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Abstract 

Wood-based materials in the form of wood veneer composites (WVC) possess a high lightweight 
construction potential for load-bearing applications in mechanical engineering due to their high 
strength properties combined with low density. However, in order to substitute energy-intensive 
metallic construction materials (such as steel or aluminum), additional structural space is required to 
compensate for the comparatively low stiffness by means of the area moment of inertia. Under 
bending loads, an increase in cross-sectional height at a constant span length leads to elevated shear 
stresses. Owing to the low shear strength and stiffness of wood-based materials, the influence of shear 
stresses must be considered in both the design of wooden components and in material testing. 
Current standards for determining the bending properties of wood-based materials only describe 
methods for assessing pure bending behavior, without accounting for shear effects. The present 
contribution introduces a method for determining both bending and shear properties of WVC using 
the three-point bending test. This approach allows the derivation of bending and shear modulus 
values through an analytical model based on Timoshenko beam theory by testing various span-to-
height ratios. These modulus values represent material constants and enable the numerical design of 
wooden components for arbitrary geometric parameters. 

Keywords: wood-based materials; bending; shear; mechanical engineering; material properties 
 

1. Introduction 

The main application areas of wood are in the energy and chemical sectors, the paper industry, 
and, in processed form as wood-based materials, in furniture and structural timber engineering [1–
5]. In contrast, wood-based materials are currently rarely used as construction materials in technical 
applications of mechanical engineering. Upon closer examination, however, a few promising 
approaches can be identified for the use of wood-based materials in load-bearing elements, such as 
in automotive engineering, materials handling technology, or even in aerospace [6–10]. Metals, with 
their isotropic and homogeneous structure combined with superior mechanical properties, have 
outpaced the anisotropic and inhomogeneous material wood as a construction material since the 
onset of industrialization [11]. By processing wood into engineered wood products, particularly in 
the form of veneer-based composites (WVC – Wood Veneer Composites), anisotropy and 
inhomogeneity can be largely minimized [12,13]. These materials exhibit favorable mechanical 
properties while maintaining a low density, which grants them significant lightweight potential. 
Provided sufficient structural space is available, they allow for the substitution of energy-intensive 
metallic or fiber-reinforced structures, as illustrated in Figure 1 [11]. 
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Figure 1. Ashby-graphics; a) strength/Density; b) Young’s modulus/Density. 

The research group Application of Renewable Materials at the Chair of Conveying and Material 
Handling Engineering, Chemnitz University of Technology, has set itself the goal of exploiting the 
lightweight potential of WVC and developing sustainable applications in the field of materials 
handling by means of modular timber-based construction [9]. Previous research activities have 
included the development of workpiece carriers, load handling devices, vertical conveyors, and 
frame elements [14]. In addition to compressive stresses, three-point bending has emerged as the 
predominant loading scenario, where, depending on the span-to-height ratio, a combined bending 
and shear stress condition arises [15]. It is well established that wood and WVC are shear-compliant 
materials, whose shear moduli and strengths are considerably lower compared to their elastic moduli 
and strengths under normal stresses [16–19]. In particular, shear stresses in the radial–tangential (RT) 
plane, referred to as rolling shear, are critical in plywood and must be explicitly accounted for in 
structural design verification [20]. This marks a key distinction from metallic construction materials, 
which exhibit shear stiffness and strength values several times higher. 

The currently applicable standards, EN 408 and EN 789, for the determination of bending and 
shear properties of WVC, specify four-point bending tests to assess bending performance [21,22]. In 
this test setup, the loaded region between the two load anvils is free from shear, resulting in pure 
bending stresses. Shear properties, by contrast, are determined in separate tests. The equally valid 
standard EN 310, however, prescribes a three-point bending test method [23]. Yet, in all of these 
standards, a span-to-height ratio between 16 and 20 is prescribed. This specification intentionally 
minimizes shear stresses to the extent that their influence on the test results becomes negligible. Such 
an approach, however, does not reflect practical conditions for load-bearing applications in 
mechanical engineering. In the substitution of metallic construction materials by WVC, the span is 
generally fixed and cannot be altered. The cross-section, in particular height and width, remains the 
adjustable parameter. This adjustment is necessary because WVC, compared to metals, exhibits 
significantly lower elastic moduli. To compensate for this deficiency and to limit deformation, the 
moment of inertia must be increased, preferably by enlarging the component height. The resulting 
modification of the span-to-height ratio has the negative effect of increasing the influence of shear on 
structural behavior. As a positive side effect, however, the required cross-sectional enlargement 
reduces the stresses acting within the component. For this reason, in the dimensioning of WVC-based 
components, stiffness rather than strength constitutes the decisive criterion. 

