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A B S T R A C T

Nowadays, the substitution of the traditional reinforcements of cement-based composite materials by natural
fibres is more and more common. However, some problems remain, mostly because the addition of natural fibres
to cement can delay its hydration due to the high concentration of polysaccharide in the fibres’ leachates. Many
studies have shown the effectiveness of alkaline treatments in order to improve the natural fibre/cement
compatibility but the mechanical compatibility, i.e. the bonding strength between the cement and the fibres has
never been characterized. Therefore, this study aims to fully understand the natural fibre/cement interface. Oil
palm fibre is chosen as reference fibre because of its very low compatibility with cement. NaOH treatments and
superplasticizer are used, in order to modify the surface of the fibre and the viscosity of the matrix. Both chemical
and mechanical compatibilities are characterized, by various methods such as isothermal calorimetry, FTIR,
tensile tests on single fibres and pull-out tests. Results show that alkali-treatments are very effective since it can
improve both compatibilities, while a more fluid matrix allows to further enhance the properties of the interface,
by limiting the amount of sugar at the fibre’s surface without hindering the cement hydration.
1. Introduction

Nowadays, the concepts of the circular economy are becoming a key
research question regarding the increasing demand for infrastructure and
the necessity to address the current environmental issues, like the
increasing greenhouse gas emissions, the raw resource consumption and
the increasing energy consumption. Many fields are responsible, but as it
can be seen in Fig. 1, the building sector is one of the most problematic,
with 11% of global CO2 produced [1,2]. The cement industry itself is
responsible for the consumption of large quantities of raw materials,
important energy demand and generate a massive amount of solid waste
materials and hazardous gases such as NOx and SOx [3]. Thus, since the
last few years, the field of civil engineering has been trying to adopt an
environmentally friendly approach in order to solve these issues [4].
Many processes and innovations have emerged, such as the use of green
roofs and solar or geothermal energy [5,6].

However, another way to reduce the energy footprint of buildings is
to use natural or recycled materials for construction or insulation [8]. In
this context, industries are trying to substitute conventional materials by
so-called “green materials” with a much lower environmental impact.
Thus, in recent years, extensive research has been performed in order to
24 June 2020; Accepted 24 Jun
evier B.V. This is an open access
replace steel in concrete. Many types of fibre, such as glass or carbon,
have been developed and tested. They have shown good performances
combining low density and high mechanical properties [9,10]. However,
for a better ecological approach, synthetic fibres can be substituted by
natural fibres (NF) like flax, hemp, coir, pineapple or bagasse. All of them
present different properties, but numerous studies have been shown their
great potential as building material [11–20].

NF is a complex natural composite, made of cellulose, hemicellulose
and lignin in several cell walls as shown in Fig. 2. The secondary wall is
mainly composed by helically cellulose microfibrils, assuring the me-
chanical strength of the fibre, bonded together by both the hemicellulose
and the lignin which act as a matrix [21–23]. Furthermore, NFs are also
composed of a small number of extractable components such as wax,
tyloses and pectin. Besides, cellulose and hemicelluloses are constituted
of mono and polysaccharides such as glucose, sucrose or mannose, which
can be easily solubilized in any aqueous medium [22,24,25].

Nevertheless, although the use of organic fibres as reinforcement in
composite materials has increased, the association of natural fibres with
cementitious matrices is still problematic. Indeed, the compatibility be-
tween lignocellulosic materials and cement is not always good and de-
pends on several factors. For example, Na et al. [26] concluded that the
e 2020
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Fig. 1. Global CO2 emissions by sector, from the Global Alliance for Buildings
and Construction [7].

Fig. 2. Structure of a natural fibre cell, from S. Thomas et al. [22].

Fig. 3. Process of the study, with the materials and the test methods.
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compatibility betweenwood and cement depends on the type of wood, its
growing location, the part of the tree used, the season during
wood-cutting, the storage conditions or also the type of cement. All these
factors point out that the main issue for NF-cement composite is the
chemical incompatibility which can exist between the two components.
Indeed, organic fibres contain organic substances which can leach out,
having inhibitory effects on the hydration of cement and therefore
negatively affect the properties of the composite. This phenomenon is
due to a large number of polysaccharides, which leach out during the
hydration phases of the cementitious matrix thereby affecting its hy-
dration reaction [26]. However, not all types of polysaccharides have the
same inhibitory effect. Firstly, Na et al. [26] related that glucose and
sucrose are the main issue. In a second time, Ko et al. [27] confirmed this
2

study and demonstrated that the sucrose has the highest impact while
glucose is a strong retarded, which was confirmed by Do et al. [28].

