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Abstract

OSB panels were manufactured with different mixtures of pine and cypress heartwood and resins
based on lignin or tannin in order to develop an eco-friendly wood composite with a natural
durability against termite and fungi. Some physical properties and the major elastic moduli of bulk
wood as well as of the manufactured panels were determined using different measurement
techniques. In addition, a micromechanical model was adapted and validated with the experimental
results. The good agreement obtained between the experimental data and model predictions
indicates the proper assessment of the most influential parameters, such as raw material and
adhesive properties, strand orientation, layer assembly, and density profile. A parameter study,
enlightening the effect of strand orientation on several elastic constants, enlarges the scope of
experiments. We conclude with an optimal combination of resin and wood species mixture resulting

in the best performance from a biological and mechanical standpoint.

Keywords: mechanical properties, micromechanical modelling, natural resin, OSB, pine and
cypress mixture
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Introduction

Most of the wood-based composites are not naturally resistant to termite attack (Muin and Tsunoda
2003) because they are mainly manufactured from non durable wood species. Panels designed for
end uses, in which decay or termite attack are potential hazards, often contain fungicides or
insecticides. Leachability and toxicity are major problems for this type of products. Nowadays, the
pressure to restrict the use of wood preservatives in wood products is increasing. Moreover,
interactions between adhesives and preservatives damage the bond performance and ultimately
reduce the physical properties of the panel (Goroyias and Hale 2004, Kirkpatrick and Barnes 2006).
Thus, alternative approaches are necessary to obtain good durability of environmentally friendly
wood composites without loss of performance.

Modern product developments should consider both ecological and technical aspects. The
resistance of wood products to biodegradation can be increased by using naturally durable wood
species, especially in regions with low to moderate termite hazard (Behr 1972, Yalinkilic et al.
1998, Evans et al. 2000, Kartal and Green 2003, Wan et al. 2007). Another environmental concern
is the control of volatile and semi-volatile compounds derived mainly from adhesives (resins).
Natural resins based on lignin (Lei et al. 2007, Mansouri et al. 2007a) or tannin (Garnier et al. 2002,
Ballerini et al. 2005) are options for environment-friendly products.

A political concern nowadays is on reducing the emission of climate gases (mainly CO;) in
production processes. Wood and wood products are a priori ecological materials, especially if
productions processes are well optimized with reduced energy consumption (ECOSB 2008) and
residues (by-products). Oriented strand board (OSB) panels are exemplary with this regard as their
production permits the utilization of almost all the harvested trees including imperfect or young
trees and fast growing species.

Results on the durability of ecological OSB products (shortly ‘eco-OSB’) have been
published recently (Amusant et al. 2009). It has been shown that OSB made of a mixture of

heartwood cypress (Cupressus sempervirens) and pine (Pinus sylvestris), with lignin (with
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paraformaldehyde and pMDI) or tannin (from pine with hexamine hardener)-based resin, show
durability against termites and fungi.

The load bearing capacity of OSB panels in structural applications is essential. Thus, this
paper focuses on the mechanical potential of these eco-OSBs. Firstly, mechanical properties of the
raw material and of eco-OSB will be identified by several mechanical testing methods. Secondly, a
micromechanical model will be applied, which provides a link between microstructural
characteristics and the macroscopic mechanical behaviour. In particular, the overall elastic
properties of the panels will be estimated considering the physical properties of bulk wood and resin
as well as the morphological characteristics of the OSB such as strand orientation, density profile
and layer assembly. The motivation for the modelling is to further explore the mechanical potential
of the panels beyond the traditional experiences. The micromechanical model should serve as the
basis for product development and optimisation. The expectation is that it allows identifying

optimal panel designs in terms of microstructural characteristics and panel lay-ups.

