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The dimensions, particularly the depths, of glued laminated timber (GLT) beams are continuously
increasing to realize, e.g., wide-span hall constructions or flexible office buildings. However, experimental
investigations of large beams are unavailable because of the tremendous effort involved. Numerical sim-
ulation campaigns represent an alternative, but their results are heavily influenced by the modeling strat-
egy, and therefore, a different influence of the beam depths on the bending strength was obtained. To
predict this influence, also called size effect, we carried out a simulation program covering 8840 GLT
beams ranging from 165 mm to 3300 mm in depth, using advanced modeling concepts including discrete
cracking and plasticity.
We observed a decreasing characteristic bending strength with increasing beam depths and an almost

constant mean modulus of elasticity for both considered strength classes. Additionally, the influence of
the beam length on the bending strength is analyzed, and it is shown that this influence can be described
reasonably well with a simple analytical model based on Weibull’s strength theory. In conclusion, the
effective material behavior of GLT is affected by its dimensions. For large beams, this influence is difficult
to obtain experimentally; however, numerical simulation campaigns seem to be a promising way to
accomplish this.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Wood is a naturally growing resource, which is used as a raw
material for various building products, e.g., glued laminated timber
(GLT). Manufacturing GLT beams from individual wooden boards
resolves size restrictions and improves mechanical properties
through homogenization. GLT consists of lamellas, built by finger
jointed wooden boards, glued together on top of each other. The
wooden boards, in general, are characterized by a high degree of
variability, induced by the natural growth process, causing the
material properties to have a much more pronounced fluctuation
than that of materials like steel or brick. Consequently, potential
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weak points, such as knots and knot groups, can be found in ran-
dom distribution within GLT beam layouts. Therefore, a sound
understanding of effective material properties, which depend on
the beam size, is required. Herein, we focus on the influence of
the beam size on the longitudinal modulus of elasticity (MOE)
and the bending strength in four-point bending tests.

The material properties of GLT beams together with their deter-
mination are provided in DIN EN 14080 [1]. There, the characteris-
tic longitudinal MOE E0;g;05 is defined as 5=6 of the mean
longitudinal MOE E0;g;mean without any adjustment for the beam
depth. On the other hand, the characteristic bending strength
fm;g;k is valid explicitly for the reference beam depth:
href ¼ 600 mm. The experimental determination of the properties
is carried out through four-point bending tests according to DIN
EN 408 [2] (Fig. 1). All length measurements in the test setup are
coupled to the beam depth h. The length ‘ (beam region under con-
stant bending moment) is always six times the depth h, according
to the dimensional reference ratio: ‘=h ¼ 6:0. Herein, a characteris-
tic value corresponds to the 5% quantile.

According to DIN EN 1995-1-1 [3], an increase of the character-
istic bending strength fm;g;k is allowed for GLT beams with depths
smaller than the reference depth href . For those cases, fm;g;k may
be adapted by the factor kh:

kh ¼ min
600
h

� �0:1
1:1

(
for h 6 600 mm: ð1Þ

The kh factor in Eq. (1) is based on Weibull’s strength theory [4],
referring to strength as a statistical property and expressing the
probability of brittle failure based on weak points within a stressed
volume. This influence of the size on wood properties [5–8] is often
referred to as size effect and also known from other building mate-
rials, e.g. concrete [9–12]. Nevertheless, the concept behind Eq. (1)
is not applied for larger beam depths than the reference depth, nor
is it able to explicitly consider different beam lengths to depths
ratios.

Comprehensive experimental studies [13–15] on beams up to
the reference depth were performed in the 1990s. More recently,
experimental studies with smaller sample sizes [16,17] focused
on material property distributions within the layout and their
influence on the entire beam. Fink et al. [18] recently examined
GLT beams with a depth of up to 1000 mm. However, in the liter-
ature most of the testing was performed on GLT beams with a
depth of about 300 mm.

Numerical simulations represent an efficient alternative or
extension to complex experiments. The development of modeling
approaches to simulate GLT beams started already in the 1980s,
e.g., with the well-known Karlsruher Calculation Model [19–22].
An updated version of the approach was used to realize multiple
studies regarding the size effect [23–28]. Aside from this approach,
a further probabilistic modeling approach for GLT beams [29–32]
was developed. More recently, the extended finite element method
(XFEM) was employed in an approach to estimate the bending
strength of GLT beams made from hardwoods [33–35].

With ongoing improvements of these approaches, the numeri-
cal investigation of the size effect on the bending strength for large
Fig. 1. Four-point bending test setup for a GLT beam with the depth h, loaded by a
constant bending moment over the length ‘.
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GLT beams became feasible. Hence, Fink et al. [32] and Frese and
Blaß [24] conducted numerical studies including beam depths of
1200 mm and up to 3000 mm, respectively. Their results showed
contradictory trends regarding the influence of the beam size on
the characteristic bending strength . Further, only beam sizes fol-
lowing the dimensional reference ratio according to DIN EN 408
[2] were analyzed. So there is a significant knowledge gap here,
leading to uncertainties and discussions among engineers in the
design of large GLT beams, which are used more and more
frequently.

To fill this knowledge gap and to assess the size effect of GLT
beams, we apply a numerical approach to model GLT beam sec-
tions subjected to a constant bending moment. The used material
properties for the wooden boards are derived from a sample of
actual wooden boards, which were virtually reconstructed and
analyzed [36]. With the distribution of knots and knot groups from
the actual boards, the approach features Weibull’s strength theory
[4] automatically. The so-called lamination effect [37] is consid-
ered by the layout composed of the virtualized boards. The lamina-
tion effect accounts for the reinforcing of weak points by
neighboring lamellas, which homogenizes the GLT material prop-
erties. Local failure mechanisms are considered by implementing
two discrete crack directions, vertical cracks within the boards
and horizontal cracks between the lamellas. Vertical cracks are
realized within the framework of XFEM. This implementation
allows for quasi-brittle material behavior, which mainly affects
beams of smaller size [5]. The formation of horizontal cracks
enables continuous crack patterns between vertical cracks in adja-
cent lamellas with a horizontal offset . The horizontal cracks are
employed by using cohesive surface failure. Additionally, the influ-
ence of plastic effects in the compression zone of the beams is
examined.

