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Abstract

This research paper studies the influence that the number of plies has on the
identification of the mechanical properties of poplar Laminated Veneer Lumber
(LVL) from tensile tests such as its stiffness. LVL poplar specimens were prepared
with different ply configurations and subjected to uniaxial tensile tests. Both
longitudinal and transverse stiffnesses were characterized in this research. The
results show that the ply configuration influences the mechanical properties. The
influence of the glued faces, the presence of lathe checks, and the compression ratio
of veneers were studied during the manufacturing of the LVL. All these results
provide valuable information for the design and optimization of laminated wood
structures. An analytical modelling strategy is proposed to account for the effect of
ply numbers, ply orientations, the compression ratio of veneers and the glue used on
the stiffness of poplar laminate both in longitudinal and transverse directions.

Introduction

The use of wood in the transport industry is not new (Castanié et al. 2020, 2024)
and it could become a solution to current environmental problems. Thanks to its low
cost, low carbon footprint, and light weight, wood seems to be a good alternative to
many materials (Mair-Bauernfeind et al. 2020). Laminated Veneer Lumber (LVL)
and plywood are structural composite materials crafted from thinly peeled wood
sheets, known as veneers, bonded using adhesive. While both share this fundamental
construction, plywood distinguishes itself through a consistent cross-lamination
pattern. This involves alternating longitudinal and transverse veneers throughout the
laminate (Finnish Woodworking Industries Federation 2019). The manufacturing
process of LVL and plywood permits careful selection of veneers devoid of defects.
Remarkably, their static mechanical properties are on a par with or surpass those
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of solid wood (Leicester and Bunker 1969; Youngquist et al. 1984; Sasaki and
Abdullahi 2001; Kili¢ et al. 2010). Furthermore, recent research indicates that
LVL exhibits noteworthy mechanical potential for applications involving crash and
impact scenarios (Susainathan et al. 2019; Guélou et al. 2021a, b, 2022a, b).

However, plywood, LVL, and more generally wood plies are heterogeneous
which leads to variation and a certain variability in mechanical properties (Guélou
et al. 2021b). It is therefore essential to analyse them in detail to consider their use
as a structural material in transport, e.g. in the automotive industry (WOOD Car
2021) or aeronautics (AURA AERO 2023).

Regarding the characterization of LVL, many studied the effect of the number
of plies on a constant thickness LVL made with veneers of different thicknesses.
For example, Kilic et al. (2006) compare two LVLs of glutinous alder which are
20 mm thick, made from 2 to 4 mm-thick veneers using two different glues. They
show that under shear, compression and bending, the breaking strength is greater
for LVL made with 2 mm plies than for those made with 4 mm plies, regardless of
the glue used. They also show that the longitudinal Young’s modulus is higher in
this configuration. They attribute this to the increasing amount of glue in LVL made
from finer plies.

According to the literature, the number of plies in an LVL influences its stiffness
or flexural strength. The explanations put forward are as follows: a better distribution
of wood defects through veneers and a greater amount of glue in the LVL with the
increase in the number of plies (Schaffer et al. 1972; Hoover et al. 1987; H’ng et al.
2010; Daoui et al. 2011).

On tensile tests, other authors show a similar relationship between the mechanical
properties and the number of plies of the laminated veneer lumber. Youngquist et al.
(1984) show an increase in stiffness and specific average strength with increasing
numbers of plies in an LVL. However, the high variability observed during the tests
does not allow definite conclusions to be drawn about this phenomenon.

On shear testing, some authors have found that shear modulus and shear strength
decrease as the thickness of the veneers of the LVL increases (Norris et al. 1961;
Ebihara 1981). However, Hoover et al. (1987) saw no significant effect of veneer
thickness on shear strength. These contradictory results could be explained by a
different quality of bonding and the greater or lesser importance of lathe checks
from one case to another. In his thesis, El Haouzali (2009) shows an increase in
shear strength according to the number of plies in the LVL with a MUF (Melamine
Urea—Formaldehyde) glue, but a decrease with a PVAC (PolyVinyl ACetate) glue.
The author notes that ‘even though the interaction between these two effects (glue
and thickness) is statistically significant, the differences noted remain very small’.

However, all the previous studies cited characterized LVLs with a constant laminate
thickness while varying the ply thickness based on the number of plies. Only Lechner
et al. (2021) have investigated specimens with a constant ply thickness, leading to
LVLs with thickness increasing in correlation with the number of plies. Their tensile
tests with 1-, 2-, and 4-ply specimens show an increase in failure stress and stiffness as
the number of plies increases. Nevertheless, in the case of 6-ply LVL, the mechanical
properties exhibit a lower average than the 4-ply version. The authors do not explain
this decline in mechanical properties. Also, the study of the number of plies, at fixed
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thickness, on the properties of LVLs, is barely treated in the literature so it is difficult to
conclude at the moment.

In the case of carbon fibre reinforced composites (CFRP), the laminate theory model
does not predict an increase in composite stiffness as the number of plies increases.
Furthermore, studies by Nardone et al. (2012) and Gning et al. (2011) indicate no
discernible impact of the number of plies on laminate stiffness. Nardone et al. (2012)
studies laminates ranging from 1 to 3 plies, while Gning et al. (2011) studies laminates
containing 2 to 10 plies.

It should be noted that few analytical models exist for LVL or plywood. However,
since LVL and plywood are wood-based composites, i.e. a superposition of layers of
wood veneers, many researchers use laminate theory to model these wood composites
(Perry 1948; Okuma 1976; Cai and R. Dickens 2004; Yoshihara 2009, 2011;
Wilczyniski and Warmbier 2012; Makowski 2019). Some authors have developed
analytical methods to model the mechanical properties and behaviour of LVL. Okuma
(1976) proposes to model laminate by considering the effect of glue. To achieve this, he
considers the part of the veneer where the glue penetrates the ply, leading to different
mechanical properties. Wei et al. (2015, 2019) propose an improvement on this model,
which, in addition to considering the addition of glue in the wood composite, also
considers the densification of the plies related to the manufacturing of the LVL by
pressing.

