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Despite its importance as one of the key parameters in the design of structural elements, the modulus of elasticity (MoE) is one of
the least researched areas in oil palm kernel shell (OPKS) concrete. In the present study, we determined the MoE of OPKS
concrete, using micromechanical models based on the classic approaches of homogenisation of Hashin-Shtrikman (HS) and
Mori-Tanaka (MT). The MoE values for OPKSC (f, < 35 MPa and OPKS volume fraction < 42%) estimated using the HS and MT
models in the literature showed a good correlation with the experimental values. An empirical linear correlation between the
volume fraction of inclusions and the MoE was proposed. The results obtained can enable better control of the mix design of
structural concrete based on the proportion of OPKS coarse aggregate in tropical countries producing palm oil.

1. Introduction

For the efficient use of concrete in the design of structural
elements in civil engineering, professionals need to be aware
of the elastic properties of the concrete, particularly its
modulus of elasticity (MoE) or Young’s modulus or E-value.
The MoE of structural concrete is a mechanical property that
reflects its ability to deform elastically under loading. Be-
cause concrete is widely used in the elastic range of de-
formations in the structural design of elements, the
knowledge of the MoE of concrete aids in avoiding excessive
deformation of the structural elements, providing satisfac-
tory serviceability and achieving the most cost-effective
design [1]. Several authors have established that concrete
made from oil palm kernel shell (OPKS) can be used as
structural concrete in the elements of small- and medium-
scale buildings [2-8]. According to Alengaram et al. [9],
despite its importance as one of the key parameters in the
design of structural elements, the MoE is one of the least
researched areas in OPKS concrete.

Until recently, few references were available in the lit-
erature concerning the MoE of OPKS concrete [6,10-18],
out of which few were concerned with its theoretical de-
termination. In his theoretical approach for the de-
termination of the MoE of OPKS concrete, Alengaram et al.
[6] used a modified form of the empirical equation of
prediction, proposed by the code, CEB/FIP (MC2010).
Ahmmad et al. [13] explained that the prediction equation
reported by Alengaram underestimated the MoE of OPKSC
and derived a new equation by comparing the MoE with the
compressive strength. Aslam et al. [16] compared the MoE
values of OPKS estimated using Alengaram’s equation with
those estimated using other equations proposed in the lit-
erature to predict the MoE of LWACs and concluded that
Alengaram’s equation provides results that are closest to the
experimental results. According to Mannan and Ganapathy
[12], the MoE of OPKSC is strongly influenced by the in-
trinsic properties (such as stiffness) of the composite’s two
constitutive phases, i.e., the cement paste and the OPKS. The
equations proposed by Alengaram et al. and Ahmmad et al.
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indicate that the MoE of OPKSC depends on its compressive
strength and density. Thus, these equations did not directly
consider the stiffness of the inclusions (OPKS).

In the process of determination of the MoE of OPKS
concrete, the technique of homogenisation of the composite
simultaneously considered the intrinsic properties of the two
constitutive phases. Homogenisation is a modelling tech-
nique that assimilates a heterogeneous material to a fictitious
homogeneous equivalent material for which we need to
determine the characteristics. The homogeneous equivalent
material must exhibit the same overall mechanical behav-
iour, meet the same boundary conditions, and respect the
principle of conservation of energy [19]. This approach of
homogenisation has been successfully applied to other
composite materials, such as expanded clays, and resin
mortar [19, 20].

In this study, we determined the MoE of OPKS concrete,
using micromechanical models based on the classic ap-
proaches of homogenisation of Hashin-Shtrikman (HS) and
Mori-Tanaka (MT), and validated the results obtained
through a comparison with those obtained experimentally
from the works of previous authors.

The paper is organised into three sections. First, the
physical and mechanical properties of the OPKS compo-
nents are described. The experimental mix proportions used
in the micromechanical study on the composite are also
detailed in this section.

The second section of this article focuses on the ho-
mogenisation technique used in this study based on the
Eshelby problem for the estimation of elastic properties of
the isotropic two-phase OPKSC composite. Here, we also
validate the proposed method by comparing the predicted
values of the MoE for a similar composite presented in the
literature (epoxy resin) with the results for this composite.