This paper provides a broad view on the size effect of GLT
beams. It presents material property distributions for different
beam sizes based on simulation. The main contribution is the qual-
itative as well as quantitative identification of the size effect of GLT
beams in terms of the effective MOE and bending strength.

The paper is structured as follows. Section 2 describes how the
material properties for the wooden boards were derived and pre-
sents the applied modeling approach for GLT beam sections made
from such boards. The proposed approach is verified and experi-
mentally validated in Section 3. The obtained distributions for
the effective MOE EGLT and bending strength f b are given in Sec-
tion 4, which subsequently provide the basis for determining the
size effect of GLT beams with variable beam depths and indepen-
dent lengths. The paper closes with conclusions and discusses fur-
ther research focus and enhancements (Section 5).
2. Materials and methods

To simulate GLT beam sections under constant bending
moment, material properties of the wooden boards are needed.
Section 2.1 provides an overview of the used virtual boards repli-
cated from real wooden boards and how their material properties
were derived. Subsequently, the applied numerical modeling
approach is presented in Section 2.2.
2.1. Wooden board properties

We used virtual three-dimensional boards with section-wise
constant orthotropic stiffness and longitudinal tensile strength
properties derived from actual wooden boards, following a concept
previously applied in [17,36,38]. The distribution of the properties
along the boards were provided by material property profiles
(Fig. 2). The morphological characteristics of the actual board



Fig. 2. Exemplary material property profiles for the section-wise constant proper-
ties of an entire virtual board with (a) the effective longitudinal MOE EL that defines
the orthotropic stiffness in conjunction with the stiffness tensor C and (b) the
effective tensile strength f t in longitudinal direction.
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determined the individual lengths of the consecutive sections. Each
section referred either to a clear wood section (CWS) for defect-
free material or a weak section (WS) for a section including a single
large knot or clustered knots. The boards were 5400 mm long with
a planed width b of 90 mm and depth d of 33 mm. Based on the
original strength grading, the boards were assigned to either
strength class T14 (LS15) or T22 (LS22). Each strength class con-
tained 140 analyzed boards. Vida et al. [38] presents an overview
the virtual reconstruction of the boards and all their determined
profiles.

The material properties of each board were defined by the stiff-
ness tensor C and two property profiles over the entire board’s
length (Fig. 2). The stiffness was provided by C in conjunction with
the profile of the effective longitudinal MOE EL. The other profile
referred to the effective tensile strength f t in the longitudinal
direction. The determination of the profiles is described in [38]. A
brief overview is given in the following:

� The three-dimensional orthotropic stiffness tensor C was deter-
mined for each board individually, based on the micromechan-
ical model proposed by Hofstetter et al. [39]. The density and
moisture content of a board served as the primary input to
the model. For CWSs, EL in the profile was directly extracted
from C. Within WSs, EL was determined as below. Finally, the
tensor C was modified within each section by EL according to
the profile.

� The geometric reconstruction algorithm proposed by Kandler
et al. [40] was used for the three-dimensional board reconstruc-
tion. The data for the algorithmwas supplied by the information
gathered during the strength grading process. The representa-
tion of knots was realized with rotationally symmetric cones.

� The effective longitudinal stiffness EL was derived for individual
WSs in a separate finite element approach outlined in
[17,36,38]. For each WS, the knots and the three-dimensional
fiber course were modeled according to [41,42]. To determine
EL, each WS was loaded in a displacement-controlled manner.
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� The effective tensile strength f t of WSs depended on the specific
knot area ratio, as proposed by Lukacevic et al. [43]. To all CWSs,
a constant strength of 55 N/mm2 was assigned according to the
findings presented in [38].

2.2. Modeling approach

For modeling GLT beam sections loaded under a constant bend-
ing moment (Fig. 3), we applied a three-dimensional finite element
approach based on a previously presented approach [38]. The sim-
ulations were performed by using the finite element software Aba-
qus [44]. Finally, the effective MOE EGLT and bending strength f b of
the modeled GLT beam section were determined. The approach
considers local failure by allowing two discrete crack directions,
as schematically illustrated in Fig. 3.

The length ‘ to depth h ratio of the GLT beam section (Fig. 3)
was kept constant for the majority of the simulations to investigate
the influence of the beam depth h. In this domain of the beam sec-
tion, vertical and horizontal cracking as well as plastic deforma-
tions were allowed to take place. The vertical crack domain
generally covered half of all assembled lamellas within the beam
section on the side under tension. Only the beam with five lamellas
had a greater vertical crack domain covering three lamellas (Fig. 3).
For beams consisting of up to 20 lamellas (h ¼ 660 mm), plastic
deformations were allowed in all remaining lamellas on the com-
pression side. Additionally, the constant length e of 100 mm was
added on both ends to avoid disturbing the area of interest by load
application effects.

Each beam section was assembled from the wooden boards pre-
sented in Section 2.1. The layout of all beam sections was homoge-
neous, meaning that only boards of one strength class were
randomly arranged. Each placed lamella was selected by a uni-
formly distributed pseudo-random process consisting of the fol-
lowing steps:

1. Random picking of a full-length board from the entire pool of
virtual boards.

2. Random longitudinal displacement of the board within the GLT
beam section to define the start and end positions of the
lamella.

3. Random choice of the lamella’s orientation in the GLT beam
layout.

Ordinary GLT beams also include finger joints to overcome
restrictions on the length of individual boards. However, experi-
mental studies [14,15] found that finger joints reach the same
strengths as natural weak points. Therefore, we assume that the
random allocation of lamellas with all their weak points is a rea-
sonable representation of random GLT beam sections.

The bending moment M was applied through reference points
Ri on both ends of the beam section (Fig. 3). Each reference point
was placed in the center of the cross-section area and had six
degrees of freedom, three displacements, u; v , and w, as well as
three rotations, uX;uY, and uZ. The motion of each reference
point was coupled to the corresponding cross-section, which
stayed planar over the entire loading course. The bending
moment was imposed by a rotation / around the Y axis at both
reference points. At reference point R1, the boundary conditions
read as:

u ¼ w ¼ 0; uX ¼ uZ ¼ 0; uY ¼ �/: ð2Þ
At R2 they read as:

uX ¼ uZ ¼ 0; uY ¼ /: ð3Þ



Fig. 3. Representative GLT beam section of length ‘ as used for the numerical simulations with k lamellas resulting in the depth h. The constant bending moment M and the
bearing was applied at the reference points R1 and R2, according to Eqs. (2) and (3).