As shown by many authors (Okuma 1976; Wei et al. 2015; Gavrilovi¢-Grmusa et al.
2016), LVL can be considered as a laminate composite of three materials:

- Veneers with an elastic modulus of E,,

- Glue with an elastic modulus of E,

- A mixed wood-glue zone with an elastic modulus of E, .

Note that, in the case of bonded wood joints, the mixed zone corresponds to
an interface in which the wood cells are partially filled with adhesive (Marra 1992;
Gavrilovié-Grmusa et al. 2016). Penetration of the adhesive into the wood results in
an increase in local stiffness and the formation of a wood-adhesive composite (Miiller
et al. 2009; Wei et al. 2015; Hunt et al. 2019). This mixed zone is often investigated in
the case of glued wood joints when studying glue propagation (Marra 1992; Gavrilovi¢-
Grmusa et al. 2016). Based on a law of mixtures, Eq. (1) gives the value of the stiffness
E,, (Wei et al. 2015).

E,=E, +rE, 60

where

e E_ isthe Young’s modulus of the mixed wood-glue part in a given direction
e ris the proportion of void in the wood
e E,is the Young’s modulus of the glue in a given direction

E,, is the Young’s modulus of wood in a given direction (Wei et al. 2015)

r=1-12

=1-4 @
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where

e pis the density of oven-dried wood
e p;is the cell wall density of dry wood

Five thicknesses are defined to describe the laminate studied. These thicknesses
are shown in Fig. 1 and are noted as follows:

1, is the thickness of pure glue phase

t,, is the thickness of the wood-glue mixture phase

t, is the thickness of the veneer in the LVL

t,, is the thickness of the glue-free veneer

t is the specimen thickness (not represented in Fig. 1)

It should be noted that the Young’s modulus of the glue is highly dependent on
the chemical formulation of the adhesive. In this study, single-component polyure-
thane-based (PUR 1C) adhesive was used to manufacture tensile specimens. How-
ever, the mechanical properties of polyurethane may vary depending of the chemical
formulation of the resin (Miiller et al. 2009). According to the literature, the Young’s
modulus of PUR glue ranges from 0.1 to 4 GPa (Konnerth et al. 2006; Claup et al.
2011; Stoeckel et al. 2013; Bockel et al. 2020).

Some authors also modelled LVLs based on the variations of fibre slopes
measured on veneers, and also on the average density of the veneers. Each of these
variables affects the mechanical properties of wood (Ross and Forest Products
Laboratory USDA Forest Service 2010). Viguier et al. (2018) and Duriot (2021)
proposed a model for the global Young’s modulus by averaging the local stiffness of
the veneers according to local fibre angles measured by the tracheid effect and the

:] Wood l:l Wood + Glue - Glue

Fibre direction

X

Fig. 1 Diagram showing the various materials of the laminate together and the different thicknesses nota-
tion used
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mean density. The authors compared their model results with experimental values
using four-point bending tests. They note that further studies are needed to validate
this behaviour on LVLs and that taking the out-of-plane fibre angle into account
and using local density mapping would provide more accurate results (Duriot 2021).
Using the same principle, Ehrhart et al. (2021) took the slope of the fibre in the
plane of the veneers into account to model their tensile strength.

The present study aims to continue the work carried out by the team since
2014 (Susainathan et al. 2020). LVLs made up of different poplar plies are being
characterized through a series of uniaxial tensile tests. This campaign will help to
understand and identify the mechanical properties of poplar LVL and its behaviour
according to its number of plies.

Material and methods
Grain angle measurement

Koster poplar (Populus x canadensis) wood veneers, 1| mm thick, were used to man-
ufacture the tensile test specimens. The veneers were produced and characterized
by the LaBoMaP laboratory in Cluny using a wood lathe machine. The LaBoMaP
provides a mapping of the in-plane fibre slope angle for each veneer, with a reso-
lution of 2x2 mm? The in-plane slope of the fibre was obtained by the tracheid
effect. When condensed light such as a laser beam is projected onto a wood surface,
the beam is diffracted by the fibres and tracheids in the wood. This results in an
elliptical light spot oriented in the same direction as the in-plane fibre slope (Daval
et al. 2015). The fibre slope can then be calculated from the orientation of the ellipse
formed by the observed light. Image analysis also made it possible to identify the
light diffracted by fibres and thus the deviation of the wood grain to map these devi-
ations in 2D. Figure 2 shows the location of the test specimen tabs (black in Fig. 2)
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Fig.2 Veneer mapping and specimen placement [0°], (number beneath each specimen)
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and the gage zone (red in Fig. 2) of each [0°]; test piece on the mapping of fibre
angle of the veneer used to manufacture the test pieces.

Manufacturing of tensile specimens

The wood veneers were then glued using Kleiberit 510 PUR 1C FIBERBOND,
stacked and pressed for 5 h at 10 bars and 25 °C to obtain the LVL. These LVLs
were then cut into specimens to be characterized. The amount of glue used
(recommended by the manufacturer) was 250 g/m”. The density of poplar veneers
was 355 kg/m3 with a Relative Standard Deviation (RSD) of 6%.

