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Abstract 
This study examines the influence of fiber orientation variability on the mechanical properties of wood, 
focusing on veneer clear wood specimens. The research is motivated by the need to develop high-
performance composite materials for sustainable transportation applications, particularly in reducing 
greenhouse gas emissions. The experimental protocol involves manufacturing veneers from beech 
wood, followed by producing the manufacturing of veneers from beech wood, followed by the 
production of small specimens with deliberate variations in fiber orientation. Non-destructive 
measurements of local fiber orientations and global density are conducted, along with tensile tests to 
determine local mechanical properties, i.e., Young's modulus, strength, and the shear modulus Advanced 
imaging techniques (DIC) and models for isotropic materials are employed for analysis. 
The results reveal that fiber orientation has a significant role in wood variability, with pronounced effects 
on Young's modulus and strength at low angles. Transversal and shear modulus appear lower than in 
the literature due to the cracks due to the manufacturing of veneer (peeling process).    
 
 

1. Introduction 
The transport industry is determined to reduce its carbon footprint in order to reduce the problems caused 
by greenhouse gases. To achieve this goal, high-performance materials made from wood could be used 
for structural applications. This is the rationale behind the WOOFHI (Wood/natural Fiber High 
homogeneity/performance composite) project, which aims to produce homogeneous, optimized 
composite materials made from heterogeneous, variable materials. This application requires the ability 
to sort wood material according to its mechanical properties, based on non-destructive and quantitative 
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measurement methods. Visual sorting is standardized but not very efficient, and mechanical properties 
after sorting are not optimal (Faydi 2017, Duriot 2021). Several studies attempt to predict the elastic 
modulus and mechanical strength of structural wood products accurately and reliably, as shown by 
Hakkarainen et al. (2019) using local fiber orientation and global density measured on wood (Viguier et 
al. 2018). The coefficient of determination obtained is less than 0.7 and few predictive studies 
concerning veneers and small flawless samples have been made (Pramreiter et al. 2021, Cha 2003). 
 
The aim of this work is to understand the mechanical behavior of clear wood and how local disturbances 
influence the material's behavior.  
An experimental protocol on small specimens made from visually "clear" veneers was set up. First, non-
destructive measurements of fiber orientation and density were carried out, then the specimens were 
loaded to failure in a tensile test. 
 
2. Material and methods 
 
2.1.  Experimental protocol 
The first stage of the protocol concerns the manufacture of veneers from the peeling process. The species 
studied is beech (fagus sylvatica) from the Centre Val de Loire region. Secondly, test specimens 
measuring 350 mm long, 20 mm wide, and 2 mm thick were produced from these veneers using a laser 
cutting machine. The specimens were stored at a temperature of 24°C with a relative air humidity of 
50% in order to stabilize them at a humidity of 10%. The specimens were cut at angles relative to a 
direction assumed to be 0° to deliberately create variability within the fiber orientation. This distribution 
is shown in Table. 1. Nearly 40 veneers were required to produce 129 specimens. 

 
Figure 1. Measuring areas of both top and bottom surfaces 

 
 
Table 1. Distribution of specimens according to their cutting angle, number of tested specimens, and 

cross-head speed during the tensile mechanical test 
Cutting Angle θ (°) 0 5 10 15 20 30 45 

Number 40 16 15 11 24 14 9 

Cross-head speed 
(mm.min-1) 

2 2 1 1 1 0.5 0.5 

 
The samples were then scanned using a machine equipped with a camera and laser pointer, which 
scanned their entire surface. This technology uses the tracheid effect (Nyström (2003), Simonaho et al. 
(2002)). This involves projecting a circular laser onto a flat wooden surface. As light scattering is higher 
in the direction of the wood fiber, a luminous ellipse is formed whose major axis follows this orientation. 
The top and bottom surfaces of the sample were scanned at different resolutions (Figure. 1) to obtain 
angle maps (Figure. 2 (a), (c)). The central zone was more highly resolved than the extremities, as this 
is the zone of interest visible between the tensile jaws. The next step was to scan the specimens using a 
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conventional scanner to obtain an image with a resolution of 400 Dpi. Figure. 2 shows the overlay of 
the angle mapping obtained with the scan (Figure. 2(b), (d)). 