Table 1
Stiffness tensor coefficient Kii , tensile/shear strength f i , fracture energy Gf , and
viscosity coefficient g.

vertical cracks

f t;s
a N=mm2

� �
10.0–55.0

Gf ;v Nmm=mm2
� �

30.0

gv �½ � 1� 10�6

horizontal cracks

Knn ¼ Kpp ¼ Kqq N=mm3
� �

1� 104

f n N=mm2
� �

5.0

f p ¼ f q N=mm2
� �

6.0

Gf ;h Nmm=mm2
� �

0.6

gh �½ � 1� 10�5

a Tensile strength of lamella section s.

Fig. 4. Traction–separation (t–d) law with the area representing the fracture energy
Gf for (a) vertical cracks and (b) horizontal cracks, where t� and d� are the traction
and separation at damage initiation, respectively, and df is the separation at fully
evolved damage. Adapted from [44].
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Symmetry characteristics in the middle of the width were exploited
by holding the model in the Y direction. Thus, the model size was
reduced by half.

Two failure modes were implemented for either vertical or hor-
izontal discrete cracks (Fig. 3). Together, both modes were able to
cover the effect of cracks interacting over multiple lamellas. For
example, the horizontal cracking allows two vertical cracks with
a horizontal offset in adjacent lamellas to become one continuous
crack. The implementation is described in detail in [38], and briefly
explained in the following:

� Vertical cracks were realized within the framework of XFEM.
The method allows multiple cracks in so-called enriched
regions during the loading. At the bottom half of the beam, each
lamella had its own enriched region (Fig. 3). A vertical crack was
initiated in an entire finite element when the average tensile
stress in longitudinal direction (evaluated in the center of the
finite element) exceeded the prescribed tensile strength f t. After
the initiation, the crack evolution was defined by a linear trac-
tion–separation (t–d) law, describing the interaction between
the two crack surfaces (Fig. 4a). With increasing separation,
the traction decreased governed by the fracture energy Gf ;v.

� Horizontal cracks were implemented between lamellas using
the framework of cohesive surfaces. All adjacent lamellas of
the beam could experience horizontal cracking (Fig. 3). A linear
traction–separation law defined the traction decrease with
increasing separation (Fig. 4b). The surfaces had a prescribed
stiffness tensor coefficient Kii and tensile/shear strength f i, ori-
ented normal to the surface and in the surface plane with the
subscripts n, p, and q, respectively. The fracture energy Gf ;h gov-
erned the evolution of the horizontal crack.

Both failure modes used a viscous regularization scheme for
stabilization control with the viscosity coefficient g. The assigned
strength values and parameters are summarized in Table 1.

The general material behavior was prescribed as linear elastic.
An experimental study on GLT beams [17] found that plastic defor-
mations might occur in the zone of compressive stresses. These
deformations are assumed to be relevant for small beams and high
strength classes. Therefore, we implemented ideal plasticity with a
multisurface failure criterion [45–47] in the upper beam half for
simulations of small beams with a maximum of 20 lamellas corre-
sponding to a depth of 660 mm ( Fig. 3). The influence of consider-
ing plasticity is presented and discussed in Section 4.2. For the
discretization of the model, eight-node hexahedron elements in
conjunction with tri-linear shape functions were used. Section 3.1
presents a study on the mesh size and discusses the selected ele-
ment size.
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Global failure of the beam section was defined by the first 3%
drop of the bending moment M in relation to the maximum
observed bending moment Mmax, which defined the reached
load-bearing capacity. Additionally, an energy criterion was
checked for every simulation to ensure a negligible influence of
the applied stabilization. The criterion uses the energy terms from
Abaqus [44] to relate the dissipated energies, i.e., EALLVD referring to
the vertical cracks and EALLCD to the horizontal cracks, to the total
strain energy EALLIE without EALLCD:

f ¼ EALLVD þ EALLCD

EALLIE � EALLCD
6 5%: ð4Þ

Finally, the effective MOE EGLT and bending strength f b were deter-
mined according to beam theory. The evaluation of EGLT used the
relation between the applied rotation / and the corresponding
bending moment M at two specified loading points. DIN EN 408
[2] defines these points at 10% and 40% of Mmax, which are herein
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indicated with the subscripts 1 and 2, respectively. EGLT then reads
as:

EGLT ¼ 12 ‘þ 2eð Þ
bh3 � M2 �M1

2 /2 � /1ð Þ ; ð5Þ

and f b reads as:

f b ¼ 6Mmax

bh2 ; ð6Þ

where the dimensions ‘; e; b, and h can be found in Fig. 3.

3. Experimental validation and model verification

The mesh size dependency of the proposed numerical model is
discussed in Section 3.1 before an experimental validation is
shown in Section 3.2. Section 3.3 discusses how different dimen-
sional ratios are considered in the present study.

3.1. Influence of mesh size

The mesh size was of relevance for the bottom half of the beam,
where vertical cracking was enabled. In order to quantify the influ-
ence of the mesh size, three different discretizations were used:
two, three, and four finite element layers over the lamella depth.
Over the half lamella width, three, four, and five finite element lay-
ers were used, respectively. For the upper beam half, each lamella
was discretized with only one element over the depth and a length
of about 60 mm.

GLT beam sections with a fixed dimensional ratio of 1:5 and
variable depths of 165 mm, 330 mm, 660 mm, and 1980 mm were
investigated. For each strength class and depth, 50 simulations
were performed and the results were combined in probability dis-
tribution functions (PDFs) fitted by maximum likelihood estima-
Fig. 5. Comparison of PDFs for the bending strength f b obtained from simulations with di
covering both strength classes and four beam section depths: (a) 165 mm, (b) 330 mm,
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tions. A normal distribution was applied for the effective MOE
EGLT and a log-normal distribution for the bending strength f b.

