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ABSTRACT

As part of a large project funded by National Plane
for Science and Technology (NPST), the midribs of date
palm trees (Phoenix dactylifera L.) and tree prunings of
buttonwood (Conocarpus erectus L.) were used to
manufacture wood-cement panels (WCPs) of high-quality
from lignocellulosic materials available in Saudi Arabia.
This work aimed to evaluate the effects of board density
and wood/cement ratio (WCR) on the properties of the
produced WCPs. Such WCPs were produced under
specific manufacturing variables, including targeted board
density (1100, 1200 and 1300 kg.m'3) and WCR (1/2, 1/3
and 1/4 by weight). The mechanical properties and
dimensional stability of the final panels were determined.
The results indicated that the WCPs could be made from
the two species after pre-treating the particles with an
aqueous treatment and adding either calcium or
magnesium chloride as an accelerator. Both the board
density and WCP had significant effects on the properties
of the WCPs from each species. The mechanical and
dimensional properties of the WCPs increased as the
board density increased from 1100 to 1300 kg.m™. It has
been found that all the mechanical properties of the WCPs
were directly related to the board density. The results
revealed that as the WCR increased from 1/2 to 1/4, the
dimensional stabilities and mechanical properties of the
WCPs, except for the modulus of rupture, increased. The
properties of the produced panels were improved by
increasing the WCR. For WCP industry production, the
choice of proper wood species, board density and WCR
should be made based on the end uses of the panels.
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INTRODUCTION

Agricultural residues are renewable resources that
can be utilized as raw materials in the wood industry'.
A wide variety of agricultural residues and non-woody
materials, such as midribs of date palm and wheat
straw?, rattan’, arhar stalks®, bamboo’, and coconut shell
of babacu' have been studied. Fortunately, Saudi Arabia
has relatively large quantities of lignocellulosic
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materials, including tree prunings and date palm
residues, available in the form of agricultural residues.

Buttonwood (Conocarpus erectus L.) is known as a
salt-tolerant forest species with a moist native habitat.
Recently, it has been increasingly used as an ornamental
tree in Saudi Arabia. The large buttonwood population
in Saudi Arabia sheds a substantial quantity of residues
annually as the result of seasonal pruning, which is an
essential agricultural practice. No data are available in
this field concerning the average quantity of residue
from Buttonwood tree prunings’. However, in the
Kingdom of Saudi Arabia, the number of date palm
trees exceeds 28 million’; assuming an average of 35 kg
of palm residues are obtained per tree annually, about 1
million metric tons of date palm biomass are wasted
annually from the seasonal trimming of the palm tree
population in Saudi Arabia. In developed countries,
these residues are used to produce valuable wood-based
panels, such as particleboard and medium density
fiberboard (MDF), although in most of the developing
world, they are simply burnt to ashes”.

Inorganic-bonded composites are referred to as
particles or fibers of wood or non-wood materials and
are used as reinforcement materials, bonded and held
together by an inorganic binder such as ordinary
Portland cement. These composites can be molded or
compressed  blocks and  panels, containing
approximately 30-70% by weight of wood in various
forms®. These panels have excellent sound insulation,
highly resistant to water, termites, and excellent for
outdoor use, which has led to their wide potential
applications for replacing traditional building materials
and conventional wood composites as roofing, wall,
flooring parts, and noise insulation’.

The properties of WCPs are affected by many
processing factors. The types of raw material used, the
wood particle size, the board density and the wood to
cement ratio are the most important factors affecting the
properties of WCPs. Previous studies have revealed that
not all species react favorably with cement*'’. Many
researchers have reported that the wood particle size has
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a large effect on the properties of WCPs''. The effects
of the board density and WCR as manufacturing factors
have been studied in different parts of the world for
many types of woody materials'®'*'"> and shown to
significantly affect the properties of the produced
WCPs. In Saudi Arabia, several studies have been
undertaken to test the suitability of some wood species
and agricultural residues that are available in Saudi
Arabia for WCP manufacturing™'®'’.  Without
producing actual WCPs, these studies determined the
suitability of the woody materials using hydration tests
as well as pretreatments and chemical additives to
enhance the compatibility of the materials with cement.
They concluded that with some pretreatment and
specific chemical additives, most of the woody
materials available in Saudi Arabia are suitable for
WCP manufacturing. However, the properties of WCPs
manufactured from these woody materials have not
been determined.

