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Developing simulation approaches to predict the structural behavior of glued laminated timber (GLT) beams
under loading is essential for formulating efficient design concepts, particularly for large-span structures. While
experimental data for GLT beams according to European standards are limited to depths of about 1 m with

‘ rather small sample sizes, a substantial knowledge gap exists for beams already used in practice with depths
Size effect . R . . . .
Glued laminated timber up to 3m. For such large beams, conflicting size effects have been reported by simulation studies. Numerical
XFEM modeling of GLT beams is challenging, e.g., the quasi-brittle nature of wood requires modeling progressive
failure mechanisms and nonlinear behavior during loading. This study examines the influence of three global
failure criteria on bending strength, modulus of elasticity (MOE), and damage states of simulated GLT beams
without finger joints. The examination is based on data from 11800 simulations covering seven beam sizes
up to 3.3m and two strength classes. The simulations incorporated discrete vertical and horizontal cracking
and plastic deformations. The findings reveal that the choice of failure criterion significantly influences
the predicted bending strength, while the MOE remains practically unchanged. A load-drop criterion most
effectively captured the peak loads, highlighting the role of progressive damage accumulation. The reported
damage states provide insights into the failure processes modeled in the simulations. These results underscore
the importance of selecting appropriate failure criteria and mechanisms in numerical models to predict the
performance of large-scale GLT beams.

1. Introduction 12]). Determining the change in strength with increasing structural

size, known as the size effect, is practically infeasible for beams with

Wood, as a naturally growing resource, exhibits remarkable me-
chanical properties relative to its light weight. However, inherent char-
acteristics of wood, such as knots, lead to greater variability in material
properties compared to materials like brick or steel. The development
of numerical simulation approaches has been crucial for understanding
the mechanical behavior and enhancing the performance of glued
laminated timber (GLT), a widely used building material.

Manufacturing GLT enables the production of beams larger than
single timber boards and helps homogenize material properties, re-
ducing variability. GLT beams are constructed by stacking and glu-
ing laminations made from finger-jointed timber boards, allowing for
laminations of virtually endless length. This manufacturing process
makes GLT beams highly suitable for wide-span structures. In recent
decades, beam sizes have increased, with European manufacturers now
producing beams up to 3m in depth.

The application of such large beams presents a challenge, as experi-
mental data has mainly been gathered from smaller beams (e.g., [1-

depths up to 3m. For smaller beams, the size effect was experimen-
tally determined by, e.g., Aasheim and Solli [7] and Schickhofer [8].
Additionally, capturing variability in experiments requires tremendous
effort when producing large sample sizes. Falk et al. [6] tested an
extensive sample size of 312 beams in the same test setup, covering
three strength classes.

Numerical simulation approaches offer an effective alternative to
experiments, capable of modeling large-scale beams with large sample
sizes. The present work focuses on GLT beams made from softwood and
in compliance to European standards. Recent investigations [13-15]
have utilized numerical methods to study the load-bearing capacity
of homogeneous layouts according to European standards, including
large-scale beams. Their results have been successfully compared to
small-scale experimental data. These studies captured the varying ma-
terial properties along the boards by defining weak sections, where
properties such as tensile strength and modulus of elasticity (MOE)
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were reduced compared to defect-free sections. Each approach used dif-
ferent methods to assign section-wise constant material properties [5,
16-19].

A related simulation study by Lam [20] investigated the size effect
in GLT beams according to North American rules. However, since
factors such as the quality and grading practices influence the size
effect [20], these results may not be directly comparable and are not
considered further in this work.

Regarding studies based on European standards, Fink et al. [13]
presented a probabilistic approach to simulate the load-bearing ca-
pacity, including an analysis of beams with depths up to 1.2m. Frese
and BlaR [14] used an updated version of the Karlsruhe Calculation
Model [16,21,22] to investigate the size effect for beams up to 3.0m
depth. Both approaches implemented progressive failure, modeled as
perfectly brittle. However, wood failure in tension is quasi-brittle,
characterized by a fracture process zone ahead of the crack tip, which
enables stress redistribution [23]. Modeling GLT beams with quasi-
brittle fracture was addressed by Blank et al. [24]. Tapia Cami and
Aicher [25] employed the extended finite element method (XFEM) with
a traction—separation law to simulate quasi-brittle failure in hardwood
GLT beams. For softwood GLT beams, the interaction of horizontally
offset damage modeled with XFEM was addressed by implementing
cohesive failure surfaces, as presented in [26]. Building on this model,
the size effect for beams up to 3.3 m deep was studied in [15].