The effective MOE EGLT turned out to be independent of the
mesh size (deviation of about 0.1 %). The bending strength f b
showed only a minor dependency on the mesh size (Fig. 5). The
mean bending strength f b;mean and characteristic bending strength
f b;k obtained with two finite element layer per lamella depth
showed a difference to the finest mesh of less than 2%. The maxi-
mum deviation was determined for f b;k, corresponding to beam
sections of strength class GL30h with a depth of 660 mm
(Fig. 5c). As a result, two finite element layer per lamella depth
were used for all further simulations.
3.2. Experimental validation

With the herein proposed modeling approach (Section 2.2), the
estimated effective MOE EGLT and bending strength f b agree well
with experimental results from 40 tested GLT beams, covering
two strength classes and beam sizes (Fig. 6). The results stem from
an experimental study on GLT beams with well-known knot mor-
phology presented by Kandler et al. [17]. The test setup was a four-
point bending test consistent with DIN EN 408 [2], and the beams
were manufactured from the same boards that served herein as
basis for the virtual boards (Section 2.1). All positions of the boards
within the beam layout were documented. The beams had no fin-
ger joints.

The four beam types A, B, D, and E are designated according to
their strength class and number of lamellas as follows: A/T14-4, B/
T22-4, D/T14-10, and E/T22-10. Ten tests were carried out for each
type. The beam depth was 132 mm and 330 mm for the beams
consisting of four and ten lamellas, respectively. The homogeneous
beam layout made out of lamellas from strength class T14 or T22
fferent discretization: two, three, or four finite element layers over the lamella depth
(c) 660 mm, and (d) 1980 mm.



Fig. 6. Comparison of experimental results (subscript exp) to simulation results (subscript sim) for (a) the effective MOE EGLT and bending strength f b.
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resulted in beams of the strength class GL24h or GL30h,
respectively.

For the validation, each beam layout of the tested GLT beams
was herein reconstructed within the modeled beam sections,
which had the same dimensional ratio as the experiments:
‘=h ¼ 6:0. The simulated effective MOE EGLT (Fig. 6a) and bending
strength f b (Fig. 6b) agree well with the experimental results.
The average results for each type are provided in Table 2.
3.3. Consideration of different dimensional ratios

It can be assumed that the beam length to depth ratio ‘=h, also
referred to as dimensional ratio, influences the structural response.
In order to estimate the extent of this influence, 1400 simulations
were carried out with modeled sections having a ratio ‘=h of 6:0
and 4800 simulations with a ratio ‘=h of 1:5, both ratios covered
beam depths h of 165 mm, 330 mm, and 660 mm. Again, normal
distributions were fitted with maximum likelihood estimations
to the effective MOE EGLT and log-normal distributions to the bend-
ing strength f b.

The resulting PDFs for the three different beam depths are given
in Fig. 7. For each beam depth and property, the PDFs for the two
different dimensional ratios and strength classes are plotted
against each other. The mean effective MOE EGLT;mean is hardly influ-
enced by the dimensional ratio (Fig. 7a–c), with a maximum devi-
ation of 2.2%. The same applies to the characteristic effective MOE
EGLT;k, which differs by a maximum of 4.6%. Thus, the dimensional
ratio has only an insignificant influence on EGLT.

In contrast, the bending strength f b heavily depends on the
dimensional ratio (Fig. 7d–f). This poses a problem because as
Table 2
Mean values of the effective MOE EGLT and the bending strength f b of all four beam types
experimental results.

Typea EGLT;sim
N=mm2
� � f b;s

N=m
�

A 10275 39.9
B 13559 46.7
D 10619 32.1
E 12859 37.0

a Ten beams of each type.
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the model size increases with increasing dimensional ratio, the
nonlinear calculations to determine the bending strength become
very time consuming. For this reason, it would be very valuable
to predict the bending strength for different dimensional ratios
only based on the results of the finite element models with a ratio
of 1:5.

This was achieved by combining the n simulation results for the
dimensional ratio of 1:5 to estimate results for larger dimensional
ratios p� 1:5 in the following way:

f b;i ¼ min f b; i�1ð Þ�pþ1; f b; i�1ð Þ�pþ2; . . . ; f b; i�1ð Þ�pþp

� �
; ð7Þ

with i 2 1; . . . ; n=pb cf g, where �b c denotes the floor function that
rounds the included number to the nearest smaller integer.

This method could be roughly validated by evaluating it for
p ¼ 4 and comparing it to the available simulation results for the
dimensional ratio of 6:0, which is shown in Fig. 8. Considering
the simplicity of Eq. (7), the agreement with the simulation results
is surprisingly good, with a maximum deviation of the mean bend-
ing strength of 3.3% and the characteristic bending strength of
2.2%. For this reason, this method can be used to estimate the influ-
ence of different dimensional ratios.
4. Results and discussion regarding the size effect

For addressing the size effect, an extensive simulation program
covering beams in the standardized test setup [2] with depths
ranging from 165 mm up to 3300 mm, corresponding to two com-
mon strength classes GL24h and GL30h, was carried out. The num-
ber of simulations performed depended on the beam size but was
obtained from simulations (subscript sim). EGLT;rel denotes the ratio of simulated over

im

m2
� EGLT;rel

�½ �
f b;rel
�½ �

1.04 1.02
1.04 0.97
1.03 1.05
0.97 0.89



Fig. 7. Comparison of PDFs for (a–c) the effective MOE EGLT and (d–f) the bending strength f b obtained from simulations with the dimensional ratios of 6:0 or 1:5 covering
both strength classes for three beam depths: 165 mm, 330 mm, and 660 mm.

Fig. 8. Comparison of PDFs for the bending strength f b obtained from simulations with the dimensional ratios of 6:0 or 4� 1:5 covering both strength classes for three beam
depths: (a) 165 mm, (b) 330 mm, and (c) 660 mm.
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the same for both strength classes (Table 3). All models had a
dimensional ratio of 1:5 using the modeling approach presented
in Section 2.2 and were generated by random assembly of the
140 virtually reconstructed wooden boards of each strength class
described in Section 2.1.
Table 3
Studied beam depths with the corresponding number of lamellas and simulations.

