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ABSTRACT:

Pinus pinaster (Ait.) is a softwood species considerably employed in the current wood industry in the Southwest 
of France. In a context of new environmental constraints, describing and predicting the behaviour of this local species
becomes a matter of high priority. Nonetheless, the vast majority of industrial and research works still use classical
softwood properties to determine various engineered Pinus pinaster (Ait.) products characteristics such as glued laminated 
and cross laminated timber.

This work proposes to employ general numerical homogenisation techniques used in the field of composite 
materials to obtain mechanical properties of Pinus pinaster (Ait.) as well as wood products such as glued laminated timber 
(Glulam). The proposed approach consists in decomposing and modelling glued laminated timber in four working scales: 
scale of glulam products, lamellae of several typologies composing such wood products (macroscopic scale), wood 
volumes considered analogous to laminar composites (mesoscopic scale) and composed of a few growth rings
(microscopic scale) of initial and final wood. The homogenisation technique, adopted to compute properties from the 
microscopic to the macroscopic scale, is combined with approximation methods reposing on non-uniform rational basis 
spline entities to compute the mechanical properties of lamellae constituting glulam. 
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1 INTRODUCTION 789

Wood is a natural material whose importance has 
risen exponentially over the last few years. Indeed, this 
renewable material perfectly fits several “Sustainable 
Development Goals” set by the United Nations and is 
highly recommended by the IPCC’s “Global Warming of 
1.5°C” report [1] as a solution to reduce carbon footprints 
in building and civil-engineering. In the South West of 
France, the current wood industry (including the company 
Gascogne Bois (GB)) is particularly related to Pinus 
pinaster (Ait.), a softwood species indigenous of the South 
West of Europe, because of its vast presence across the 
whole area (between 75% to 84% of total forest area in 
two French departments [2]). 

Glued laminated timber (glulam) is a wood product 
manufactured by gluing and finger-jointing multiple
wood lamellae allowing flexibility in size and shape. 
Furthermore, wood distortions issued from thermo-hygric 
variations can be considerably reduced in glulam by 
assembling a disparity of lamellae properties [3]. This 
advantage is noticeably reduced when using Pinus 
pinaster (Ait.) timber. Several studies [4,5] tried to 
estimate the shape stability of multiple configurations of 
softwoods glulam. However, the vast majority of studies 
are focused on others softwood species or use classical 
softwood properties taken from [6]. Moreover, the 
variability of wood properties are also neglected.

Hence, the main purpose of this work is to propose a 
multi-scale mechanical model of lamellae constituting 
glulam able to take into account the physical properties 
and related variability of Pinus pinaster (Ait.).

The paper is organiser as follows : modelling of 
physical and mechanical properties of the two phases of 
initial and final wood constituting growth rings is 
presented in Section 2. Section 3 is dedicated to the 
description of the numerical homogenisation procedure of 
the mechanical properties of elementary volumes of Pinus 
pinaster (Ait.). The results of the numerical study is 
presented in Section 4. Approximation methods are then 
used to compute the properties of multiple typologies of 
lamellae in Section 5. Finally, conclusions and 
perspectives are dispensed in Section 6.

2 PINUS PINASTER (AIT.) STRUCTURE 
AND PROPERTIES

2.1 MULTI-SCALE DEFINITION
Wood is a highly heterogeneous and anisotropic

natural composite whose structure can be defined at three 
working scales:

- Growth ring composed by the accumulation of 
wood cells (90% of longitudinal tracheids) at the 
microscopic scale.

- Elementary volume emerging from the alternation 
of a few initial wood (IW) and final wood (FW) growth 
rings at the mesoscopic scale considered as lamellar 
composite.

- Wood lamellae formed by the combination of 
elementary volumes of multiple growth ring patterns at 
the macroscopic scale.

2.2 MODELLING OF PINUS PINASTER (AIT.) 
LOG

A local orthotropic coordinate system is used to describe 
wood properties defined by three preferred directions 
according to Figure 1: longitudinal direction L, radial 
direction R corresponding to the diametrical growth 
direction, and tangential direction T to the annual growth 
rings. Three planes can be identified in this system: the 
transverse plane RT, the radial longitudinal plane LR and 
the tangential longitudinal plane LT.

