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� Two very similar types of wood (A and B) are used in WWCB in this study.
� WWCBs made with Wood B do not fulfil the flexural strength standards.
� Wood B has some compatibility issue with the cement, with CX’ <80.
� Degradation of Wood B is only characterized close to the pits.
� Chemical analyses confirm the local hemicellulose degradation.
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Wood-wool cement boards (WWCB) are a type of cement/fibre composite using wood strands as rein-
forcement. When lignocellulosic materials such as wood are mixed with cement, polysaccharides can
leach out and negatively affect the cement hydration. Thus, the WWCB industry has to face those prob-
lems, which can cause significant problems during the manufacturing process. This study aims to identify
the parameters that can influence the quality of wood and thus the WWCB. The investigation focuses on
the potential differences between these two wood samples, by analysing the cement/wood compatibility,
the mechanical properties of the wood strands, the microstructure and the chemical composition of the
leachates. Two similar spruce wood samples, which have been grown and harvested under the same con-
ditions are compared to each other. When mixed with cement, one sample performed up to expectation
in WWCB whereas the second one shows chemical and mechanical problems, resulting in weak WWCBs
that cannot fulfil the standards. A comparison two wood samples shows not only different properties of
WWCB. Cement-fibre compatibility for one of the sample is below the limit to be used in composite and
tensile strength shows a similar behaviour.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In the last decade, the application of wood-cement composites
has grown, especially for thermal or acoustic insulation purposes
[1,2]. The popularity of this building material is mainly related to
the increasing concerns about sustainability in the building indus-
try [3]: Natural fibres are not expensive and have lightweight, non-
toxic and biodegradable properties which lead to many applica-
tions as replacement of synthetic fibres [4]. One commonly used
composite is the wood wool cement board (also called Excelsior
board, WWCB), produced using Spruce (Picea Abis) wood wool
strands, white cement and chemical additives and characterized
by a high wood/cement ratio (0.4–0.6) [1,5,6]. Having a thickness
between 50 and 150 mm, WWCBs are mainly applied as ceiling
tiles for acoustic insulation, but they also have good acoustic prop-
erties and durability against fungi thanks to the fibre mineraliza-
tion [1,2,7]. Their density ranges between 300 and 500 kg/m3,
leading to a flexural strength lower than 10 MPa, depending on
the slab thickness [5,6]. Due to the numerous critical factors affect-
ing the wood quality, WWCB production has to take several
aspects into account, during the board manufacture: Geometry
and mechanical strength of the wood strand, their water adsorp-
tion, wood/cement ratio and general wood cement compatibility
[8]. Among the influencing factors, low wood cement compatibility
plays a significant role in WWCB performances [9]. The presence of
leachable extractives is known to delay the cement hydration,
leading to low strength of the composites [10–12]. For these
reasons, industrial WWCB production relies mostly on conifers
such as pines or spruce wood from commercial forests [13],

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2019.117201&domain=pdf
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Table 2
Chemical composition of white cement
CEM I 52.5R white used in this study.

Chemical composition [%]

CaO 62.21
SiO2 20.93
Al2O3 3.90
Fe2O3 0.45
K2O 0.12
Na2O 0.11
SO3 2.92
MgO 0.43
TiO2 0.33
Mn3O4 0.02
P2O5 0.51
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characterized by a minimal presence of leachable extractives
[8,10,17]. Moreover, after felling, the trunk is cleaned from the bark
and stored as logs for 6–12 month, to reduce the moisture content
and to limit the presence of those extractives [10,13]. Consistent
moisture content and water adsorption of the wood are important
aspects, because cement requires a specific water/cement ratio in
order to hydrate and provide adequate strength, typically 0.35–
0.5 [5,6]. If the moisture content of wood is too high, it can release
the water and increase the effective water/cement ratio, leading to
a porous binder with low strength [5,15]. It is also possible that the
wood absorbs too much water needed for the hydration of cement.
In that case, part of the cement cannot hydrate, also leads to low
strength of the composite [5,14].