Depth h Lamellas Sample sizea

mm½ � �½ � �½ �
165 5 1600
330 10 400
660 20 400
1320 40 400
1980 60 300
2640 80 200
3300 100 200

a For each strength class with ‘=h ¼ 1:5.
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Fig. 9 shows exemplarily one model for each beam size and the
corresponding obtained failure mechanism. Finally, the approach
provided the effective MOE EGLT and bending strength f b according
to Eqs. (5) and (6), respectively. For different absolute lengths of a
beam section with specific depth (different dimensional ratios), the
corresponding bending strengths f b were obtained according to
Section 3.3.

This section is structured as follows: First, the choice of suitable
PDFs based on a sufficient number of simulations is discussed in
Section 4.1. The influence of considering plasticity in regions with
compressive stresses is briefly outlined in Section 4.2. Section 4.3
and Section 4.4 address the size effect with respect to EGLT and
f b, respectively. Finally, the influence of the beam length on f b
for each beam depth is presented in Section 4.5.
4.1. Choice of probability distribution functions and sample sizes

First, the suitability of different two-parameter PDFs was visu-
ally assessed by quantile–quantile (Q–Q) plots, i.e., normal and



Fig. 9. Exemplary layout and failure mechanisms of simulated GLT beam sections with a dimensional ratio of 1:5 for all seven depths, built by five to 100 lamellas. The
effective longitudinal MOE EL is illustrated in blue with increasing values from light to dark shading and vertical cracks are highlighted in red.
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log-normal distributions for the effective MOE EGLT and log-normal
and Weibull distributions for the bending strength f b. Maximum
likelihood estimations fitted the distribution parameters. The visu-
ally best fit was used for all further investigations. Second, the
change of the mean and characteristic values was analyzed with
increasing sample size, up to the maximum number of simulations
for a certain beam depth, given in Table 3. All those results are
shown in detail for the whole simulation program in Appendix A
in Fig. A1–A6. The results are summarized in Fig. 10.

The simulation results of the effective MOE EGLT fitted best to
the normal distribution. From as little as about 20% of the carried
out simulations, the mean and the characteristic value are rela-
tively constant and the deviation from the final value is less than
2% (Fig. 10a).

To the bending strengths f b obtained from simulations, the log-
normal distribution fitted best. Two different lengths of each beam
depth were separately studied with a dimensional ratio of 1:5 and
4� 1:5. From about 65% of the sample size, characteristic values
over- or underestimate the final result by less than 2% (Fig. 10b,
c). Generally, the mean value shows a smaller deviation from the
final result than the characteristic value.
4.2. Influence of considering plasticity

Considering plasticity in compressive stress regions changes the
stress distribution over the cross-section. According to beam the-
ory, under bending and for a material with ideal elastic-plastic
behavior the linear distributed tensile stresses increase with
increasing plastic zones for compressive stresses over a cross-
section. For this reason, consideration of plastic deformations
should reduce the effective GLT bending strength. To identify this
Fig. 10. Evolution of characteristic and mean values as envelope curves, including all beam
for (a) the effective MOE EGLT based on normal distributions and (b,c) the bending streng
and 4� 1:5, respectively.

8

influence, we compared the same beam section layout with and
without considering plasticity.

The plastic deformations mainly affected beams of smaller
depth and of the higher strength class (Fig. 11). However, the char-
acteristic bending strength f b;k of all three beam sizes is affected by
less than 1% using the ratio ‘=h of 1:5 . A greater influence was
observed for the simulations reaching higher bending strengths.
The results using the ratio ‘=h of 4� 1:5 had an even smaller influ-
ence. Frese [25] found a slightly more pronounced influence using
the Karlsruher Calculation Model. This could be caused by the differ-
ent modeling strategies, where their strategy models failure even
more brittle.
4.3. Size effect on the effective MOE

The effective MOEs obtained by the simulation program clearly
demonstrate, for both strength classes, that with increasing beam
size the variation reduces and the mean value stays essentially
constant (Fig. 12a,b). A normal distribution (Section 4.1) was fitted
to the simulation results to determine characteristic values. The
following paragraphs discuss the accuracy of the obtained mean
values and the consequences of the variation.

In contrast to the mean values provided by DIN EN 14080 [1],
the mean values derived from the simulations result in an under-
estimation for the lower strength class of about 7% and for the
higher one of about 3% (Table 4). Considering all model assump-
tions, including the virtual reconstruction of the boards, these
deviations are acceptable and rather small.

The changing variation causes the characteristic value to
depend on the beam size, which conflicts with the constant charac-
teristic value provided by DIN EN 14080 [1]. The proportion factor
kh;E describes the characteristic to mean value ratio to address this
depths and both strength classes, depending on the proportion r of the sample size
th f b based on log-normal distributions from results with a dimensional ratio of 1:5



Fig. 11. Comparison of the bending strength distributions obtained from simulations with and without considered plasticity for the dimensional ratio of 1:5 three beam
depths: (a) 165 mm, (b) 330 mm, and (c) 660 mm.

Fig. 12. Effective MOE EGLT values and normal distributions obtained from simulations with the beam depth h and a dimensional ratio of 1:5 for strength classes (a) GL24h
and (b) GL30h, which are used to derive (c) the proportional factor kh;E .

Table 4
Mean longitudinal MOE E0;g;mean according to DIN EN 14080 [1] compared to the mean
effective MOE EGLT;mean from the performed simulations (sim) and the experiments
(exp) presented in Section 3.2.

Strength class E0;g;mean

N=mm2
� � E sim

GLT;mean

N=mm2
� � E exp

GLT;mean

N=mm2
� �

GL24h 11500 10666 10075
GL30h 13600 13168 13159
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effect. Generally, our simulations of beams with a depth over
330 mm result in higher proportion factors than the defined con-
stant factor of 5=6 in [1] (Fig. 12c).