In order to reduce the negative impact of fibres on the cement matrix
and to improve the compatibility between them, different solutions can
be used. One of the most studied and effective solutions is the chemical
treatment of NF in order to remove unwanted constituents [21,26,29,
30]. Indeed, many studies were performed on fibres having strong in-
compatibility with cement, and pre-treatments have been very efficient
in order to make them compatible. Among the existing solution, sodium
hydroxide treatments are the most effective solution [21,26,31–34].
Indeed, Sa et al. [30] have reported that NaOH treatment is able to make
many wood species and NF to be fully compatible with Portland cement
(OPC). This alkali treatment acts on the surface of the fibre and allows to
remove the main inhibitory components that can be in contact with
cement. Moreover, hemicelluloses, lignin and surface impurities such as
pectin, wax, tyloses and fatty substances are removed thereby increasing
the surface roughness of the fibre which is needed to achieve good
bonding with matrix [25,33–38]. According to Su et al. [21], a large
variety of pre-treatments can be done on natural fibres in order to in-
crease their mechanical, chemical, hydrophilic and thermal properties.
However, in this study, only pre-treatments used to improve the
compatibility between cement and fibres are evaluated. Besides, alkaline
treatments can damage the fibre by decreasing significantly its proper-
ties. Indeed, above a certain concentration, the alkali treatment can
degrade and damage fibres by removing the hemicellulose and the lignin
that act as a matrix, but also the cellulose, which lead to a drop in their
mechanical properties [29,39,40]. Yet, another way to improve the
cement-fibres compatibility would be to modify the viscosity of the
matrix in order to change the sugars diffusion. Indeed, sugars diffusion is
affected by the matrix viscosity, and a more fluid matrix could mitigate
this issue [41].

The main goal of this study is to understand the mechanical and
chemical behaviour of natural fibres when mixed with cement, in order
to ultimately solve this issue to pave the way to the utilization of natural
fibres in the building sector. This study aims to compare and combine the
effect of the treatment on fibres and the modification of the matrix in
order to improve the compatibility between NF and cement, but also to
have a better understanding of these phenomena. The natural fibres
chosen in this study are oil palm fibres (OPF), a lignocellulosic fibre
extracted from the empty fruit bunches which have already been used in
many applications [42,43]. Besides, a recent study has shown that OPFs
are not compatible with cement, because their leachates are too rich in
glucose, galactose and arabinose, which hinder the cement hydration
[27]. Therefore, OPF is the perfect case study for this research. In order to
improve its compatibility with cement, an alkali-treatment is done on
OPF [44]. The influence of the cement viscosity is investigated by adding
superplasticizer into cement paste in order to study a more fluid matrix.
For each condition, the compatibility is studied by isothermal calorim-
etry. Then, the mechanical properties of the interface, between cement
and fibres, are examined by single fibre pull-out tests.

2. Materials and methods

The whole methodology is summarized in Fig. 3

2.1. Materials

Oil palm fibres are provided by WUR: Wageningen University and
Research, the Netherlands. The chemical composition of these fibres has
been studied by different researchers and thanks to Sh et al. [45], these
data have been summarized in Table 1. It can be observed that OPFs are
mainly composed of cellulose, but also with an amount of hemicellulose
and a high concentration of sugars (such as glucose and xylose) in its
leachate. Mechanical properties of OPFs are summarized in Table 2 [46].
It can be observed that despite the high heterogeneity of these values,
these fibres are often quite light, brittle and strong. These fibres are



Table 1
Chemical composition of OPF from the literature [45].

Constituents %

Cellulose 42.7–65
Lignin 13.2–25.31
Hemicellulose 17.1–33.5
Ash content 1.3–6.04
Alcohol 2.7–12
Pentosan 17.8–20.3
Arabinose 2.5
Xylose 33.1
Mannose 1.3
Galactose 1
Glucose 66.4
Silica 1.8

Table 2
Mechanical properties of OPF from the literature [46].