Figure 1: Local reference system [7]

The proposed model takes into consideration the 
difference between initial and final wood and the 
difference between juvenile and adult wood for growth 
rings from pith to bark. 
Tree trunks are considered straight, with concentric 
growth rings, centred pith, and a circular shape of the 
transversal section (plane RT) across the whole L 
direction. Heartwood formation (no real influence on 
mechanical properties [8]), presence of knots, and 
reaction wood are neglected. Grain angle is considered 
null.
As for the physical properties, ring widths RW, mean 
relative density , mean FW relative density FWd, and 
final wood proportion FWp (proportion of FW in a ring)
are regarded at each ring number . Globally, their 
variation is considered as function of the distance from the 
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pith R. Their dependency to the height H is neglected. 
Variability of such properties is considered at every 
growth ring. Properties are considered constant in the 
adult wood, which begins at the 15th ring (juvenile-adult 
wood limit at 12 years old [9] in the case of Pinus pinaster 
(Ait.)).  
The physical properties relative to ring number  for our 
Pinus pinaster (Ait.) model are presented in Table 1. They 
are qualitatively extracted from several references 
[9,10,11]. The RW properties are adapted to match the 
data of GB company. Regarding FWp, , and FWd, their 
evolution is considered linear with ring number in the 
juvenile wood and constant in the adult wood. 

Table 1: Physical properties for the Pinus pinaster (Ait) model. 

Ring N° i RW [mm] FWp [%] d FWd 
1 2.5 8 0.43 0.56 
2 9.4 10 0.439 0.57 
3 10.0 12 0.447 0.58 
4 10.2 14 0.456 0.59 
5 10.1 16 0.464 0.60 
6 9.9 18 0.473 0.61 
7 9.0 20 0.481 0.62 
8 7.8 22 0.490 0.63 
9 6.5 24 0.499 0.64 

10 5.3 26 0.507 0.65 
11 4.3 28 0.516 0.66 
12 3.4 30 0.524 0.67 
13 2.8 32 0.533 0.68 
14 2.3 34 0.541 0.69 
15 2 36 0.55 0.70 

 
In analogy to [12] in the case of a natural material, wood 
properties defined in this study are governed by 
uncertainty and their variability is described by a normal 
distribution at each ring number  (except the first three 
rings considered constant because of the lack of 
information in the scientific literature). For a generic 
property , Equation (1) describes the normal probability 
density function  with  and , 
respectively, the mean value and the standard deviation of 
the distribution of the property : 

 

 (1) 

 

The mean value , standard deviation , and 
coefficient of variation  [%] can be expressed as 
follows : 
 

 , 

,                  (2) 

 , 
 

where  is the jth value of  occurring for  values : 
Regarding the RW and the FWp, the coefficient of 
variation at each ring number is considered equal to 20% 
as to be in the same order of magnitude as the references 

in the scientific literature [11,13]. In the case of  and 
FWd, a hypothesis is made to consider the wood mass 
produced by a ring as constant. Hence, a modification of 
RW and FWp induce a variation of the densities values  
and FWd. 
The number of ring is defined by the age of the trees 
considered. In the Landes of Gascogne, 92% of the local 
forest is private property. Hence, traceability of stands 
processed by GB company is not ensured and tree ages 
are unknown.  
Nonetheless, GB company possesses dendrological data 
on the mean and standard deviation of log diameter 
evaluated on 149727 logs. The measurements were 
performed for logs of 2.5m extracted between 0m-8m. 
(Note: GB standard deviation results are overvalued 
because referenced as 120 stacks of 2500 tree). Few 
information exists on the trees treated by GB including a 
minimal age of 40 years old and the possibility to reach 
60 years old.  
Our model has to take into consideration the heterogeneity 
of tree ages resulting in a varying number of rings relative 
to match the GB data. To this end, a hypothesis is 
introduced : in the following of this paper a half normal 
distribution with a mean age of 40 and a standard 
deviation of 7.5 admitting that age cannot be less than 40 
years (99% of the ages are included between 40 and 62 
years old) is considered. The mean diameter and standard 
deviation for the GB sample and for the numerical model, 
performed on a sample of 500 simulations, are presented 
in Table 2. 