A suitable functional description of the proportional factor kh;E
(Fig. 12c) was found based on the size effect concept according
to Eq. (1) from [3]:

kh;E ¼ 1�m0 � 600
h

� 	1=m1

; ð8Þ

where m0 and m1 are parameters depending on the strength class.
Based on the simulation results, the parameters of Eq. (8) were
determined with the least squares method, for both strength
classes:

GL24h :
m0 ¼ 0:1156
m1 ¼ 1:5078



: ð9Þ

GL30h :
m0 ¼ 0:0906
m1 ¼ 1:6523



: ð10Þ

For beams of the reference depth (href ¼ 600mm), Eq. (8) results in
a proportion factor kh;E of 88% and 91% in conjunction with the
parameters from Eqs. (9) and (10), respectively. Experimental tests
in the literature [13–15] suggest no evident influence of the beam
9

size. However, the considered beam depths are restricted to about
300 mm and 600 mm.

4.4. Size effect on the bending strength

The effective bending strengths, obtained by our simulations,
decreased for both strength classes with increasing beam size
(Fig. 13a,b). This size effect becomes even more obvious when
looking at the trend of the characteristic strength values normal-
ized to the characteristic strength of the reference beam depth of
600 mm (Fig. 13c). The log-normal distribution (Section 4.1) pro-
vided the basis to derive mean and characteristic values. The fol-
lowing paragraphs are dedicated to the functional description of
the characteristic strength in conjunction with the factor kh, which
is commonly used to describe the size effect.

The size effect on the characteristic bending strength f b;k can be
analytically described by the concept of DIN EN 1995-1-1 [3],
introduced in Eq. (1). Herein, we use the same concept to analyti-
cally describe our simulation results. We modify the characteristic
reference bending strength f b;k;ref by kh for a beam with depth h as
follows:

f b;k ¼ f b;k;ref � kh ¼ m2 � 600
h

� 	1=m3

; ð11Þ

where m2 is a parameter which equals f b;k;ref and the decrease of kh
is controlled by the reciprocal ofm3. In the concept of DIN EN 1995-
1-1 [3], m2 is the characteristic bending strength fm;g;k of the corre-
sponding strength class, and the parameterm3 is identified as being
10 from Eq. (1).

The simulation results of f b;k;ref for GL24h and GL30h overesti-
mate the values provided by DIN EN 14080 [1] by about 7% and 4%,
respectively. For the derivation of f b;k;ref (m2), the parameters m2



Fig. 13. Bending strength f b values and distributions obtained from simulations with the beam depth h and a dimensional ratio of 4� 1:5 for strength classes (a) GL24h and
(b) GL30h, which are used to derive (c) the factor kh commonly describing the size effect.

Fig. 14. Comparison of the normalized values k‘=h , which denote the difference of
the characteristic bending strength f b;k for different dimensional ratios (beam
section lengths) in reference to the dimensional reference ratio (‘=h ¼ 6:0) of each
individual beam depth h. The scatters refer to the simulated results obtained by
using the procedure proposed in Section 3.3. The horizontal lines are based on
Weibull’s strength theory [4] obtained by Eq. (16).
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and m3 on the right-hand side of Eq. (11) were fitted to our simu-
lation results employing the least squares method:

GL24h :
m2 ¼ 25:74 N=mm2

m3 ¼ 13:50

(
; ð12Þ

GL30h :
m2 ¼ 31:23 N=mm2

m3 ¼ 12:69



: ð13Þ

The label of a strength class matches the characteristic bending
strength provided in [1], with GL24h and GL30h referring to
24 N/mm2 and 30 N/mm2, respectively. The modification of the
characteristic strength offered by [1] to account for a lamella depth
diverging from 40 mm was omitted.

Our predicted size effect quantifies the strength decrease with
increasing beam size. As a result, the characteristic bending
strengths f b;k of beams with a depth of 3300 mm experience a
decrease of about 12% compared to f b;k;ref (Fig. 13c), which applies
to both strength classes. The concept of kh in DIN EN 1995-1-1 [3]
considers only beam sizes smaller than the reference size. For such
beams, the herein obtained distribution of kh agrees well with the
one defined by Eq. (1) from [3]. Furthermore, the established kh
describes the strength decrease of beam sizes greater than the ref-
erence size.

In comparison to the literature results, the decreasing trend
agrees with the results presented by Frese and Blaß [24]. In [24],
a reduction of about 18% for beams with 3000mm depth was pre-
dicted by employing the Karlsruher Calculation Model. The findings
of Fink et al. [32] were contradictory, generally observing no size
effect for beams with a depth in the range of 320 mm to
1200mm using a probabilistic approach. However, these variations
can be explained by different model assumptions, especially with
regard to the global failure criterion. A detailed description of the
different models, a comprehensive comparison to our modeling
approach, and an in-depth analysis of our simulation results
including the different failure modes will be presented in a subse-
quent publication.

4.5. Influence of the dimensional ratio

For the effective MOE, the comparison of different beam lengths
suggests only a minor influence of the dimensional ratio (Fig. 7a–
c). In contrast, the bending strength seems to depend heavily on
the dimensional ratio (Fig. 7d–f). Thus, an appropriate formulation
is needed to determine realistic bending strengths for varying
dimensional ratios.

To be able to analyze this dependency in an efficient way, we
have proposed in Section 3.3 a procedure only using the simulation
results of the model with a dimensional ratio of 1:5. With this pro-
cedure, we estimated the bending strengths of GLT sections with
10
seven different depths and five different lengths to depth ratios
‘=h, ranging from 1:5 to 9:0.

The obtained characteristic bending strengths f b;k;h;‘=h were then
normalized by the result f b;k;h;6:0 of the corresponding beam depth h
with a ratio ‘=h of 6:0 (4� 1:5). This normalized value is denoted as
k‘=h, and it is plotted for the individual simulated beam depths h in
Fig. 14. There, the influence of different beam lengths, based on the
five ratios, is illustrated for all beam depths individually. The beam
length for a specific ratio is thus different for each beam depth.