The manufacture process of veneers led to the formation of lathe checks on one
of their sides called the Loose side (L), in contrast to the healthy side called the
Tight side (T) (Perry 1948; Lutz 1974; Denaud et al. 2019). During stacking, faces
with lathe checks are usually placed on healthy faces, except for outer plies, whose
cracked faces face inward from the plywood. This stack is called ’tight side out and
loose side in’ and it is this assembly that is used in industry for the manufacture of
plywood (Leggate et al. 2017).

Six 0° unidirectional specimen configurations were used for this study: [0°],
[0°],, [0°]5, [0°]s, [0°];, and [0°]y. For [0°], specimens, 3 different configurations
were studied to characterize the influence of glued faces on tensile tests:

- Bonding on the tight sides ([0°],r)

- Bonding of a tight side to a loose side ([0°],7)

- Bonding on the loose sides ([0°],; ;)

The influence of glued faces in LVL design has been studied by Blomqvist
et al. (2014). However, these authors were only interested in the plane stability of
the LVL. Li et al. (2020) looked at the influence of glued faces, but only on shear
tests. The study of the influence of bonded faces on the in-plane stiffness of an LVL
therefore remains to be characterized.

Three 90° unidirectional specimen configurations were also studied: [90°];,
[90°]5, and [90°]y. These series were used to evaluate the effect of the number of
plies on the transverse stiffness of LVL. A total of 15 specimens with rectangular
geometry were made per configuration. The tensile specimens had nominal
dimensions of 250 %25 x thickness of LVL mm?>. Tabs, 50 mm long, were added
at each end to limit stress concentrations and therefore breakage in the jaws of the
testing machine. Two coordinate systems were employed to delineate the systems:

e A global reference frame (X,Y,Z) where X was aligned with the length of the
specimen, Y corresponded to its width, and Z pertained to its thickness.

e A local reference frame (L,T,R), outlining the principal directions of the wood,
to characterize the veneers (L aligned with the direction of the wood fibres or
cells, R aligned with the growth rings, and T situated in the transverse direction
within the plane of the veneers).

For [0°] specimens, the two reference frames coincide. However, for [90°]
specimens, a 90° rotation around the Z (or R) axis is performed, aligning Y with L.
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Experimental set-up

Tensile tests were performed at ambient temperature and humidity (23.6 °C and
64.6% RH). Wood samples were stabilized at 9.8% moisture content (Standard
Deviation (SD): 0.28%). An Instron 5900 machine was used for these tests. A 50
kN force cell was installed, with a measurement accuracy of 0.5 N. The cross-
head displacement rate applied was 2 mm/min. Stereo Digital Image Correlation
(DIC) was used to track sample deformation. The use of DIC avoided the effect
of any machine compliance that could have altered far-field strain measurements.
Two 8 MP cameras (4096 X 2160 pixels) were used to acquire images of the spec-
imens, which were painted with speckles for image correlation (Fig. 3). The black
speckles were applied directly to the faces of the specimens, the bright sides of
the poplar contrasting with the matte black paint. The speckles were made by
spraying paint. The size of the patterns was determined according to the exper-
imental set-up to obtain a minimum size of 3 pixels for each spot (Reu 2014)
(Fig. 3).

A data acquisition system was used to record the load applied to the specimens
with the same frequency as the DIC (2 Hz). Image correlation data were analysed
with VIC-3D software. Calibration was carried out using a test pattern.

Fig. 3 Example of speckles on a specimen (a) and experimental set-up (b)
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Methodology
Deformation calculation

For each specimen, mean strain was computed with DIC based on displacement of
specific points as computed with a virtual extensometer. X and Y positions of 56
points were extracted from the image correlation data. Two lines of 20 points, spaced
16 mm apart, were used to calculate an average strain in the transverse direction Y
(eyy) and two lines of 10 points, spaced 100 mm apart, were considered to calculate
an average strain in the longitudinal direction X (e,,). The mean strain in the two
plane directions of each specimen was based on the displacements of the points. The
displacement measurement accuracy obtained is 8.0%10™> mm along the X direction.
The incertitude on €,, is therefore 1.6 um/m. The displacement measurement
accuracy obtained is 2.2%10> mm along the Y direction. The incertitude on €yy 18
therefore 2.8 ym/m.

Young's moduli and Poisson’s ratio computation

Note that the longitudinal stiffness, the transverse stiffnesses, and the Poisson’s ratio
were calculated from the force measured in the tests, the averaged cross-sections (S)
of the specimens measured at three points, and the mean strain computed by DIC
based on standard ASTM D3039. By analysing data extracted from the longitudinal
stress—strain curve between 1000 and 3000 um/m, the ratio of stress changes to strain
changes at these points was calculated. This ratio, found by dividing stress changes
by strain changes, provided the Young’s modulus for the respective direction.
Similarly, Poisson’s ratio was determined by dividing the negative transverse strain
by the longitudinal strain within the same longitudinal strain range (1000 um/m to
3000 um/m).

Compression ratio (CR) computation

The wood density depends on many parameters such as its species, the presence
of porosity, the presence of knots or various defects, the presence of resin or
extractables, the ratio between final wood and initial wood or between sapwood and
heartwood, and also temperature or humidity (Ross and Forest Products Laboratory
USDA Forest Service 2010). Density is generally directly correlated with the
mechanical properties of the wood: the denser the wood, the stiffer and stronger it is,
regardless of the stress applied (Guitard 1987; Borrega and Gibson 2015; Trouy and
Triboulot 2019). During the LVL manufacturing process, the use of presses to bond
veneers can tend to densify the veneers. Densification occurs when the density of the
veneer is artificially altered. It presents a pathway towards improving the mechanical
characteristics of wood to a maximum density of about 1.5 g/cm?®, which corresponds
to the cell wall density (Zobel and Jett 1995; Ross and Forest Products Laboratory
USDA Forest Service 2010). Transverse or radial compression significantly reduces
the volume of cell voids and is the most frequently used method for densifying wood
(Jakob et al. 2022b). Although densification was not a specifically desired effect in
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this work, when manufacturing LVLs, the pressure applied to glue the plies together
tended to densify the LVL veneers. This densification affects the mechanical
properties of LVL as the densification of the plies increases the stiffness and the
failure stress of the LVL under bending, tensile and compression stresses (Lu et al.
2002; Bekhta et al. 2009; Kurt and Cil 2012; Gaff and GaSparik 2015; Pelit et al.
2018; Jakob et al. 2022a).