 
Figure 2. (a) The angle cartography in degrees of the top surface of the specimen. The black curve 

represents the average value of the grain angle along the Y direction for each X step in the ZOI (Zone 
Of Interest) with a length of 50 mm, the dashed blue line represents the average angle value within the 
ZOI (b) color image of the top surface, (c) The angle cartography in degrees of the bottom surface of 
the specimen, (d) color image of the bottom surface, (e) The average angle cartography in degrees of 

the top and bottom face angles of the specimen. 
 
Width was measured with a caliper, and thickness with an external micrometer. The samples were then 
weighed using a balance. These measurements were used to calculate the average density. The tensile 
test was designed to determine local mechanical properties using a ZWICK-Roell, universal testing 
machine (250 kN). Displacements were measured by image stereo-correlation using technology 
developed by LaVision. A preload of 0.1 MPa was applied before testing. The displacement speeds 
imposed on the specimens are described in Tab.1. Speeds were set to give a test time of between 100 
and 180 s to failure. 
 
2.2.  Young modulus determination 
The equivalent local modulus of elasticity along the specimen can be calculated using a virtual 
extensometer of l  g h δ  Figure. 3). This modulus was calculated based on the standard (EN 408 2012), 
i.e. a linear regression is calculated between 10 and 40% of the estimated maximum force. 
In the �⃗�𝑋 direction, the elastic modulus is calculated according to Eq. 1. Strain was calculated as a rate 
of increase in displacement as shown in Eq. 2. Displacement was calculated as the average of 
displacements over the width of the specimen (yellow bands (Figure. 3). Stress is the ratio of force 
divided by specimen cross-section (Eq. 3). Using this method, a local modulus can be calculated at each 
point along the length of the specimen. The central zone can be scanned over the 90 mm length of the 
z       i          i g  h  vi    l              wi h   l  g h δ = 5       h   y          l       i  d     
one specimen is shown in Figure. 4. 
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Figure 3. Tensile test with x the position along the length of the specimen at the center of the 

              δ  h  l  g h     h                 d F     h                  i       i    
𝐸𝐸𝑥𝑥𝑥𝑥(𝑥𝑥) = 𝜎𝜎

𝜀𝜀 𝑥𝑥𝑥𝑥(𝑥𝑥 )  (1) 

𝜀𝜀 𝑥𝑥𝑥𝑥(𝑥𝑥) = 𝑢𝑢(𝑥𝑥 + 𝛿𝛿/2 ) − 𝑢𝑢(𝑥𝑥 − 𝛿𝛿/2)
𝛿𝛿  

 (2) 

𝜎𝜎 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝑖𝑖𝐹𝐹𝑖𝑖  (3) 

𝑢𝑢(𝑥𝑥) = 1
19 − 1 + 1 ∑ 𝑢𝑢(𝑥𝑥, 𝑦𝑦𝑖𝑖)

19

𝑖𝑖=1
 

 
(4) 

 
Where 𝐸𝐸𝑥𝑥𝑥𝑥(𝑥𝑥), 𝜀𝜀 𝑥𝑥𝑥𝑥(𝑥𝑥) and 𝜎𝜎 are respectively the young modulus (in GPa), the strain in the �⃗�𝑋 direction, 
and the stress (in MPa). The force is in N and the section in mm. 𝑢𝑢(𝑥𝑥) is the mean displacement in mm 
on the yellow band (Figure 3). 
 
2.3 Strengh 
Models of mechanical strength using grain angles can be used, such as the Hankinson (1921), 
Norris (1962), and Tsai-hill (1965) models as shown respectively by Eq. 5, Eq. 6, and Eq. 7. 
 