Properties Value

Density (g/cm3) 0.7–1.51
Tensile strength (MPa) 25–550
Young’s modulus (GPa) 0.5–9
Elongation at break (%) 4–18
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stored in plastic bags at room temperature until use. For this study, CEM I
52.5R (OPC) provided by ENCI, the Netherlands, is used as a binder and
Table 3 gives its chemical composition. A superplasticizer (SP) called
MasterGlenium 51 con 35% from BASF, the Netherlands, is also used.
Finally, Sodium hydroxide (NaOH) is produced by VWR CHEMICALS,
Belgium.
2.2. Alkali treatment

The most common treatment of natural fibres is based on alkaline
solutions such as NaOH, NaOCl or Na(OH)2 [47,44]. In this study, so-
dium hydroxide has been chosen because of its effectiveness on the
removal of unwanted constituents such as lignin or hemicellulose. OPF is
treated with 2 different concentration of NaOH (1% and 10%) and 3
different soaking times (2 h, 6 h, 24 h). For each solution, pH is measured
by a pHMeter (Metrohm 780) and is always above 12. OPFs are soaked in
these two NaOH solutions with the same conditions, namely 6 h and 24 h
at room temperature (20 �C). Then, they are washed several times with
water and dried at 60 �C for more than 24 h.
2.3. Tensile tests

The tensile properties of oil palm fibres are measured using an INS-
TRON 5957 universal testing machine with a 100N load cell, following
the ASTM D3822 standard. The measurements are conducted with a
crosshead speed of 5 mm/min. For each condition, about 20 specimens
Table 3
Chemical composition of OPC used in this study.

Chemical composition %

CaO 64.6
SiO2 20.08
Al2O3 4.98
Fe2O3 3.24
K2O 0.53
Na2O 0.27
SO3 3.13
MgO 1.98
TiO2 0.30
Mn2O4 0.10
P2O5 0.74
Cl- 0.05

3

are tested and the average strength of the fibres is determined. Fibres are
mounted between the grips where each of the upper and lower jaws
covers 2 cm of the sample. Due to the OPF macrostructure (i.e. short fibre
with an average length of 6 cm), the distance between the jaws is set at
1–2 mm. The tensile stress is measured as a function of the linear density
of the fibre (in tex) in order to minimize the impact on stress riser, quite
common in heterogeneous natural fibres.

2.4. SEM

The characterization of untreated and treated fibres surfaces is per-
formed by a Scanning Electron Microscope (SEM) (Phenom ProX), with
BSE detector at an accelerating voltage of 10 kV. Before the scanning,
each fibre is coated by a thin layer of gold to become more conductive
and suitable for SEM analysis. Pictures are taken at two magnifica-
tions:�400 and �1800.

2.5. FT-IR spectroscopy

In order to characterize the effect of the treatments on components at
the surface of the fibres, Fourier Transform Infrared Spectroscopy (FT-IR)
spectra are recorded. For this, a PerkinElmer Frontier FTIR with a
GladiATR diffuse reflectance device is used. Fibres treated with a 1%
NaOH treatment and different times of soaking (0 h, 2 h, 6 h and 24 h) are
studied. Hence, six scans are acquired with optical retardation of 0.25 cm
and a resolution of 4 cm�1 from 4000 to 400 cm�1. Characterization of
the peaks corresponding to the different constituents of the fibres (e.g.
lignin, wax, hemicellulose…) has been done in accordance with previous
studies [48].

2.6. Processing of the cement pastes and slump (flow) tests

In order to study the influence of superplasticizer on the viscosity of
cementitious matrix, for the w/c ratio set at 0.5, slump flow tests are
performed following the EN 196-1 [49] standard. An optimum amount of
SP is set at 0.25% (m/m binder). Table 4 shows the viscosity difference
between the OPC and the OPC þ SP samples.

2.7. Isothermal calorimetry

Isothermal calorimetry measurements are performed with a TAM Air
Isothermal calorimeter at a constant temperature of 20 �C during 3–6
days. Untreated and treated fibres are mixed with OPC and water. For all
samples, the water/cement ratio and the fibres content are kept constant
at 0.5 (w/c ¼ 0.5) and at 7.5% (f/b ¼ 0.075) respectively. For some
samples, 0.25% of SP is added to the mix. Firstly, cement, water and SP
are mixed during 30 s. Then fibres, with a size of 1–3 cm, are added to the
paste and is mixed during 90 s.