To characterize the mean compression of veneers in an LVL thickness
(Z-direction) during the manufacturing, the compression ratio (CR) was identified.
The compression ratio is calculated with Eq. 3 (Navi and Girardet 2000):

Ty = Xy b
CR = i i ] ©)

where

e 1;,1s the initial thickness of veneer i before densification
e 1, 1is the thickness of ply i in the LVL
e 1 is the number of plies in the LVL

In this study, control specimens were used to obtain a CR value for LVLs
with 2, 3, 5, 7, and 9 plies. These control specimens had nominal dimensions
of 400x 80X thickness of LVL mm?. In this case, the manufacturing of the
experimentally tested specimens was reproduced, and a precise 10-point
measurement was made directly on the veneers used for the manufacture of LVL and
then on the control specimens. The thickness of the pressed veneers was measured
using a microscope directly on the LVL.

Knowing the thickness of the veneers before the LVL was made and the thickness
of the veneers in the finished LVL, the value of CR corresponding to each veneer at
10 points was calculated with Eq. (3). The average CR value of the LVL was then the
average of the CR values calculated for each veneer making up the wood composite.
The geometry of the LVL plates used was different to facilitate measurement on all
the pressed plates. In addition, the veneers used to make LVL were cut with a laser
to remove any effect a mechanical cutting tool might have on the thickness at the
edge of veneers. It was then assumed that the CR value obtained depended on the
manufacturing process, and therefore that the CR values obtained from the control
specimens were representative of the CR values of the LVL plates manufactured for
the design of the tensile specimens.

A finite element model to assess the influence of fibre angle deviation

To exploit the measurement of in-plane fibre deviation in veneers and to study
the influence of this deviation on the veneers’ mechanical properties, a 2D finite
element model was used to model the test specimens. The model was a linear 2D
Finite Element Method (FEM) model of the gage zone of specimens considering
the in-plane fibre angle for the calculation of the stiffness matrix of each element.
The stiffness matrix for each element was computed according to laminate theory
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(Berthelot 2005). The finite element model of each specimen consisted of ~ 13 x 75
elements, each element corresponding to a fibre angle measurement point on the
veneer. For each specimen, a force was then applied to one edge of the specimen in
the FEM model and the opposite edge was embedded across the entire width of the
specimen. The input parameters of the finite element model were the longitudinal
Young’s modulus (E)), the transverse Young’s modulus (E,), the plane shear elastic
modulus (Gy,), the in-plane Poisson’s ratio (v,,), and the fibre slope maps, previously
obtained for each specimen by the tracheid effect. The output parameter studied in
this article will be the stiffness of the specimen (E,).

Modelling the tensile stiffness of LVLs

Even though Wei et al. (2015, 2019) have proposed an analytical model for plywood
stiffness, they did not consider the glue joint when considering veneer compression.
Yet, these two phenomena can take place simultaneously (Kurt and Cil 2012). To
understand the effects of densification and glue during the manufacture of LVL, we
propose some modifications to the analytical model developed by Wei et al. (2015).
The model is based on a laminate theory and a mixture theory to account for the
penetration of the glue into the wood (Wallace et al. 2019). During the veneer
pressing process for LVL manufacture, the pressure exerted is directly linked to
the thickness of the final glue joint. The stronger the pressure is, the thinner the
glue joint will be and the more the glue will penetrate into the wood (Gavrilovic-
Grmusa et al. 2016). This is what Kurt and Cil (2012) show on LVLs assembled
with PF glue. The thickness of the adhesive joint measured varies depending on the
bonding conditions. The type of glue and its viscosity are parameters that affect the
penetration of the glue into the wood (Hass 2012; Gavrilovic-Grmusa et al. 2012).
Better impregnation of glue into wood leads to significant increases in hardness,
compressive strength, flexural strength, and stiffness (Miroy et al. 1995; Nakata
et al. 1997; Gindl and Gupta 2002; Furuno et al. 2004; Gindl et al. 2004; Shams
et al. 2005; Kamke and Lee 2007; Kurt and Cil 2012). It should nevertheless be
noted that, in the case of LVLs, a higher pressure during bonding will allow, not
only better penetration of the glue, but also a densification of the plies (Kurt and
Cil 2012). In the present model, it is assumed that the glue will propagate evenly
into the wood plies to a depth of t,. In practice, this is not the case, the distribution
of the glue in the veneer is not homogeneous (Wang 2007). Starting from a theory
of laminates, the longitudinal stiffness of LVL made of n plies can be defined as
follows:

“)

Using Eq. (1), we can write:

@ Springer



Wood Science and Technology (2024) 58:1111-1139 1121

E= Z( E+2’”[E +rEg]> Zn“%w

i=1

®)

=E72(t + 2t r)+—l22t +thl

i=1

The sum of the veneer thicknesses is the sum of the thicknesses of the glue-
free and glue-filled veneers. The following relationship can be established:

n n—1 n
PRED IV IS (6)
i=1 i=1 i=1

The relationship linking the glue spread of a bonded interface to the different
thicknesses of the same interface, in the laminate, is defined as:

GS = [tg + Ztmr]pg 7
where

e GS is the glue spread, i.e. the mass of glue per m?

e p, is the density of the glue
Using Eqgs. (5), (6), and (7) we can write:

n—1 n
p ey GS | B
r i3 Py =
(n—1DGSE, mE,

= +

1p, t

v

®)

In the case where the veneers are compressed during or before the manufacture
of LVLs, the following relationship is established (Wei et al. 2015)

E = EWO
Y 1-CR

)
where

e E ,is the longitudinal Young’s modulus of the wood before densification
o CR is the densification rate of the wood veneer

In contrast to Wei et al.’s approach (2015), the densification of veneers is taken
into account while maintaining a non-zero glue joint in the analytical model here.
In addition, the compression of the glue is not considered, as it can penetrate the
voids of the wood freely during manufacture without being compressed. Using
Egs. (8) and Eq. (9), we can then write:
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E _(n=DGSE, N nt E,
— ip, (1 — CR)
_(n—1GSE, (1= (=1, )E,
tp, #(1 = CR)

(10)

In Eq. (10), the first term corresponds to the influence of the glue on the stiffness
of the laminate and the second to that of the wood plies. In this way, the formulation
can be generalized for LVL or plywood of several species. It is then simple to adjust
the formula to obtain the elastic tensile modulus of a given LVL or plywood:

(n-1GSE, & 1.E,
E= vi—~0i
1, t2 11— CR)) (1n

i=1

where

e 1, 1s the thickness of ply i in the LVL
e Ly is the longitudinal Young’s modulus of ply i before densification
o CR;is the compression ratio of ply i

In Eq. (11), the first term corresponds to the effect of the glue on the stiffness of
the laminate, which depends on the amount of glue used to make the LVL and its
physical and mechanical properties. The second term of the equation is a weighted
average of the stiffness of the different compressed (or uncompressed) veneers. This
term corresponds to the tensile strength of LVL based on laminate theory without
considering the effect of glue in a wood composite.

Results
Study of specimens [0°],
Longitudinal Young’s modulus of [0°], specimens

The mean Young’s modulus of [0°], specimens was: E;=9299 MPa (RSD: 17%). A
strong variation was observed on the longitudinal Young’s modulus [0°], specimens.
However, the variation observed was of the same order of magnitude as that
observed by other authors on tensile tests on 1-ply 1 mm veneers (Pramreiter et al.
2021). In addition, the average stiffness value, obtained in these tests, was of the
same order of magnitude as the values found in the literature. Studies have proposed
a longitudinal Young’s modulus value of 10,900 MPa for poplar when the wood
has a moisture content of 12% (Ross and Forest Products Laboratory USDA Forest
Service 2010) and 9260 MPa for a mature poplar with an average density of 0.433 g/
cm?® (Rahayu et al. 2015).

The observed variation can be explained by the density variation of the specimen
characterized. The density of the wood in the [0°]; tensile specimens varied from
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0.29 to 0.41 g/cm’. A linear relationship with an r* coefficient of 0.82 is obtained
between Young’s modulus and density for the [0°]; specimens. It can be seen that
the variation of the longitudinal Young’s modulus in relation to the density (p) of the
specimens is smaller than that of the Young’s modulus alone: E; =9299 MPa (RSD:
17%) and E,/p=25,239 MPa.cm3/g (RSD: 8%).

During tensile testing of [0°], specimens, the stiffness obtained is the specimen
stiffness (E,), not the fibre stiffness (E;) because the fibre angle is not constantly
equal to 0°. To determine fibre stiffness, specimen fibre slope mapping and FEM
model were utilized. To characterize the influence of the fibre angle on the stiffness
of the specimens, the parameters E,, G, and v, were fixed: E,=500 MPa (average
of the [90°], series), G;;=565 MPa (values obtained from tests not presented in
this article), and v;,=0.48 (average of the [0°]; and [0°], series). Then the value of
E, for each specimen was used as a variable so that the simulated stiffness of each
specimen corresponded to the experimentally measured stiffness (E,). The values
of E, necessary for the simulated stiffness of each specimen to correspond to the
stiffness measured experimentally, were always greater than the E,. However, the
distributions of E, and E,, and the variations were similar (17.65% for E;, FEM
versus 16.9% for E, experimental). The variation was not significantly reduced
when the fibre angle was considered in this case. Hence, the variation in fibre angle
does not account for the disparities observed in specimen stiffness. In this study,
specimens 5 and 6 were omitted because of fibre angle measurement problems
(inconsistent measurement angles visible in Fig. 2).

Note that the in-plane fibre angles were quite low in this case, of the order of +3°.
Similar modelling has been carried out at the LaBoMaP in Cluny and their work
shows that considering the measurement of the fibre slope makes it possible to
explain a part of the variability in the elastic properties of veneers. However, the
angles observed on their specimens were much greater due to the presence of knots
(£30°) (Viguier et al. 2018; Duriot 2021).

The variations observed on the longitudinal Young’s modulus of the [0°],
specimens are mainly explained by the variability of the specimen density. The rest
of the variation can be explained by the nature of the wood: wood veneer can be
composed of earlywood (wood formed at the beginning of the growing season) and
latewood (wood formed later in the season) (Stefanowski et al. 2020); the variability
of the out-of-plane angle of the fibre; the variability of the local density of veneers
or the presence of lathe checks.

Poisson’s ratio of [0°],

The mean Poisson’s ratio of the [0°]; specimens was v;;=0.5 (RSD: 27%). A strong
variation in Poisson’s ratio was observed on the [0°]; specimens. However, when the
out-of-plane deformations of the specimens were observed during the tensile test, it
could be seen that the specimens underwent cupping at the beginning of the test and
tended to become flat before they failed (Figs. 4 and 5).