MOR𝐻𝐻 = 𝐹𝐹𝐿𝐿 × 𝐹𝐹𝑇𝑇
𝐹𝐹𝐿𝐿 × sin(α)2 + 𝐹𝐹𝑇𝑇 × 𝐹𝐹𝐹𝐹𝑐𝑐(α)2 

 

(5) 

 

MOR𝑁𝑁 = 1

√ 1
𝐹𝐹𝑇𝑇

2 × sin(α)4 + 1
𝐹𝐹𝐿𝐿

2 ×  cos(α)4 + ( 1
𝑓𝑓𝑣𝑣

2 − 1
𝐹𝐹𝐿𝐿 ∗ 𝐹𝐹𝑇𝑇

) × sin(α)2 cos(α)2

 

 

(6) 

 

MOR𝑇𝑇𝐻𝐻 = 1

√ 1
𝐹𝐹𝑇𝑇

2 × sin(α)4 + 1
𝐹𝐹𝐿𝐿

2 ×  cos(α)4 + ( 1
𝑓𝑓𝑣𝑣

2 − 1
𝐹𝐹𝐿𝐿

2) × sin(α)2 cos(α)2

 

 

(7) 

Where 𝐹𝐹𝐿𝐿 and 𝐹𝐹𝑇𝑇 are respectively the tensile strength in the longitudinal, transversal direction (in MPa) 
and 𝑓𝑓𝑣𝑣 the ultimate shear strength in the plane LT (in MPa) and α is the angle (in degree). 
 
3. Results 
3.1 Young modulus 
The results obtained for each specimen are shown in Figure. 4, which illustrates the strong correlation 
between the longitudinal modulus of elasticity and the angle at each point on the map. By superimposing 
all the specimens on the same graph, the mechanical properties have been determined by considering an 
orthotropic behavior law (Figure. 5). The longitudinal modulus of 16.14 GPa appears to agree with the 
literature   Ż HAR     l      , Ozyhar et al. 2013, Peter et al. 2015) despite a relatively low transverse 
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modulus and shear modulus, possibly indicating the considerable influence of cracks resulting from the 
veneer manufacturing process (Pot et al. 2015, Krüger et al. 2023). Moreover, a wide range of the MOE 
is observed (from 12 to 20 GPa). This variability may stem from density, microfibril angle, tension 
wood, or the presence of out-of-plane angles. 
 

 

 

 

Figure 4 : Example of a specimen result: 
longitudinal modulus and angle 

measurement as a function of position along 
the length of the specimen, specific 

longitudinal modulus as a function of angle 

Figure 5 : Optimization and superposition of mechanical 
properties based on an orthotropic behavior law (RMSE 

= Root Mean Square Error, R2 = coefficient of 
determination, EL = longitudinal modulus and ET = 

transverse modulus, GLT = shear modulus) 
 
3.2 Strength 
The relationship between the mean absolute angle and the strength (MOR) within the length of the ZOI 
measured in step 4 is depicted in Figure 6. Hankinson, Norris, and Tsai-Hill failure criteria (respectively 
Eq. 5, 6, and 7) were fitted to the experimental data, giving the coefficients in Table 2.  
 

 
Figure 6:  MOR VS |𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ̅̅ ̅̅ ̅̅ ̅̅ ̅| 
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MOR correlates quite well with the measured angle in the ZOI  with the three models (Figure 6 and 
Table 2). For angles close to 0°, there was a wide variation in MOR. The Hankinson (1921) model has 
a coefficient of determination which is the highest. However, this model only provides longitudinal and 
transverse mechanical strength, in contrast to the Tsai-Hill (1965) and Norris (1962) models, which also 
allow to evaluate a shear strenght. 
 

Table 2. Coefficients of rupture models. 
Model/Coefficient 𝑭𝑭𝑳𝑳 (MPa) 𝑭𝑭𝑻𝑻 (MPa) 𝒇𝒇𝒗𝒗 (MPa) R² RMSE 

(MPa) 
Hankinson 121 1.0 - 0.90 14.1 
Norris 123 1.0 8.0 0.88 15.0 
Tsai-Hill 125 1.0 14.0 0.89 15.0 

 
 

4. Conclusion 
Fiber orientation appeared to be an important parameter in wood variability for the young modulus and 
tensile strength. Large variations in young modulus and strength were more significant for small angles 
than for large angles. These variations could be due to the locale variation of the density, the out-of-
plane angle, or the microfibril angle. 
The approach of calculating elastic modulus is rather simplistic for understanding local behavior. Inverse 
identification of mechanical properties for each specimen using a finite element model incorporating 
fiber orientation seems essential to understanding strains and local properties. 
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