2.8. Cement-fibres compatibility

Following the work of Na et al. [26] on the compatibility between
wood and cement, the equation of Pasca et al. [50], based on isothermal
calorimetry results is used in this study. As Kochova et al. [44] have re-
ported in their work, this equation is developed for cement-wood
compatibility but can be used for other types of lignocellulosic mate-
rials such as OPF, due to the assumption that hydrated cement/wood/-
water mixtures and cement/fibres/water mixtures tend to have the same
Table 4
Summary of the viscosity characterization by mini-slump test.

W/C
ratio

SP concentration
(%)

Diameter
(mm)

Yield stress
(Pa)

Viscosity
(Pa.s)

0.5 0 150 72.73 2.19
0.25 440 0.33 0.04
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cement hydration behaviour as they have similar chemical composition.
Thus, the compatibility factor CX’, between fibres and cement, can be
determined using the following equation [26,50]:

CX’ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
HRmax*HR3:5� 24*t’max
HR’maxHR’3:5� 24*tmax

�
3

s
*100 (1)

where HRmax is the maximum heat rate of the fibres-cement mixture (J/
hg), HR�max is maximum heat rate of neat cement paste (J/hg), H3.5–24 is
the total heat released by fibres-cement mixture in 3.5–24 h interval (J),
H0

3.5-24 is the total heat released by neat cement paste within 3.5–24 h
interval (J), tmax is the time to reach maximum heat rate of the fibres-
cement mixture (h), t�max is the time to reach maximum heat rate of
neat cement paste (h). To classify the compatibility of fibres with OPC,
three criteria are determined. Thus, fibres are considered incompatible if
CX’< 40, moderate compatible if 40< CX’< 80 and compatible if CX’>
80.
2.9. Pull-out tests

In this study, single fibre pull-out tests are performed by using a
universal testing machine (INSTRON 5967) and specific grips that can
hold the cement block as well as a single fibre. Different samples with
different conditions are studied in this work. For each condition, 8
samples are made and tested after 7 and 28 days. After mixing, the OPC
mixture is poured into one-half of the dog-bone shaped moulds, in which
a single OPF fibre is carefully held in place by EPS foams. The cast
specimens are covered with plastic films and stored at room temperature
prior testing. During the sample preparation, special care has been taken
to keep the fibre straight while pouring the cement. The pull-out load is
recorded with a 100N load cell under displacement control at a rate of 5
mm/min.

According to recent studies [51–53], the characteristic single fibre
pull-out curve is composed of three different stages, partial debonding
(OA), complete debonding (AB) and interfacial debonding (BC). The final
stage, also called the pull-out stage, is characteristic of the nature of the
frictional interface. Three main regimes can occur, which are the con-
stant friction, the slip-softening and the slip-hardening (Fig. 4).

During the constant friction, the load decreases linearly while the slip
increases. This can be attributed to the fact that stress across the interface
and the coefficient of friction remains the same during this process [52].
During the slip-softening, there is a rapid decrease of the load while the
slip increases. This can be attributed to the fact that the fibre hardness is
higher than that of the surrounding matrix [51,52], whichmeans rather a
bad interface. During the slip hardening, the load increases while the slip
increases. This can be attributed to the fact that fibres can get damaged
causing jamming effect and thereby resisting pull-out load [51,52],
which corresponds to a rather good interface.