In the final section, the MoE values for OPKSC predicted
using different numerical micromechanical models are
presented and compared with the experimental results given
in the literature.

2. Materials and Methods

2.1. Experimental Program

2.1.1. Materials and Mix Proportions. For this study, we used
an OPKS concrete grade-20. The constituents used in the
mix were those indicated in the study [21]. The properties of
the constituents used are presented in Table 1.

For an aggregate size of 2-8 mm, the flakiness index for
OPKS is greater than 70%, as can be seen in Table 1. This
means that they exhibit an elongated shape and therefore can
be modelled by ellipsoids.

We used the mix proportion of cement: sand : OPKS in
weights of 1:1.53:0.99 with a cement content of 450 kg/m’
and water per cement equal to 0.45 [21].

2.1.2. Specimen Preparation. We prepared three cylinders in
steel moulds, each with a diameter of 11 cm and a height of
22cm, in accordance with NF EN 12390-1. Next, in ac-
cordance with NF EN 12390-2, after casting, we placed the
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TaBLE 1: Physical properties of constituents of OPKS concrete
grade-20 [21].

Constituents
Properties
Sand OPKS
Specific gravity 2.59 1.31
Loose bulk density (kg/m?) 1410 530
Water absorption, 24h (%) — 19.93
Fineness modulus 2.4 —
Aggregate abrasion value (Los Angeles) (%) — 5.02
Size (mm) 0-5 2-8
Flakiness index — 70.27%
Type of cement CEM 1II 32.5

specimens in the laboratory at ambient conditions (24-28°C;
relative humidity: 80-93%) for 24h before they were
demoulded. After demoulding, we placed the specimens in
water at 20 +2°C until the moment of micromechanical
study on OPKS concrete.

2.2. Semianalytical Determination of MoE Using Homogeni-
sation Techniques. Homogenisation is a modelling tech-
nique that assimilates a heterogeneous material to a fictitious
homogeneous equivalent material, as depicted in Figure 1
[22]. Tt incorporates three essential steps [23]: (i) repre-
sentation, (ii) localisation, and (iii) homogenisation.

Similar [20] to the case of eco-friendly composite ma-
terials, we considered the OPKSC to consist of two phases:
the cement matrix and inclusions (OPKS).

2.2.1. Step I: Representation. Here, two tasks need to be
achieved: (i) to experimentally determine the mechanical
properties (Young’s modulus and Poisson’s ratio) of each of
the two phases of the composite and (ii) to choose a rep-
resentative minimum volume of the composite, known as
representative volume element (RVE). For simplification
purposes, using the physical properties in Table 1, the
mechanical properties of each of the two phases of the
composite in this study were obtained from the works of
previous authors (Table 2).

The size of the RVE, which had a cubic form, was de-
termined based on the work of Wiacek et al. [28], who con-
cluded that the dimensions have to satisfy the condition,
I>5xd, .., where [ is the dimension of the side of the
RVE and d,,, is the maximum diameter of the OPKS.
According to Table 1, d, ., = 8 mm. Therefore, [>5d,, —
[>40mm =1_,,.

To study the fluctuations in the macroscopic properties
of the composite, four sizes of the cubic RVE, which
characterises the microstructure of the composite, were
considered: 40, 50, 60, and 70 mm. Figure 2 illustrates how
the different sizes of RVE were obtained.

2.2.2. Step 2: Localisation. The localisation is concerned with
the determination of the local properties of the RVE, namely,
the stiffness of each of the two phases of the composite, shape
ratio, volume fraction, and geometric orientation of in-
clusions in the cement matrix.
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FIGURE 1: Principle of homogenisation of a composite: hypothesis of the same macroscopic behaviour [22].

TaBLE 2: Young’s modulus and Poisson’s ratio of OPKS and cement matrix.