 

Table 2: Mean diameter and standard deviation for wood logs 
taken from GB data and the parametric model. 

 GB 
sample 

Parametric 
Model 

Mean diameter [mm] 313.1 314.2 
Standard deviation [mm] 19.15 20.34 

 
 

2.3 ELASTIC PROPERTIES OF INITIAL AND 
FINAL WOODS AT THE MICROSCPIC 
SCALE 

IW and FW elastic behaviour can be modelled at the 
microscopic scale through Hooke’s law whose 
compliance matrix for wood is uniquely defined via 9 
independent elastic constants: three Young’s moduli  
(   L,R,T), three shear moduli  (  L,R,T and 

), and three Poisson’s ratios  (  L,R,T  
and ): 
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(3) 
 

where  and  are the normal strain and stress, 
respectively, along -th axis, whilst  and  are the 
shear strain and stress, respectively, in the  plane. 
 
In the scientific literature, wood elastic properties can be 
expressed as a linear function of the relative density [14]. 
In [6], the authors proposed a linear model to compute 
softwoods elastic properties based on experimental results 
on a large variety of softwood species which is frequently 
used in most studies. Nonetheless, this model is fairly 
accurate for lower relative densities; it looses in precision 
in the case of high density softwood such as Pinus pinaster 
(Ait.), whereas the model proposed in this paper takes into 
consideration a FW phase of high relative density. 
In this study, we propose to employ data relative to Pinus 
pinaster (Ait.) mechanical properties taken from the 
scientific literature [15,16,17,18,19] to establish elastic 
laws accurately describing the behaviour of IW and FW 
relative to this softwood species while taking into 
consideration the dependency to density. To this end, we 
also admit a linear relationship of the Young’s and shear 
moduli with relative density similarly to the one presented 
in [6]. Regarding the Poisson’s ratios, there is not enough 
information in the case of Pinus pinaster (Ait.) and their 
values are considered constant. 

 
2.3.1 Young’s moduli 
In the case of the trend of the longitudinal Young’s 
modulus with the relative density, eight values were 
provided in [15], which are reported in Table 3. 
 

Table 3: Mean longitudinal Young’s modulus and density 
obtained through flexural tests in [15] 

 0.46 0.60 0.635 0.64 0.65 0.693 0.705 0.715 

 
[GPa] 

13.2 15.7 16.11 16.6 16.435 16.794 17.775 17.1 

 
A linear relationship between the mean longitudinal 
modulus  [MPa] and mean relative density  is found 
and is described in Equation 4 with a coefficient of 
determination of . 
 

 .  (4) 
 

Three references, [16,17,18], estimated Young’s moduli 
but omitting the relative density of the specimens. By 
considering a similar behaviour in traction and 
compression from wood samples, the linear relationship 
Equation (4) allows to estimate the density of the samples 
from the above studies. The densities estimations and the 
elastic properties are displayed in Table 4. 
 

Table 4: Mean Young’s moduli and with estimated relative 
densities from [16,17,18]. 

     
Cariou [16] 11369 / 703 0.3390 

Pereira et al. [17] 15100 1910 1010 0.5690 
Lahna [18] 16140 2086 / 0.6439 

 
Thus, it is now possible to propose linear relationship 

with associated density associated to the phase 
IW,FW for the three Young’s moduli that are 

presented in Equation (5):  
 

 
          (5) 

              
 

with , , and  the Young’s moduli associated to 
the phase  IW,FW. 
 
2.3.2 Shear moduli 
[19] characterised the shear moduli of Pinus pinaster 
(Ait.) by carrying out two shear test methods (Iosipescu 
and off-axis). Equation (6) presents the models proposed 
to link shear moduli in [MPa] with infra-density (IF) [20]. 
They are considered applicable on the densities examined 
in our study.  
 