Accordingly, the current work aimed to evaluate the
properties of WCP's made from the date palm residues
and tree prunings of buttonwood as well as to study the
effects of board target density and WCR on the
properties of the corresponding WCPs.

MATERIALS AND METHODS
Raw materials

Tree prunings of buttonwood (Conocarpus erectus
L.) and date palm midribs (Phoenix dactylifera L.)
growing in Riyadh city were collected during 2011 to
be wused as lignocellulosic raw materials for
manufacturing wood-cement panels (WCPs). After
collecting and air-drying, the woody materials were cut
into small pieces or discs using a band saw and fed
through a laboratory hammer mill using a 5 mm screen.
Two particle sizes were used in the current study: 1)
particles passed through a 0.8-mm sieve and retained on
a 0.4-mm sieve (-20/+40 mesh) were used for
manufacturing the WCPs, and 2) particles passed
through a 0.4-mm sieve and retained on a 0.27-mm
sieve (-40/+60 mesh) were used for the chemical
analysis of wood. The wood particles (-20/+40 mesh)

were pretreated by either cold water soaking or hot
water extraction before used for WCP manufacturing
according to Nasser'® and Moslemi etal. .
Commercial Portland cement (Type I), meeting ASTM
specifications (ASTM C150)* and manufactured by the
Yamama Saudi Cement Company Limited, was used in
this study as a binder. The chemical composition, as
provided by the supplier, is shown in Table 1.

Chemical analysis of woody materials

Based on the oven-dried weight, the percent of total
extractives of the wood samples (-40/+60 mesh) were
determined according to ASTM D1037*'. The amount
of cellulose, hemicellulose, and lignin contents were
determined using free-extractives meal according to the
standard method. In addition, the ash content and cold
water solubility of wood were also determined
according to NREL*.

Hydration test

To evaluate the compatibility of the two woody
materials with cement and to select the best treatment
for WCP manufacturing, a preliminary hydration
experiment was conducted according to Hachmi et al. **
using a 2-L Dewar flask. Every possible combination of
pre-treatment procedure (untreated, cold water and hot
water) and chemical addition (none, CaCl,, Aly(SOy); or
MgCl,) was tested (twelve treatments in total).
Exothermic hydration curves were obtained and
hydration data were recorded, then the indices of
hydration were calculated, including the inhibitory
index" and compatibility factor®.

Water requirements for WCPs manufacturing

The quantity of water used to manufacture the
WCPs was determined using the formula developed by
Simatupang et al**, with some modifications. The
optimum amount of water per each gram of cement
needed to complete hydration was determined by the
hydration test and calculated using the uniform mixing
index”™. The optimal water/cement ratio and water/wood
ratio were determined to be 0.28 and 0.55 mL-g”,
respectively.

Table 1. Properties of ordinary Portland cement (Type I).

Chemical composition (%) Setting time (min) Crnax
SiO, ALO; Fe,0O; CaO MgO SO; Initial Final (MPa)
Cementused  20.46 5.69 3.88 64.82 0.72 2.55 105 165 29.9
ASTM* () (-) () () Max 6.0 Max 3.5 Min. 45 Max. 375 Min. 19.7

Reported by supplier (Yamama Saudi Cement Company Limited).

(-) limit is not specified.