All modeling approaches accounted for progressive failure dur-
ing loading, ultimately leading to global failure. However, capturing
such failure mechanisms experimentally remains extremely challeng-
ing. Cracks are typically recorded after beam failure, making it difficult
to identify the early damage that triggers massive crack expansion
during the load drop. Moreover, visible cracks on the beam surface can
differ from internal failures within the cross-section [12]. One approach
that can help to localize microcracks before they are visually detected
or captured by camera involves the use of acoustic emissions [27].
Acoustic emissions indicate that damage initiates at very early stages,
between 5% and 20% of peak stress [28]. Moreover, microdamage
occurring prior to the formation of macroscopic cracks appears to have
no significant influence on global stiffness [29].

Notably, the three studies [13-15] presented varying results re-
garding the size effect, highlighting the significant influence of the
chosen modeling approach. Each study applied a different global failure
criterion to determine the beams’ load-bearing capacity. The differences
in failure criteria raise important questions about how these definitions
affect the load-bearing capacity and the associated progressive dam-
age states, particularly as beam sizes vary. Additionally, progressive
damage states are rarely reported in the literature, leaving gaps in
understanding the modeled damage mechanisms.

To analyze the influence of different global failure criteria on the
load-bearing capacity and the modeled damage states across various
beam sizes, we evaluated results from 11800 simulations involving
seven beam sizes and two strength classes, originally conducted in
a previous study [15]. These simulations provided complete load-
displacement paths, enabling us to determine load-bearing capacities
using three different global failure criteria based on the mentioned
studies [13-15]. Additionally, we performed a detailed analysis of the
failure mechanisms implemented within the numerical approach.

In a broader context, simulation approaches like the one presented
in this study can provide a valuable foundation for future data-driven
models. Compared to experimental campaigns, they enable extensive
sample sizes and offer insights into failure processes that are difficult to
capture experimentally. These datasets can support the development of
surrogate models for applications such as structural reliability analysis
or the prediction of damage evolution. For example, Ni et al. [30]
employed a Kriging surrogate model to predict the probability distri-
bution of the load-bearing capacity of nonlinear structures resulting
from variability in material parameters. Goswami et al. [31] used
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a physics-informed neural network to predict crack paths in quasi-
brittle materials. These examples highlight the relevance of mechanical
modeling for applications beyond conventional analysis.

This paper is organized as follows: Section 2 outlines the board
properties, discusses finger joints, presents the numerical approach,
details the scope of the simulation campaign, and introduces the three
global failure criteria applied in this study. Section 3 examines the
overall structural behavior observed during loading. Section 4 com-
pares the strength and MOE obtained using different failure criteria,
while Section 5 explores the progressive damage states related to the
implemented failure mechanisms. The paper concludes with a brief
summary, key conclusions, and an outlook in Section 6.

2. Materials and methods
2.1. Scope and property distinctions

This work builds on numerical simulations of GLT beam sections
from a previous study [15]. First, the wooden board properties are
summarized (Section 2.2), followed by a discussion on the role of
finger-joint failures (Section 2.3). The modeling approach used to
simulate the GLT beam sections under a constant bending moment is in-
troduced subsequently (Section 2.4). The original simulation campaign
in [15] was extensive, covering seven beam sizes and two strength
classes (Section 2.5). The novelty of this work lies in evaluating the
load-displacement paths using three different global failure criteria,
with detailed definitions provided in Section 2.6.

It is important to differentiate between material properties and ef-
fective properties. Effective properties relate to the structural response,
specifically they depend on the structure’s size and loading configu-
ration. Typically they are obtained using conventional linear elastic
beam theory with homogeneous materials and assuming perfectly brit-
tle failure. For instance, the European standard EN 14080:2013 [32]
used in this work provides such effective values for bending strength
and MOE of GLT beams. In contrast, material properties refer to the
inherent characteristics of the material itself and are independent of
the structure’s size or loading configuration. The bending strength
and MOE of GLT beams presented in this work represent effective
properties.