Materials and methods

Characterization of the raw materials

OSB was produced of cypress heartwood, which is naturally durable against termites, and sap- and
heart-wood of pine, which are both nondurable against termites. The different 60-year old trees
were grown in the Grenouillet Arboretum (France), felled, and crosscut into 1 m long logs. Test
specimens for determination of physical and mechanical properties were cut from the logs as
depicted in Figure 1. All specimens, i.e., the raw material and the OSB panels, were conditioned
and tested at a temperature of 20°C and a relative humidity (RH) of 65%. First, static compression
tests on cubes, with a side length of 40 mm machined along the principal material directions (R, T
and L) were performed on a universal electromechanical testing machine MTS 1/ME with a 5 kN
load cell. Mean compression strain was assessed by using strain gages (from Kyowa and TML with

2 or 8 mm gage length depending on the annual ring thickness on the face considered) for
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calculating the elastic moduli Er, E1 and Er. Moreover, transversally oriented gages were used to
measure the transverse strains on each of the four accessible faces of the cubes for determination of
the six Poisson’s ratios Vrr, Vir, VLT, VTL, VLR and vgr. The maximum applied load corresponds to a
mean compressive strain of around 0.2%. The test consists in three loading/unloading cycles at a
strain rate of about 10*s”. The elastic moduli are measured in the linear range of the
unloading/reloading curves.

In addition, Bordonné’s free vibration beam method (Bordonné 1989, Brancheriau and
Bailleres 2002) was applied on samples sized 20x20x360 mm® (R-T-L). It allows measuring
longitudinal bending elastic modulus, £1, and shear moduli, Gtp or GLr depending on the sample
rotation along the L-direction, at the natural frequency of the beam, which is approximately 700 Hz.
Furthermore, ultrasound measurements in the directions of the principal axes have been performed
by means of Sofranel’s 1 MHz longitudinal transducer on cubes with side lengths of 20 mm cut at
the end of the free vibration beam (see Figure 1). Determining the ultrasound velocity ¥ in the
sample (Bucur 2005) and knowing the density p, it is possible to compute the elastic stiffness Cj; of

the sample that is linked to the modulus of elasticity E; and the Poisson’s ratios v;; (Guitard 1989):

_ 1- VirVriVir =VirVerrVm — (VTLVLT +VrVrr ViRV )

1-v,vy

E

1

C, (1)

1

where C, = pV;” and i,j,k = {R, T, L}, e.g., if i = R then 1-vjxvij = 1-v 1LV 1. Assuming a negligible

effect of loading frequency on the Poisson’s ratios, their values obtained with the compression tests
are used to compute the elastic modulus E; from Cij;.

A micromechanical model by Hofstetter et al. (2005, 2006, 2007) was also applied because a
complete and consistent set of all nine independent elastic constants of the bulk wood was not
always available or reliable. This model allows the prediction of the elasticity tensor of various
wood species from the elastic properties of the basic constituents of wood (cellulose,
hemicelluloses, lignin and water) and from morphological parameters such as microfibril angle

(MFA), cell arrangement and macroscopic density. In order to estimate the properties of the raw
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material, density was chosen in accordance with the mean density of the tested bulk wood samples.
The microstructural characteristics, MFA and the lignin content, were determined by adjusting the
resulting model predictions of Er, Er and Grp to the corresponding experimental results from
bending free vibration and compression tests. The model estimated stiffness tensor obtained for
these microstructural characteristics was finally used as input for the panel model presented below.

Manufacturing OSB panels

Flakes with dimensions of 0.6x10x100 mm’ (R-T-L) were manually trimmed in thin veneers and
the flakes of each species were dried to about 6—7% moisture content (MC) before gluing. Mat
formation and strand orientation were done by hand. The full set of panel manufacturing parameters
is presented in Table 1. A total of 24 OSB panels was prepared, which corresponds to three panels
for each combination of resin and species.

Characterization of OSB test specimens

From each panel, 18 squared test specimens with dimensions of 50x50x14 mm’ and 2 beams (one
sized 300x40x14 mm’, mainly oriented in the x-direction, and one sized 260x40x 14 mm’, mainly
oriented in the y-direction) were cut (Figure 2). The beams and part of the squared specimens were
used for determination of the elastic properties of the panels, while the remaining squared
specimens were employed for the durability measurements (Amusant et al. 2009).

The mean density was measured for each test specimen. The vertical density profile was
determined by means of the densitometer DENSE-LABX (Electronic Wood System, Germany) at
increments of 0.05 mm for ten randomly chosen specimens. The strand orientation distribution was
determined manually using pictures of the outer surfaces of three different panels (Figure 2) and
Imagel, a public domain image processing software.