      
  (6) 

     
 

where , , , and , 
respectively, with  IW,FW. 
 
2.3.3 Poisson’s ratios 
In [16], the author characterised the elastic properties of 
Pinus pinaster (Ait.) thanks to experimental tests. Table 5 
presents the Poisson’s ratio obtained in [16]. As there is 
too few information in the literature about the variation of 
Poisson’s ratios as a function of the relative density, the 
ratios , , and ,  are considered constant for the 
two phases  IW,FW. 
 

Table 5: Pinus pinaster (Ait.) Poisson’s ratio, [16] with 
k=IW,FW. 

    
0.58 0.03 0.04 
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2.3.4 Validity of the model
It is necessary to check the conformity of the model with 
respect to the true wood behaviour. In [6,16], the authors
expressed the plausibility for several ratios between 
elastic properties to be quasi-constant such as , 

, , and . In this study, a 
ratio is considered quasi-constant if the maximum 
precentage difference between the properties computed 
over the density range [0.40,0.80] with the mean property 
computed at the relative density of 0.55 is lower than 
10%. All ratios are considered quasi-constant as the 
condition aforementioned is fulfilled. Furthermore, the 
positive definiteness of the stiffness tensors is verified for 
the whole density range. 

3 DETERMINATION OF THE ELASTIC 
PROPERTIES AT THE MESOSCOPIC 
SCALE

At the microscopic scale, the bibliographic data and the 
multiple hypotheses done on the properties of Pinus 
pinaster (Ait.) allow to propose two different material 
models for both initial and final woods taking into 
consideration their variability into the stem according to 
their corresponding relative density.
At the mesoscopic scale, the representative volume 
element (RVE), which can be seen as a lamellar 
composite, is modelled by an alternation of growth rings 
composed by both initial and final wood of varying width. 
The well-known numerical homogenisation method based 
on the strain energy of periodic media [21] is then 
employed to compute the mechanical properties of 3D 
cubic FE-model of the RVE of wood specimens extracted 
from several positions in the modelled logs of Pinus 
pinaster (Ait.).
This technique is based on the use of periodic boundary 
conditions (PBCs) to calculate the equivalent stiffness 
matrix of the material at the mesoscopic scale. However, 
PBCs cannot be applied directly to the lamellae at the 
mesoscopic scale because of growth ring patterns. Hence, 
lamellae are separated into several elementary cubes of 
relatively small dimensions to consider growth rings as 
rectangular parallelepipeds and to apply the 
homogenisation technique. 

To consider the growth rings as rectangular 
parallelepipeds, a trigonometric study is realised on the 
elementary volumes considered as cubes of dimension . 
The condition will be fulfilled over the whole range R

The following assumptions are made to determine the 
effective properties at the mesoscopic scale: 
• linear orthotropic behaviour defined in a local 
cylindrical reference system for all phases of initial and 
final wood; 
• perfect bonding condition at the phases interface is 
considered.

3.1 The numerical homogenisation method
The geometry used for the RVE is the one depicted in 
Figure 2 with a cube considered as a lamellar composite. 
The geometric variable parameters used are the dimension 
of the cube , the position of the centroid of the RVE , 
the properties of the rectangular parallelepiped 
approximating the growth rings RW and FWp depending 
on the distance to the pith. The volume of the RVE is 
defined in Equation (7) in a local Cartesian reference 
system (O; , , ) defined at the centre of the RVE, 
with , , and the length of the RVE sides along the 

, , and axis, respectively.

. (7)

The generation of synthetic logs is first coded in Python® 
environment. The parametric FE-model is then created 
within the commercial FE code Ansys®. 20-node solid 
elements SOLID186 with three Degree of Freedom 

Figure 2 : Multi-scale modelling of Pinus pinaster (Ait.)
Glulam (Microscopic scale image adapted from [22])
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(DOF) per node have been used. The ”Layered” element 
option has been selected to create and mesh only the RVE 
volume and model each ring as an equivalent layered 
section with 3 integration points per layer. In the 3D case, 
the generalised Hooke’s law for the equivalent elastic 
material corresponding to the RVE can be written as: 
 

, (8) 

 

where  and  are the stress and strain tensors expressed 
in Voigt’s notation, respectively associated with the 
equivalent homogeneous solid and as such are volume 
averaged, see [23] for more details. 
The goal of this method is to evaluate all the components 
of the stiffness tensor  by applying successively 6 load 
cases to the cubic RVE through classical PBCs [21]. 
 