Generally, for each beam depth, the bending strength decreases
with increasing dimensional ratio (beam length). This effect is
more pronounced for smaller beam depths, especially smaller than
660 mm. Above 660 mm the factor k‘=h stays almost constant with
increasing beam depth h for each dimensional ratio. This effect can
be described quite adequately with the general relation proposed
by Colling [48] (Fig. 14, horizontal lines), based onWeibull’s theory
[4], reading:

kh ¼ V ref

V

� 	1=m4

: ð14Þ

A volume V is composed of its length ‘, width b, and depth h. Spec-
ification of Eq. (14) for beams with a constant width, dimensional
reference ratio of 6:0, and reference depth of 600 mm leads to:

kh ¼ 6:0 � 6002

‘=h � h2

 !1=m4

; ð15Þ

where ‘=h denotes the specific dimensional ratio with the length ‘

and depth h. Finally, the factor kh can be normalized by dividing



C. Vida, M. Lukacevic, G. Hochreiner et al. Materials & Design 225 (2023) 111550
Eq. (15) with itself specified for the dimensional reference ratio
‘=h ¼ 6:0, giving the factor k‘=h:

k‘=h ¼ 6:0 � 6002

‘=h � h2

 !1=m4

=
6:0 � 6002

6:0 � h2

 !1=m4

¼ 6:0
‘=h

� 	1=m4

: ð16Þ

The parameter m4 can be determined based on the realized simula-
tions (Fig. 13), where m4 ¼ 2 �m3 for the corresponding strength
class from Eqs. (12) and (13). The relation comes from considering
the beam length and depth in Eqs. (15) in comparison to Eq. (11),
where only the depth is used.

5. Conclusion and outlook

We proposed a modeling approach to predict the effective MOE
and bending strength of GLT beams, taking into account essential
mechanical effects. At the same time, the approach was efficient
enough to perform extensive simulation programs. Based on
8840 simulations, covering two different strength classes, beam
depths from 165mm to 3300mm, and two different depth to beam
lengths, the size effect regarding stiffness and strength properties
could be identified and discussed. The normal and log-normal dis-
tributions proved suitable for describing the effective MOE and the
bending strength distribution obtained from simulations. The
number of simulations required to achieve reliable distributions
decreased with increasing beam depth. The consideration of plastic
deformations in regions with high compressive stresses had no sig-
nificant impact on the predicted characteristic strength values.

Regarding the effective MOE EGLT, the following conclusion can
be drawn:

� For both investigated strength classes, the characteristic stiff-
ness values increased with increasing beam depth. However,
the mean values were nearly constant, independent of the beam
depth. As a result, the coefficient of variation decreased with
increasing beam depth, questioning the depth-independent
ratio of characteristic to mean value from DIN EN 14080 [1].

Regarding the bending strength f b, the following conclusions
are drawn:

� Based on a comprehensive simulation program, the size effect
could be determined qualitatively as well as quantitatively for
beam depths ranging from 165 mm to 3300 mm. For the char-
acteristic strength values a continuous decrease was observed,
up to about 12% strength reduction compared to the reference
depth of 600 mm. However, the variation of obtained strength
values significantly decreased with increasing beam depths.
All these effects applied to both investigated strength classes.

� The influence of the length of the GLT beam or dimensional
ratio ‘=h, respectively, can be estimated with sufficient accuracy
using an analytical formula according to Colling [48], especially
for beam depths larger than 660 mm. This was validated by
means of simulation results and a concept to extent these
results to arbitrary beam lengths.

Further research, based on the same data, is going to focus on
the failure mechanisms observed for different beam sizes. This
includes analyzing the number of lamellas contributing to the fail-
ure process and the influence of employing different global failure
criteria. Such knowledge benefits the development of future mod-
eling approaches.

In the future, the constant fracture energies will be replaced by
section-wise constant ones, which can be achieved by detailed
numeric simulations of the knot sections applying the so-called
phase field method for fracture presented by Pech et al. [49,50].
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Due to the three-dimensional modeling, variable material proper-
ties over the width can be implemented in the approach easily.
Additionally, it is easy to adapt the approach to investigate the fail-
ure behavior of GLT beam sections under tensile loads.

Furthermore, we suggest research on the decreasing coefficient
of variation for increasing beam depths for both examined material
properties, i.e., the effective MOE and the bending strength. This is
important for developing future holistic design concepts with a
constant failure probability.
6. Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
Data availability

Data will be made available on request.
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Appendix A. Material property distributions for different beam
depths

In this appendix, we present the simulation-based PDFs for the
effective MOE EGLT and the bending strength f b for each investi-
gated beam depth and strength class. The distributions were fitted
by employing maximum likelihood estimations. The Hazen
method [51] determined the theoretical quantiles in the Q–Q plots
to visually assess the more suitable fit. For determining the
required number of simulations (sample size) regarding a certain
beam depth, the change of the characteristic values with an
increasing sample size is shown. The characteristic values were
chosen because they are subject to greater variation than the mean
values. Appendix A.1 presents the results regarding the effective
MOE EGLT and Appendix A.2 regarding the bending strength f b.
A.1. Effective MOE distributions

The normal and log-normal distributions of the effective MOE
EGLT were compared for each strength class, GL24h (Fig. A1) and
GL30h (Fig. A2). Table A1 provides the individual values of all pre-
sented PDFs. We found that the normal distribution represents a
more suitable fit compared to the log-normal distribution. Further,
the observed change of the characteristic value for an increasing
number of considered simulations was generally independent from
the selected distribution.



Fig. A1. The effective MOE EGLT obtained from simulations of beam sections with different depths (a–g), a dimensional ratio of 1:5, and belonging to strength class GL24h. For
each depth, the histogram with normal and log-normal distributions, the Q–Q plot, and the relative change of the characteristic values for an increasing number of considered
results n are illustrated and referred to by subscripts 1–3, respectively.
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Fig. A1 (continued)
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Fig. A2. The effective MOE EGLT obtained from simulations of beam sections with different depths (a–g), a dimensional ratio of 1:5, and belonging to strength class GL30h. For
each depth, the histogram with normal and log-normal distributions, the Q–Q plot, and the relative change of the characteristic values for an increasing number of considered
results n are illustrated and referred to by subscripts 1–3, respectively.
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Fig. A2 (continued)
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Table A1
Distributions of the effective MOE EGLT for GLT beam sections with depth h and a dimensional ratio of 1:5.