Classical static face down 4 point-bending test (outer span: 250 mm, inner span: 160 mm,
loading point diameter: 20 mm) were first done on the beam-shaped sample using again the
electromechanical testing machine MTS 1/ME equipped with a 5 kN load cell, at a loading speed of

10 pm s™ in order to reach the ultimate loading force in 300+120 s following EN 789 European
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standard (2005). The tests were performed in the elastic range, and the bending strain was measured
through the difference in deflection between three points by means of a micrometer mounted on a
specific fitting. Accordingly, the static bending moduli of elasticity in the two main panel
directions, E, and E,, were obtained. In addition, the same samples were tested in free vibration
bending using Bordonné’s principle (Bordonné 1989, Brancheriau and Bailleres 2002). Face down
measurements allow to determine the bending moduli of elasticity, £, and E,, at a frequency of
around 500 Hz and edgewise measurements yield estimates of the shear elastic modulus Gyy
(Brancheriau 2006) on the two types of beams (x and y-direction). Finally, ultrasound
measurements through the thickness of the squared specimens were performed in order to obtain the
elastic stiffness C...

Modelling the elastic properties of the panels

A multiscale model for strand-based engineered wood products developed by Stiirzenbecher et al.
(2010a, b) was applied and adapted to the specific characteristics of the present panels. This
multiscale model is based on the continuum micromechanics and lamination theory and predicts the
in-plane tension and bending stiffnesses as well as the in-plane shear stiffness of multi-layer strand
boards. Thereby, the boards are idealized consisting of ellipsoidally shaped and perfectly bonded
wood strands. The following parameters are considered: the elastic properties of the wood species,
the slenderness ratio and orientation distribution of the strands, as well as the panel lay-up described
in terms of density profile and layer assembly. Here only the specifications of the model for the
present study are explained. For a detailed description of the model approach, see Stiirzenbecher et
al. (2010b). The high resin mass content of the produced boards (Table 1), which equals about 6%
(by volume) of the final boards, requires an adjustment of the original model. This model had been
developed for strand boards with moderately low resin content, which did not necessitate
consideration of the adhesive as a separate material phase. In order to account properly for the
higher adhesive content in this application, strands were modelled with an adhesive layer, applying

the Composite Cylinder Assemblage (CCA) model for estimating their elastic properties (Hashin
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and Rosen 1964, Hashin 1979). The transverse shear modulus, which cannot be estimated by means
of the CCA model, was predicted by a Generalised Self Consistent Scheme developed by
Christensen and Lo (1979). Based on the estimated elastic properties of adhesive coated strands, the
homogenization procedure of Stiirzenbecher et al. (2010b) was applied, accounting for the
compaction, the strand orientation distribution, the layer assembly and the density profile across the
panel thickness. The elastic behaviour of the tannin and the lignin adhesives in their cured state was
assumed to be isotropic with a Poisson’s ratio of 0.3 and a modulus of 1.8 GPa (Garcia and Pizzi
1998, Osman and Pizzi 2002) and 2.1 GPa (Mansouri et al. 2007b), respectively. Since the density
profiles were not measured at every test specimen, one characteristic representative of all measured
density profile was taken for modelling of all panels. This procedure was feasible, since the
production process was the same for all panel types and only little variation was observed between
the measured density profiles.

Extending the original model by Stiirzenbecher et al. (2010b), the stiffness component C_ in the
plate thickness direction was estimated from the respective values of the individual board layers

with different densities. This was done using the rule of mixtures for serially arranged materials,

reading mathematically as:

C, = )

“C.
where f, denotes the relative layer thickness and C_ the stiffness tensor component of this layer i

in the thickness direction of the panel.

Results and discussion

Density and mechanical properties of the raw materials

The data for density and elastic properties of the bulk wood are reported in Table 2. For the static
compression tests, only one sample per species was tested several times. This may explain the very

low standard deviation of the respective results. For the compression tests on pine, Poisson’s ratio

7
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vir 1s missing because of experimental difficulties. The measurement of Poisson’s ratio v is
difficult as well, leading to too high values on one side of the sample, of only limited reliability, that
leads to the high standard deviation reported. The values for vit have been checked by measuring
vrr as well, but the measurement results were not better in this case due to the small absolute values
of these ratios. The results for the longitudinal elastic moduli, £r, of the raw material measured by
different techniques are in reasonably good agreement with each other. Similarly good agreement is
obtained for the elastic moduli £t and Er determined by ultrasound measurements and static
compression tests. The beam free vibration measurements delivered in addition to the Er both shear
moduli Gtp and Grr. Values obtained with this last method for Ep are in good agreement with the
other ones even if it corresponds in that case to bending loading. This may be due to the relatively
good homogeneity of the material at the considered cross section scale.