Phases Young’s modulus, E (GPa) Poisson’s ratio v
OPKS 2.25 [24] 0.19 [25]
Cement matrix 10.00 [26, 27] 0.19 [26, 27]

(d)

FIGURE 2: Process of obtaining RVE: (a) whole sample, (b) cutting of the test specimen, (¢) grinding and smoothing of faces, and (d) cubic

sample.

Assuming that the two phases of the composite are
elastic and isotropic at the microscopic level, the general
form of the tensor of stiffness of the cement matrix and
inclusions can be defined as follows [29]:

A+2u A A 0007
A A+2u A 000
A A A+24000
C= , (1)
0 0 0 400
0 0 0 0uo
L o 0 0 00 pl

where A and y are Lame’s coefficients for each of the two
phases of the composite, with

Ev
A:(1+y)(1—zv)’
(2)
_ E
b+

For all four sizes of the RVE, we used a classic scanner
(the one used for scanning printed documents) for the
acquisition of digital images of the six faces of the cubic
sample, as illustrated in Figure 3. Using Image] software
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FIGURE 3: Procedure for image processing of RVE faces for OPKSC. (a) Original scanned image. (b) Binarised image obtained after
thresholding, using by ImageJ®. (c) Image depicting the labelled particles. (d) Image depicting the adjustment of ellipses on the particles

(geometric modelling).

(URL:  http://rsb.info.nih.gov/ij/download.html),  digital
images of each of the faces of the RVE were processed to
obtain binary images, through thresholding, as illustrated in
Figure 3. In the binarised image, the particles of OPKS are
depicted by the black pixels and the cement matrix is
depicted by the white pixels.

For each particle detected in the binarised image
(Figure 3(c)), the area and perimeter were generated and
stored in the software. The length and width of the detected
particles (maximum diameter and minimum diameter of
Feret [30, 31]) were defined from the ellipse that models the
particle, as illustrated in Figure 4.

For each side of each of the four sizes of the RVE, the
identification results are presented in Table 3.

In Table 3, A; represents the area of the particle i, X; and
Y; are the coordinates of the barycentre, L; and D; are the

lengths corresponding to the major and the minor axes of
the ellipse, and ¢; is the orientation angle of the major axis
of the ellipse with respect to an axis of reference (Fig-
ure 5) [19]. The direction of the axis of the ellipse is the
centre line of the smaller rectangle containing the
particle.

From the data in Table 3, the components of orientation
tensor, average shape ratio r, and volume fraction v, of
OPKS were determined by equations (3) and (5):

1 & kK
aij—ﬁkgpipj» (3)

where N is the number of particles, p; and p; are the
components of the unit vector p, determined by equation (4)
with 0=7/2 for a 2D analysis:
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FIGURE 4: Analysed widths and lengths [30].

TaBLE 3: General presentation of data from image analysis.
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The set of the a;; of the RVE defines a tensor of order 2,
rated a,:

_ ZiN=1Ai ’ (Li/Di)
ZIZ'ZIAI' ’
(5)
LT
Aface

Figure 6 illustrates the scanned images of the six faces
obtained for one of the four sizes of the RVE, i.e,
60 X 60 x 60 mm”.

FIGURE 6: Scanned images of the six faces of the RVE of size
60 x 60 x 60 mm”.

Information on the distribution of the size and orien-
tation of the particles on side 1 of the RVE of
60 x 60 X 60 mm” is summarised (in extract) in Table 4.

Table 5 summarises the values of the volume fraction,
average shape ratio, and components of the tensor a,, ob-
tained for a random distribution in 2D on each of the faces of
the RVE of 60 x 60 x 60 mm”>.

Several types of orientation can be considered for the
particles inside the RVE. In the case of the present com-
posite, Figure 7 illustrates some geometric examples of
orientation with the corresponding tensors [32].

In the orientation tensor a, of Table 5, the values of the
components a;; and a,, and a;, and a,, were close to 0.5
and 0, respectively, as in the case of the components of the
tensor a, for the 2D random orientation (see Figure 7(b)).
The relative difference between the two cases was of the
order of 5%. This confirms that the traces of the particles
appearing on different sides of the cubic RVE were not
arranged in a particular orientation. Thus, we conclude that
there exists a 2D random distribution on each of the faces of
the RVE. At the 3D scale, by extension, we retain a random
distribution. Based on Figure 7(a), we concluded that, at the
scale of the RVE, the composite is considered as an isotropic
medium in view of the random orientation of the particles.

