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NUMERICAL AND EXPERIMENTAL STUDIES ON MECHANICAL 

PROPERTIES OF GLUED LAMINATED TIMBER BEAMS MADE FROM 

EUROPEAN BEECH WOOD 
 

 

Thomas Ehrhart1, Pedro Palma2, René Steiger3, Andrea Frangi4 

 

 
ABSTRACT: In this paper, the results of extensive experimental and numerical studies on the bending behaviour of 

glued laminated timber beams made from European beech wood (Fagus sylvatica L.) are reported and discussed. A 

total number of 5740 European beech timber boards from four Swiss sawmills were strength graded, systematically 

examined and documented, and used to produce beams with well-known properties, i.e. detailed information on density, 

dynamic modulus of elasticity, and location and size of knots in each lamination is available. Beams of various heights 

(200, 400, 600, 800 mm) and strength classes (GL 40c, GL 48c, GL 55c) were tested and modelled in 4-point bending 

to determine the bending strength, local and global modulus of elasticity, and the shear modulus. In addition to laser-

based displacement sensors, a digital image correlation (DIC) system was used, allowing for an in-depth investigation 

of strains on the surface of the beams. 
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1 INTRODUCTION 123 

European beech (Fagus sylvatica L.) is the dominating 

hardwood species in Central European forests. Its 

proportion of the total hardwood resources in Austria, 

Germany, Slovenia, and Switzerland is steadily growing 

and currently reaches 56 to 82 % [1], [2]. Furthermore, 

the mechanical properties of European beech wood 

significantly exceed those of most softwoods [3]–[5].  

 

Notwithstanding its widespread availability and great 

potential, the use of European beech timber for structural 

purposes has been very limited so far. One reason 

frequently reported to hinder a more widespread use of 

European beech, as well as other hardwood species, for 

structural purposes is the lack of standards regulating the 

production process, the quality control, the assignment 

of mechanical properties for structural design, and 

design guidance.  

 

To contribute to a better understanding and the future 

standardisation of glued laminated timber (GLT) made 

from European beech wood, extensive numerical and 

experimental investigations on GLT beams made from 

European beech wood have been carried out. This paper 

presents the results of four point bending tests on GLT 

beams of various strength classes and dimensions. 
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2 MATERIAL AND METHOD 

2.1 MATERIAL 

The 5740 European beech timber boards used in this 

study for the production of GLT specimens were 

supplied by four sawmills located in different Swiss 

cantons. The originating cantons were Jura (60.5 % of 

the boards), Zurich (18.3 %), Bern (17.5 %), and Aargau 

(3.7 %).  

 

The boards were naturally dried before the moisture 

content (MC) was reduced to 8 ± 2 % using either 

conventional drying kilns or vacuum dryers. After the 

drying process, the boards were cut and planed to the 

final dimensions. The cross-section dimensions of the 

boards width wl,dry × thickness tl,dry were either 

135 × 30 mm2, 175 × 30 mm2, or 195 × 30 mm2. The 

average length ll,dry of the boards was 2526 mm 

(coefficient of variation COV = 0.20). A minimum 

length of 1500 mm was defined. 

 

All boards were strength graded according to rules 

developed in a previous study [6], using visual and 

machine grading rules and techniques. For the 

determination of the eigenfrequency-based dynamic 

modulus of elasticity, the handheld device Timber 

Grader MTG (by Brookhuis) was used. Boards were 

assigned to the tensile strength classes T26, T33, T42, 

and T50, which should allow for the production of 

combined lay-ups of the bending strength classes 

GL 40c, GL 48c, and GL 55c. The numeric values 

indicate the 5% percentile value of the tensile (T) or 

bending strength (GL) of the respective class. 
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During the strength grading process, all boards were 

labelled and several properties were documented, 

namely density (ρl,u), dynamic modulus of elasticity 

(Edyn), and position and size of knots (total knot area 

ratio tKAR). Qualitative properties were also 

documented, namely obvious fibre deviations (OFD), 

cracks, pith, redheart, discolouration, and wavelike 

annual ring pattern. This detailed documentation of the 

boards’ properties allowed to assign the observed 

failures to specific local properties and to create 

approximate models of the tested beams. 