2.2. Wooden board properties

The orthotropic behavior of the wooden boards was characterized
by section-wise constant properties, based on the deterministic estima-
tion procedure presented by Kandler et al. [19]. The method utilized
three-dimensional reconstructions of real wooden boards using the
geometric reconstruction algorithm proposed by Kandler et al. [33] that
combined knot geometry and fiber course data obtained from surface
laser scans during strength grading. Each board, with dimensions of
5400 mm by 90 mm by 33 mm, was divided into sections representing
either defect-free wood or areas containing knots. In total, 280 recon-
structed boards were used, equally distributed between strength classes
T14 and T22 as per EN 338:2016 [34].

The material properties along each board were characterized by
profiles of the effective longitudinal MOE E; and the effective tensile
strength f, (Fig. 1). For the boards’ stiffness, individual stiffness tensors
were assigned using a micromechanical multiscale model developed
by Hofstetter et al. [35]. The clear wood sections were assigned the
upper bound of the MOE profile, directly corresponding to the in-
dividual unmodified stiffness tensor, while the weak sections’ MOE
was determined using the reconstructed sections containing knots in
a finite element approach [19]. The tensile strength in weak sections
was estimated using a linear regression model based on the knot area
ratio [36], and a constant upper strength limit was used for clear wood
sections.
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Fig. 1. Property profiles parallel to the grain, showing (a) the longitudinal
MOE E, and (b) the tensile strength f,.

2.3. Finger joints

Finger joints enable the creation of laminations having virtually
unlimited lengths from timber boards with limited length. While finger
joining is necessary for manufacturing large GLT beams, the joints also
introduce weak points. For example, Ehlbeck and Colling [4] identified
that the bending strength of GLT beams depends primarily on two
factors: the strength of the wooden laminations and the strength of the
finger joints. Aligning these two factors is essential for enhancing the
performance of GLT beams.

Colling [5] analyzed data from 38 studies covering fifteen wood
species published between 1924 and 1988. The study concluded that
GLT beams failing at finger joints exhibit a mean bending strength
approximately 20% lower than those with wood failures in the lamina-
tions. Colling [5] further noted that the experiments mainly involved
smaller beams without finger joints in high tensile stress areas, limiting
the occurrence of potential finger-joint failures. In general, the number
of finger joints in GLT beams varies considerably based on timber board
length and defect removal for higher strength classes [4]. Consequently,
efforts were made to enhance finger-joint strength to increase the
bending strength of GLT beams.

In the 1990s, several studies (e.g., [5-8]) examined finger-joint
failures in GLT beams. Notably, Falk et al. [6] tested 312 beams across
three strength classes, comparing the characteristic bending strengths
of beams that failed at finger joints with those that failed in the lam-
inations. The study found that the strengths were comparable, with a
maximum deviation of about 5%. This suggests similar statistical char-
acteristics between the groups failing at finger joints and those failing
within the laminations. In two strength classes, beams with finger-joint
failures even exhibited higher characteristic bending strengths than
those with failures in the laminations.

Aasheim and Solli [7] found that finger joints were not any weaker
than natural defects, based on tests of beams with depths of 300 mm
and 600 mm. In both cases, beams that failed at finger joints exhibited
mean bending strengths comparable to the overall sample. For the
larger beams, the mean strength of joint-failing specimens was about
3% lower than the overall mean, while for the smaller beams, it
was about 6% higher. About one-quarter of the failures originated
at the joints, corresponding to only six beams per size. The small
number of observed failures limits the ability to identify a clear trend
in the bending strength of joint-failing beams across the two sizes.
Nevertheless, considering the similar mean strengths and assuming
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adequate quality control during manufacturing, the influence on the
Sth-percentile bending strength of the entire sample appears to be
limited. Similarly, Schickhofer [8] reported that finger joints did not
represent the primary weak points and noted the increasing difficulty
in determining failure causes as beam size increases due to the larger
stressed volume in the tension zone.

The occurrence of finger-joint failures across varying beam sizes and
two softwood strength classes was studied by Fink et al. [13] using
numerical simulations. Their findings indicated that finger-joint failures
become less frequent as beam size increases. This trend is attributed to
the smaller variation in the strength of finger joints compared to weak
sections in timber under tensile loading. The coefficient of variation for
finger joints under tensile loading is about 0.2 [37], much lower than
the coefficient for timber, which is 0.3 according to [38]. Consequently,
weak sections within the timber are more likely to occur than finger-
joint weaknesses as beam size increases. Additionally, the higher of
the two strength classes in [13] (GL36h, according to EN 1194:1999
[39]) showed a greater frequency of finger-joint failures. However, this
shortcoming was mitigated in EN 14080:2013 [32], which replaced EN
1194:1999 [39], by adjusting the required finger-joint strengths for
individual strength classes and eliminating the highest strength class
(GL36h).