The time of setting was determined by the Vicat test method.
Cumax 1s the compressive strength of the cement after 7 days.
According to the standard specification for Portland cement®.
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WCP preparation

According to the results of the hydration tests
observed in Table 2, WCPs were manufactured using
the best treatments, including a pre-treatment (cold or
hot water) and the addition of chemical additives(CaCl,
or MgCl,), according to a method outlined by Okino et
al. ® and Papadopoulos®. To achieve both board
density of WCP and WCR, variable amount of oven-
dried wood particles and chemical aqueous solution
(chemical additives dissolved in distilled water) were
hand mixed. Then, Portland cement (Type I) was added
to the wet particles, and the constituents were
thoroughly mixed until the cement paste was completely
hydrated. The quantity of distilled water was calculated
according to the relationship developed by
Simatupang®. After approximately 15 min of hand
mixing, an open-top box of composite wood coated
with a phenolic layer with dimensions of 30 x 30 cm for
the base on the inside and of 3.1 cm for the height was
designated to form the panel. The mat was then cold-
pressed using a hydraulic press (Carver Monarch) to a
10 mm thickness, and the panel was kept under a
constant pressure for 20 h using the press clamp. The
panels were carefully extracted from the mold, misted
with water, wrapped in cellophane and aligned before
conditioning at room temperature and relative humidity
for a minimum of 1 month. In total, 54 panels were
manufactured, representing two wood species, three
targeted densities, WCRs and three panels per

combination. The specifications of the WCPs are
presented in Table 3.

Mechanical properties of WCPs

Using an Instron Testing Machine (Model 3382) in
accordance with ASTM D-1037*' with some
modifications due to the limited size of the panels, tests
of the static bending, the tensile strength perpendicular
to the board surface (IB), the screw withdrawal and the
Janka hardness were carried out on the WCPs. The
modulus of rupture (MOR), modulus of elasticity
(MOE), internal bond strength (IBS), screw holding
power (SHP) and Janka hardness number (JHN) were
recorded. The densities and moisture contents of the
WCPs in the static bending test were determined by
cutting the samples near the failure zone. The specimen
dimensions, head speed and calculated parameters are
shown in Table 4.

Dimensional stability properties

The water uptake (WU), thickness swelling (TS) and
linear expansion (LE) of the WCPs were determined
after changing from equilibrium conditions to water
immersion for 24 h (ASTM D-1037)*'. The specimens
were immersed in a water bath at room temperature for
24 h, then taken out and weighed. All calculation were

expressed as a percentage of the original state after 24
h.

Table 2. Hydration parameters for the best treatments selected for the WCP manufacture.

Best treatment

Hydration data and indices

Wood Species Pre- Chemical T max AT tinax 1 Ca
treatment  additive Ko) Ko) (hrs) (%)
Phoenix dactylifera Untreated Without 38.40 16.70 24.0 148.6 39.58
HWE MgCl, 73.10 48.70 3.50 -2.42 85.71
Conocarpus erectus Untreated Without 51.10 28.60 8.50 12.46 58.25
CWS CaCl, 75.53 52.60 3.17 -0.76 86.07
Net cement - - 88.60 65.6 6.25 0 100
CWS: cold water soaking, HWE: hot water extraction.
Tmax: Maximum temperature, AT: rise in temperature above room temperature,
tmax: time to reach Ty, [: inhibitory index and C4: compatibility factor.
Table 3. Specifications of the WCPs.
Condition Unit Value
Wood/cement ratio by weight g/g 1/2,1/3 & 1/4
Board density Kg.m? 1100, 1200 and 1300
Wood particle size* mesh -20/+40
Total pressure MPa 3.5 to 4.5 and clamped for 20 h.
Press time h 4 h under hydraulic press and 20 h under clamp press
Conditioning °C Room temperature (20£2°C)
% Relative humidity (65£2%)
Panel dimensions mm 300x 300 x 10
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* (-) means pass and (+) means retained on a sieve screen.
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Table 4. Test specimen dimensions of WCPs, loading rate and calculated parameters

Test Dimension (mm) Head speed* Calculated
Width length (mm\min) parameter Unit
Static bending 50 250 6.6 MOR (modulus of rupture) MPa
50 250 6.6 MOE (modulus of elasticity) GPa
- - - Density g.cm”
- - - Moisture content %
Tensile L panel surface 50 50 2.0 IB (internal bond) MPa
Screw withdrawal 75 75 2.0 SHP (screw holding power) N
Janka hardness 75 75 0.61 JHN (Janka hardness number) N

* The head speed is the rate of load applied.
The span for static bending is 230 mm.