Microstructural characteristics of bulk wood were back-calculated by the micromechanical
model (Hofstetter et al. 2005, 2006, 2007) based on the values of E1, Et and Gt measured with the
bending free vibration technique. MFAs of 21° were obtained for pine and 22° for cypress, whereby
the lignin content of the former was 20% and 26% of the latter, which is in the range of possible
mean lignin contents for softwood from 25 to 34% after Petterson (1984) or from 20% to 27% after
Faix (2008). Accordingly, the micromechanical model provides a full set of elastic constants of the
(orthotropic) raw material, which is in full agreement with those obtained from experiments
(Table 2).

Structural characterization of the produced strand boards

The average density of all panels is about 656 kg m™ with a standard deviation of 24 kg m™ Figure
3 shows the characteristic measured density profile, which was used for the evaluation of the model
for eco-OSB panels. It exhibits a moderate U-shape, as all the measured density profiles. For
modelling purpose, this profile was discretized: constant density values were determined for layer

thicknesses between 0.5 mm close to the surfaces and 2.5 mm in the centre of the board (Figure 3).
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The strand orientation distribution measured on the surfaces of three different panels is depicted in
Figure 4. A classical spread of orientations is observed, and a normal distribution was adjusted by
the least-square method. This yields a mean orientation close to 0° and a standard deviation around
5°, reflecting the careful panel production by hand, which achieves better alignment of strands than
industrial processes.

Mechanical properties of the produced strand boards

The elastic properties of the final OSBs, measured with different techniques, are presented in Table
3 and grouped according to the mixture of wood species and the resin types. Here, the medians and
the ranges are given, showing the difference between the maxima and the minima of the three
replicates of each setting.

The values obtained in static bending are in good agreement with those obtained in free
vibration despite the difference in the loading frequency. Free vibration yielded quite similar results
for the in-plane shear-modulus obtained for the beams oriented in x and y-direction. The order of
the values of the measured moduli is as expected, i.e., Ex > E, > G,,, because E, and E, are mainly
linked to Er and Et of the bulk wood, respectively, as the outer layers contribute dominantly to the
overall bending stiffness of the panels. Remarkably, the results for the elastic moduli do not
correlate with the amount of cypress in the mixture except for the stiffness C... The latter decreases
when the amount of cypress is reduced irrespective of the resin. This is in line with the slightly
higher moduli Er measured on the bulk wood samples of cypress than on those of pine. For the
bending moduli Ex and E, measured on the panel, the effect of cypress content is not obvious,
probably because the two moduli of the bulk material controlling the panel bending stiffness,
namely Et and Ei, are close to each other for the two species, as can be seen in Table 2. The
variability of the out-of-plane modulus rather results from variations of the wood and resin
properties in individual panels than from different extents of bonding defects. On the other hand,
the variability of the bending properties of the panels is — amongst others — a consequence of

varying bonding quality between strands. Altogether, the mechanical properties were comparable to
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that of conventional, industrially produced boards, highlighting the potential of the investigated bio-
composite. In this study, panels made with lignin-based resin give the best results in terms of elastic
properties. This is all the more interesting as lignin-based resin yields the best durability too
(Amusant et al. 2009).

Comparison of model predictions and experimental results

The suitability of the micromechanical model was validated experimentally. For this purpose, the
model is evaluated with the specifications of the produced boards, including the elastic properties of
the raw material and resin, the characteristic density profile adjusted to the mean final density, the
strand orientation distribution and the layer assembly. Thereupon, a one-to-one comparison is made
between the model estimates and the corresponding results of bending free vibration tests (£, E,
and G,,) and ultrasonic experiments (C..), respectively (Figure 5). Both MOE, E,, and E,, estimated
by the model show on average good agreement with the experimental results obtained from bending
free vibration tests. Natural fluctuations of elastic properties of the raw material and variations in
the production process were not considered in the model, so that the considerable variations of the
experimental results were not reproduced by the model. The mean prediction error of the MOE E|
amounts to 12.1% with a standard deviation of 17.1%, while it is 3.8% with a standard deviation of
21.4% for E,. The in-plane shear modulus G,, is overestimated by the model by 24.6% with a
standard deviation of prediction errors of 46.5%. Particularly, experimental shear moduli below
1 GPa are not well predicted by the model. Further, the model overestimated the transverse stiffness
component C,, by about 24.6%, with a standard deviation of 35.2%.