The cupping effect may be due to internal stresses in the veneer related to tension
or compressive wood or variations in moisture or density in the wood (Blomqvist
et al. 2014). The cupping effect was only observed on [0°]; specimens. Those
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0.31 Z[mm] -0.20

Fig.5 Visualization of Z [mm] at the beginning (a), middle (b), and end of tests (c¢) on specimen No. 4
of the [0°]; series

specimens were thinner than those of the other series. Moreover, they were not
glued and pressed. Such treatments could have added shape stability and limited the
cupping effect.

During the tensile test, observing the out-of-plane position at every point of the
specimen using the DIC analysis, allowed an anti-cupping behaviour to be visual-
ized. It became evident that the cupping effect was more pronounced at the begin-
ning of the tensile test (Az~0.5 mm) than towards the end of the test (Az~0.2 mm)
(Fig. 5). It is supposed that this anti-cupping effect may explain the non-linearity of
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the deformation along the Y-axis (Fig. 6). Because during the anti-cupping effect,
one face of the specimen is affected by a transverse compression and the other
undergoes a transverse tension during the tensile test. This phenomenon may there-
fore explain some of the variation in the values of the Poisson’s ratio observed for
these 1-ply specimens.

Considering that the cupping tends to cancel out at the end of the test, as observed
on the out-of-plane displacement measurements (Fig. 5), an ‘instantaneous’
Poisson’s ratio value can be computed by calculating the derivative: ‘—de, /de,,’
just before each specimen’s failure. This results in a Poisson’s ratio value of 0.66
(RSD: 15%). As e, increases and tends to reach the failure of the specimen, the
variation of the Poisson’s ratio measured for the [0°]; series decreases. Then the
value measurement tends toward the measurements of the Poisson’s ratio on quasi-
planar specimens, which explains this reduction in the observed variation. This
cupping phenomenon is therefore a possible cause that would explain the variation
of the Poisson’s ratio measurements.

Study of [0°], specimens

For [0°], specimens, 3 different configurations were studied to characterize the
influence of glued faces on tensile tests. At first glance, the analysis of the 2-ply
specimens seems to show that the [0°],;; specimens, i.e. specimens with the two
lathe-checked faces glued to each other, are more rigid than the other series of 2-ply
specimens (Fig. 7a).

The chart in Fig. 7 is a boxplot representation. This method of representing data
makes it possible to compare the variation of several results on the same graphic. It
can also be used to represent the median (green central lines in Fig. 7), quartiles 1
and 3 between which 50% of the measured values are included (black rectangles in
Fig. 7), the min and max values of a sample (outer bounds in Fig. 7), and results that
are abnormally far apart (points in Fig. 7) (Frigge et al. 1989).

Results were assessed statistically using the analysis of variance method—~ANOVA
(Fisher 1936)-at the 5% significance level. This statistical analysis is used to assess
differences between three or more groups. If the probability that the differences are
due to chance is less than 5% (significance threshold), it can be concluded that there
is a significant difference between at least two groups. In this study, a significant
difference was observed between the [0°],;; series and the other two 2-ply series.
It can therefore be concluded that the stiffness of the [0°],;; series was significantly

Fig.6 Stress—strain curves for
specimen No. 4 of the [0°], 60
series

40

Stress(MPa)

20

— &x

-0.2 0.0 0.2 0.4 0.6
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Fig.7 Distribution of the longitudinal Young’s modulus by series (a), the Young’s modulus multiplied »
by the cross-section and relative to the number of plies (b), and the specific Young’s modulus multiplied
by the cross-section and related to the number of plies (c)

higher than that of the other series. However, the thickness distribution shows that
the [0°],;; series is significantly thinner than the other two series (Fig. 8).

The hypothesis proposed is that the glue penetrated the wood thanks to lathe
checks. The glue joint would therefore be thinner in this case (Fig. 9).

By measuring the control specimens, used for CR measurement, it was possible
to measure the thickness of the veneers in the LVL at several points and to obtain
an average value of the adhesive joints for each bonded interface. Figure 10 shows
the distribution of adhesive joint thicknesses on the control specimens according to
the faces glued. The proposed hypothesis therefore seems consistent. The glue joints
seem to be thinner when the glued faces are cracked, the checks seem to contribute
to the bonding. However, the high variability observed in the measurement of adhe-
sive joints does not allow us to conclude on this influence.

In conclusion, the bonding method had a significant influence on the stiffness of
the specimens at 5% only. However, this can be explained by the small thickness of
the specimens [0°],;;. The difference in thickness may be related to the presence
of lathe checks that facilitate the penetration of the adhesive into the veneers, thus
reducing the thickness of the adhesive joint at the interface. However, there is no
clear evidence to validate this hypothesis in this study.

Study of [0°], specimens

The distribution of the mean Young’s modulus of the [0°], specimens is shown
in Fig. 7. The variation observed on the longitudinal Young’s modulus of the
specimens [0°] tends to decrease with the number of plies (Fig. 7a). In addition,
there is a stiffening of the LVL depending on the number of plies. Young’s modulus
tends to increase with the number of plies when 2TT, 2LT, 3-, 5-, 7-, and 9-ply
specimens are compared. The high variability of the [0°]; series does not allow
it to be compared with the other series. This trend toward increasing stiffness is
significant and is consistent with the results reported by Lechner et al. (2021) in
tensile tests with 1-, 2-, and 4-ply specimens. It should be noted that the calculation
of the stress used to calculate the stiffness of the veneers considers the cross-section
measured on the tensile specimens.