The frequency of wood failures leading to collapse in exemplary
experimental studies [6,10,12] ranges from 58% to 83%, underscoring
the importance of understanding wood failure mechanisms. These stud-
ies focused on softwoods, while the driving failure mechanisms have
been reported to differ for hardwoods [40]. To focus on the failure
mechanisms in softwood, Kandler et al. [11] derived effective prop-
erties for tested GLT beams with well-known knot morphology and no
finger joints. These effective properties, presented in property profiles
(Fig. 1), provided the basis for the present work. Proper manufacturing
and quality control of finger joints enable the efficient production of
GLT beams whose strength is not compromised by the joints, thereby
shifting the focus to the failure mechanisms of the wood itself.

The present modeling approach addresses failure mechanisms
within the timber without incorporating finger joints. Although finger
joints are undeniably a critical component of GLT, their performance
has improved over the past decades, with current standards [32] being
stricter than before. Based on the provided reasoning, only a limited
effect on the statistical characteristics of large sample sizes is expected.
Nevertheless, the main focus of this work is independent of finger-
joint failure. This study primarily examines the influence of different
global failure criteria and analyzes the progressive damage states of
the implemented failure mechanisms within the modeling approach
presented in the following section.

2.4. Modeling approach

The approach models GLT beam sections subjected to a constant
bending moment (Fig. 2) and captured the entire load-displacement
paths, including the load drop. Detailed descriptions of the method are
provided in [15,26]. The simulations were conducted using a nonlinear
finite element method within the software Abaqus [41]. The boards
were assembled into GLT beam sections with homogeneous layups of
strength classes GL24h and GL30h, following EN 14080:2013 [32],
through a pseudo-random process. The final beam section consisted of
continuous timber boards without finger joints. Each board featured
section-wise constant properties, representing clear wood as well as
defects such as knots and knot clusters. The load was applied in
a displacement-controlled manner at an extended length e to mini-
mize load-application effects. The model accounted for two progressive
failure mechanisms: discrete cracking and plastic deformations.

Crack patterns in GLT are typically complex, so their effective im-
plementation in the approach involved simplifying the crack directions
to purely vertical and horizontal. Vertical cracks, occurring within
individual boards, were modeled using XFEM, while horizontal cracks,
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Fig. 2. Representative GLT beam section of length ¢, depth d, and width w assembled by k laminations. The rotation ¢ generating the bending moment M was

imposed at the extended length e.
Source: Adapted from [15].

occurring between boards, were realized by simulating the failure of
cohesive surfaces. These horizontal cracks facilitated the interaction
of vertical cracks but did not represent glue line failure. To improve
numerical stability, a viscous regularization scheme was applied to
the discrete cracking implementation. On the compression side of the
beam sections, plastic deformation was incorporated for beam depths
up to 660 mm.

Cracking was initiated when the stress exceeded a certain threshold,
and the subsequent failure progression followed a linear traction—
separation law governed by a specified fracture energy. Vertical cracks
could occur in the bottom half of the beam, with initiation based
on the tensile strength profile of the boards, ranging from 10N/mm?
to 55 N/mm?. The upper limit aligns with the modeling results reported
by Lukacevic et al. [42], which are on the lower end compared to other
experimental results in the literature. Horizontal cracks could develop
between all boards, using a tensile strength of 5N/mm? perpendicular
to the grain and a shear strength of 6 N/mm?2, consistent with exper-
imental and modeling data in [42,43]. However, the tensile strength
perpendicular to the grain is relatively high compared to other values
reported in the literature.

The fracture energies were constant for both crack directions:
30N/mm for vertical cracks and 0.6 N/mm for horizontal cracks. These
values are in line with those reported in the literature. For instance,
Jockwer [44] reports mode 1 fracture energy perpendicular to the
grain G| as 0.3N/mm and mode 2 as 1.15N/mm, based on multiple
studies compiled in his work. In mixed-mode failures, the fracture
energy falls between these values, depending on the dominance of each
failure mode [45]. For vertical cracks, the fracture energy in mode 1
parallel to the grain Gy, is about two orders of magnitude higher than
in mode 1 perpendicular to it [46], resulting in a fracture energy of
approximately 30 N/mm (G;,; ~ 100 - Gy, ).