 

For each of the expected strength classes GL 40c, 

GL 48c, and GL 55c, seven GLT beams with a height of 

h = 400 mm were produced (n = 3 × 7 = 21). For the 

outermost lamellas (h / 4), boards of the strength class 

T33 (GL 40c), T42 (GL 48c), and T50 (GL 55c) were 

used. The inner laminations were of lower qualities T26 

(GL 40c and GL 48c) and T33 (GL 55c). For the 

expected strength class GL 48c, additional beams with 

heights of h = 200 mm (n = 7), h = 600 mm (n = 7), and 

h = 800 mm (n = 4), were also produced (Figure 1). 
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Figure 1: Dimensions and lay-ups of the produced GLT beams, 

l = 19 × h, all measures in mm. 

 

The boards were planed to a thickness of 25 mm 

immediately before gluing. For the surface gluing, a one 

component polyurethane adhesive (HS 709, 180 g/m2) 

and a primer (20 g/m2) were used. This combination 

resulted from a related research project on edge gluing of 

beech wood [7]. 

 

The board numbers on the edge face were recorded 

before planing the GLT beams to their final geometry 

(Figure 2a). Finally, the location of the finger joints was 

documented (Figure 2b). 

 

a) b)

 

Figure 2: Documentation of the GLT beams’ layout: labelling 

the narrow side of all laminations (a) and determining the 

location of the finger joints (b). 

2.2 EXPERIMENTS 

Four point bending tests were carried out according to 

EN 408 [8]. The test setup included two supports at a 

distance of 18 × h, two hydraulic cylinders with a 

maximum capacity of 750 kN each (at a distance of 6 × h 

from each other and the supports), and low-friction 

guidance plates (polyacetal) serving as lateral restraints 

to prevent lateral torsional buckling (Figure 3). 

 

 

Figure 3: Setup for bending tests on GLT beams 0.80 m high 

and 15.20 m long. 

 

Laser-based displacement sensors were used to measure 

the global (Figure 4a) and local deformations (Figure 

4b), required for the determination of the global and 

local bending modulus of elasticity (Em,g,glob and Em,g,loc) 

in accordance with EN 408 [8]. 

 

a) b)

 

Figure 4: Laser displacement sensors used to measure global 

(a) and local deflections (b) required for the determination of 

the global and local MOE. 

 

Two different systems were used to determine the shear 

modulus Gg: (i) the standard approach in accordance 

with EN 408 [8], which is based on measuring the 

changes in length of the diagonals of a square marked on 

the beam, and (ii) a 3-D digital image correlation (DIC) 

system (Figure 4b). 

 

a) b)

 

Figure 5: Speckle pattern for the DIC measurement (a) and 

DIC measurement system including two cameras and 

illumination (b). 



2.3 FE-MODEL 

Based on the known layout of the GLT beams 

(chapter 2.1), the bending behaviour of 21 of the tested 

beams (h = 400 mm) was simulated using the finite 

element program ABAQUS, applying a previously 

developed modelling framework [9]. Initially, the beams 

were divided into sections with a length of 50 mm and a 

height of 25 mm (thickness of the lamellas). 

 

The tensile strength (ft,0) and the longitudinal modulus of 

elasticity in tension and compression (Et,0, Ec,0) of all 

sections (clear wood, knot area) were estimated based on 

the strength and stiffness indicators (Edyn, tKAR, OFD) 

of the corresponding boards using Equations 1 and 2. For 

sections including knots, Et,0 was estimated using 

Equation 3. All equations resulted from multi-regression 

analyses previously carried out [10]. A normal 

distributed error term with zero mean and standard 

deviations of 0.3 for ft,0 and 800 for Et,0 was adopted. 

 
ln 𝑓𝑡 = 3.21 + 6.62 ∙ 10−5 ∙ 𝐸𝑑𝑦𝑛 − 2.75 ∙ 𝑡𝐾𝐴𝑅 − 0.15 ∙ 𝑂𝐹𝐷 + 𝜀 

 
(1) 

 
𝐸𝑡 ,0 = 0.92 ∙ 𝐸𝑑𝑦𝑛 + 𝜀 

 
(2) 

 

𝐸𝑡 ,0 =
−0.21 ∙ 𝐸𝑑𝑦𝑛 ∙  𝑡𝐾𝐴𝑅 − 1.79 ∙ 10−4 ∙ 𝐸𝑑𝑦𝑛  

𝑡𝐾𝐴𝑅 + 4.12 ∙ 10−5 ∙ 𝐸𝑑𝑦𝑛
+ 𝜀 

 

(3) 

 

Plane stress CPS4R elements were used and a linear 

elastic orthotropic material, with brittle failure in 

tension. A premature failure of the compression zone 

was prevented by setting the compression strength to 

fc,0 = 1000 × ft,0. 