Nevertheless, if the manufacturing process impacts the cross-section (such as
veneer compression during LVL plate pressing), leading to alterations in specimen
cross-sections, stress calculations may be affected by these changes. To overcome
this problem, it is possible to compare the Young’s modulus of the specimens by
multiplying it by the cross-section of the specimens and dividing by the number
of plies (for comparisons among the different series). Figure 7b illustrates this
distribution according to the different series. A stiffening effect can still be seen
when comparing the 2TT, 2LT, 3-, 5-, 7-, and 9-ply specimens.
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To characterize the effect of density on the results obtained, the density of the wood
of each specimen can be taken as the theoretical density of the wood composing the
specimen. This density is calculated by subtracting the mass of glue used from the
mass of the specimen manufactured and relating this mass to the volume of the speci-
men without considering the glue joints. It is assumed that the glue is homogeneously
distributed over all the specimens of the same series.

It can be seen from Fig. 7c that the distribution of the specific longitudinal Young’s
modulus multiplied by the cross-section in relation to the number of plies in the
specimens tends to be a constant function of the number of plies. The explanation
for the observed increase in properties according to the number of plies can then be
explained by the phenomenon of densification linked to the LVL manufacturing
process. The role of glue in this increase in stiffness then seems of second-order.

However, as noted by some authors (Kili¢ et al. 2006; Daoui et al. 2014), the thinner
the LVL veneers, the greater the relative amount of glue used to manufacture the LVL.
Table 1 summarizes the relative mass of the adhesive in each LVL plate used in the
manufacture of the specimens. It can be seen that, from 5 plies on, the glue represents
1/3 of the mass of the LVL.

The ply number does not appear to affect the experimentally measured Poisson’s
ratio (v,) values. However, increasing the number of plies tends to reduce the variability
in the Poisson’s ratio measurements but it has no influence on mean values obtained.
This reduction in variation can be explained by the plane stability provided by the
increase in the number of plies which tends to reduce the phenomenon of cupping in
specimens (Blomqvist et al. 2014).

Study of [90°],, specimens

The distribution of the mean transverse Young’s moduli of the [90°], specimens is
shown in Fig. 11. There is a stiffening of the LVL according to the number of plies.
This stiffening is more significant than for [0°], specimens.

Figure 12 shows that, in contrast to the [0°], series, specific transverse Young’s
moduli multiplied by the cross-section relative to the number of plies of the specimens
is always an increasing function of the number of plies. The increase observed in prop-
erties with the increasing number of plies can then be explained by the presence of glue
in the LVL. In this configuration, the glue has a non-negligible effect on the stiffening
of the specimens.

Since the transverse stiffness of poplar veneers is lower than the longitudinal
stiffness, the stiffness of the glue added during the manufacture of LVLs plays a more
important role in the total stiffness of the laminate.

Table 1 Relative percentage of Number of plies 1 2 3 5 7 9
glue in each LVL plate

Relative mass of glue (%) 0 25% 31% 34% 36% 37%
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CRvalues

To model the stiffness of experimentally characterized LVL, it is necessary to
know the CR of veneers during LVL manufacturing. Table 2 summarizes the
mean CR values obtained for each series based on measurements made on the
control specimens.
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Table2 Summary of the

Number of pli Reft CR
different CR values according umber ot plies (; )e(r;?;eSD)
to the identification methods.

The values in parentheses are 1 0
the SDs

2LL 6.2 (2.8%)

2LT 8.6 (1.8%)

2TT 6.8 (3.5%)

3 9.1 3.1%)

5 8.7 (4.8%)

7 8.2 (4%)

9 8.8 (4.1%)
Modelling

It was found that the average transverse and longitudinal stiffnesses increased with
the number of plies (Figs. 7 and 11). To model these wood-based laminates, it was
therefore necessary to take this stiffening into account when calculating the number
of plies in an LVL. Based on the analytical model described above (Eq. 10), using
the various measurements made on the specimens together with the CR values
obtained from the control specimens, and estimating an E, value, it is possible to
compare the analytical model with the experimental values. The values of E, and E,
are estimated using the [90°]; and [90°], series to match the model and experimental
values (Fig. 11). The [90°]; and [90°], series were chosen because the former has
the lowest relative mass of glue and the latter has the highest, so these series are the
most relevant for identifying E, and E, respectively. The results are E,=2170 MPa
and E,=102 MPa. This value of E, is of the order of magnitude of the PUR adhesive
stiffness values found in the literature (Stoeckel et al. 2013).

In the case of the [90°], series, it can be seen that the proposed model is close to
the one developed by Wei et al. (2019) (Fig. 11).

By using the value of E, identified with the [90°], series, it was then possible to
model the [0°], series. Note that the 2LL series was not part of the study because its
stiffness is probably influenced by its small thickness, unlike the other 2-ply series,
as explained above. The stiffness of the 2TT and 2LT series specimens was therefore
averaged to obtain the stiffness of the series named [0°],.

It is considered that the stiffness of the [0°], series follows a normal distribu-
tion with a mean of 9299 MPa and a standard deviation of 1556 MPa. Thus, since
the choice of n veneers used to make LVL of a [0°] series is independent and
random, the stiffness of a [0°], series also follows a normal distribution of mean
9299 MPa and standard deviation of 1556/\/; MPa. This reduction in variability
is well known in LVL manufacturing, one of the objectives of which is precisely
the homogenization of mechanical properties. The LVL manufacturing process
allows a better distribution of mechanical properties and natural defects, such as
knots, grain slope or cracks in the wood composite (Leicester and Bunker 1969;
Ebihara 1982; Youngquist et al. 1984; Sasaki and Abdullahi 2001; El Haouzali
2009; Erdil et al. 2009; Kili¢ et al. 2010). This consideration of a theoretical
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standard deviation allows us to account for a standard deviation in the analyti-
cal model to better compare this model to the experimental results (Fig. 13). The
model proposed by Wei et al. (2015), considering the presence of a glue joint but
not the compression of the veneers, is also shown in Fig. 13.