The plastic deformations were modeled using ideal plasticity in
conjunction with a multisurface failure criterion [42,47]. This criterion
incorporates eight failure surfaces derived from the Tsai-Wu failure
criterion [48]. The implementation was realized by employing a robust
return mapping algorithm, as proposed by Pech et al. [49].

To increase computational efficiency, the approach exploited sym-
metry by modeling only half the beam width and using mesh re-
finement. Two element layers were used over the board depth and
three layers over half the beam width w in regions where vertical
cracking could occur. The element length was approximately equal to
the element depth. For the remaining boards, a single element layer
was applied across both the depth and width, with an element length
of approximately 60 mm. The analysis used eight-node hexahedron
elements with tri-linear shape functions. The adequacy of this mesh size
is demonstrated in [15], where the approach is also validated against
experimental data.

2.5. Simulation campaign

The simulation campaign in [15] covered seven beam depths rang-
ing from 165 mm to 3300 mm (Fig. 3). The included size range extends
well beyond those covered by experimental studies, as further dis-
cussed in Section 4.4, but it reflects the ongoing trend toward larger
structural elements in building practice. The simulated beam sections
were designed with a length-to-depth (¢/d) ratio of 1.5 to investigate
the effects of both beam length and depth within the same set of
simulations. This approach was particularly beneficial because the time
required for nonlinear calculations increases substantially with beam
size.

The simulated beams were assigned to strength classes GL24h and
GL30h, as defined by EN 14080:2013 [32], and assembled from boards
of strength classes T14 and T22, respectively, as introduced in Sec-
tion 2.2. The properties of these boards were deterministically de-
rived [19], in contrast to the stochastic approaches used by Fink et al.
[13] and Frese and Blaf} [14]. Capturing the variability of properties
along the boards is essential in modeling. For example, Kandler et al.
[50] showed that including MOE variation within boards significantly
affects the simulated beam stiffness compared to assigning each board a
constant MOE. Similarly, Soriano et al. [51] demonstrated experimen-
tally that steel reinforcement can mitigate stiffness differences observed
between beams.

This study employed a total of 11 800 simulations with #/d = 1.5
from the previous study in [15]. The number of simulations varied
depending on the GLT beam section size (Table 1). As beam size
increased, fewer simulations were required to capture the variability of
material properties, with convergence determined by the 5th-percentile
bending strength. For beam depths ranging from 165mm to 660 mm,
simulations were conducted with and without considering plastic de-
formations. This work uses the simulations considering plasticity unless
otherwise specified. Identical beam layouts and material properties
enabled a direct comparison of the influence of plastic deformations
on individual beams.

2.6. Global failure criteria

The global failure criterion establishes the simulated load-bearing
capacity M;. Models in the literature have applied different global
failure criteria, leading to differing size effects for large GLT beams [13—
15]. These criteria were related to the progressive failure state, system
stiffness, or loading. The presented modeling approach captures the
entire load—displacement path and progressive damage during loading,
allowing for the application and comparison of such criteria within this
framework.

This work addresses the application of three global failure criteria,
based on their implementation in the literature. The applied definitions
were as follows:
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Fig. 3. Examples of the seven GLT beam section sizes, constructed with 5 to 100 laminations. The effective longitudinal modulus of elasticity E; is shown in
blue, with shading from light to dark representing increasing values. Vertical cracks are highlighted in red. [15]. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

Table 1
Simulated beam depths with the corresponding number of laminations and
sample size for each strength class.

Depth d Laminations k Sample size n
(mm) =) =)
165 5 1600*
330 10 400¢
660 20 400*
1320 40 400
1980 60 300
2640 80 200
3300 100 200

@ Individually for simulations considering or disregarding plastic deformations.

» The load-drop criterion (LoadC-3%) determined M; when the
load dropped by 3% relative to the maximum bending moment
reached so far. This criterion was used in [15,26].

The stiffness-reduction criterion (StiffnessC-1%) was fulfilled when
the system stiffness reduced by 1% relative to the initial system
stiffness at the first loading increment. This criterion was applied
in a study by Fink et al. [13].

The crack-initiation criterion (CrackC) identified M; based on the
initiation of the first vertical crack in the outermost tensile lam-
ination. Frese and Blaf} [14] used a similar criterion, evaluating
failure within a lamination at a different vertical position using
only a single element over its cross-section, in contrast to the
present approach with a finer discretization.