Even if these factors are taken into account, wood is a natural
material, and its properties can vary even within the same species
[8,16]. Therefore, consistent and strict quality control is essential
prior to composite manufacture. Yet, even with this assessment,
some batches of wood can perform poorly in WWCB. It leads to
defective boards with either insufficient flexural strength (mini-
mum required by the standard BS EN 12089–1.7 MPa [18]) or swel-
ling/loss of cohesion of the boards after demoulding. The reasons
for these failures are still poorly understood and few studies about
bad quality wood and its effects on the overall performances of
WWCB exist.

This study focuses on two different wood samples, named wood
A and wood B, in order to investigate their effect on WWCB. The
batches of spruce wood were grown and cut in the same European
location, and one of these two batches (B) resulted in low quality
during the industrial manufacture of WWCBs, even though it
passed quality controls. First, WWCBs are manufactured with these
two types of wood in order to compare their flexural strength and
density. Then, the wood strands are mixed with white cement and
by using isothermal calorimetry; the compatibility of the two types
of wood with cement is assessed. After that, the mechanical
strength of individual wood strands is tested to determine the
influence of wood quality on the fibre and board performances.
Microscopy at the wood surface but also inside the pores aims to
confirm the previous observations. Finally, wood leachates are pre-
pared and analysed by anion exchange chromatography in order to
compare their concentration of polysaccharides.

2. Materials and methods

2.1. Materials

Two types of spruce wood wool were collected from an indus-
trial manufacturer of WWCBs and are named wood A and wood
B in this study. The wood wool is approximately 1–3 mm in width,
0.1–0.5 in thickness and 25 cm in length [13]. The average chemi-
cal composition of the spruce fibres is given in Table 1. White
cement CEM I 52.5 R from ENCI, the Netherlands, is used as a bin-
der and its chemical composition is given in Table 2.

2.2. Methods

2.2.1. Manufacture of the composite
Wood wool cement composites are manufactured based on the

dry method, commonly applied by composite manufacturers. The
Table 1
Spruce wood strands chemical composition
as measured in a previous study [10].

Chemical composition [%]

Cellulose 41.6 ± 0.1
Hemicellulose 37.36 ± 1.1
Lignin 19.46 ± 1.1
spruce strands (1–3 mm in width, 0.1–0.5 in thickness and 25 cm
in length) are pre-soaked with water until they reach a certain
moisture content, and thereafter dry binder is sprinkled on them.
After mixing, the wood-binder mixture is placed in a mould
(30 � 20 � 1.5 cm) and pressed for 24 h, under a mechanical press.
Afterwards, the board is cured in plastic sheets for seven days and
left at ambient conditions for three days. Finally, the board is dried
at 50 �C for 2 h prior to mechanical testing. The water to binder
ratio used in this study is 0.5, while the wood to binder ratio is
0.75.

2.2.2. Mechanical performances
Mechanical performances of the WWCB are tested by three-

point bending test (Zwick 2020) following the BS EN 12089, Ther-
mal insulating products for building applications standard on a
sample 20 � 15 � 1.5 cm, using a testing speed of 1.5 mm/min
and a support span of 15 cm (method A) [18]. As reference values,
the standard indicates that a board is acceptable with a maximum
thickness of 1.5 cm, a minimum bending strength of 1.7 MPa and a
density of 500–600 kg/m3.

2.2.3. Isothermal calorimetry
Isothermal calorimetry is performed by using a TAM Air

Isothermal calorimeter at a constant temperature of 20 �C. Fibres
with a particle size of 2–4 mm are mixed with cement and water.
The water/cement ratio is kept constant for all prepared mixes (w/
c = 0.45) and the fibre/cement ratio is 0.075. After mixing, the sam-
ples are placed in the calorimeter with large cup holder (i.e. 40 g of
materials can be tested) to observe and determine the cement
hydration behaviour.

2.2.4. Compatibility
In this study, an equation by Pasca et al. [19] is used to assess

the compatibility CX’ between wood fibres and cement. The equa-
tion is developed for cement-wood compatibility and it used
cement/wood/water mixtures to calculate the compatibility.

