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ABSTRACT

The aim of this study was to evaluate the influence of particle size and the wood/cement ratio on
the physical and mechanical properties of vibro-compacted wood-cement composites. The effects
of three different particle sizes (diameter between 1.4-2.36 mm; 2.36-4 mm; and 4-9.56 mm)
and wood:cement ratios of 1:2.75, 1:2 and 1:1.5 on wood-cement composites produced with
the Amazonia species Swartzia recurva Poepp. and Portland cement type II-Z were analyzed.
All evaluated properties were influenced by the particle size used in the mixture; however,
the wood:cement ratio only affected the final density of the composite, internal bond and
water absorption properties. Composites produced with particles that pass through a 2.36 mm
screen but were retained with a 1.4 mm screen showed average values of modulus of rupture
and higher modulus of elasticity than composites produced with bigger particles. The use of a
1:2.75 wood:cement ratio resulted in composites with higher density and dimensional stability
than composites produced with a lower amount of cement.
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1. INTRODUCTION

Most Swartzia Schreber species occur in tropical
regions of Central and South America, and can often
be found in the Amazon region, its center of dispersion
(Angyalossy-Alfonso & Miller, 2002). Steege et al. (2006)
reported that Swartzia genera is one of the ten most
common in the Amazon region. Physical and mechanical
properties make Swartzia recurva timber a potential
material for the wood industry; however, this creates a
new problem due to residue generation, as according to
Pereira etal. (2010), the average yield rate in the wood
industry processes in the Amazon region is only 41%.

As suggested by Parchen et al. (2016), wood-cement
composites produced by vibro-dynamic compression
are an alternative use for slabs, which are a major
sawmill residue. The method is simple and cheap,
as there is no need for complex equipment or high
cost implementation. However, some variables of
this new methodology raise questions due to the
process particularities that usually do not occur in
traditional wood-cement composite manufacturing
using hydraulic presses. Examples of these variables
are the ideal cement/wood ratio and the most viable
wood particle size to be accommodated during the
vibration process.

The wood/cement ratio used in composites must
balance the product’s final density and its physical and
mechanical properties. Fuwape & Oyagade (1993)
studied the relation between wood/cement ratio and
static bending properties of traditional wood-cement
composites produced with tropical timber, and
observed that average values of modulus of rupture
(MOR) and elasticity (MOE) were higher when a
1:2.3 wood/cement ratio was used in high density
composites (between 1 and 1.4 g cm™). However, when
the composite target density was 0.8 g cm?, the results
were not statistically different from composites that
used less cement with a wood/cement ratio of 1:1.5.

Traditionally, the particle size used in wood-cement
composite production can be correlated with the degree
of wood and cement particle bonding (Olorunnisola,
2009). Wood-cement composites usually require larger
wood particle sizes than are used in particleboard
production to ensure economic viability of the final
product. In addition to higher energy costs to generate
smaller particles (which become even higher due to

the high density of tropical hardwood), the smaller the
particle, the higher the surface area, and consequently
the greater the quantity of bonding material required
(Frybort et al., 2008).

The aim of this study was to evaluate the influence
of particle size and wood/cement ratio on the physical
and mechanical properties of wood-cement composites
produced by vibro-compaction.

2. MATERIAL AND METHODS

Slabs were obtained from log sawing of Swartzia recurva
Poepp. (density: 0.8 g cm™) at a sawmill located in
Manaus, AM, Brazil. The material was debarked and
kept submerged in cold water for 7 days. The water
was changed daily to stimulate extraction of substances
that could negatively influence cement setting.

Particles were generated in a disk chipper, dried to
a moisture content of approximately 3%, reprocessed
in a hamermill, separated by automatic sieving and
classified as P1 (particles that passed through a 2.36 mm
sieve but were retained in a 1.4 mm sieve), P2 (particles
that passed through a 4 mm sieve but were retained in
a2.36 mm sieve) and P3 (particles that passed through
2 9.52 mm sieve but were retained in a 4 mm sieve).

Wood-cement composites were produced by
vibro-dynamic compaction method, as suggested by
Parchen et al. (2016). Fresh Portland CP II-Z cement
was used. Composites were produced with three
wood/cement ratios: 1:2.75, 1:2 and 1:1.5 (based on
oven dry weight).

The amount of water used in the mixture was
determined by an adjustment to the formula suggested by
Simatupang (1979) for producing traditional wood-cement
composites. An extra 15% water was added based on
dry cement weight. This adjustment was necessary
due to the lack of pressure in the vibro-compaction,
which is different from the traditional method as the
water inside the wood particle became unavailable for
the cement setting.