The thickness of the specimens is equal to the thickness of the WCP (10 mm), except for in the Janka hardness test, in which the

thickness was made 20 mm by gluing together two specimens.
Statistical analysis

To investigate the significant differences in physical,
mechanical and dimensional stability properties of the

WCPs, randomized complete design (CRD) in two
factors was used. The T data were analyzed by analysis
of variance (ANOVA), and the mean values were tested
by the LSD test (p<0.05) to study the significance of
the differences between species and among the target
densities of the panels using the SAS? statistical
package.

RESULTS AND DISCUSSION
Selection of the treatment for WCP manufacturing

The exothermic hydration curves and the hydration
data for the two species used in the current study to
produce WCPs are presented in Figs. 1 & 2 and in
Table 2. The exothermic curves revealed that both

species could not be used directly as raw materials for
WCP production and that they must first be pre-treated
by either cold or hot water with the addition of CaCl, or
MgCl, (3% by weight). It can be observed that the best
treatment differed depending on the species (Figs. 1 &
2). Using the best treatment, the materials were suitable
for WCP production according to Hachmi ez al. . The
results showed that the time to reach the maximum
temperature (tp,) ranged from 3.2 to 3.5 h, so the
panels were pressed in an automatic hydraulic press for
at least 4 h and then clamped for 20 h before removal
from the mold. These results are in agreement with
previously published reports®. The negative values of
the inhibitory indexes (I) may be attributed to the
minimization of the adverse effects of the soluble sugars
and extractives as well as to the acceleration of the
cement hardening and setting®®.
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Fig. 1. Exothermic hydration curves of P. dactylifera midrib-cement mixtures under

different treatments
C: cement, UN: Untraeated, CA: CaCl,, MG: MgCl,, AL: Al (S04),,CW: cold water soaking, HW: hot
water extraction
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Fig. 2. Exothermic hydration curves of C. erectus wood-cement mixtures under different
treatments. For legend see Fig.1.

Chemical analysis of the two species

The most important factor affecting the
compatibility between wood and cement as well as the
mechanical properties of the produced WCPs was the
chemical composition of the wood. A comparison of the
chemical composition of the midribs of P. dactylifera
and the tree prunings of C. erectus to hardwood is
presented in Table 5. It can be observed that there are
significant differences in all chemical constituents
between the two species. These variations might be
explain the differences among the produced WCPs. It
was evident that, except for the cold water solubility of
the midribs of P. dactylifera as well as the extractives
content and ash content of the two species, all chemical
constituents fell within the range of those of hardwood
species. The last two parameters are the most important
factors influencing the compatibility between wood and
cement'’. Pre-treatment of the wood particles most
likely removed many of the extraneous substances that
inhibit the setting of cement, resulting in stronger
bonding between the wood particles and the cement and
improved mechanical properties in the produced
WCPs'"'""° The ash contents of the two species were
very high when compared with those of hardwood
species (Table 5). Generally, it is known that the ash
content of wood is less than 1%; however, many
researchers have been reported that most wood species
grown in Saudi Arabia have a higher ash contents of
above 2%’

Effect of the species on the properties of the WCPs

The mean values of and significant differences in
the mechanical and dimensional stability properties of
the WCPs made from the date palm midribs and the tree
prunings of buttonwood are presented in Table 6 and
Fig. 3. Some of these properties significantly differed
according to species, i.e., had a significant effect on the
properties of the produced WCPs. It can be observed
that the differences in the modulus of elasticity (MOE),
screw holding power (SHP), and Janka hardness
number (JHN) between the two species were
statistically significant. The WCPs from C. erectus
showed the highest values for mechanical properties
and the lowest values for water uptake (WU), thickness
swelling (TS) and linear expansion (LE) after soaking
in water for 24 h. The inverse was true for the WCPs
from the date palm midribs. The WCPs from C. erectus
maintained higher stability in water than those produced
from P. dactylifera. Generally, the mechanical
properties of the WCPs made from the two species
surpassed the minimum requirements; the dimensional
stability characteristics of the panels were also lower
than the maximum limits of particleboard standards.
These results agree with those reported by other
researchers around the world®®. WCPs could be made
from the midribs of date palm (P. dactylifera) and the
tree prunings of buttonwood (C. erectus) after pre-
treating the particles by aqueous treatment and adding
either calcium or magnesium chloride as an accelerator.