After determining the components of the volume-
averaged stress tensor (according to the procedure 
presented in [23]), the components of the elasticity matrix 
at the mesoscopic scale are calculated, for each set of 
PBCs, as: 
 

(9)

 

Furthermore, it is possible to evaluate the effective elastic 
moduli of the composite material from the compliance 
tensor , as shown below [23]. 
 

Three Young’s moduli: 
, , . 

Three shear moduli: 
, , . 

Three Poisson’s ratios: 
,  ,  . 

Three Chentsov’s coefficients: 
,  ,  . 

Nine mutual influence coefficients: 
, , , 

, , , 

, , . 
                
Moreover, the degree of anisotropy is now available by 
defining 9 independent symmetry criteria , expressed in 
[%], reposing on the effective mechanical properties, as 
presented in the following. A criterion  is considered 
valid if its value, expressed in [%], respects the condition  

 
 
 
 

Two criteria on the Young’s moduli:  
, . 

Two criteria on the shear’s moduli:  
, . 

Two criteria on the Poisson’s ratios:  
, . 

One criterion on the relationship between previous 
properties:  

. 
Two criteria on the Chentsov’s and mutual influence 
coefficients sets  and , respectively: 

,   
 

 

4 NUMERICAL RESULTS AT THE 
MESOSCOPIC SCALE 

4.1 Convergence analyses 
To validate the accuracy and effectiveness of the FE 
model of the RVE, convergence analyses on the RVE size 
and on the mesh size are realised on the equivalent elastic 
properties results while optimising the computational 
time. The study is realised in the case of the mean values 
of physical parameters on the whole range of distance to 
the pith R. 
The details of these sensitivity analyses will be presented 
during the speech. In the case of the RVE size, for a 
supposed constant mesh size of mm for 3D 
element, an optimal RVE size of = 8mm is selected 
which respect the condition for rectangular parallelepiped 
rings. Furthermore, this condition allows to superimpose 
the local coordinate cylindrical reference system to the 
local Cartesian reference system. In the case of the mesh 
size convergence, for a RVE size of  = 8mm, the optimal 
mesh size is constant and equal to mm . 
Here, the study is realised on the mean values of physical 
parameters for only the smaller growth rings at  > 
100mm. The computational time needed for 1 simulation 
is about  = 3.0 seconds. 
 
4.2 Monte-Carlo Method 
The Monte-Carlo (MC) method is commonly used to 
estimate the probabilistic distribution of simulation results 
and have already been used in the case of natural material 
[12]. In our specific case, for a RVE volume positioned at 
a certain distance to the pith R, the variability of physical 
parameters and mechanical properties at the microscopic 
scale induce uncertainty on the resulting effective 
properties at the mesoscopic scale, which can be assessed 
thanks to the MC method coupled with the numerical 
homogenisation technique. The probabilistic distribution 
is supposed to follow a normal distribution for the 
resulting elastic properties. The MC method applied in 
our study relies on four main steps. 
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• Step 1: The parametric FE model takes into 
consideration the variability of each input parameter, as 
presented in Section.2. 
•  Step 2: In the statistical domain, it is mandatory to 
obtain information on a given population by performing a 
random sampling. Its main purpose is to select a 
statistically representative number of samples of our 
studied population. 
•   Step 3: The homogenisation process is carried out on 
each sample to obtain the probabilistic distribution of the 
equivalent elastic properties at the upper scale at a given 
distance to the pith R. 
•   Step 4:  Step 1-3 are repeated for some values of R in 
the range R  [4,150]mm with an increment of 1mm. The 
number of samples  adequate in the case of our study has 
been estimated by studying the convergence of equivalent 
elastic properties mean and standard deviation of RVE 
volume over the whole range of R for different values of 

. For the sake of brevity, this analysis is not presented 
here and will be discussed during the speech. The number 
of samples to achieve convergence is  = 250. Hence, the 
whole MC method takes approximately = 30 hours. 
 