The CX’ factor can be determined using equation [20]:

CX
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HRmax �HR3:5� 24 � t0max
HR

0
max �HR

0
3:5� 24 � tmax

� �
� 1003

s
ð1Þ

where HR’max is the maximum heat rate of cement wood mixtures;
HR3.5–24 is the total heat released by cement wood mixtures in its
hydration period (3.5–24 h); tmax is the time to reach maximum
heat rate of cement mixtures; HR’max is the maximum heat rate of
neat cement mixtures; HR0

3.5–24 is the total heat released by neat
cement mixtures in the hydration period; t’max is the time to reach
maximum heat rate of neat cement mixtures. All the calculations
were based on the mass of the mixture. Three groups can be defined
in order to make a classification of cement-fibre compatibility:
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Fig. 1. Flexural strength comparison of WWCBs manufactured with the Wood A
and the Wood B.
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Incompatibility: CX0 <40; moderate compatibility: 40 � CX0 �80;
compatibility: CX0 >80.

2.2.5. Tensile properties of wood strands
Mechanical properties of wood strands are measured by using

an Instron 5967 bench equipped with a 2530-100 N load cell and
2710-111 wedge grip with rubber jaw faces. Tensile tests are con-
ducted in displacement control with a crosshead speed of 5 mm/
min. More than 15 samples are tested. Tensile strength (cN/tex)
and Young’s modulus (N/tex) are measured as a function of the lin-
ear density of the fibre (tex) by measuring the length and the
weight of each fibre prior to analysis.

2.2.6. Scanning electron microscopy
SEM analyses are performed by using an FEI quanta 600 envi-

ronmental scanning electron microscope to observe the surface
and the cross-section of the wood. Micrographs are recorded by
using both secondary and backscattering electrons detectors at
10 kV with a spot of 4, in low vacuum mode (0.6 mbar).

2.2.7. Leachate preparation
Wood samples are dried at 60 �C to constant mass and soaked

for 2 h at 100 �C in distilled water (water/fibres ratio = 5:1). Filtrate
and fibres are separated with filter paper. The pH of the fibre lea-
chates is measured by a pH Meter (Metrohm 780) at room
temperature.

2.2.8. The concentration of monomeric sugars and uronic acids
The concentration of the monomeric sugars of the different lea-

chate solutions is determined by high-performance anion
exchange chromatography (HPAEC) after H2SO4 hydrolysis. The
solution is freeze-dried (1–4 ml of leachates) and vigorously mixed
in Pyrex test tubes with 150 ml of ice-cold H2SO4 (12 mol�L�1) in a
water bath at 30 �C for one hour. Samples are then removed from
the water bath and mixed with an H2SO4 (4%) solution. Samples
are then placed in an autoclave for 60 min at 120 �C. After being
cooled down, 5 mg of ribose is added to each sample as an internal
standard. Hydrolysed leachates are diluted with deionized water at
a different ratio (from 1:10 to 1:100) prior to analysis. Measure-
ments are done with a Thermo Scientific Dionex ICS-5000 system.
Samples are separated on a Dionex CarboPac PA1 carbohydrate
column.

The concentration of uronic acids is then measured by gas chro-
matography (GC) after methanolysis according to Sundberg [21].
Samples are lyophilized and then hydrolysed in 2 M methanolic
HCl at 100 �C for 5 h, followed by addition of pyridine and sorbitol
as an internal standard at room temperature. After evaporation
under N2, samples are silylated overnight with HMDS (hexam-
ethyldisilazane, Sigma-Aldrich) and TMCS (trimethyl-chlorsilan,
Sigma-Aldrich) in pyridine, injected into a GC/FID system (7890A,
Agilent Technologies) at 260 �C, and separated on an HP-5 column
(30 m, 0.32 mm ID, 0.25 mm film thickness) using the following
temperature program: 150 �C for 1 min, 150 �C to 220 �C at 4 �C/
min, 220 �C to 320 �C at 20 �C/min, 320 �C for 6.5 min. Calibration
of peak areas is done using identically treated authentic standards
of D-glucuronic and D(+)-galacturonic acids.