Three percent (3%) calcium chloride (CaCl,)
based on cement weight was added to the mixture as
a cement accelerator. The mixtures were deposited on
prismatic plywood molds with dimensions 420 mm
long, 70 mm wide and 15 mm high. The molds were
placed on a vibration table with an equivalent impact
load of 220N at 3,000 rpm.
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The molds were totally filled with the wood-cement
mixture and submitted to vibration for 30 seconds.
After the initial material accommodation, an extra
amount of mixture was deposited, and vibration was
applied once again for 30 seconds. This process was
repeated until there was no free space available in the
prismatic mold, even after vibration. Three samples

were manufactured for each treatment.

The specimens were kept in the molds for 7 days.
After this period, the molds were disassembled and
the composites remained in an outdoor environment
for 21 days, totaling a cure period of 28 days prior to
the performance tests. Then the samples were cut by a
diamond saw to meet the dimensions required by the
European Standard (CEN) for static bending (CEN,
1993a); water absorption and thickness swelling (CEN,
1993b); and for internal bonding (CEN, 1993c).

The experimental design was completely randomized
by factorial design to examine the relationship between
the two factors of particle size and wood/cement ratio.
The treatment effects on the composite properties were
evaluated by analysis of variance (ANOVA), considering
the composite density as a covariate. When statistical
differences between means were observed, the Tukey

test (p < 0.05) was applied with sliced interactions.

3. RESULTS AND DISCUSSION

Table 1 shows the analyses of variance for physical
and mechanical properties of wood-cement composites.

The composites’ density and internal bonding
were influenced by particle size, wood/cement ratio,
and the interaction of these factors. However, static
bending properties were only affected by particle size.
Properties related to the material dimensional stability
were influenced by particle sizes and the interaction
between particle size and wood/cement ratio. However,
only water absorption after 24 hours of immersion
was sensitive to different wood/cement mixture ratios.

Composite densities produced with different
wood/cement ratios and particle sizes are shown in Table 2.

Treatments produced with P1 particles showed
a final density directly correlated to the amount
of cement added to the mixture. Composites with
1:2.75 wood/cement ratio had a statistically higher
density than those produced with 1:2 ratio. On the
other hand, the mean density of a 1:2 ratio composite,
was statistically higher than the 1:1.5 ratio samples.
Moreover, composites produced with different particle
sizes did not show statistical difference between density
average values when a 1:2 or 1:1.5 wood/cement ratio
was used.

Table 1. Summary of analysis of variance for physical and mechanical properties of wood-cement composites.

Densi Water absorption
Variation source ~ Degrees of freedom Yy B
Mean square 24 hours
Particle size (A) 2 0.040** 292.290%* 289.777**
W/C ratio (B) 2 0.035** 5.8524N8 20.766*
(AxB) 4 0.027** 45.819** 22.260**
Residue 39 0.003 2.015 2.531
L. Thickness Swelling
Variation source ~ Degrees of freedom ————— 2 hours 24 hours
Mean square
Particle size (A) 0.106* 0.130*
W/C ratio (B) 2 0.008™ 0.002™¢
(AxB) 4 0.010** 0.181**
Residue 39 0.022 0.027
Variation source  Degrees of freedom MOR MOE
Mean square
Particle size (A) 0.150** 6.844** 7273992**
W/C ratio (B) 2 0.031* 0.010™ 18869™¢
X 4 . 1 510991™
(AxB) 0.036** 0.128N 0991N8
Residue 39 0.008 0.205 254740

**Significant at 1% (p < 0.01); *Significant at 5% (0.01 > p < 0.05); ™Not significant at 5% (p > 0.05); IB = internal bonding;

MOR = modulus of rupture; MOE = modulus of elasticity.
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P2 and P3 particles (the ones with higher dimensional
values, and therefore with lower superficial area)
absorbed less water during the mixture resulting in
an excessive liquid mixture. Part of the material was
lost during the vibration process, as the liquid mixture
drained through the mold’s gaps. Therefore, the amount
of cement presented in the composites produced with
bigger particles was actually lower than the supposed
wood/cement ratio of the initial mixture.

The effect of the interaction between wood/cement
ratio and particle size in the final density of the composites
could be observed in two cases; when 1:1.25 wood/cement
ratio was used, average density of P1 composites was
statistically higher than P3 composites. However, the
composite density behavior for the 1:1.5 ratio was
different. P1 composites had a statistically lower density
value than P2 composites.