Although the screw holding power and Janka
hardness strength (JHN) of a produced panel are the
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most important measurements for construction and
flooring applications, no requirements are specified in
the ISO standard for CBP panels. The values of the SHP
are comparable with those reported by Okino et al.” for
WCPs made from a mixture of eucalypt and
rubberwood (1500 to 2020 N); however, they are higher
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than those from Almeida er al.' for WCPs produced
from the coconut shell of babacu (474 to 1146 N). A
higher JHN value was observed for C. erectus (5371 N)
and a lower value was recorded for P. dactylifera (5795
N).No values were available in the literature for
comparison.

Table 5. Chemical analysis of the two species used for the manufacture of WCPs.

Percentage content of

Wood species Extractives* Holocellulose Lignin Ash CWS
Phoenix dactylifera 20.31%42.3 75.0%+4.6 25.8%£3.5 1.33%+£0.7 14.65%+1.9
Conocarpus erectus 10.86°+1.4 65.0%+5.3 35.2%+4.8 2.21%41.0 4.83%+1.6
Hardwood" 2-8 60-85 23-30 0.2-0.5 4-6

Each value is an average of 5 samples.
CWS is cold water solubility.

* Total extractives by ASTM D1105 (1989)".

Means with the same letter in a column are not significantly different at a 0.05 level of probability according to the LSD test.

+ Fengel and Wegener®.

Table 6. Mean values* of the properties of the WCPs from the buttonwood and date palm

midribs.
Mechanical properties Dimensional stability (%)
MC Density” MOR IB JHN Water Thickness Linear
Wood species (%) (kg.m™) (MPa) (MPa) N) uptake swelling expansion
P. dactylifera 8.45% 1250 11.20%  1.76%  5795% 23.03* 1..34% 0.50*
C. erectus 8.65" 1255%  11.75% 174 5371° 19.34° 0.57° 0.34°
Requirement - 1200 9.00 0.45 2222 - Max 8.0 -

* Each value is an average of 27 specimens.
+ Board density based on oven-dry weight and volume at test*'.

Means with the same letter in a column are not significantly different at a 0.05 level of probability according to the LSD test.
MC: moisture content, MOR: modulus of rupture, IB: internal bond, JHN: Janka hardness number.
The dimensional stability was determined after 24 h of water soaking.
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Effects of species and board density on the
properties of WCPs

In the composite industries, i.e., particleboard
manufacture, choosing the proper particleboard density
is a very important step, and the proper density can be
determined based on the intended application
requirements. For example, particleboards with low
density are often used as soundproofing materials™. The
board targeted density is planned before manufacturing
the panels based on the relationship between board
density, oven-dry weight and the volume of the boards
(dimensions and thickness). By choosing the targeted
board density necessary to produce, e.g., 1200 kg.m™,
we can calculate the weight of each component
including wood and cement necessary to give the
desired board density.

The analysis of variance indicated that the
interactions between species and the board target
density (BTD), except MC, were highly significant for
all the mechanical properties (MOR, MOE, 1B, SHP,
and JHN) and dimensional stability characteristics of
the WCPs. Table 7 shows the mean values of the
mechanical properties and dimensional stability
characteristics of the WCPs manufactured from the two
species under three levels of board density.