The volume fractions and shape ratios of OPKS varied
minimally from one face to another with a standard de-
viation of the volume fraction of 2.7% and a shape ratio of
0.22. In the remainder of the homogenisation procedure, for
simplification purposes, we will use the average values of the
volume fractions and shape ratios of the OPKS obtained on
the faces of the RVE.

Table 6 summarises the mean values of the volume
fraction and shape ratio for all four sizes of the RVE con-
sidered in this study.
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TaBLE 4: Extract of data from image analysis of side 1 of the RVE of 60 x 60 x 60 mm?> (see Section 1 in Supplementary Material).

Particle Area (A)) Xum Ym Major (L) Minor (D) Angle ¢ (°C)
1 8.842 10.433 1.115 5.724 1.967 20.851
2 5.603 22.048 1.431 3.628 1.966 87.138
3 41.265 30.256 3.983 10.073 5.216 22.752
4 13.477 38.205 1.537 6.602 2.599 28.297
5 25.965 48.304 3.301 7.176 4.607 104.35
6 12.24 56.309 1.531 6.749 2.309 16.210
7 6.547 13.107 3.979 3.946 2.112 149.53
87 4.432 36.193 57.752 3.536 1.596 18.128

TaBLE 5: Fraction volumes, average shape ratio, and components of the tensor a, on each of the faces of the RVE of 60 x 60 x 60 mm".

3

Components of the tensor a,

r ve (%)
a1 a2 a12=0azn
Face 1 0.496 0.504 0.043 2.381 31.7
Face 2 0.419 0.581 —0.068 2.714 30.0
Face 3 0.491 0.509 -0.021 2.476 26.5
Face 4 0.665 0.335 —0.040 2.676 32.6
Face 5 0.524 0.476 —0.0085 3.007 24.5
Face 6 0.556 0.444 0.035 2.294 31.1
Average 0.525 0.475 —0.009 2.591 294
Standard deviation 0.069 0.069 0.036 0.221 2.704
1/3 0 0
1
o U3 g |=10
0 0 0

Isotropic orientation
(random in 3D)

1
0 12 0 |55 0-e®e

0 0 0

Orthotropic orientation
(random in 2D)

(®)

Fibres perfectly aligned
in direction 2

(c)

FIGURE 7: Examples of orientation: (a) random orientation in 3D, (b) random orientation in 2D, and (c) aligned orientation [32].
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TaBLE 6: Volume fraction and shape ratio for the four sizes of RVE.
RVE size (mm3) 40 x40 x 40 50 x 50 x 50 60 x 60 x 60 70x70x70
Shape ratio 2.405 2.75 2.59 2.37
Volume fraction 30.44 31.25 29.4 28.02
Input parameters

0

C,,: stiffness tensor of the cement matrix (order 4)

C;: stiffness tensor of inclusions of OPKS (order 4)
r: average shape ratio of OPKS

v,: volume fraction of OPKS

a,: 2nd order orientation tensor

4

Cnax = max (C,,, C;) and C,,;, = min (C,,, C;)

-

Components of the Eshelby tensor
Ernax = Emax (Crnax 1) and Epyiy = Epig (G 1)

4

1Calculation of Cacand Cflnin
£ - £ -
C = Emax: Cmax - Cmax et Cmin: Emin: Cmin - Cmin

max

o
0
)
o

HS+

Calculation of CII}]SJ_ and Cyp

HS- - * * - * -171-
P+ v,Ci (Chyin + C) 71z [V(Clgin + Co) ™+ (Cln + C) 717!