4.3 Numerical results for the effective properties. 
In this section, the results of the numerical study are 
presented. To show the effectiveness of the proposed 
approach, a comparison between our numerical model and 
the analytical model of Reuss-Voigt over the range of 
interest R is accomplished. Furthermore, scientific 
literature data of interest are juxtaposed to the results as 
further comparison term. They are taken from various 
studies such as [15,16,24,25,26,27,28]. Over the whole 
range of R, only the criteria  and  are verified. 
Therefore, the homogenised material at the upper scale 
can be considered as an orthotropic material. For the sake 
of brevity, only the equivalent properties  and  are 
presented in Figure 3. 

 

 

5 LAMELLAE PROPERTIES AT THE 
MACROSCOPIC SCALE 

The purpose of this section is to obtain the equivalent 
mechanical properties of lamellae at the macroscopic 
scale. The lamellae are rectangular parallelepipeds of 
dimensions mm, mm, and 

mm, along the , , and  axis, respectively, of a 
global Cartesian reference system ( ; , , ) defined 
at the centre of the log.  
The lamellae and the RVE positions are defined by the 
position of their centre, respectively by the distances , , 
and the angle  in the cylindrical reference system ( ; 

, ,T) with  the longitudinal axis, as illustrated in 
Figure 4. 
 

 
 
Figure 4: Reference systems and position of the lamellae in the 
log. 

In Section 4, the equivalent properties of Pinus pinaster 
(Ait.) have been computed at the mesoscopic scale thanks 
to a homogenisation technique coupled with a stochastic 
approach. These properties are dependent only of the 
distance to the pith of the volumes  and are independent 
from the angle . 
As the  direction has no influence on the lamellae and 
cubes properties, we will consider only a section of 
dimensions mm and mm to describe the 
lamellae in the plane ( ; , ). To estimate the 
properties at the mesoscopic scale, we propose to 
discretise the lamellae as a combination of elementary 
sections with respect to their corresponding local 
orientation in the cylindrical reference system. 
Finally, approximation methods resting on the utilisation 
of NURBS surfaces are used to compute the lamellae 
equivalent properties at the mesoscopic scale from the 
discretised mechanical properties found in Section 4. 
 
5.1 Non-uniform rational basis-spline (NURBS) 

hyper-surfaces theory 
This section gives a brief reminder of NURBS surfaces 
theory. These entities generalise the B-Splines surfaces, 
which generalise the Bézier surfaces [29]. Originally 
employed in Computer Aided Design (CAD) in the 
1990's, these entities are now used in multiples domains, 
such as topology optimisation [32, 33, 34], shape 
optimisation [31, 38], anisotropy field optimisation for 
variable stiffness composites [36, 37], and surrogate 
model generation [30]. Figure 3: Numerical results for the equivalent properties  

and  over the whole range [5,140]mm versus experimental 
results. 
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In this work, the NURBS surfaces entities are used as 
response surfaces (or surrogate models). Their aim is to 
fit the discrete mechanical properties of a material section 
or Target Points (TP) to homogenise and render a proper 
physical interpretation over the entire section. In other 
words, NURBS surfaces are used as approximation 
surfaces to fit the TP scalar data identified by their 
coordinates ( , ). 
 