Generally, it can be observed from these results that
for each species, the values of MOR, MOE, 1B, SHP,
and JHN increased as the BTD increased from 1100 to
1300 kg.m>. The lowest values were obtained for the
panels made at low BTD (1100 kg.m™), and the highest
were obtained for the panels made at high BTD (1300
kg.m™). For example, the values of MOR ranged from
9.9 MPa for P. dactylifera at 1100 to 12.3 MPa at 1300
kg.m™; however, the MOE values for this species
ranged from 3146 MPa at 1100 kg.m™ to 4142 MPa at
1300 kg.m™. It can be observed that all the mechanical
properties of the panels manufactured from the two
species at the three levels of BTD (9 combinations)
were higher than the minimum standard requirements,
as shown in Table 7. These results are in agreement
with the findings of Oyagade®; Cai et al. **; Ajayi and
Olufemi®. Ajayi and Badejo’® stated that it may be
possible to produce stronger and heavier WCPs by
increasing the board density.

The mechanical properties of the WCPs made in this
study met the minimum requirements set by the
International Organization for Standardization® and
compared favorably to the data published for different
lignocellulosic materials under different manufacturing
variables'®'**, Our results are in disagreement with
those reported by Ajayi and Badejo™ in the case of the
decrease in IB values observed with increasing target

bard density, especially for the WCPs made from P.
dactylifera. Those authors reported that the MOR was
positively correlated with density (1000 to 1200 kg.m’
*); however, the reverse trend was observed for IB. Our
results indicated that both the MOR and the IB values
increased with increasing target board density from
1100 to 1300 kg.m™ (Fig. 4). The IB values exceeded
by at least three-fold the requirement set forth by the
ISO standard (0.45 MPa). These results may be
attributed to the use of pre-treated wood particles in
manufacturing the WCPs, which resulted in improved
compatibility between the wood particles and the
cement. We found that all the mechanical properties of
the WCPs were directly related to the board target
density; Fig. 5 presents an example of the relationships
between the MOR and the board target density (R’=
0.72). These results conform the fact that the density of
wood-based panels exerts a significant influence on the
mechanical properties of the panels and agree with
those previously published on cement-bonded
particleboard®**’ and resin-particleboards**®.

The dimensional stability characteristics of the
panels produced from each species increased with
increasing BTD of the panels from 1100 to 1300 kg.m™
(Table 7). The increased dimensional stabilities of the
panels were evidenced by the decreases in all measured
parameters, such as the water uptake (WU), thickness
swelling (TS) and linear expansion (LE) after 24 h of
water soaking. These results are in agreement with the
results of studies carried out in other parts of the
world"**%. The lower the target panel density, the higher
the voids that can be filled, leading to higher WU and
TS (Almeida er al.)'. Generally, denser panels, which
have fewer void spaces in the structure, are expected to
absorb less water. Almeida et al.' reported that WCPs
made from babacu (Orbignya sp) at a density of 1200
kg.m” had lower mechanical properties and lower
dimensional stabilities (higher WU and TS) than did
1400 kg.m™ density boards. They attributed these
results to the higher volume of material consolidated
into the higher density mat, which resulted in a higher
board compaction ratio and, consequently, fewer void
spaces inside the boards.

Effects of species and wood to cement ratio on the
properties of WCPs

The wood to cement ratio (WCR) is one of the most
important manufacturing process variables and tends to
predominate in influencing the final density of the
board, the physical and mechanical properties of the
WCPs, and the dimensional stability characteristics of
the WCPs. The analysis of variance indicated that the
effect of the species, the wood/cement ratio, and the
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board density as well as the interaction between species
and WCR were highly significant for all the mechanical
properties and dimensional stability characteristics of
the WCPs. However, this interaction was not significant
for the physical properties of the WCPs, including the
MC and density. The MCs of the WCPs ranged from
8.1% to 8.6% for C. erectus and from 8.5 to 8.9% for P.
dactylifera, without any significant differences between
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the three levels of WCR. In the same manner, the
densities of the WCPs ranged from 1237 to 1269 kg.m’
3. Thus, we described the interactions between the
factors. Table 8 shows the mean values of the physical
and mechanical properties of the WCPs manufactured
from the two species at three levels of WCR as well as
the dimensional stability characteristics of the panels.

Table 7. Properties of the WCPs of the four wood species at different target panel densities.