Table 3 shows values of mechanical properties for
composites produced with different wood/cement
ratios and particle sizes.

There was no statistical difference between the average
internal bonding values of composites produced with
different wood/cement ratios when the same particle
size was used. However, P1 composites had statistically
similar values to P2 composites and higher values than
P3 composites, regardless of the wood/cement ratio
implemented.

According to Ashori et al. (2012), composites
produced by the traditional press method with a higher
amount of wood particles present a greater number of
wood-to-wood bonds, without agglutinant material,
thus resulting in lower internal bonding values. In the
case of vibro-compacted composites, wood particles
were accommodated during vibration, thereby creating

Table 2. Density of wood-cement composites made with different particle sizes and wood/cement ratios.

Particle size

Wood/Cement ratio P1 P2 P3
(1.4-2.36mm) (2.36-4 mm) (4-9.52 mm)
1.14% 1.094Ba 1.038
1:2.75 (4.52) (4.42) (7.20)
Density 1:2.0 0.90% 0.914 0.76%
(g cm?) - (4.64) (5.13) (11.01)
Bc Ab ABb
1115 0.70 0.83 0.77
(5.55) (3.13) (8.30)

Means followed by same capital letter in the same column do not differ statistically by Tukey test (p < 0.05). Means followed by same
lowercase letter in the same line do not differ. Values inside parentheses are the coeflicient of variation (%). P1 = particles that passed
through a 2.36 mm sieve but were retained in a 1.4 mm sieve; P2 = particles that passed through a 4 mm sieve but were retained in a
2.36 mm sieve; P3 = particles that passed through a 9.52 mm sieve but were retained in a 4 mm sieve.

Table 3. Average values for mechanical properties of wood-cement composites produced with different particle sizes
and wood/cement ratios.

Particle size

Mechanl‘cal Wood/cement ratio P1 P2 P3
Properties
(1.4-2.36mm) (2.36-4 mm) (4-9.52 mm)
. 1:2.75 0.60 42 (22.78) 0.55 4B (17.85) 0.38 52 (31.49)
Imer‘g}[g")ndmg 1:2.0 0.67 % (5.36) 0.64 4 (14.98) 0.25 % (38.22)
? 1:1.15 0.5544(11.52) 0.51 % (22.12) 0.31 % (6.82)

1:2.75 3.21°(18.86) 1.73 ><(38.81) 1.53 ®4 (37.03)
MOR (MPa) 1:2.0 2.19*(19.67) 1.47 < (26.97) 0.78 9 (39.22)
1:1.15 1.29 < (21.41) 1.05 < (25.54) 0.95 ¢ (40.61)
1:2.75 26312 (33.02) 930 b (50.87) 709 < (67.38)
MOE (MPa) 1:2.0 1477 ® (49.68) 813 %< (35.08) 248 < (43.97)
1:1.15 658 ©(21.09) 529 b (44.16) 420 ¢ (50.81)

Means followed by same capital letter in the same column do not differ statistically by Tukey test (p < 0.05). Means followed by the
same lowercase letter in the same line do not differ; Values inside parentheses are the coeflicient of variation (%). MOR = modulus
of rupture; MOE = modulus of elasticity; P1 = particles that passed through a 2.36 mm sieve but were retained in a 1.4 mm sieve;
P2 = particles that passed through a 4 mm sieve but were retained in a 2.36 mm sieve; P3 = particles that passed through a 9.52 mm
sieve but were retained in a 4 mm sieve.
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anetwork with an anchoring system of physical bonding
that was enough to use a lower amount of cement
without weakening the internal bonding.

Marzuki et al. (2011) suggested that the correlation
between the amount of cement and internal bonding
only takes place within a limit of a 1:2 wood/cement
ratio, as a higher amount of cement could affect the
compaction rate of the composite. This limit was not
observed in vibro-compacted composites. Composites
produced with 1:2.75 wood/cement ratio showed
statistically similar average values when compared to
composites with a lower amount of cement, as there
is no compaction ratio when vibro-densification is
applied without pressure.

According to Nazerian et al. (2011), the use of
small particles in traditional wood-cement composites
produced with pressure tends to show lower average
internal bonding values than larger particle composites.
A possible explanation for this behavior is the higher
superficial area of smaller particles. A higher contact area
between wood and cement can increase the mixture’s
contact with wood extractives which act as a cement
setting inhibitor. Additionally, the amount of cement
can be insufficient to cover the higher surface area of
smaller particles, thus resulting in low internal bonding.