Characterizing the structural behavior of a component requires accurate knowledge of its 
material properties. In the case of three-point bending, these properties comprise the bending 
modulus and shear modulus as well as bending and shear strength. The method presented in this 
contribution enables the simultaneous determination of both bending and shear properties from 
three-point bending tests conducted with varying span-to-height ratios. Based on Timoshenko beam 
theory, an analytical framework can be derived to evaluate the corresponding modulus values. Once 
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these modulus values are established for a material, the same approach can be applied to design 
components of arbitrary geometries. 

The present contribution forms part of the research project Wood in Mechanical Engineering 
(HoMaBa), conducted between 2018 and 2022 [24]. Within this project, with a focus on the use of 
wood in mechanical engineering, the following topics were addressed: 

• Comprehensive material investigations on veneer, solid wood, birch and beech plywood, and 
implementation of the derived parameters in a database [25–27] 

• Establishment of analytical and simulation methodologies [28–31] 
• Development of fundamental principles for structural reliability [24,29] 

2. Materials and Methods 

The analyses presented herein were conducted on commercially available birch plywood. All 
individual specimens were prepared from sheet material originating from a single production batch. 
Table 1 summarizes the key specifications. The density was determined in accordance with EN 323 
and the moisture content in accordance with EN 322 on a random selection of individual specimens; 
the mean values are listed in Table 1 [32,33]. 

Table 1. 

material No. of 

Layers 

Layer 

Thickness 

Thickness Density Moisture 

Content 

Birch 

plywood 

9 1,33 mm 12 mm 650 kg m-3 8,78 % 

Classical three-point bending tests were carried out in accordance with EN 310 [23]. All 
specimens had a square cross-section. In total, seven different span-to-height ratios between 5 and 20 
were examined. Although the laminated structure largely minimizes anisotropy, the mechanical 
properties still vary depending on specimen orientation. Following the classification in EN 1995-1, a 
distinction was made with regard to the mid-plane orientation relative to the load direction (plate, 
disk) and the fiber direction of the face layers relative to the longitudinal axis of the specimen (0°, 
90°) [34]. Consequently, four different configurations were tested: plate loading with the face layer 
fibers oriented parallel (P-0°) or perpendicular (P-90°) to the specimen length, and disk loading with 
the face layer fibers oriented parallel (S-0°) or perpendicular (S-90°) to the specimen length. Figure 2 
summarizes the complete experimental spectrum. All tests were conducted using a Zwick/Roell Z250 
testing machine with a crosshead speed of 10 mm/min. The recorded deformations correspond to the 
displacement of the machine traverse. 

 
Figure 2. Overview of the experimental setup; left: tested configurations according to EN 1995-1 [24]; top right: 
test setup; bottom right: tested span-to-height ratios. 
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Since no optical measurement system was employed for determining deformations, the 
recorded deformation values were first corrected. This correction was necessary because WVC 
exhibits low hardness in the radial direction, leading to partial indentation of the loading anvil into 
the specimen. Moreover, all components of the test setup must be regarded as elastic elements that 
undergo minor deformations. For correction, a calibration curve was obtained by loading a specimen 
in compression. The deformations from this calibration curve were subtracted from the measured 
deformation curves. Figure 3 shows an exemplary force–displacement curve of a randomly selected 
specimen. The grey curve represents the uncorrected data, whereas the black curve represents the 
corrected data, which served as the basis for further evaluation [28]. 

From the corrected force–displacement curves, stress values and the global modulus of elasticity 
were determined. As a first step, the maximum applied load was identified, representing the failure 
point. In Figure 3, the failure point is marked with a red cross. Subsequently, the global modulus of 
elasticity was calculated in accordance with EN 789 by performing a linear regression of all 
measurement values within the 10–40% range of the ultimate load (Figure 3, dark green crosses) and 
converting the slope of the linear portion (Figure 3, green line) [22]. Finally, the yield point was 
determined, defined as the point where the slope of the tangent to the curve first falls below 95% of 
the slope of the linear regression. The stress at this point was defined as the maximum permissible 
stress and is indicated in Figure 3 by a blue cross. Conversion from force to stress values was carried 
out using standard equations for bending stress under three-point loading conditions. 