When any of these criteria were met, the maximum bending mo-
ment M, achieved up to that point was recorded as M;. To ensure
that the influence of the applied stabilization remained negligible
throughout the entire loading path up to reaching the capacity M;, the
energy criterion

E +E
= ALLVD ALLCD _ o o)

Earvie = EaLiep
was evaluated. The energy terms follow the notation used in Abaqus
[41]. The criterion compares the energies dissipated through viscous
regularization of vertical cracking E,;;yp and horizontal cracking
Ejr1cp to the total strain energy E,jg. Because E,pycp is already
included in E,y; g, it is subtracted from the denominator to prevent
overestimation due to double counting. Subsequently, M; was used to
calculate the MOE Eg; 1 and bending strength f, of the beam sections
according to beam theory.

The calculation of Eg;r followed the method outlined by
EN 408:2010+A1:2012 [52], using two specific loading points, M; and
M,, at 10% and 40% of M;, along with their corresponding rotations,

¢, and ¢,

12(0+2¢) My—M;
wdd 2 (py—¢y)

where the dimensions ¢, e, w and d are according to Fig. 2. The calcu-

lation of f; assumed a linear stress distribution across the cross-section

(2)

EgLr =

;oM
b7 w2

€))

3. Simulated load—-displacement paths

The modeling approach provided the load-displacement path for
each simulation, with the bending moment M as the load and the
rotation ¢ as the displacement. The simulated paths revealed three
distinct types of structural behavior: approximately linear (Fig. 4a),
pronounced pre-peak nonlinearities (Fig. 4b), and those containing
horizontal plateaus (Fig. 4c). These behavior types have also been
observed in experiments, e.g., reported in [3,9-11].

The results further demonstrated that the applied global failure
criteria can lead to varying simulated load-bearing capacities, even
when the load-displacement path appears approximately linear. Three
scenarios highlight this variation, where the maximum load-bearing ca-
pacity in the simulation was marked by a striking load drop. In the first
scenario, all three criteria yield nearly the same load-bearing capacity
(Fig. 4d). In the second scenario, the first crack in the outermost tensile
lamination occurs before the system stiffness decreases by 1% (Fig. 4e).
Conversely, in the third scenario, the stiffness reduction precedes the
crack initiation in the outermost tensile lamination (Fig. 4f).

Typically, a load drop marks global failure in experiments, making
it a robust criterion. To assess the sufficiency of the applied 3% load-
drop criterion, the results were compared with those obtained using 1%
and 5% load drops. Identical results were found in 91% and 99% of the
simulations, respectively. Therefore, the 3% load drop was sufficient
for identifying the load-bearing capacity as the maximum load in a
simulation.

In 50% and 67% of the simulations, the stiffness-reduction and
crack-initiation criteria, respectively, yielded results deviating more
than 10% from those obtained with the load-drop criterion. This vari-
ation underscores the considerable influence of the selected global
failure criteria. Generally, the load-drop criterion yielded the high-
est load-bearing capacity, with only 0.11% (16 out of 7000) of the
simulations identifying a higher capacity using the crack-initiation
criterion.

With the load-drop criterion identifying the maximum capacity, the
other two criteria highlight their specific characteristics during loading:
the point of stiffness reduction and the first vertical crack initiation
in the outermost tensile lamination. The simulated load-bearing ca-
pacities M; from the stiffness-reduction and crack-initiation criteria,
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Fig. 5. Boxplots of simulated load-bearing capacities M; obtained by the stiffness-reduction and crack-initiation criteria relative to the load-drop criterion for
strength classes (a) GL24h and (b) GL30h across varying beam depths d. The boxplot edges represent the 25th and 75th percentiles, with the median marked by

the middle line and whiskers extending up to 1.5 times the interquartile range.

relative to the load-drop criterion, showed distinct trends (Fig. 5). For
the stiffness-reduction criterion, divergence decreased with increasing
beam size, indicating a more linear load—-displacement response during
loading. The crack-initiation criterion maintained a consistent median
with relatively large scatter across varying beam depths, suggesting
that the first vertical crack in the outermost tensile lamination typically
initiates at about 84% of maximum capacity, regardless of size.