The use of the vibro-compaction method showed
behavior different to that of the traditional method in
relation to particle sizes. P1 and P2 composites had
higher average values than P3 composites when the
same wood/cement ratio was used. During the vibration
process, P3 particles did not have as much free space
to move inside the molds as smaller particles. The lack
of movement resulted in less interaction between
particles, and consequently, lower internal bonding
values were observed.

At any wood/cement ratio, P1 and P2 composites
met the minimum 0.4 MPa internal bonding strength
required for traditional pressed wood-cement composites
(NCL,2011), and also the 0.5 MPa standard determined
by EN 634-2 (CEN, 2007).

Regarding the modulus of rupture property, there
was only a statistically significant difference between
composites with different wood/cement ratios when
P1 particles were used (Table 3). Composites produced
with smaller particles showed a direct correlation
between MOR average values and the amount of cement
in the mixture. This relation was the opposite of the

one observed for pressed wood-cement composites
in the literature.

Papadopoulos et al. (2006) suggested that the
ideal wood/cement ratio for the MOR property for
Oriented Strand Board (OSB) bonded with cement was
1:2 and could even be lower than 1:1.5. Ashori et al.
(2012) also recommended a wood/cement ratio of
1:1.5 to reach higher average MOR values.

The different behavior of the MOR property among
vibro-compacted composites and the traditional ones
can be related to a lack of particle orientation. When a
wood-cement mixture is submitted to pressure, wood
particles will be oriented horizontally (board thickness)
to a certain point. Oriented wood particles naturally
have higher MOR values than cement material.
Therefore, composites with higher wood content tend
to show better average MOR values. In the case of
vibro-compacted composites, there was no particle
orientation in any direction, so the maximum load
capacity of the composite is a function of the cement
content. Therefore, composites with a higher amount
of cement showed higher average MOR values.

Particle size effects observed in vibro-compacted
composites was also different from those described in the
literature for pressed composites. Nazerian etal. (2011)
observed that if medium sized particles (similar to
P2 particles) were used, the average MOR value was
significantly higher than those of composites produced
with smaller particles. This is due to improved particle
contact, interlocking and the higher mat compaction
rate. However, bigger particles decreased the bending
strength, as porosity between particles increased.

When vibro-compaction densification was applied,
better particle interlocking with low porosity occurred
with P1 particles. However, the average MOR value of
P1 composites was not higher if 1:1.5 wood/cement
ratio was used. In this case, the amount of cement
was inadequate to cover the higher surface area of the
smaller particles, which resulted in MOR values being
statistically equal to P2 and P3 composites.

Composites showed similar behavior for MOR and
MOE properties. Wood/cement ratios only affected
average MOE results of P1 composites. When small
particles were used, composites with higher cement
content had statistically higher MOE values than
composites with 1:2 and 1:1.5 wood/cement ratios.
This correlation was similar to the one found by Moslemi
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& Pfister (1987) for traditional composites. Given that
the MOE property indicates material stiffness, cement
becomes the main variable in the process.

Particle size did not affect MOE property when
the wood/cement ratio was 1:1.5. However, when the
cement amount was higher, an effect on MOE could
be observed. P1 composites with a 1:2.75 ratio had
statistically higher average MOE values than composites
made with bigger particles. Composites with a 1:2 ratio
also showed higher MOE values for P1 composites
when compared with P3 composites.

According to Olorunnisola (2009), one important
variable control for composite properties was
spacing between organic material and cement. In the
vibro-compaction method, the use of smaller particles
tends to create less free space inside the composite
and consequently higher MOE values occur than in
composites produced with bigger particles.

Static bending test results did not meet the minimum
requirement of 9 MPa for MOR and 3,000 MPa for
MOE (NCL, 2011), as established for traditional pressed
wood-cement composites.

The physical properties of composites produced
with different wood/cement ratios and particle sizes
are presented in Table 4.

An influence of all three different wood/cement
ratios was observed on the water absorption properties

after 2 and 24 hours of immersion in composites
produced with similar particle sizes. Composites with a
1:2.75 ratio absorbed less water than those with a lower

ratio, regardless of the particle size or immersion time.

Regarding particle size, the use of smaller particles
showed higher average water absorption values after
24 hours of immersion than P2 and P3 composites
with 1:2.75 and 1:1.5 ratios. There was no statistical
difference for composites with different particle sizes
when a 1:2 ratio was used.