 

Per beam, 20 simulations were carried out with varying 

error terms. The presented approach closely follows 

descriptions in [11] and [12]. 

 

Table 1: Overview of the main parameters used in the FE-

model adapted from [13]. 

 Element type CPS4R - 

 Element height 25 mm 

 Element length 50 mm 

E
la

st
ic

 p
ro

p
er

ti
es

 

E22 1200 MPa 

E33 1200 MPa 

G12 1000 MPa 

G13 1000 MPa 

G23 350 MPa 

v12 0.0 - 

v13 0.0 - 

v23 0.0 - 

E
st

im
at

ed
 ft,0 Estimated MPa 

Et,0 = E11 Estimated MPa 

Ec,0 = E11 = Et,0 MPa 

fc,0
 = 1000 × ft,0 

1) MPa 
1) to prevent premature compression failure 

 

3 RESULTS AND DISCUSSION 

3.1 EXPERIMENTS 

The MC of the beams was determined using an electric 

moisture meter. Depending on the beam’s size, 2 to 4 

measurements were taken per specimen. The results of 

106 measurements show that the actual MC is very close 

to the target MC of 8 % and that all 106 measurements 

lie inside the range of MC = 9 ± 2 % (Figure 6). 
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Figure 6: Histogram of moisture content resulting from 106 

measurements on the 39 GLT beams. 

 

During all bending tests, initial failure occurred in the 

outermost laminations subjected to tension stresses. 

Subsequently, the failure propagated along the beam and 

affected up to 2/3 of the beam’s height (Figure 7a).  

 

A closer look on the failure patterns revealed that 

frequently local fibre deviations caused an in-plane shear 

failure in the outermost lamination (Figure 8a, b). Local 

fibre deviations in beech wood are difficult to detect 

prior to testing but can be assessed using the spindles 

formed by the medullary rays in flat- and semi-quarter 

sawn boards (Figure 7b). Often, fibre deviations in areas 

close to finger joints were the initial point of failure 

(Figure 7c). 

 

a)

b) c)

 

Figure 7: Typical failure pattern of a GLT beam (h = 600 mm) 

in a 4-point bending test (a, fm,g = 55. MPa), starting point of 

failure was a finger joint in a lamination showing general 

slope of grain identified prior to the test (b), and detailed view 

after failure (c). 



a) b)

 

Figure 8: Local fibre deviation in the outermost lamination of 

a GLT beam as starting point of failure (a, fm,g = 48.2 MPa). 

The shear failure follows the wood rays (b). 

 

If no severe fibre deviations were present in the 

outermost laminations, most failures could be assigned 

to finger joints. Three different types of failures could be 

identified: (i) opening of finger joints, frequently 

accompanied by straight shear failures along the wood 

fibres (Figure 9a), (ii) opening of finger joint with partial 

tensile failure of fingers (Figure 9b), and (iii) combined 

opening of finger joints and tensile failure of wood 

(Figure 9c). 

 

a) b) c)

 

Figure 9: Finger joints in the outermost lamination of GLT 

beams causing failure. Pure finger joint failure (a: 

fm,g = 74.4 MPa), finger joint failure with partial tensile failure 

of fingers (b: fm,g = 70.3 MPa), and combined finger joint and 

wood failure (c: fm,g = 77.7 MPa) were observed. 

 

 

Figure 10: Local buckling / crushing of wood fibres in the 

compression zone of a beam (h = 200 mm, fm,g = 95.6 MPa). 

 

Compression tests conducted within the same research 

project [14] revealed that the compression strength of 

European beech GLT (GL40h, GL48h, and GL55h) lies 

between 55 ≤ fc,0 ≤ 70 MPa. Thus, the actual bending 

stresses in several beams exceeded these values 

significantly, resulting in local buckling / crushing of 

fibres in the compression zones of beams (Figure 10) 

and non-linear load-displacement behaviour. 

 

The mean value of density ρg,mean of the European beech 

GLT beams at a moisture content of MC = 9 ± 2 % 

(Figure 6) was 691 kg/m3 overall (coefficient of 

variation COV = 0.017). For single European beech 

boards, mean values of density of 656 kg/m3 [3], 

719 kg/m3 [4], and 728 kg/m3 [15] – adjusted to the MC 

of 9 % according to [16] – can be found in literature. For 

European beech GLT, mean values of density of 

680 kg/m3 [4] and 686 kg/m3 [17] are reported and agree 

well with results from the present study. 