3. Results and discussion

3.1. Chemical characterization of fibres

As described in the literature, hemicellulose, waxes, pectin and other
Fig. 4. Typical single fibre pull-out curve and pull-out mechanisms [44].
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surface impurities, which are present in OPF, are known to delay the
hydration of cement [27,35,38]. Therefore, the FT-IR characterization is
focusing on these constituents. The FT-IR spectra of untreated and treated
fibres are given in Fig. 5. Three main differences are observed between
untreated and treated OPF FT-IR spectra. The first one is the removal of
the peak at 1710 cm�1, attributed to the C––O stretching of the acetyl
groups of hemicellulose, for treated fibres [35,37,54]. Indeed, even for a
2 h of soaking, this peak is not present, which mean that the hemicel-
lulose is mostly removed from the fibre surfaces with any type of
alkali-treatment. Secondly, by increasing the soaking time, two peaks at
2920 cm�1 and 2850 cm�1, corresponding to the –CH2 bonds of the long
aliphatic hydrocarbon chain of waxes [24,44], become weaker and
weaker. According to the literature, NaOH treatment is quite effective as
removing wax from natural fibres, as it has been characterized with sisal
fibres by Mishra et al. [55]. Finally, the last interesting peak visible in the
spectra is characterized at 1240 cm�1 and it corresponds to the C–O aryl
group of lignin (i.e. phenolic C–OH) [56,57], which also almost disap-
pear with alkali-treatments. This indicates that the longer the treatment
is, the more organic constituents are eliminated from the surfaces of the
fibres since these peaks are disappearing after 24 h. Indeed, an increase of
the concentration and/or time of the alkaline treatments remove more
constituents such as wax, lignin and hemicellulose as it has been shown
numerous times in the literature [58].
3.2. Surface characterization of fibres

The surfaces of untreated and treated OPF are shown in Fig. 5. Ac-
cording to the literature, it is known that OPFs are covered by waxes and
other natural impurities [45,59,60]. Comparing the untreated fibres
(Fig. 6-a and Fig. 6-b) to the treated fibres (Fig. 6-c to Fig. 6-h), it appears
that the sodium hydroxide treatment removes a layer from the OPF
surface. According to Ib et al. [38] and to Ma et al. [61], NaOH breaks the
hydrogen bonds of the cellulose structure resulting in the removal of
impurities. Thus, the higher the sodium hydroxide concentration, the
more hydrogen bonds are broken and the more impurities are being
removed.

After a weak treatment, it is noticed that a large number of micro-
metric compounds are still attached to pits on the OPF surface (Fig. 6-d).
These particles are silica bodies which are commonly found at the surface
of oil palm and coir fibre. The longer the soaking time (2 h: Fig. 6-d; 6 h:
Fig. 6-f and 24 h: Fig. 6-h), the greater the number of pits are opened due
to the removal of silica. Indeed, by analyzing the SEM pictures, it can be
found that the 2 h and 6 h treatments remove 6% and 8% of the silica
bodies, respectively, and the 24 h treatment is significantly more effec-
tive as it removes 55% of the silica bodies. Sr et al. [60] and Ib et al. [38]
have shown that the pores formed due to the removal of silica become
more prominent with stronger alkali treatment, with an average diameter
growing from 0.07 μm to 0.15 μm. Therefore, the dissolution of natural
impurities, the removal of silica bodies and the increase of the size of the
pores leading to a more porous and a rougher fibre surface [61–64].
Fig. 5. FT-IR spectra of different soaking times of 1% NaOH treatment.



Fig. 6. a) Untreated OPF; b) Untreated OPF; c) 2 h Treated OPF; d) 2 h Treated OPF; e) 6 h Treated OPF; f) 6 h Treated OPF; g) 24 h Treated OPF; h) 24 h Treated OPF.
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3.3. Mechanical properties of fibres

In order to evaluate the effect of different NaOH treatments on the
mechanical properties of oil palm fibres, the tensile stress of untreated
and treated fibres is measured and compared. Results are shown in Fig. 7.
The first observable result is that weak treatments (1% NaOH) do not
affect the tensile stress of the OPF, regardless of the soaking time,
whereas stronger treatments have a significant effect on the OPF. Indeed,
for a soaking time of 6 h, a significant increase is noticed (50% for 10%
NaOH), while for a 24 h of soaking, a reduction of the strength is
observed (20% for 10% NaOH).

From the literature, oil palm fibres can be considered as a fibre-
reinforced composite, with cellulose fibrils as reinforcement and a
hemicellulose-lignin network as a matrix [21,22,24]. Thus, cellulose
mainly ensures the mechanical properties of fibres, while hemicellulose
and lignin act as a bonding agent. As characterized by FT-IR and SEM, the
alkali-treatment removes from the OPF surface different impurities, such
as waxes and silica bodies, but also removes a part of the hemicellulose
and lignin. Hence, as stated in the literature, the increase of treated OPF
tensile stress can be explained by this removal of these components
because according to Cs et al. [36], Sy et al. [39] and Iz et al. [64], with
less binding hemicellulose and lignin in the interfibrillar regions, the
fibre becomes less rigid and allows cellulose microfibrils to re-arrange
themselves along the direction of the load applied. This promotes a
more effective load transfer and an increase in tensile properties. More-
over, another explanation of this phenomena can be that the
re-arrangement of the cellulose microfibrils which reduces their spiral
angle and leads to better resistance and better mechanical properties of
the fibres [64]. However, for a strong concentration and/or a too long
soaking time, there is a decrease of the tensile stress of treated OPF,
because too many constituents (i.e. hemicellulose, lignin) are removed
creating defects in the fibre.