NURBS surfaces are used to approximate a model  : 

, where  and  correspond to 
the dimensions of ( , ) coordinates, and to the 
dimensions of the set of desired mean and standard 
deviation mechanical properties extracted from the 
numerical study of Section 4, respectively. In the present 
case, these properties are the Young's moduli, the shear 
moduli and the corresponding standard deviations.  
The parametric explicit form of each coordinate of a 
NURBS entity with only two input parameters reads: 
 

 

(10) 
 

with  the NURBS output -mechanical property 
 evaluated at the normalised input 

coordinates .   is 
the number of control points (CPs) along the  parametric 
direction.  corresponds to the weight assigned to the CP 
of indices  . In this case, it is taken equal to 1 for every 
CP.  represents the  CPs 
coordinates.   are the basis 
functions of degree  (equal to 2 in our study) and are 
evaluated recursively with the Cox de Boor algorithm, 
based on Bernstein’s polynomials [35]. For more 
information on this matter, the interested reader is referred 
to [29].  
Each timber section is discretised with TPs 
and the number of CPs of the NURBS entity vary as 

 Employing the surface fitting algorithm of 
[30], the CPs drive the NURBS surface across each output 
to obtain the distribution of the equivalent elastic 
properties of the lamellae at the macroscopic scale.  
 
5.2 Sensitivity of the results to the number of target 

points and control points. 
Firstly, a NURBS of degree 3 and  is applied to 
the input mechanical properties at the mesoscopic scale 
computed in Section 4 to smoothen the input curves. For 
the sake of conciseness, this interpolation process is not 
presented in this paper and will be presented during the 
speech. 
To validate the interpolation method to compute the 
lamellae effective properties at the mesoscopic scale, 
convergence analyses must be made in terms of number 
of TPs and CPs. As the section geometry is defined in a 
Cartesian reference system, the TP and CP are also 
defined in the same reference system and are distributed 
uniformly across the directions   and . 

The results of the sensitivity analysis allow to achieve 
convergence for a number of TPs equal to 

 for all typologies of lamellae studied. 
Regarding the number of CPs, the convergence is 
achieved with  to maximise the coefficient of 
correlation.  
The precision of the NURBS surfaces is evaluated by 
comparing the relative differences between input and 
output values (a set of TPs different from the one used to 
determine the approximating NURBS entity). As the 
relative difference is under 2% for every mechanical 
properties, the interpolation method is validated.  
Finally, defining the TPs and CPs in a Cartesian reference 
system induce variability of the output properties 
according to  (should depend solely on the distance to 
the pith R) and is evaluated to 5% for a constant value of 
R. 
 
5.3 Lamellae properties at the macroscopic scale 
The NURBS entities are used to compute the equivalent 
properties of lamellae of two typologies. The first 
typology is a lamella whose centre is positioned at 

mm and  while the second is positioned at 
mm and  and are presented in Figure 5. Only 

the input data (TP) and the output NURBS effective 
properties for the mean longitudinal modulus are 
presented for the sake of brevity. 

 

 

Figure 5: Output NURBS effective properties (longitudinal 
modulus) of two typologies of lamellae at the macroscopic 
scale. 
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6 CONCLUSIONS 
Effective elastic properties of lamellae of Pinus pinaster 
(Ait.) at the macroscopic scale have been computed. The 
model took into account the several sources of variability 
and their propagation across the scales. 
The scientific literature allowed to propose several 
models of elastic behaviour dependent on the density for 
the initial and final wood at the microscopic scale. 
Numerical composite homogenisation techniques have 
been used in the case of elementary volumes considered 
as lamellar composites of initial and final woods. 
The “Strain Homogenization Technique” has been used 
on the RVE to homogenise the effective properties at the 
mesoscopic scale (including the associated variability). 
The lamellae are then discredited into several data 
reference. An approximation method reposing on the use 
of NURBS entities has been used to model the elastic 
behaviour of some configurations of lamellae. 
This work focuses on computing homogenised properties 
to be used for Pinus pinaster (Ait.) instead of the classical 
softwood properties classically chosen.  
These properties adapted to the case of Pinus pinaster 
(Ait.) can be imported into a model representing multiples 
configurations of glulam at the macroscopic scale by 
taking into account the finger-jointing and gluing of the 
components. 
The next step would be to model the impact of grain angle, 
conical angle, micro-fibril angle, reaction wood, log 
shape, and centred pith on the results as additional sources 
of variability to better represent the reality of wood 
growth.  
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