 

The mean and 5%-percentile values of density do not 

vary significantly between the different GL strength 

classes and beam heights (Figure 11). Only the values of 

density of the beams “GL 48c / h = 800 mm” are slightly 

higher (ρg,mean = 706 kg/m3) compared to the overall 

mean value (+ 2.2 %). This may be explained by the fact 

that boards from the sawmill located in Zurich, with a 

high mean value of density of ρl,mean = 710 kg/m3, were 

predominantly used in these beams. 
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Figure 11: Mean and 5%-percentile values (assuming normal 

distribution ND) of density as depending on the strength class 

(GL) and beam height (h), MC = 9 ± 2 %. 

 

The global bending MOE Em,g,glob was calculated 

according to [8] using an infinite shear modulus. A 

significant difference between the strength classes was 

found (Figure 12). Mean values determined for the 

strength classes GL 40c, GL 48c (all heights), and 

GL 55c were 13600, 14800 (+ 8.8 %), and 15400 MPa 

(+ 13.2 %). No clear influence of the beam height on the 

global bending MOE was found (Figure 12). 

 

The local bending MOE Em,g,loc was calculated according 

to EN 408 [8]. Similarly to the results regarding Em,g,glob, 

a significant difference between the strength classes was 

found (Figure 13). Mean values determined for the 

strength classes GL 40c, GL 48c (all heights), and 

GL 55c were 14200, 15300 (+ 7.7 %), and 16200 MPa 

(+ 14.1 %). Again, no clear influence of the beam height 

on Em,g,loc could be identified (Figure 13). 
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Figure 12: Mean and 5%-percentile values (assuming 

lognormal distribution LND) of global bending MOE Em,g,glob 

depending on the strength class (GL) and beam height (h), 

MC = 9 ± 2 %. 

 

Due to the dominating role of finger joints in the failure 

mechanism of European beech GLT beams subjected to 

bending (Figure 9), the differences between the bending 

strength fm,g of different strength classes are not very big 

(Figure 14). Mean values of bending strength of 

63.1 MPa (GL 40c), 63.3 MPa (GL 48c), and 66.1 MPa 

(GL 55c) were found for the reference beam height 

h = 400 mm.  

 

However, a strong influence of the beam’s height h on 

fm,g was observed. The mean values of bending strength 

decreased with increasing beam heights. For the smallest 

beams (h = 200 mm), a mean value of bending strength 

of 78.3 MPa and a maximum value of 95.6 MPa were 

determined (Figure 14). 
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Figure 13: Mean and 5%-fractile values (assuming lognormal 

distribution LND) of local bending MOE Em,g,loc depending on 

the strength class (GL) and beam height (h), MC = 9 ± 2 %. 
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Figure 14: Mean and 5%-fractile values (assuming lognormal 

distribution LND) of bending strength fm,g depending on the 

strength class (GL) and beam height (h), MC = 9 ± 2 %. 

 

Shear field measurements were conducted when testing 

the 10 beams with heights h = 600 and 800 mm. The 

shear modulus Gg was calculated according to EN 408 

[8] using results of the manual shear field measurement 

and digital image correlation analyses. 

 

In accordance with EN 408, a mean value of 975 MPa 

and a coefficient of variation of COV = 9.5 % were 

found. This value agrees well with other studies [18], 

which report Gg,mean = 922 MPa (COV = 5.2 %), and 

with the values in EN 338 [19] for the strength classes 

D50 (Gg,mean = 880 MPa) and D60 (Gg,mean = 1060 MPa). 
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Figure 15: Longitudinal strain εx of up to 0.17 % resulting 

from DIC measurement at a load of F = 127 kN per cylinder. 

 

The DIC measurements were used to further investigate 

the strain and distortion fields. Figure 15 shows the 

longitudinal strain εx at distances d = 1.5, 1.8, and 2.1 m 

from the support, at a force level of 127 kN, and gives an 

idea on the possibilities DIC analyses offer. 

 

 



3.2 COMPARISON BETWEEN EXPERIMENTS 

AND FE-MODEL 

For each tested beam, 20 numerical models were 

generated using the properties obtained from 

Equations 1-3. Comparison of experimental and FE 

results (Figure 16) clearly show that the global bending 

MOE Em,g,glob can be simulated with high accuracy 

(coefficient of determination R2 = 0.958). However, the 

FE-model does not provide good estimates of the 

bending strength of the actually tested beams. Although 

the level of fm,g is generally on a similar level compared 

to the test results, analysis of single specimens reveal the 

incapability of the model to predict individual strength 

properties (R2 = 0.045). 