Model parameter studies on the effect of strand orientation

The experimentally validated model was extended to the experimental investigations of the
mechanical behaviour of eco-OSB to non-tested configurations. Particular emphasis is placed on
examining the effect of strand orientation distribution on the elastic properties of the final panels.
The strand orientation of industrially produced boards is expected to be not as strictly oriented as

currently observed in the hand-made panels. Taking this into consideration, the model allows
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estimating elastic properties of panels from a commercial production line. The parameter study is
performed for pine wood as raw material, lignin adhesive, and a mean board density of 650 kg m™.
Adhesive content, density profile, and the ratio of strand mass in the face and core layers
respectively, are the same as in the actually produced boards considered in the model validation.
The distribution of strand orientation is described by a normal distribution with a mean
orientation of 0° (coinciding with the x-axis) and a variable standard deviation. Increasing the
standard deviation finally leads to a random strand orientation distribution. Figure 6 shows the
pronounced effect of less tight strand orientation, modelled by increasing the standard deviation of
the assumed normal distribution, on the mechanical properties of the panel. The MOE in the
principal direction of the panel decreases dramatically when the strands are less aligned with the
principal panel direction, whereas the MOE perpendicular to this direction increases only slightly.
The in-plane shear modulus G, rises with increasing standard deviation of the strand orientation
distribution from about 1.4 GPa to about 2.5 GPa. This means that higher deviations of strand
orientations from the main panel direction in commercial production, improves the performance of
the panel for shear stiffening applications, but degrades it for bending applications with a single

pronounced load bearing direction.

Conclusion

Characterization of wood species as raw materials for OSB production with various methods (static
vs. dynamic and compression vs. bending) led to very similar and satisfactory results. This good
agreement is due to the low viscosity of dry wood and the relatively high homogeneity of the
sample in the scales of L-direction and cross section (i.e., relatively small annual ring width
compared to the cross section characteristic length). Additionally, a micromechanics model was
applied delivering all stiffness components of the input wood and, thus, completing the
characterization. The mechanical behaviour of the laboratory-made panels was also determined by

dynamic and static measurement techniques. The best quality (with highest stiffness) has been
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obtained for the panels glued with lignin-based resin. As this type of panels show the best durability
too, they might be suitable for developing eco-OSB panels at the industrial scale. Further, a multi-
scale model has been developed and applied in order to explore and to quantify the influences of the
microstructural characteristics on the mechanical behaviour of the boards for non-tested
configurations. The established model for eco-OSB is able to reflect suitably the microstructural
characteristics of raw material and adhesive properties, strand orientation, density profile and layer
assembly. It delivers reasonably accurate predictions for the mean elastic properties, e.g., both the
in-plane bending moduli and the in-plane shear modulus as well as the out-of-plane or transverse
stiffness tensor component. Employing the validated model for parameter studies gives insight into
the (micro)mechanical behaviour of strand boards. In an exemplary manner, the effect of strand
orientation distribution on bending and shear stiffness was demonstrated to be able to estimate the
influence of the production process on the mechanical properties of the panels. The combination of
the theoretical model, capable to describe the underlying mechanics, and complementary
experiments, affording direct insight into the mechanical performance, seems to be a fruitful and

efficient approach. This combination permits the further development of products.
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Table 1. Parameters of panel manufacturing

Panel dimensions

Three layers panel construction
Mass distribution (side/core/side)
Wood species

Target mat moisture content
Resin mass content

Blender type for mixing strands with resin
Blender rotation speed

Pressing cycle for gluing

Press temperature

Total press time

Replicate

350x350%x14 mm®

Core perpendicular to face flakes
20% / 60% / 20%

Pine, cypress

6-7%

13% side and 11% core

Dakota

900 rpm

90 s 35 bar, 120 s 16 bar, 150 s 8 bar
175°C (plate surface)

6 min

3
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1 Table 2. Mean values of measured wood bulk properties obtained by different measurement methods and by micromechanical model predictions for

2 the nine independent elastic constants of bulk wood.