Out of all 11 800 simulations, only two exceeded the energy crite-
rion in Eq. (1) by 2.7% and 0.2% when employing the crack-initiation
and load-drop criteria, respectively, in different simulations. For 0.3%
of the simulations (36 in total), the load-bearing capacity failed to
be determined using the same criterion. In these cases, no vertical
crack was observed in the outermost tensile lamination, even though
the load had already dropped by at least 10%. Therefore, the load-
bearing capacity was taken as the maximum load observed throughout
the entire simulation.

4. Analysis of material properties
4.1. Purpose and scope

The simulated load-displacement paths served as the basis for cal-
culating the MOE Eg; and bending strength f, for the three applied
global failure criteria. These results enable the comparison of each
criterion’s influence on Eg; (Sections Section 4.2) and f, (Sections
Section 4.3). Assessing the changes in the 5Sth-percentile (characteris-
tic) bending strength f,, across different beam sizes reveals the size
effect, which highlights the varying trends observed for each criterion
(Section 4.4).

The primary focus of this section is on comparing the results be-
tween the applied global failure criteria; nonetheless, it is also of
interest to compare the simulated effective properties with those from
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other studies and the values provided in EN 14080:2013 [32]. The stan-
dard [32] specifies the material properties for GLT beams with a refer-
ence depth of d.; = 600 mm. The experimental setup for determining
the effective properties of GLT beams follows EN 408:2010+A1:2012
[52], where a constant bending moment is applied to a span six times
the depth (¢/d = 6.0). While the #/d ratio influences f,, Eg;t remains
unaffected, as demonstrated, e.g., in [15].

Consequently, Eg;r was directly obtained from simulations with a
ratio of #/d = 1.5, as was f,, using the stiffness-reduction criterion. By
contrast, f;, determined by the crack-initiation and load-drop criteria
required adaptation to account for the correct #/d ratio. In those cases,
the procedure outlined in [15] was applied to adjust the » simulation
results with #/d = 1.5 for the ratio 6.0:

Foi = min(fy i 1).4415 Soi-1r4425 Soi-1)a+3> So(i-1)4+4) » C))

where i € {1,..., |n/4]} and |-| denotes the floor function that rounds
- to the nearest smaller integer.

4.2. Modulus of elasticity

The simulated Eg;; was nearly identical across the three applied
global failure criteria. In 99.9% of the simulations, the results from the
crack-initiation and stiffness-reduction criteria deviated by less than 1%
from those obtained using the load-drop criterion. The largest deviation
observed among all simulations was 5.1%.

As reported for the load-drop criterion in [15], the comparison of
the mean Eg; values for both strength classes with those provided
in EN 14080:2013 [32] revealed a maximum deviation of about 7%.
Given the model assumptions, e.g., deriving the boards’ individual
stiffness tensors through a micromechanical multiscale model and ad-
justing them based on the geometric reconstruction of each board, these
deviations are considered acceptable and relatively small.

4.3. Bending strength

The simulated f,, was strongly affected by the three applied global
failure criteria, resulting in different trends for varying beam depths d
(Fig. 6). For the results of each beam depth, a two-parameter log-
normal probability distribution function (PDF) was fitted using max-
imum likelihood estimation. A log-normal distribution is used to esti-
mate the 5th-percentile bending strength of GLT beams, as specified
by EN 14358:2016 [53], and it is also recommended by JCSS [38] for
probabilistic modeling. The mean and characteristic strength values,
So.mean and fy i, were taken from the PDFs. The results of both strength
classes, obtained using the same criterion, exhibited generally similar
characteristics.

When using the load-drop criterion (Fig. 6a,b), the mean values de-
creased as beam depth increased. Notably, larger beams with depths of
at least 1320 mm exhibited much lower variation compared to smaller
beams. The stiffness-reduction criterion similarly showed a decrease
in mean values with increasing beam depth, but the characteristic
values remained relatively stable due to reduced variation (Fig. 6c,d).
In contrast, the crack-initiation criterion resulted in a decrease in both
mean and characteristic values as beam size increased (Fig. 6e,f). In this
case, the strength levels were generally lower and the variation across
all beam sizes was mostly consistent.