From these results, it can be concluded that the tensile properties of
oil palm fibres can be improved by treating them with a short alkali-
treatment using sodium hydroxide. However, in this study, where the
improvement of the compatibility between cement and fibres is sought,
the short hydrolysis time treatment may not remove enough inhibitory
constituents which delay the cement hydration. Thus, weak and strong
treatments with a soaking time of 24 h are chosen for the rest of the work.
3.4. Effect of modifications on the chemical compatibility of the oil palm
fibres and portland cement

Untreated and treated oil palm fibres are added to cement paste
containing or not 0.25% of superplasticizer. This experiment shows the
influence of treatments and/or the viscosity of cementitious matrix on
Fig. 7. Tensile stresses of oil palm fibres.
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the hydration of cement. Fig. 8 shows the heat flow during the
exothermic reaction of OPC while Fig. 9 shows the total heat released
during that reaction. The chemical compatibility is calculated by using
the Pasca’s equation (1) and the isothermal calorimetry measurements
and the compatibility factor (CX0) results are shown in Table 5.

Firstly, the untreated oil palm fibres, with a compatibility factor of
9.4, appear to be incompatible with cement. Results confirm the results
found by Ko et al. with the hydration peak that begins to appear nearly 1
day after the end of the chemical reaction of OPC [44]. Moreover, this
peak reaches its maximum 4 days after the one of Portland cement. Thus,
in addition to delaying the start of the hydration, untreated oil palm fi-
bres also slow it down considerably. This phenomenon is explained from
the literature due to the high amount of sugars present in oil palm fibres
(Table 3) which prevent and delay the formation of hydrated cement
products by forming a thin permeable layer around the cement grains
[27,65–67].

Alkali-treatments greatly reduce the inhibitory effect of OPF, with a
significant increase of the compatibility factor, with values over 85 for
every single tested condition. For both treatments, the retardation is very
low as compared to the reference and the heat released is just a little bit
lower than the normal OPC reaction. It has to be noticed that the weak
treatment is surprisingly good, with a CX’ ¼ 91.5 which means that the
stronger treatment removes more constituents from the surface, but is not
needed to solve the chemical compatibility issue of OPF with OPC.

Addition of 0.25% of superplasticizer to the cement paste causes the
hydration peak to be delayed for less than half a day and the heat released
is also delayed at the beginning of the reaction, but after 2 days, it nearly
has the same value than the reference. As seen by the analysis of the
rheological properties of the cementitious matrix, the addition of 0.25%
of SP strongly decreases the viscosity of cement paste which becomes
more fluid. Therefore, according to Zahia et al. [68], as the fluidity in-
creases, it is normal that the hydration reaction is delayed and takes a
longer time. When OPFs are added, the addition of a small amount of
superplasticizer only decreases the compatibility factor by 4 for each
treatment.

From these results, it can be concluded that NaOH alkali-treatments
seem very effective in order to avoid the retarding effect of the un-
wanted constituents of OPF. Even though OPF has a high sugar content, a
weak treatment is very effective, showing that high concentration is not
needed in order to solubilize and remove the sugar from the fibre.
Moreover, a more fluid matrix leads to a better diffusion of sugars in the
cement paste and therefore, increase the retarding effect. Nonetheless,
this chemical phenomenon is not obvious because the hydration peaks of
cement with SP and with or without treated fibres are almost identical.
3.5. Effect of modifications on the mechanical compatibility of the oil palm
fibres and portland cement

Besides the chemical compatibility, the quality of the interface
Fig. 8. Effect of different modifications on the hydration of Portland cement
(Heat Flow).



Fig. 9. Effect of different modifications on the hydration of Portland cement
(Heat Released).

Table 5
Chemical compatibility of ordinary Portland cement I 52.5R with or without SP
and with untreated or treated OPF.