Board Mechanical properties Dimensional stability
Wood density MC MOR MOE SHP JHN WU-24 TS-24 LE-24
species (kg/m3) (%) (MPa) (MPa) (N) (N) (%) (%) (%)
P. dactylifera 1100 8.68 9.87 3146 1032 4679 24.70 1.54 0.60
(0.8) 2.3) (419) (120) (535) 4.5 0.7) (0.14)
1200 8.41 11.46 3756 1294 6121 22.97 0.95 0.48
(0.7) (2.0) (410) (197) (771) (3.7 (0.5) (0.12)
1300 8.87 12.28 4142 1376 6585 21.42 0.91 0.42
(0.4) (1.9) (394) (196) (940) (5.8) (0.4) (0.09)
C. erectus 1100 9.05 9.60 4562 1124 4708 21.06 0.68 0.38
(0.4) 0.9) (362) (267) (667) (3.3) 0.1) (0.08)
1200 7.52 11.71 5180 1655 5062 21.30 0.51 0.34
(0.6) (1.9) (548) (219) (947) (3.7) 0.2) (0.08)
1300 8.79 13.95 5645 1651 6343 15.67 0.53 0.31
(0.7) (2.2) (616) (163) (991) (4.4) (0.2) (0.07)
LSDy s N. S. 0.92 194 113 390 1.6 0.07 0.04

Each value is an average of 9 specimens.
() The values between parentheses are standard deviations.

MC: moisture content, MOR: modulus of rupture, MOE: modulus of elasticity, IB: internal bond, SHP: screw holding power,
JHN: Janka hardness number, WU: water uptake, TS: thickness swelling, LE: linear expansion.
LSDy s: for the interaction between the species and board target density.
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Fig. 4. Internal bond strength of the WCP from C. erectus and P. dactylifera at different
levels of board target density
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MOR = -27.16 + 32.76 BD
R? = 0.72*
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Fig. 5. Relationship between the modulus of rupture and the board target density of the
CBP panels

Table 8. Properties of the WCPs of the four wood species for various target densities.

Mechanical properties

Dimensional stability

Wood species W/C MOR  MOE IB SHP  JHN WU-24 TS24  LE-24
ratio (MPa) (N) (MPa) (N) (N) (%) (%) (%)
P.dactlifera 12 1339 3240 138 1065 4883 30.82 1.79 0.64
(12)  @72) (04 (131) (671 2.2) 0.5  (0.12)
13 1127 3639 177 1253 6020 21.64 0.99 0.48
(12)  (407)  (0.3)  (100)  (757) 3.3) 03)  (0.07)
1/4 8.94 4165  2.14 1383 6481 16.63 0.62 0.39
(1.5)  (442)  (0.1) (283)  (812) (2.6) 02)  (0.07)
C. erectus 12 1351 5601 1.06 1383 4217 19.01 0.74 0.42
Q7))  (513)  (0.4) (146) (707 (3.3) (0.1)  (0.06)
1/3 1144 5185 204 1399 5156 20.28 0.56 0.33
(1.9)  (616)  (0.6) (419)  (840) (3.8) (0.1)  (0.06)
1/4 1031 4601 212 1647 6740 18.73 0.42 0.28
(1.7)  (446)  (0.4) (332)  (903) (3.4) (02)  (0.03)
LSDy.0s 0.92 194 018 113 390 1.6 0.07 0.04

Each value is the average of 9 specimens.
() Values between parentheses are standard deviations.

MC: moisture content, MOR: modulus of rupture, MOE: modulus of elasticity, IB: internal bond, SHP: screw holding power,
JHN: Janka hardness number, WU: water uptake, TS: thickness swelling, LE: linear expansion.
LSDy s: for the interaction between the species and board target density.

According to the results tabulated in Table 8, two
trends were observed for the effects of WCR on the
properties of the WCPs. First, for each species, all
mechanical properties, except the MOR, increased with
increasing WCR from 1/2 to 1/4. Increasing the wood
content in a mixture (that is, decreasing the WCR)
increases the volume of wood particles and reduces the
volume of the matrix, resulting in a lower bond
strength®®. By contrast, increasing the wood content in a
mixture increases the possibility of fiber-to-fiber bond

formation, which results in a reduced interfacial contact
area between the wood and the cement matrix.