CUD

= [v,,Cp: (Choin + C,

m)

ey = [VCont (Cloax + Co) ™+ ,Cit (Cloas + C) ™z [y Clnax + Co) ™ + (Clinge + €)1

1]

Calculation of the a, orientation tensor from a, using closure approximations:
a,=a,®a,

1]

O
@

Calculation of stiffness tensors C'*and C15~ of the homogenised OPKSC from the components
of the unidirectional tensors C{15; and C' of the orientation tensor a, and
the orientation tensor a
CHS* = CHS* (C3F ), a,) and CT15~ = CHS~(CHS; a,, a), with
(Djjr = Brayg + By(aybyy + adyy) + Bs(aydy + aydy + aydy + agdyy) + B4(8;0k) + Bs(88; + 0;0;)

where (T); = CHS* or CH1S-

FIGURE 8: Determination of homogenised stiffness tensor (HS bounds).

We found that the volume fractions are nearly identical
for the four experimentally designed RVE size types with a
standard deviation of 1.21%. Thus, the results of Wiacek et al.
[28] with respect to the size of the RVE (which must be five
times larger than that of the particles) were confirmed. With
a 11 x 22 cm® sample, it was experimentally more difficult to
obtain 70mm side RVEs because of the grinding and
smoothing operations of the sample. Hence, for the rest of
the homogenisation process, we selected a cubic RVE with
dimensions of 60 x 60 x 60 mm”.

2.2.3. Step 3: Homogenisation. This step involved de-
termining the equivalent behaviour of the heterogeneous
material. The effective properties of the material related the
average stress field o to the average deformation field e,
calculated in the RVE. The constitutive relation for the
heterogeneous material is given by

{

0=C:g¢
(6)

e=S:o0,
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r: average shape ratio of OPKS
v, volume fraction of OPKS
a,: 2nd order orientation tensor

Input parameters

C,,;: stiffness tensor of the cement matrix (order 4)
C;: stiffness tensor of inclusions of OPKS (order 4)

Components of the Eshelby tensor
E=E(C,,1)

J

OREORNO

Calculation of deformation concentration tensor for Eshelby equivalent inclusion
Afshelby — [§ 4 F S (Ci = C,)] ! with &: Kronecker’s tensor

J

©,

Calculation of the deformation concentration tensor for the MT model
AMT = pEshelby. 11 _ )5 1 y, ABshelby]

J

©)

Calculation of MT’s unidirectional homogenised stiffness tensor (UD)
CMI=C,, +v,(C, - C,): AMT

!

©,

Calculation of the a, orientation tensor from a, using closure approximations:
a,=a,®a,

]

Q

where (1) =C

Calculation of the stiffness tensor CMT of the homogenised OPKSC from the components of
the unidirectional tensors C{J5, orientation tensor a,, and orientation tensor a,

CMT = cMI(CME ), ay), with

(Dijra = Brag +£%(aij8kl +aydy) + Bs(aydy + a;yby + aydy + ajdy) + B4(801) + Bs(8; 01 + 8;0)

FIGURE 9: Determination of homogenised stiffness tensor (MT’s approach).

where C is the tensor of the elastic stiffnesses (of order 4) and
S is the tensor of elastic flexibilities (of order 4). Based on the
assumptions that the composite was considered isotropic
and elastic and by considering the boundary conditions of
the RVE (homogeneity and compatibility), we obtained the
equivalent stiffness tensor C of the composite, which is
expressed as a function of the stiffness tensors of each phase
and tensors of localisation A of the deformation in each
phase [19]. This localisation tensor depends on homogeni-
sation models, such as Voigt and Reuss, HS, MT, and the
self-coherent model, which were constructed on the basis of
the Eshelby inclusion problem [33, 34].

We have determined the stiffness tensors of the OPKS
composite from the HS and MT models of resolution
algorithms.

The diagrams of the MT and HS models are shown in
Figures 8 and 9.

After the use of the homogenisation techniques, a
stiffness tensor of order 4 was obtained. This stiffness tensor
was transformed into a matrix form by means of the Voigt
notation [35]. Thus, we obtained a definition in the form of
equation (1), presented in Section 2.2. By comparing the
components of the matrix resulting from the calculation
based on Figures 4 and 5, and from the general expression of
the stiffness matrix, Lame’s coefficients were determined,
from which the elastic properties of the OPKSC (Young’s
modulus and Poisson’s ratio) were deduced.

