially for the transient plane source method used to
measure specific heat value [18]. The sensor only measures in the specific area
surrounding the sensor, therefore different samples will have different distributions
and sizes of OPS also will influence the result. The thermal diffusivity value is the
same as the thermal conductivity trend, which is influenced by the volume fraction
OPS used (Table 30.5).

Fig. 30.4 Distribution of OPS in concrete (volume fraction from left: 30, 32, 34, 36 and 38 %)

Table 30.5 Thermal properties

Thermal conductivity Specific heat Thermal
Mix (W/m K) MJ/m’K) diffusivity (mm?/s)
C-30 0.78 1.25 0.57
C-32 0.73 1.61 0.48
C-34 0.65 1.42 0.45
C-36 0.6 1.98 0.31
C-38 0.58 171 0.34
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30.4 Conclusions

The following conclusions can be made regarding mix design with different volume
fractions of OPS used.

1.

The lowest density with load-bearing strength obtained by mix contains volume
fraction 38 % of OPS; more volume fraction will decrease the density and
strength.

. There is a strong relationship within the density and ultrasonic pulse velocity

value. A high volume fraction will give a low pulse velocity value due to more
air void and porosity content in the concrete.

. All mechanical strength of mixes achieved the structural capacity in compliance

with the ASTM and BS standards.

. Except the mix that used volume fraction 30 % of OPS, all mix designs are in the

range for semi-structure insulation concrete with RILEM standard for which the
thermal conductivity is lower than 0.75 W/m K.

. By using the transient plane source method, specific heat OPS concrete will give

not consistencies reading base on distributions and sizes of aggregate. The
increase of energy required is due to moisture content of the aggregate.

. Thermal conductivity and thermal diffusivity results have the same indicator,

which is increased according the density of OPS concrete.
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