Aggarwal et al. * reported that the failure of WCPs is
due to failures in fiber-to-fiber bonds or fiber-to-matrix
bonds. At lower percentages of wood (higher levels of
WCP), fiber-to-matrix bond failure predominantly
occurs. Second, increasing the WCR significantly
decreased the MOR of the WCPs. This result is in
agreement with findings reported by Mohamed er al."*;
Marzuki e al.'*; Ajayi and Olufemi®®. They indicated
that all MOR values are inversely related to the WCR.






Thickness swelling (%)
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Fig. 6. Relationship between the internal bond (IB) and thickness swelling (TS) of the WCPs

This can be attributed to the higher content of wood
particles in the WCPs, which resulted in enhanced
flexural properties because the areas of stress
concentration around the particles were more diffuse,
resulting in increased applied stress®. Higher contents
of cement may cause brittleness in the WCP and reduce
the MOR.

According to the results in Table 8§ for each species,
changing the WCR from 1/2 to 1/4 significantly
decreased the WU, TS and LE of the wood-cement
panels after 24 h of water soaking. These results
indicate that improvements in the dimensional stability
of the produced WCPs were obtained by increasing the
WCR. This could be because at low WCR, the wood
particles are not encapsulated by the cement, which
results in low bonding and therefore increased values of
WU, TS and LE. These results are in agreement with
the results of studies carried out in other parts of the
world*?%!" Tt concluded by Marzuki et al.'* that WCPs
containing more cement exhibited lower TS values and
were more stable in dimensions than those made from
lower cement levels. They attributed this improvement
to the fact that the wood particles were well bonded and
protected by the cement matrix when the cement ratio
was increased.

In fact, there is a direct correlation between TS and
IB values for resin-bonded particleboards®. Panels with
higher IB values can resist the stress due to wood
expansion and press opening, resulting in lower TS. The
results of the current work indicated that with
increasing WCR from 1/2 to 1/4, the IB increased,
while the TS decreased, as shown in Table 8 and Fig. 6.
This result is in line with Menezzi et al.*’, who found
that higher IB values were associated with lower TS

when exposed to water, which partially confirms the
findings above.

These results demonstrated that WCPs could be
manufactured from each of the two species in the
current work using any wood to cement ratio.
Improvements in the mechanical properties and
dimensional stabilities of the produced panels were
obtained by increasing the WCR. For industrial
production, the selection of wood species, the level of
board density and the WCR will be based on the end
uses of the panels. Increasing the cement to wood ratio
makes the WCPs difficult to handle, cut, nail and
transport and results in inadequate MOR values*. These
results confirmed that the effect of WCR was very
important in determining the bending strength (MOR),
and it can be considered the main factor controlling the
properties of the WCPs.

CONCLUSIONS

From the above results, the following conclusions
may be drawn:

1. Date palm midribs and the tree prunings of
buttonwood are suitable raw materials for WCP
production after particles pretreatment either with
cold or hot water containing 3 wt% of chemical
additives.

2. The properties of the WCPs made from the two
species met the strength and dimensional stability
requirements of the composite panels.

3. The results indicated that increasing the target
density of the panels from 1100 to 1300 kg.m™ had a
positive effect on the properties of the panels
produced.
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4. There was a positive correlation between the board
density and all mechanical properties; and vice versa
for the dimensional stability.

5. The wood/cement ratio significantly affected the
properties of the WCPs made from the two species.

6. Changing the wood/cement ratio from 1/2 to 1/4 (by
weight) resulted in an increase in all mechanical
properties, with the exception of the MOR, and in
the dimensional stabilities of the WCPs.

7. The increases in the dimensional stabilities of the
panels were evidenced by decreases in all the
measured parameters, such as the water uptake and
thickness swelling after 24 h of water soaking.
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