 

The great disparities between the quality of the estimates 

regarding strength and stiffness may be explained by the 

quality of the available indicators for the tensile strength 

and the static MOE. The static MOE can be predicted 

with high accuracy by means of the dynamic MOE. On 

the contrary, the available indicators for the tensile 

strength are of minor quality, i.e. lower coefficients of 

determination between indicators and target values have 

been found.  

 

As the quality of the indicators for the prediction of 

tensile strength was identified as the limiting factor for 

the accuracy of the simulation results, an advanced 

model such as the one used in this study (taking into 

account damage energy and elastic-plastic and elastic-

brittle material behaviour) seems unnecessary. Thus, a 

much simpler and, with regard to computational costs, 

much faster approach using simple plane stress linear 

elastic analyses implemented in Python will be used for 

further simulations of GLT beams made of European 

beech. 
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Figure 16: Comparison of the estimated and experimental 

bending strength fm,g and global bending MOE Em,g,glob. 

 

4 CONCLUSIONS 

The present paper deals with experimental and numerical 

investigations of the bending behaviour of glued 

laminated timber (GLT) made from European beech 

(Fagus sylvatica L.) wood. GLT beams of different sizes 

(height h = 200, 400, 600, and 800 mm; span 

lsp = 18 × h) and target bending strength classes (GL 40c, 

GL 48c, and GL 55c) were subjected to 4-point bending 

tests according to EN 408 [8]. The bending strength 

(fm,g), the local (Em,g,loc) and global modulus of elasticity 

(Em,g,glob), and the shear modulus (Gg) were determined. 

 

The main outcomes of the study are: 

 

 The mechanical properties of GLT made from 

European beech wood are considerably higher 

than softwood GLT and show the great potential 

of its use for structural purposes. 

 Values of bending strength fm,g between 48.2 MPa 

and 95.6 MPa were found. 

 Mean and characteristic values (5%-percentile, 

lognormal distribution) of bending strength of 

63.1 and 52.3 MPa (GL 40c), 63.3 and 57.6 MPa 

(GL 48c), and 66.1 and 56.3 MPa (GL 55c) were 

found for beams with a height of h = 400 mm. 

 Finger joints and local fibre deviations play a 

dominant role in the failure process of European 

beech GLT. As finger joints limit the strength and 

can be found in GLT beams of all strength 

classes, the level of bending strength is very 

similar for all GL-classes.  

 The beam size was found to have a significant 

influence on the bending strength. Due to the 

increasing number of finger joints and other 

potential weak elements for increasing sizes, fm,g, 

was found to be negatively correlated with the 

beam height h. 

 The local modulus of elasticity Em,g,loc varied 

between 13700 MPa and 16900 MPa. Again, this 

value is considerably higher than for softwood 

GLT (e.g. Em,g,loc = 11000 MPa for GL 24c). 

 Significant differences in the local and global 

modulus of elasticity were identified depending 

on the strength classes. Mean values for Em,g,loc of 

14200 MPa (GL 40c), 15300 MPa (GL 48c, 

+ 7.7 %), and 16200 MPa (GL 55c, + 14.1 %) 

were found. 

 A mean value of shear modulus of Gg = 975 MPa 

and a coefficient of variation of COV = 9.5 % 

were found in this study. 

 

Regarding the numerical simulation of European beech 

GLT, the main outcomes of the present study are: 

 

 The global modulus of elasticity Em,g,glob could be 

simulated with good accuracy. A coefficient of 

determination of R2 = 0.958 was found when 

comparing the experimental and numerical 

results. Em,g,glob can be simulated appropriately 

because the dynamic modulus of elasticity is a 



very good indicator for the static modulus of 

elasticity. 

 The implemented numerical model did not allow 

to accurately estimate the bending strength. A low 

coefficient of determination of R2 = 0.045 was 

found. The large differences between simulated 

and actual bending strength can be due to the lack 

of high quality indicators for the tensile strength. 

 

5 OUTLOOK 

Further experimental and numerical investigations on the 

mechanical behaviour of GLT made from European 

beech (Fagus sylvatica L.) will be carried out within the 

ongoing research project. In these investigations, the 

compression strength fc,0 and compression MOE Ec,0, the 

shear strength fv, and the tensile strength parallel to the 

grain ft,0 of European beech GLT will be determined. 

 

The fibre orientation was identified to play a key role for 

understanding and estimating the failure behaviour of 

single European beech boards and GLT made from 

beech wood. A non-contact method for the determination 

of fibre direction was developed recently within the 

ongoing research project [15], [20] and will be used for 

in depth analysis of European beech GLT and its failure 

mechanisms. 
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