Strength class Depth h Normal distribution Log-normal distribution

5% quantile mean CVa 5% quantile mean CVa

mm½ � N=mm2
� �

N=mm2
� � �½ � N=mm2

� �
N=mm2
� � �½ �

GL24h 165 7523 10363 0.1666 7694 10367 0.1736
330 8860 10648 0.1021 8928 10649 0.1041
660 9530 10686 0.0657 9562 10686 0.0663

1320 10019 10734 0.0405 10032 10734 0.0406
1980 10126 10745 0.0350 10136 10746 0.0351
2640 10337 10764 0.0241 10341 10764 0.0242
3300 10271 10722 0.0256 10276 10722 0.0256

GL30h 165 10415 12983 0.1203 10489 12986 0.1256
330 11423 13109 0.0782 11472 13109 0.0793
660 11987 13168 0.0546 11999 13169 0.0556

1320 12514 13227 0.0328 12526 13227 0.0328
1980 12642 13220 0.0266 12649 13220 0.0267
2640 12750 13224 0.0218 12753 13224 0.0219
3300 12815 13247 0.0198 12818 13247 0.0199

a Coefficient of variation.
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A.2. Bending strength distributions

The log-normal and Weibull distributions of the bending
strength f b were compared for each strength class based on results
Fig. A3. The bending strength f b obtained from simulations of beam sections with differ
For each depth, the histogram with normal and log-normal distributions, the Q–Q plot
considered results n are illustrated and referred to by subscripts 1–3, respectively.
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with a dimensional ratio of 1:5 (Fig. A3 for GL24h and Fig. A4 for
GL30h) and of 4� 1:5 (Fig. A5 for GL24h and Fig. A6 for GL30h).
The individual values of all presented distributions are provided
in Table A2 and Table A3 for the dimensional ratio of 1:5 and
ent depths (a–g), a dimensional ratio of 1:5, and belonging to strength class GL24h.
, and the relative change of the characteristic values for an increasing number of



Fig. A3 (continued)
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Fig. A4. The bending strength f b obtained from simulations of beam sections with different depths (a–g), a dimensional ratio of 1:5, and belonging to strength class GL30h.
For each depth, the histogram with normal and log-normal distributions, the Q–Q plot, and the relative change of the characteristic values for an increasing number of
considered results n are illustrated and referred to by subscripts 1–3, respectively.
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Fig. A4 (continued)

C. Vida, M. Lukacevic, G. Hochreiner et al. Materials & Design 225 (2023) 111550

19



Fig. A5. The bending strength f b obtained from simulations of beam sections with different depths (a–g), a dimensional ratio of 4� 1:5, and belonging to strength class
GL24h. For each depth, the histogramwith normal and log-normal distributions, the Q–Q plot, and the relative change of the characteristic values for an increasing number of
considered results n are illustrated and referred to by subscripts 1–3, respectively.
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Fig. A5 (continued)
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Fig. A6. The bending strength f b obtained from simulations of beam sections with different depths (a–c), a dimensional ratio of 4� 1:5, and belonging to strength class
GL30h. For each depth, the histogramwith normal and log-normal distributions, the Q–Q plot, and the relative change of the characteristic values for an increasing number of
considered results n are illustrated and referred to by subscripts 1–3, respectively.
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Fig. A6 (continued)
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4� 1:5, respectively. We found that the log-normal distribution
represents a more suitable fit compared to the Weibull distribu-
tion. Further, the observed change of the characteristic value for
23
an increasing number of considered simulations was generally
more sensitive for the Weibull distribution than the log-normal
distribution.



Table A2
Distributions of the bending strength f b for GLT beam sections with depth h and a dimensional ratio of 1:5.

Strength class Depth h Log-normal distribution Weibull distribution

5% quantile mean CVa 5% quantile mean CVa

mm½ � N=mm2
� �

N=mm2
� � �½ � N=mm2

� �
N=mm2
� � �½ �

GL24h 165 30.92 41.72 0.1743 27.91 41.62 0.1855
‘=h ¼ 1:5ð Þ 330 29.76 36.90 0.1265 27.58 36.80 0.1385

660 27.41 32.94 0.1085 25.68 32.86 0.1201
1320 25.59 29.66 0.0875 23.95 29.54 0.1035
1980 24.98 28.37 0.0757 23.97 28.31 0.0833
2640 24.27 27.64 0.0774 23.18 27.57 0.0867
3300 23.59 26.78 0.0754 22.49 26.70 0.0858

GL30h 165 37.95 47.49 0.1316 35.79 47.43 0.1355
‘=h ¼ 1:5ð Þ 330 35.49 42.82 0.1108 32.83 42.66 0.1268

660 32.53 38.37 0.0978 30.64 38.25 0.1090
1320 30.94 35.71 0.0851 29.28 35.61 0.0971
1980 29.40 33.68 0.0809 27.63 33.57 0.0965
2640 29.21 32.73 0.0678 27.84 32.63 0.0798
3300 28.84 32.29 0.0675 27.61 32.21 0.0774

a Coefficient of variation.

Table A3
Distributions of the bending strength f b for GLT beam sections with depth h and a dimensional ratio of 4� 1:5.

Strength class Depth h Log-normal distribution Weibull distribution

5% quantile mean CVa 5% quantile mean CVa

mm½ � N=mm2
� �

N=mm2
� � �½ � N=mm2

� �
N=mm2
� � �½ �

GL24h 165 27.81 34.59 0.1281 25.52 34.46 0.1437
‘=h ¼ 4� 1:5ð Þ 330 27.43 32.10 0.0931 26.42 32.07 0.0960

660 25.81 29.15 0.0725 24.50 29.06 0.0854
1320 24.22 27.10 0.0670 23.35 27.06 0.0744
1980 23.72 26.07 0.0566 23.12 26.05 0.0607
2640 23.01 25.26 0.0557 22.32 25.22 0.0621
3300 22.37 24.69 0.0590 22.01 24.68 0.0586

GL30h 165 34.66 41.25 0.1028 33.30 41.18 0.1046
‘=h ¼ 4� 1:5ð Þ 330 33.01 38.06 0.0844 31.56 37.98 0.0922

660 30.27 34.49 0.0777 29.27 34.45 0.0817
1320 29.64 32.50 0.0551 28.80 32.46 0.0610
1980 28.21 30.90 0.0547 27.34 30.85 0.0616
2640 28.05 30.56 0.0513 27.20 30.51 0.0586
3300 27.33 30.11 0.0580 26.49 30.06 0.0643

a Coefficient of variation.
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