The algorithms of HS and MT were transcribed in nu-
merical calculation code executed by Mathematica 9 soft-
ware (see Section 2 in Supplementary Materials). The
calculation code developed in the present study was vali-
dated by comparing the results obtained by this code with
those obtained by Nguyen using Nguyen’s values as input
values [19]. The results are presented in Table 7.
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TaBLE 7: Validation of Mathematica calculation code for homogenisation.

MT’s model HS’s model (lower bound)

Values obtained Values Values obtained Values Values obtained Values
by the calculation obtained by Difference by the calculation obtained by Difference by the calculation obtained by Difference
code Nguyen code Nguyen code Nguyen
17.432 17.436 —-0.02% 17.432 17.436 -0.02% 45.878 45.867

HS’s model (upper bound)

0.02%

TaBLE 8: Young’s modulus and Poisson’s ratio, obtained from the approximations of HS and MT with r=2.591 and v = 29.40% for the cubic
RVE of 60 x 60 x 60 mm”.

Phases Young’s modulus, E (GPa) Poisson’s ratio v
OPKS 2.25 [24] 0.19 [25]
Cement paste 10.00 [26] 0.19 [26]
Composite OPKSC (HS) 6.34-6.96 0.17-0.17
Composite OPKSC (MT) 6.96 0.17

- 3.00
o
=]
2.2
=38
< £ 2.00
G . ¢
)
% % 1.50
&3 . -
g i 1.00 - - = :__’_‘ _________________ - __
L g ° N
S 7050 s
s}
]
A 0.00
0.35 037 039 041 043 045 047 049 0.51
Volume fraction of OPKS
e HS” m Alengaram
+ HS* e Ahmmad

MT

FIGURE 10: Variation in the ratio of the predicted to the experimental MoE values according to the volume fraction of OPKS.

3. Results and Discussions

3.1. Young’s Modulus and Poisson’s Ratio of OPKSC.
Using the average values of the volume fractions and shape
ratios of the OPKSs, obtained on the faces of the cubic RVE
of 60 x 60 x 60 mm”>, Young’s modulus and Poisson’s ratio
estimated by the approximations of HS and MT are sum-
marised in Table 8.

Young’s modulus, determined by MT’s approximation
(6.964 GPa), was very close to the upper bound determined
by HS’s approximation (6.956 GPa). This is in accordance
with Benveniste’s [36] interpretation of the MT model
compared to the HS bounds predictions in the case of
isotropic constituents and randomly oriented particles. He
stated that when the matrix is in the most rigid phase, the
MOoE of the composite defined by the MT’s method corre-
sponds to the upper bound of the HS value, and when the
matrix is in the most flexible phase, the MoE corresponds to
the lower bound of the HS value. In this study, the cement
matrix was in the most rigid phase of the composite. For
Poisson’s ratio, the value obtained by the MT approximation
(0.167) for the OPKSC was sufficiently close to the values of
Poisson’s ratio (0.19) of the two phases of the said composite.

The HS’s approximation gave values close to Poisson’s ratio
(0.166-0.174) of the two constituent phases of the OPKSC, as
obtained from the literature. The values of Young’s modulus
of the composite obtained by the two approximations were
between those of the two phases with a remarkable prox-
imity to that of the cement matrix. This was explained by the
fact that it was the cement paste that was the dominant phase
in the composition of the composite from the point of view
of the stiffness and volume fraction.

To demonstrate the suitability of predicting the MoE of
OPKSC by the homogenisation techniques (HS and MT),
Figure 10 shows a comparison of the E-values of OPKSC
with those predicted using the equations proposed by
Alengaram [6] and Ahmmad [13], which are applicable for
predicting values for concrete mixes with a compressive
strength of up to 35 MPa and a density of up to 2000 kg/m”.
To make this comparison, we used certain experimental
results reported in the literature, as shown in Table 9.