3. Results and discussion

3.1. Mechanical performances of the wood wool composites

The WWCB mechanical performances are displayed in Fig. 1,
together with the relative board density. It appears that their flex-
ural properties are significantly different. Wood A surpasses Wood
B by three time, reaching almost five MPa in flexural strength.
Moreover, due to the low performance of WWCB, Wood B does
not fulfil the minimum requirements necessary for boards 1.5 cm
thick [22] and are therefore not eligible for application.

Since the WWCBs have been manufactured using the same
recipe and therefore have a very similar moisture content, the dif-
ference in performance cannot be related to the different water
availability for the binder reaction [5]. The density of boards made
with Wood A is also slightly above WWCB made with Wood B, but
this difference is very small and cannot be explained such big dif-
ferences between the two WWCBs.

3.2. Cement fibre interaction

Fig. 2a and b depict the isothermal calorimetry measurements
of the effect of the two types of spruce wood on the cement hydra-
tion. The heat flow and released heat are normalised to the mass of
cement. Addition of Wood A to the cement paste slightly decreases
the heat flow and slows down the cement hydration. However, as
can be seen in Fig. 2a, Wood B has a much greater effect on the heat
flow as well as on the released heat (Fig. 2b). The maximum peak of
the cement hydration is slowed down by 1 h with the addition of
Wood A and more than 2 h with Wood B. From Fig. 2b it can be
seen a difference of total cumulative released heat during the
exothermic reaction of cement while it is mixed with water/lea-
chates. The difference between reference sample and Wood A is
minor. On the other hand, a big difference is seen between refer-
ence sample and Wood B. This phenomenon can be explained with
the fact that wood has extractives which can hinder or stop the
cement hydration by interacting with the cement and the hydra-
tion products [8]. Based on the Fig. 2a and b, it can be assumed that
Wood B contains more inhibitors than Wood A.

By using Pasca’s equation and isothermal calorimetry measure-
ments (Fig. 2a), the cement-fibre compatibility is calculated for
these two samples. (Table 3). From these results, Wood A is com-
patible (85) whereas Wood B is moderately compatible (75) with
cement which supports the observations shown in Fig. 2a and b.
However, this slight decrease in compatibility cannot be the only
reason for the big difference seen with WWCB flexural strengths.

3.3. Characterization of wood fibres

The tensile strength of individual wood strands has been mea-
sured in order to evaluate if the quality of wood can be assessed
from its smallest unit, which in the case of wood-wool cement
board corresponds to one strand. The two types of wood have been
tested and the average results of tensile strength and E-modulus
are shown in Table 4 and a characteristic stress/strain curve is also
shown in Fig. 3.
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Table 3
Cement-fibre compatibility of white cement
CEM I 52.5R and wood samples.

Wood Cement-fibre compatibility

A 85
B 75

Table 4
Average value of the tensile modulus and the tensile strength of the tested wood
strands.

Wood Modulus [N/tex] Tensile strength [cN/tex]

A 1645 ± 349 1316 ± 437
B 1011 ± 363 512 ± 173
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Results show significant differences between the two types of
wood. Wood A has a tensile strength two and half times higher
than that of Wood B (+157%). It has to be pointed out that the stan-
dard deviation of the test is quite high, which is common with
heterogeneous cellulosic fibres. Still, statistically, the lowest tensile
strength value of Wood A is higher than the highest one of Wood B.
The tensile moduli of the strands have also been studied and sim-
ilarly, Wood A shows greater values (+63%) than Wood B, even
Fig. 3. Characteristic stress/strain curve taken from an average strand for both kinds of w
in this figure legend, the reader is referred to the web version of this article.)
though in this case, considering the high standard deviation, this
difference is not very significant.