Sample No
treatment

1%
NaOH

10%
NaOH

1% NaOH
þ0.25% SP

10% NaOH
þ0.25% SP

CX0 9.4 91.5 93.2 86.4 89.9

Fig. 10. Sliding pull-out mechanisms and peak debond load average of different
modifications made on the composite.
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between NFs and cement is also a critical factor in fibre-reinforced ma-
terials. Therefore, pull-out tests are carried out in order to measure the
strength of the interface. As shown in Fig. 4, three different regimes can
occur during the final stage of a single pull-out test. It can be constant
friction, slip-softening and slip-hardening. According to this theory, the
sliding pull-out mechanisms and the maximum load of the different
samples for each condition are summarized in Fig. 10.

With untreated fibres, the pull-out is mostly following slip-softening
(more than 50% of the time) and constant friction mechanisms
(40–50%). Therefore, the interface between untreated fibres and
cementitious matrix can be characterized as bad, especially for samples
tested at 7 days. For samples made with treated fibres, the three mech-
anisms are also observed but as compared to untreated fibre samples, less
slip-softening behaviours rule the pull-out stage (28–33%). Hence, it can
be concluded that the treatment of fibres and the addition of SP in the
cementitious matrix improve the mechanical properties at the interface
between the two components. The study of the debonding load confirms
previous observations. Indeed, by treating fibres, the load significantly
increases, and this effect is even more pronounced at 28 days (þ250 and
þ 530%, respectively). Moreover, it appears that the addition of SP also
allows improving this characteristic, with the highest load average
recorded at 6.3 N, with more slip-hardening behaviour.

Ultimately, among all the conditions, samples with treated oil palm
fibres and containing superplasticizer have better mechanical properties
at the interface and therefore the better bonding stress. It can be
explained by the fact that alkali-treatment removes from OPF the sugars
which delay the hydration of cement close to the fibre, thereby creating a
bad interface around the fibre in the matrix (Fig. 11-a). However, for
treated OPF, Fig. 11-b shows that the interface is clearly better because
the alkaline treatment removes the sugars at the OPF’s surface, but also
natural impurities which increases the diameter of the pores. Thus, this
leads to a more porous and rougher surface morphology which improves
the mechanical interlocking with the matrix [38,63,64].

Changing the viscosity of the matrix has a significant influence on the
interfacial properties. Indeed, because the OPC is more fluid, there is a
better diffusion of sugars in the paste and their inhibitory effect is not
concentrated around the fibre, but it is distributed throughout the matrix,
and consequently allowing a better interface. However, this effect is
mainly observable for samples with treated OPF because, without treat-
ment, the amount of sugar in OPF is too high which cause a major
7

inhibitory effect on the whole matrix.

4. Conclusions

This work aims to characterize the chemical and mechanical
compatibility between oil palm fibres and OPC. Two different methods
are studied, namely alkali-treatments (i.e. surface treatment of the fibres)
and addition of SP (i.e. increase of the matrix fluidity). Based on the
results, the following conclusions can be drawn:

� Alkali-treatment removes from the OPF some constituents known to
delay the hydration of cement (e.g. hemicellulose and waxes).
Moreover, natural impurities and silica bodies are being removed
from the fibre’s surface, leading to bigger pore size and rougher
surface.

� Mechanical properties of the OPF are significantly affected by the
alkaline hydrolysis but these treatments have a very good effect on
the chemical compatibility of untreated OPF. However, it appears
that a strong treatment does not have a significant effect as compared
to a weaker treatment, and thus should be avoided.

� Pull-out tests show that treated oil palm fibres have a better interface
and a better mechanical interlocking with OPC than the untreated
fibres. This improvement is mainly due to the removal of sugars and
the rougher and more porous fibre’s surface.

� A more fluid matrix does not have a major impact on the cement
hydration. However, treated OPF has a much better interface when
mixed with a less viscous matrix, due to the diffusion of sugars in the
paste being facilitated.

In overall, the modifications made to the matrix and the fibres lead to
much better compatibility between OPF and OPC, both mechanically and
chemically. Moreover, even though the effectiveness of the alkali-
treatment is much more obvious, a more fluid matrix can further
improve the interface, proving the importance of removing the hydro-
lysis by-products from the surface of the fibres.
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