As can be seen in Figure 10, the ratios obtained using the
values predicted by the homogenisation techniques (MT and
HS) are closer to unity than those obtained by other pre-
diction models for OPKSC with volume fractions of OPKS
not exceeding 42%. Thus, the MoE of OPKSCs with various
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TaBLE 9: Experimental values for the physical and mechanical properties of OPKSC reported in the literature that are used for a comparison

with the E-values estimated using homogenisation techniques.

Experimental data

h Cementitious Mix Specific Density of Cublc. Modulus of
Authors . . . compressive ..
material content proportions C:S: density of OPKS  hardened concrete strength elasticity
3 3 3

(kg/m”) OPKS (kg/m?) (kg/m”) (MPa) (GPa)
Teo et al. [11] 510 1:1.66:0.60 1170 1950 28.00 5.31
Alengaram et al. [6] 501 1:0.84:0.80 1270 1643 25.80 5.50
Alengaram et al. [6] 654 1:0.73:0.73 1270 1799 30.70 8.27
?f;“;‘;‘]n and Ganapathy 480 1:1.71:0.77 1170 1890 24.22 7.60

Young’s modulus of OPKS concrete
(GPa)

Volume fraction of OPKS (%)

v us Linear (HS")
A HST Linear (HS")
MT Linear (MT)

FIGURE 11: Variation in Young’s modulus E as a function of volume
fraction v, of OPKS in concrete.

volume fractions estimated by the homogenisation tech-
niques (MT and HS) in previous studies showed a good
correlation with the experimental results. Therefore, it is also
possible to use these homogenisation techniques (MT and
HS) to estimate the mechanical properties of OPKSC; these
techniques are advantageous in that they take into account
the stiffnesses of the two phases of the composite, the volume
fraction, the shape, and the orientation of the inclusions
(OPKS).

3.2. Influence of the Volume Fraction of OPKS on Young’s
Modulus of OPKSC. In Figure 11 below, the values of the
volume fraction considered were those obtained after the
morphological study on the faces of the RVE, which ranged
from 24.5% to 32.6%. Young’s modulus variation curves for
both homogenisation approaches had an almost linear form
with R*>0.90, which decreased as the volume fraction in-
creased. The linearity of the decay of the curves was
explained by the fact that the stiftness of the OPKS is lower
than that of the cement matrix. Consequently, the more the
OPKS is in the mix, the lower is the stiffness of OPKSC. An

empirical linear correlation between the volume fraction of
inclusions and the MoE was obtained from the mathematical
expressions of the regression lines of the curves in Figure 11.
This implies that if the results of a theoretical mixture
proportioning of OPKSC are available, as in the approach
proposed in [21], it is possible to estimate Young’s modulus
of the concrete; this enables the easy execution of the analysis
of structural elements in lightly loaded buildings, based on
OPKSC.

4. Conclusion

We estimated the elastic properties of OPKSC based on HS’s
and MT’s micromechanical models. OPKSC is a composite
material comprising two phases, namely, cement mortar
matrix and inclusions of OPKS. The determination of its
elastic properties by the homogenisation techniques re-
quired the knowledge of the elastic characteristics of each
of these phases as well as other parameters, such as the
volume fraction, average shape ratio, and orientation of the
inclusions. The MoE of OPKSCs with various volume
fractions (f., < 35MPa and OPKS volume fraction < 42%)
estimated by the homogenisation techniques (MT and HS)
in previous studies showed a good correlation with the
experimental results. These homogenisation approaches
highlighted the influence of the increase in the volume of
the composite particles on the stiffness. An empirical linear
correlation was obtained between the volume fraction of
the OPKS particles and Young’s modulus of the composite.
Hence, from the theoretical mixture proportioning of the
composite, it is possible to predict the values of the elas-
ticity constants of the OPKSC, which could facilitate the
structural analysis of building elements in tropical coun-
tries producing palm oil.

Data Availability

The exhaustive data obtained from Image]J analysis used to
support the findings of this study are included in Supple-
mentary Materials. The editable version of the numerical
calculation code used to support the findings of this study is
included in Supplementary Materials. The other experi-
mental data used to support the findings of this study are
included in the article.
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