 
Figure 3. Exemplary force–displacement curve with the key parameters used for property determination. 

As previously discussed, the global modulus of elasticity depends on the span-to-height ratio of 
the specimen. This dependence arises from the varying influence of shear deformation on the total 
specimen deflection. Testing specimens with different spans while maintaining constant specimen 
height enables the determination of both bending and shear moduli through nonlinear regression. 
Timoshenko beam theory was applied, which assumes that the total deformation is composed of 
bending and shear components [35]. Bending and shear deformations are considered decoupled and 
analyzed separately. By contrast, normative testing procedures typically neglect shear deformation 
and employ the special case of Euler–Bernoulli beam theory. From Timoshenko beam theory, by 
substituting the governing differential equations for bending and shear into the case of three-point 
bending, a general expression is obtained for calculating the global modulus of elasticity as a function 
of bending modulus, shear modulus, span, and cross-sectional parameters (area and moment of 
inertia), as given in Equation (3-1). Once the cross-section is specified, the corresponding formulas 
for cross-sectional area and moment of inertia can be substituted, simplifying the expression further. 
Irrespective of the cross-sectional shape, the specimen width cancels out, leaving only the span and 
specimen height as geometric parameters. Thus, Equation (3-1) represents the dependence of the 
global modulus of elasticity on the span-to-height ratio. A selection of the relevant formulas required 
for deriving Equation (3-1) is provided in Appendix A1–A4. 
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EGlobal = (κ ∙ EBiegung ∙ G ∙ A ∙ S2)/(κ ∙ G ∙ A ∙ S2 + 12 ∙ EBiegung ∙ I_yy ) (1) 

EGlobal – global modulus of elasticity [MPa] ; EBiegung – bending 
modulus [MPa] ;  
G – shear modulus [MPa] ; S – span length [mm] ; A – cross-
sectional area [mm2] ;  
Iyy – moment of inertia [mm4] ; 
κ – shear correction factor (for rectangular cross-sections κ=5/6) 

3. Results and Discussion 

3.1. Modulus Parameters 

Figure 4 presents the determined global moduli of elasticity for the tested configurations, as well 
as the results of the regression analysis. In general, all curves of the global modulus of elasticity 
indicate that with increasing span-to-height ratio, the global modulus of elasticity also increases. The 
curves asymptotically approach the value of the bending modulus, as the influence of shear 
deformation diminishes with increasing span-to-height ratio. 

 

Figure 4. Global moduli of elasticity and results of the nonlinear regression. 

In plate loading with a 0° fiber orientation of the face layers relative to the span direction, the 
highest bending moduli but comparatively low shear moduli were obtained. The reason lies in the 
fact that shear deformation occurs in the radial–tangential (RT) plane of the cross layers, as illustrated 
in Figure 5. These cross layers exhibit very low rolling shear strength and therefore contribute 
minimally to resistance against deformation. In plate loading with a 90° fiber orientation of the face 
layers relative to the span direction, both the bending and shear moduli are reduced. This reduction 
results from the presence of one additional cross layer and one fewer load-bearing longitudinal layer 
compared to the 0° configuration. 

In disk loading, the shear moduli are approximately five times higher than in plate loading. This 
is due to the fact that shear deformation occurs not in the RT-plane but in the tangential–longitudinal 
(TL) plane. In this case, the fibers themselves are more directly subjected to shear stresses, whereas 
in the RT-plane, shear is primarily carried by the lignin matrix, leading to fiber slippage. 
Consequently, the higher shear moduli also result in higher global moduli of elasticity at small span-
to-height ratios compared to plate loading. Conversely, the bending moduli are lower in disk loading 
than in plate loading. As with plate loading, the modulus parameters for the 90° orientation are lower 
than those for the 0° orientation, due to the smaller number of load-bearing longitudinal layers. 
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Figure 5. Stress scenarios in plate and disk loading [29]. 

The blue curves in Figure 4 show the calculated relationships of global moduli of elasticity, 
derived from Equation (3-1), using the determined bending and shear moduli. Overall, a good 
agreement between the calculated and measured values is evident, both visually and as confirmed 
by the coefficients of determination. The coefficients of determination are lower in disk 
configurations, particularly in the initial range of low span-to-height ratios, where deviations occur. 