For the [0°], series, the correlation between the proposed model and the
experimental value is not as good as that found for the [90°], series. This can
be explained because the influence of the CR on this configuration is greater,
even though its measurement is complex and a high variability is observed in
the measurement (Table 2). However, the variability observed experimentally for
each series agrees with the one obtained with the analytical model.

On average, Wei’s theory shows smaller deviations from the experimental
values. However, it should be noted that there is a high variability in compression
ratio measurements which have a significant effect on the analytical results
in this study. Better control and measurement of CR could help to refine the
results obtained. Nevertheless, the model offered more possibilities by allowing
both the densification of veneers and the presence of glue joints in wood
composites to be modelled. In addition, the model accounts for the variability
observed experimentally. Finally, it should be noted that the differences
observed between the analytical modelling and the experimental tests are close
to or even smaller than the variability observed experimentally which allows us
to validate this model. It is also important to note that the model used is very
close to the experimental results for 7- and 9-ply specimens (error of less than
3% on average), whereas industrial LVL are mostly composed of 8 or more plies
(Finnish Woodworking Industries Federation 2019).
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Fig. 13 Comparison of Young’s moduli for the [0°], series between the analytical model and experimen-
tal results (error bars represent standard deviation)
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Discussion

Tensile tests on 1-, 2-, 3-, 5-, 7-, and 9-ply poplar LVLs were carried out to
characterize the transverse and longitudinal stiffness of these laminates and the
influence of the number of plies. The results show that stiffness tends to increase
when the laminate is composed of a sufficient number of plies. This observation
is valid, not only for longitudinal stiffness but also for transverse stiffness where
the effect is even greater. A variant of Wei et al.’s (2015) model is proposed to
account for this behaviour. Although Lechner et al. (2021) had already been
able to observe this phenomenon, they did not explain it. The explanations on
the increase in stiffness put forward during this work are based on the LVL
manufacturing process: when the number of plies is increased, the relative
amount of glue in the laminate increases.

However, given the results presented, it should be borne in mind that the
method used to measure the compression ratio of veneers is open to discussion.
Measuring the compression ratio (CR) during manufacturing by assessing the
thicknesses of plate edges before pressing/gluing the LVL does not provide
precise CR values for individual plies in each specimen. However, employing
control LVLs allows more accurate measurements of veneers to be made both
before and after pressing/gluing, all at a single location, offering a distinct
advantage. However, the value obtained from the compression ratio may not be
exactly that of the plates manufactured for specimen design (e.g. due to scale
effect) and densification may be variable under the press.

The stiffness of the adhesive (Eg), which has been indirectly identified with the
[90°], series, can also affect the analysis performed. However, the phenomenon
of interaction between glue and wood is still considered complex, so it remains an
area of active research even today. Nevertheless, it can be noted that the stiffness
identified via the proposed analytical model and the [90°], tests allows us to
identify a stiffness value of the order of 1.8 GPa for the adhesive. This value is
well within the range of values obtained in the literature. In addition, this stiffness
of 1.8 GPa helps to explain why the glue has a greater effect on the stiffening of
[90°], specimens than on that of [0°], specimens. In the case of [90°], specimens,
the glue is almost 12 times as stiff as the 90° plies while, for the [0°], series, the
0° plies are only 5 times as stiff as the glue.

Conclusion and perspectives
The effects of the number of plies on the stiffness of an LVL were studied in
tensile tests on LVLs of 1, 2, 3, 5, 7, and 9 plies. The following conclusions can

be drawn from the results of the study:

e A high variation (17%) is observed on the stiffness of the [0°]; specimens, but
the density of the specimens explains half of this variation.
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e The influence of the low in-plane fibre slope on the variation of the stiffness
measured for the [0°]; specimens is very slight.

e High variation (27%) is observed on the measurement of the Poisson’s ratio of
[0°], specimens, based on the measurement proposed by ASTM D3039. The out-
of-plane deformation and anti-cupping effect of the specimens during the tensile
test seems to explain this high measurement variation. A variation of 16% is
obtained by using the end of the tensile test to calculate the Poisson’s ratio.

e For the [0°], specimens, the stiffness of the [0°],; series is higher than that
of the other series. However, no significant difference in specific stiffness was
observed between the series of two plies, depending on the faces that were glued.

e An increase in stiffness is observed as the number of plies composing the LVL
increases for the [0°], and [90°], specimens. A model has been proposed to
account for this phenomenon. This analytical model considers the compression
of the veneers and the presence of glue joints in the LVL. It gives the best result
for the [90°],, configuration, since it is in this direction of stress that the increase
in stiffness with the number of plies is greatest.

e The model presented in this article builds upon existing papers focusing on
modelling LVL stiffness. It offers a generalized approach compared to previous
efforts, enabling the incorporation of factors such as glue, compression ratio,
and plies with diverse orientations, thicknesses, and properties. Additionally, the
final formulation relies on easily identifiable parameters.

e In the specimens characterized, the more plies there were in an LVL, the more
the variation of the elastic modulus seemed to decrease. The stiffness observed
on tensile tests was more homogeneous.

The study of the stiffness of an LVL according to the number of plies composing
it provides a better understanding of the link between manufacturing and the
mechanical properties of the material. To set up a digital wood-based composite
model, this information seems relevant. However, more research is needed to
determine the influence of the number of plies for different orientations, materials
and adhesives. Consideration of local density or lathe checks could help to explain
some of the variability observed in these tests. In addition, studies on various
resources could validate the behaviour observed on species other than poplar.
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