A consensus still needs to be reached on the
correlation between water absorption and wood/cement
ratio in the literature. For example, Marzuki et al. (2011)
analyzed the effect of different wood/cement ratios on
the production of traditional composites with particle
size similar to P1. In this case, water absorption was
higher in the composites with a 1:2.5 ratio than a
1:1.75 ratio. On the other hand, when using a particle
size close to P2, Fuwape & Oyagade (1993) observed
higher water absorption after 24 hours in composites
with a 1:1.15 ratio than with a 1:2.3 ratio.

Particle size did not affect treatment means within
the same wood/cement ratio, with the exception of those
with a 1:1.5 ratio. P1 composites produced with low
cement content absorbed more water than composites
with bigger particles. Smaller particle size had higher
surface area and needed a higher amount of cement to

Table 4. Average values for physical properties of wood-cement composites produced with different particle sizes

and wood/cement ratios.

Wood/cement ratio

Physical properties

(1.4-2.36mm)

Particle size

P2 P3
(2.36-4 mm) (4-9.52 mm)

Water absorotion aft 1:2.75 16.69 & (6.98) 14.19 ® (9.86) 14.77 ® (10.90)
ater absorption after 1:2.0 23.35 ™ (9.58) 23.46 4 (14.14) 20.13 4 (15.61)
2 hours (%)
1:1.15 37.10 * (6.20) 22.55 4 (7.41) 19.07 % (7.75)
Water abeoration after 1:2.75 19.43 % (5.46) 16.62  (8.46) 16.97 ¥ (11.43)
& ethiiri (‘;)) afte 1:2.0 26.24 % (8.13) 23.44 % (4.06) 23.29 4 (11.67)
1:1.15 39.56 41 (9.53) 26.22 % (5.36) 23.79 % (7.71)
i i 1:2.75 0.36 A (52.83) 0.25 A8 (50.15) 0.12 ™ (57.24)
aézr;eﬁiivr":((;’n)g 1:2.0 0.19 * (32.36) 0.20 % (53.38) 0.41 % (53.57)
1:1.15 0.58 % (30.82) 0.21 ™ (70.80) 0.25 % (64.19)
ik " 1:2.75 0.45 > (27.74) 0.34 4B (36.15) 0.24 ™ (54.68)
aﬁlecr ;jf;lﬁz (1,2;5 1:2.0 0.36 % (44.68) 0.43 A (45.14) 0.77 % (27.18)
1:1.15 0.87 % (14.73) 0.29 B (37.17) 0.57 B (44.51)

Means followed by same capital letter in the same column do not differ statistically by Tukey test (p < 0.05). Means followed by
the same lowercase letter in the same line do not differ; Values inside parentheses are the coefficient of variation (%).P1 = particles
that passed through a 2.36 mm sieve but were retained in a 1.4 mm sieve; P2 = particles that passed through a 4 mm sieve but were
retained in a 2.36 mm sieve; P3 = particles that passed through a 9.52 mm sieve but were retained in a 4 mm sieve.
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be able to cover the wood. The results indicated that a
wood/cement ratio of 1:1.5 was not enough to cover
the P1 particle surface area.

After 2 hours of water immersion, P1 composites
with 1:2.75 and 1:1.5 ratios showed statistically higher
thickness swelling values than P3 composites. When a
1:2 ratio was used, there was no statistical difference for
composites produced with different particle sizes. In the
same way, there was no difference for thickness swelling
for P2 composites, independent of wood/cement ratio.

After 24 hours, the P1 composite behavior was
maintained when 1:2.75 and 1:1.5 wood/cement ratios
were used. However, P1 composites had a statistically
lower swelling than composites made with larger
particle sizes for 1:2 ratio.

However, regardless of particle size or wood/cement
ratio, all composites analyzed showed average thickness
swelling after 24 hours of water immersion, being
lower than the 1.5% limit required for commercial
wood-cement composites made using the traditional
press method (NCL, 2011).

4. CONCLUSION

Particle size affected physical and mechanical
properties of vibro-compacted wood-cement composites.
Particles that passed through a 2.36 mm sieve but
retained by a 1.4 mm sieve had the ideal size for the
vibro-compaction method, as they allowed better
vibration and accommodation. As a consequence,
composites with these particles had statistically higher
MOR and MOE values than composites made with
bigger particles.

The wood/cement ratio is an important tool for
controlling the final density of vibro-compacted
composites. A low amount of cement resulted in low
density composites, whereas increasing the cement
amount resulted in composites with higher average
static bending values.
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