3.2. Stresses 

Figure 6 illustrates the determined bending and shear stresses at the yield point for all tested 
configurations. The calculation was carried out according to Equations A5 (bending) and A6 (shear) 
in the Appendix. 

For plate loading, the determined bending stresses are initially low at small span-to-height ratios 
and tend to increase with higher ratios, approaching a limiting value that can be defined as the 
bending strength. The shear stresses, in contrast, are maximal at the smallest tested span-to-height 
ratio and decrease with increasing ratio. These trends indicate that at small span-to-height ratios, 
shear effects exert a greater influence on the load-bearing behavior. This becomes evident in the 
reduced bending stresses achieved compared to those at larger spans with lower shear influence. 

It cannot be clearly established whether the specimens failed due to pure shear or pure bending, 
owing to the abrupt nature of failure. However, the results suggest that at small span-to-height ratios, 
shear failure occurs in the cross layers, whereas at larger ratios, failure is more likely caused by 
bending in the outer layers subjected to tensile stresses. 

In disk loading, the determined bending stresses remain essentially constant across all span-to-
height ratios. The shear stresses, as with plate loading, are maximal at the smallest ratio. No 
significant differences were observed between the 0° and 90° orientations in either plate or disk 
loading. Instead, the results suggest that all stress parameters across the tested configurations are on 
a comparable level, such that a single design strength value can be applied across all configurations. 
Table A7 in the Appendix summarizes the results of the material tests, listing mean values and 
standard deviations of the key parameters. 
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Figure 6. Bending and shear stresses at the yield point. 

4. Conclusions 

In the present study, a method for determining the bending and shear properties of wood-based 
materials, exemplified by WVC in the form of plywood, was introduced. The results of the material 
tests demonstrate the dependence of the global modulus of elasticity on the span-to-height ratio and 
on the orientation of the specimens with respect to the load and span directions. The regression 
analyses revealed that with the determined bending and shear moduli, the global modulus of 
elasticity can be reliably predicted for arbitrary geometries. In addition, bending and shear stresses 
at the proportional limit were reported. 

The analyses suggest that a single strength value can be defined, independent of orientation and 
span-to-height ratio. 

This establishes an initial foundation for the analytical dimensioning of wood-based structural 
components. The presented analyses are limited to the static loading case of three-point bending 
under monotonic loading until failure. Future investigations will need to address dynamic and long-
term loading scenarios and derive corresponding parameters, thereby ensuring the analytical 
verification of component functionality over the intended service life. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

WVC Wood Veneer Composite 
EGlobal global modulus of elasticity [MPa] 
EBending bending modulus [MPa] 
G shear modulus [MPa] 
S span length [mm] 
A cross-sectional area [mm2] 
Iyy moment of inertia [mm4] 
κ shear correction factor (for rectangular cross-sections κ=5/6) 

Appendix A 

Appendix A.1 

Table A1. Formulas for Calculation in this paper. 

TIMOSHENKO Beam theorie 𝒘𝑮𝒍𝒐𝒃𝒂𝒍 = 𝒘𝑩𝒊𝒆𝒈𝒖𝒏𝒈 + 𝒘𝑺𝒄𝒉𝒖𝒃 A1.1 𝒘𝑮𝒍𝒐𝒃𝒂𝒍/𝑩𝒆𝒏𝒅𝒊𝒏𝒈 = 𝑭 ∙ 𝑺𝟑𝟒𝟖 ∙ 𝑬𝑮𝒍𝒐𝒃𝒂𝒍/𝑩𝒆𝒏𝒅𝒊𝒏𝒈 ∙ 𝑰𝒚𝒚 
A1.2 