These decrease in tensile strength means that the microstruc-
ture of the wood itself was affected prior to wood strand produc-
tion. Wood consists primarily of cellulose, hemicellulose and
lignin (Table 1) [10]. In this study, it appears that the tensile mod-
uli of the two types of wood (A and B) are sensibly the same. In
composite materials, intrinsic properties such as the tensile modu-
lus are defined by the rule of mixtures [23]. In lignocellulosic mate-
rial such as wood, the intrinsic mechanical properties are coming
from the cellulose fibrils, located inside the hemicellulose and lig-
nin matrix [24]. Therefore, this result indicates that cellulose has
not been affected by internal degradation. As compared to the ten-
sile modulus, the tensile strength of the fibres is not only defined
by the cellulose fibrils and the rule of mixtures but also by the
quality of the interface and the load transfer assured by the matrix.

A probable hypothesis would be that the lignin or the hemicel-
lulose have been slightly degraded during the wood storage. This
degradation has a negligible effect on the bulk wood properties
but when cut into strands, this effect is much more noticeable. In
order to demonstrate this theory, microstructure analyses are done
by SEM.

Fig. 4 shows the micrographs of the surface and the transverse
section of Wood A and B strands. The surface of Wood A strand is
ood. In red: Wood A; in blue: Wood B. (For interpretation of the references to colour



Wood A Wood B

Fig. 4. SEM micrographs of (a) Wood A strand surface; (b) Wood B strand surface; (c) transverse section of the wood A strand; (d) transverse section of the wood B strand.
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very similar to the available literature about spruce wood, where
pits are easily observable and aligned along the fibre (red box)
[25]. The matrix is uniformly dispersed at the surface (red arrow),
covering the whole surface and overlapping at the border of the
pits (Fig. 4a). However, as seen in Fig. 4b, the surface of Wood B
is different. The matrix seems less smooth but more importantly,
the pits are not well defined (blue box) and seem damaged (blue
arrow). From the literature, this phenomenon looks like a brown-
rot fungi bio-degradation, with fungal hyphae coming out of the
pits [26]. However, in this case, the degradation seems even more
pronounced and a close up of the pit shows that the matrix is com-
pletely destroyed and the fungi degradation is not clearly observ-
able. The transverse section micrographs of Wood A and B are
shown in Fig. 4c and d and both wood fibres have a very similar
structure (red and blue arrows). Cell walls are well defined and
the only noticeable differences are mostly due to the sample
preparation. As compared to some studies showing the transverse
section of the different type of woods which have been degraded,
the wood cells here, in both case, seem to be intact with no visible
shrinkage or distortion [27]. Moreover, no fungal hyphae are
observable in both cases.

From these observations, several conclusions can be drawn.
First, Wood A seems to be intact. There are no traces of any kind
of degradation; neither at the surface nor inside the cells and the
micrographs are very similar to the conventional spruce character-
ized in the literature. On the other hand, Wood B has been locally
degraded, close to the surface pits, and this degradation is quite
important. Nevertheless, even though Wood B has been degraded,
this phenomenon was not visible in the cross section, where the
cellulose fibrils are located. It would explain the mechanical beha-
viour of Wood B, with a strength decrease (i.e. local destruction of
the hemicellulose/lignin matrix leading to an important stress con-
centration factor) but a relatively unchanged modulus (i.e. cellu-
lose fibrils, with high tensile modulus, have not been damaged)
as compared to Wood A.

3.4. Chemical characterization of wood leachates

The leachates of the two wood types are analysed in order to
evaluate the link between the organic inhibitors that can be con-
tained in wood, the compatibility and low mechanical strength of
the WWCB as characterized in the previous sections. Five mono-
meric sugars are measured, arabinose, galactose, glucose, xylose
and mannose (Table 5), which are the main hydrolysis products
of cellulose and hemicellulose [28]. In overall, Wood B has much
higher sugar content than Wood A. A correlation can be observed
between the released heat during the first 30 h of cement hydra-
tion (Fig. 2b) and the total amount of sugars (Table 5), where a high
amount of sugars leads to a lower released heat.

From the literature, it is known that the most problematic effect
caused by monomeric sugars is mostly caused by glucose due to a
disruption of C-S-H gel formations [29]. In this study, among the
characterized polysaccharides, glucose is six times higher in Wood
B than Wood A. But any polysaccharides can cause the nucleation
poisoning of hydrate surfaces and thus can affect the retardation
mechanism based on the absorption of the clinker gains [8]. For
instance, xylose is also characterized to be problematic [17] and
the amount of xylose is nine times higher in Wood B. Mannose is



Table 5
Comparison of Wood A and Wood B extractives measured by HPAEC after H2SO4 hydrolysis.