Beam free vibration (~700 Hz) Ultrasound Static compression test

Wood Properties Sample: 20 x 20 x 360 mm? (1 MHz) Sample: 40 x 40x 40 mm?3 Computed
o (kg m?) 579+4 569+8 580
Er (GPa) 1.99+0.09 1.75+0.03 1.21
Er (GPa) 1.44+0.08 1.16+0.04 0.86
E. (GPa) 13.17+£0.97 12.55+0.96 11.21£1.79 13.03
%zrersess s Ve 0.63+0.05 0.49
sermponvirons) ViR 0.36£0.03 0.32
wr 0.71+0.22 0.37
G (GPa) 1.00£0.01 1.00
Gr (GPa) 1.12+0.06 1.02
Ggr (GPa) 0.12
o (kg m?) 547+26 537+21 535 550
Er (GPa) 1.86+0.12 1.79+0.01 1.13
Er (GPa) 0.73+0.19 0.91+0.01 0.80
E. (GPa) 14.39+£1.73 13.99+1.12 15.85+0.25 13.84
Pine VRT 0.58+0.14 0.52
(Pinus sylvestris) VIR - 0.32
Wt 0.61+0.29 0.36
GrL(GPa) 1.02+0.09 0.98
Gr (GPa) 1.37+0.10 1.00
Ggr (GPa) 0.10




5  Table 3. Elastic properties of the manufactured panels: median values and range (in parenthesis). Density values for the edgeways free vibration

6  bending are the same as the face down bending in the same direction.

Ex (GPa) Ey (GPa) Gxy (GPa) Czz (GPa)
Cypress Face down bending Face down bending Edgeways free vibration

Resin content Density Free vibration Density Free vibration___Bending (~1.5 kHz) Density  Ultrasound
base (% wt.) (kg m™) Static (~500 Hz) (kg m™) static (~500 Hz) X sample ysample (kgm™) (100 kHz)
100 668 (35) 10.9(0.3) 9.6(2.7) 643(23) 4(0.1) 4.1(0.6) 1.35(0.4) 1.8(1.9) 649 (40) 0.65(0.25)
Tannin 75 658 (10) 8(2.2) 7.7 (1) 667 (32) 4.9(4) 5.1 (1.5) 1.3(1.4) 0.9(0.2) 705(26) 0.61(0.19)
50 664 (15) 13.5(1.4) 11.9(3.1) 657(15) 51(1) 4.7 (1.8) 1.1 (0.7) 1(0.5) 661 (61) 0.55(0.18)
0 650 (28) 5.4 (2.3) 7.8(1.6) 667 (53) 3(0.3) 3.3 (0.5) 0.7 (1.2) 2.1(4.4) 690(58) 0.36(0.08)
100 636 (27) 10 (1.9) 9.5(0.6) 661(68) 4.5(1.5) 4.4(1.2) 1.5(1) 1.3(1.4) 654 (153) 0.85(0.38)
Lignin 75 673 (90) 12.9(2.4) 11.2(2.7) 628(41) 4.9(0.2) 4.9(0.7) 1.6 (1) 1.3(0.7) 636 (150) 0.67 (0.25)
50 675 (37) 10.7(2.3) 11.1(0.8) 643 (46) 4.4(4.4) 4(0.7) 1.4 (0.4) 21 (1) 647 (174) 0.57 (0.39)
0 664 (80) 12.1 (1) 11.3(0.9) 652 (29) 3.4 (4) 5.9 (2.2) 1.1 (0.8) 1.1(0.4) 643 (142) 0.52(0.28)
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Figures’ legend

Figure 1. Cutting plan for specimens for measurements on the raw material.

Figure 2. Face view of a manufactured OSB (50% cypress-50% pine with the lignin based resin)

and cutting plan

Figure 3. Characteristic measured density profile, DP, in thickness and layer-wise average for

modelling purpose.

Figure 4. Strand orientations measured on the surfaces of three produced panels and normal

distribution adjustment to the data (u = 0.4°, 0= 4.9°).

Figure 5. Comparison of experimental values from bending free vibration tests and corresponding

model predictions.

Figure 6. Effect of strand orientation on the elastic bending constants.
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21  Figure 1. Cutting plan for specimens for measurements on the raw material.
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Figure 2. Face view of a manufactured OSB (50% cypress-50% pine with the lignin based resin)

and cutting plan.
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modelling purpose.

Figure 3. Characteristic measured density profile, DP, in thickness and layer-wise average for
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36  Figure 5. Comparison of experimental values from bending free vibration tests and corresponding
37  model predictions.
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40  Figure 6. Effect of strand orientation on the elastic bending constants.
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