𝒘𝑺𝒉𝒆𝒂𝒓 = 𝑭 ∙ 𝑺𝟒 ∙ 𝜿 ∙ 𝑮 ∙ 𝑨  𝒎𝒊𝒕 𝜿 = 𝑨𝑺𝑨  A1.3 

𝑬𝑮𝒍𝒐𝒃𝒂𝒍 = 𝜿 ∙ 𝑬𝑩𝒆𝒏𝒅𝒊𝒏𝒈 ∙ 𝑮 ∙ 𝑨 ∙ 𝑺𝟐𝜿 ∙ 𝑮 ∙ 𝑨 ∙ 𝑺𝟐 + 𝟏𝟐 ∙ 𝑬𝑩𝒆𝒏𝒅𝒊𝒏𝒈 ∙ 𝑰𝒚𝒚 
A1.4 

Stresses 𝝈𝑩𝒆𝒏𝒅𝒊𝒏𝒈 = 𝑴𝑩𝑾𝒚 = 𝟑 ∙ 𝑭 ∙ 𝑺𝟐 ∙ 𝒃 ∙ 𝒉𝟐 A1.5 

𝝉 = 𝟑 ∙ 𝑭𝟐 ∙ 𝑨 A1.6 

wGlobal – total deformation [mm]  ; wBiegung – deformation due to bending [mm]  
wSchub – deformation due to shear [mm]  ; κ – shear correction factor 
F – applied load [N]  ; S – span length [mm]  ; Iyy – moment of inertia [mm4] ;  
A – cross-sectional area [mm²]  ; EGlobal – global modulus of elasticity [MPa] ;   
EBending – bending modulus [MPa]  ; G – shear modulus [MPa]   
b – cross-sectional width [mm]  ; h – cross-sectional height [mm] ;  
Wy – section modulus [mm³]  ; σBending – bending stress [MPa] ;  
τ – shear stress [MPa]  ; MB – bending moment [Nmm] 

Table A2: Results of the material tests. 

orientation span [mm] span/height Young‘ 

Modulus 

[MPa] 

Bending 

Strength 

[MPa] 

Shear 

Strength 

[MPa] 

plate 00° 

60 5 2723 ± 201,4 21.5 ± 1.3 4.3 ± 0.26 

96 8 4188 ± 62,4 28.08 ± 1.74 3.51 ± 0.22 

132 11 5363 ± 113,8 29.6 ± 1.76 2.7 ± 0.16 

168 14 5855 ± 144,9 31.48 ± 2.4 2.25 ± 0.17 

204 17 6457 ± 233,7 33.31 ± 3.34 1.97 ± 0.2 

240 20 6405 ± 178,9 32.69 ± 1.37 1.64 ± 0.07 
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300 25 6691 ± 262,2 31.22 ± 1.1 1.25 ± 0.04 

plate 90° 

60 5 2235 ± 185,0 19.22 ± 2.07 3.86 ± 0.42 

96 8 3642 ± 199,4 25.01 ± 2.23 3.13 ± 0.28 

132 11 4623 ± 458,8 31.55 ± 3.46 2.86 ± 0.31 

168 14 5242 ± 295,9 32.84 ± 2.52 2.33 ± 0.18 

204 17 5562 ± 154,3 32.29 ± 1.84 1.9 ± 0.11 

240 20 5773 ± 163,7 32.77 ± 1.16 1.64 ± 0.06 

300 25 5703 ± 287,2 30.75 ± 0.94 1.23 ± 0.04 

disk 00° 

60 5 5170 ± 196,6 31.98 ± 2.1 6.44 ± 0.42 

96 8 5443 ± 451,0 38.27 ± 5.61 4.8 ± 0.71 

132 11 6509 ± 218,5 35.98 ± 2.05 3.29 ± 0.19 

168 14 6602 ± 348,6 35.4 ± 1.69 2.54 ± 0.12 

204 17 6702 ± 372,3 35.68 ± 2.31 2.11 ± 0.14 

240 20 6814 ± 345,1 34.33 ± 2.42 1.72 ± 0.12 

300 25 6026 ± 362,6 29.46 ± 1.59 1.18 ± 0.06 

disk 90° 

60 5 4642 ± 236,3 31.59 ± 4.16 6.32 ± 0.83 

96 8 4826 ± 271,1 33.72 ± 3.95 4.22 ± 0.5 

132 11 5732 ± 229,7 32.06 ± 2.03 2.91 ± 0.18 

168 14 5684 ± 179,5 33.39 ± 0.99 2.38 ± 0.07 

204 17 5991 ± 163,1 33.18 ± 1.36 1.95 ± 0.08 

240 20 5659 ± 256,7 29.94 ± 2.25 1.49 ± 0.11 

300 25 5872 ± 264,8 30.28 ± 2.14 1.21 ± 0.08 
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