Wood Arabinose Galactose Glucose Xylose Mannose Total Sugars
mcg/ml mcg/ml mcg/ml mcg/ml mcg/ml mcg/ml

A 19.8 82.6 15.2 3.1 29.5 150.2
B 23.4 83.3 91.3 28.9 182.7 409.6

Table 6
Quantification of uronic acids measured by CG after methanolysis, as well as the pH
value of the leachates.

Wood Galacturonic acid Glucuronic acid pH
mcg/ml mcg/ml

A 4.4 17.9 5.9
B 27.9 24.5 5.4
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also leached out fromWood B and in the literature, it is shown that
the hemicellulose may complex with metal ions in cement through
mannose hydroxyls and then decrease crystallinity, hydration rate
and strength [17].

Alongside monomeric sugars, uronic acids are also known to
have a retarder effect on cement hydration. In this study, two types
of uronic acid are measured, namely galacturonic acid (GAA) and
glucuronic acid (GLA). Both acids are derived frommonomeric sug-
ars, GAA is from galactose and GLA is from glucose [30]. Table 6
depicts the concentration of GAA and GLA in the fibre leachates
and shows the value of the pH of the leachates. As expected, the
concentration of uronic acids is higher with Wood B. If monomeric
sugars can cause a significant delay to the cement hydration due to
their degradation products, the pH of the cement during the hydra-
tion phase is also a critical factor and may be affected by the
numerous carboxylic acids leached by cellulosic fibres [15,16].

In overall, results showWood B is affected by the degradation of
hemicellulose. Measurement of the leachates shows that the high
concentration of polysaccharides (e.g. Glucose, mannose and
xylose) and uronic acids in Wood B are direct results from the
hydrolysis of the hemicellulose. However, this significant increase
in polysaccharide concentration does not affect the wood/cement
compatibility too much (CX0 = 85 and 75 for Woods A and B,
respectively). It can be explained by the confined degradation,
which only happens close to the pits, limiting the diffusion of
polysaccharides to the cement matrix.

4. Conclusion

This study aims to point out the difference between two very
similar, commercially produced spruce wood wool fibre batches.
Results show that even though these two types of wood passed
standard quality controls, they are significantly different in terms
of compatibility, mechanical properties and microstructure. The
following conclusions can be drawn:

� WWCBs are made with the two types of wood. Wood A gives
satisfactory results, far above the acceptable limit (i.e.
1.7 MPa) whereas the strength of Wood B is significantly lower
and cannot fulfil the requirement. This major difference con-
firms the eminent difference between these two wood.

� Cement-fibre compatibility is calculated and Wood B is slightly
less compatible than Wood A, which is considered to be com-
patible (CX0 = 85), while Wood B is considered moderately com-
patible (CX0 = 75) with cement, and it is one of the reasons why
Wood B resulted in low-quality WWCB.

� Mechanical characterization of the strands shows that Wood B
is clearly damaged as its strength is significantly lower than
Wood A (�63%). Microscopy shows clear damage close to the
pit, but not in the cell walls, explaining a possible matrix (i.e.
hemicellulose) degradation. On the other hand, the cellulose
seems untouched, as it can be seen with the unchanged E-
modulus between Wood A and B.

� Wood leachates are prepared from Wood A and B and the
polysaccharides and acid measurements confirm the previous
observations. The degradation of hemicellulose causes an
increasing amount of GAA, glucose, mannose and xylose in
the fibre. This degradation could be the result of fungi attack.

In overall, this study indicates that current quality control
methods are not suitable to characterize micro degradation that
can have a significant effect on the WWCB properties. From these
results, cement/fibre compatibility and single strand tensile tests
are good indicators of degradation. Thus, on an industrial scale,
these methods could be used in the future in order to improve
the existing quality controls of the wood prior to the manufacture
of WWCB.
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