4.4. Size effect on the characteristic bending strength

The three different global failure criteria resulted in varying trends
for fy,, across different beam sizes. These differences are emphasized
by evaluating the size effect, which was obtained using the framework
provided in prEN 1995-1-1:2023 [54]. In this approach, the character-
istic reference bending strength f, .+ for beams with a reference depth
d..; = 600 mm, as specified by EN 14080:2013 [32], is adjusted by the

Table 2

Fitted characteristic reference bending strength f,, .., and power-law param-
eter m for the two strength classes GL24h and GL30h using the three global

failure criteria.
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Criteria GL24h GL30h
Soxret m Soxret m
(N/mm?2) -) (N/mm?) (=)
LoadC-3% 25.74 13.50 31.23 12.69
StiffnessC-1% 22.73 -171.94 28.44 -117.81
CrackC 15.61 6.77 20.85 7.13

depth modification factor ky(d), which depends on the beam depth d
in millimeters:

1/m
Sox(d) = foxrer - kn(d) with  ky(d) = <¥> s 5)

where m is a power-law parameter set to m = 12.5. In prEN 1995-
1-1:2023 [54], this adjustment is limited to &, < 1.1. To determine
the size effect in this work, f,, s and m were identified through
least squares fitting of the simulation results for each applied criterion
individually (Table 2).

The observed size effect varied considerably depending on the
applied global failure criterion (Fig. 7). The trend is influenced by m,
where smaller positive values lead to a greater decrease in strength
for larger beam sizes, and a negative m indicates the opposite effect.
The fyx rer Values identified from the load-drop and stiffness-reduction
criteria align with those specified in EN 14080:2013 [32]. The strength
classes GL24h and GL30h correspond to f, ¢ values of 24 N/mm?
and 30N/mm?, respectively. The maximum deviation of f, ¢ from
these classes was less than 8%, demonstrating reasonable agreement.
Considering the model assumptions, e.g., related to the strength profiles
and the constant fracture energies, these deviations are acceptable and
relatively small. In contrast, the crack-initiation criterion significantly
underestimated the strength values, with deviations of up to 35%.

At first glance, this pronounced underestimation may seem surpris-
ing, since the approach from which the crack-initiation criterion was
adapted [14] produced bending strengths consistent with the standard,
as shown, e.g., by Frese [55]. However, the differing results in this
study can be explained by variations in the modeling strategy compared
to that of Frese and Blaf’ [14]. Appendix A discusses the two main
factors responsible for these discrepancies.

The load-drop criterion exhibited a size effect that was interme-
diate between the other two criteria. The stiffness-reduction criterion
resulted in a nearly constant f,,, across different beam sizes, consis-
tent with the findings of Fink et al. [13], where the same criterion
was applied to simulated beams with depths ranging from 320 mm
to 1200 mm. In contrast, the crack-initiation criterion showed a more
pronounced decrease in f, with increasing beam size. A similar de-
crease was observed by Frese and Bla [14], based on the progressive
failure of the outermost tensile lamination, in simulations covering
beam depths from 300 mm to 3000 mm.

Experimental data for GLT beams of varying sizes, tested according
to the setup specified in EN 408:2010+A1:2012 [52] and based on lami-
nation grading compliant with European standards, are scarce. Aasheim
and Solli [7] and Schickhofer [8] conducted such tests on beams with
depths of 300mm and 600 mm. Their results provide characteristic
bending strengths based on fitted PDFs, enabling estimation of the
power-law parameter m for different strength classes (Table 3) and thus
allowing comparison with the simulation results.

The experimental data align well with the trend predicted by the
simulations using the load-drop criterion (Fig. 7). While the tested
beams included finger joints, the modeling approach did not explicitly
represent them (as discussed in Section 2.3). Moreover, as experimental
data with sufficiently large sample sizes are only available for beams
up to 600 mm, extrapolation to larger depths introduces uncertainty.
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Fig. 7. Depth modification factor k, across varying depths d corresponding to the three global failure criteria: load-drop, stiffness-reduction, and crack-initiation.
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results.

Table 3

Characteristic reference bending strength f, .., and power-law parameter m from experimental data for variable strength classes.
Study Strength class Applied PDF Parameters

Reported® Mapped” Sosrer (/mm?) m (=)

Aasheim and Solli [7] T30 GL28h 3-parameter Weibull 32.0 10.91
Schickhofer [8] MS10h GL20h lognormal 21.6 13.95
Schickhofer [8] MS17h GL30h lognormal 31.8 16.09

a Reported in the corresponding study.
b Mapped according to EN 14080:2013 [32].

5. Analysis of the progressive damage states
5.1. Purpose and scope

The presented modeling approach incorporated multiple progres-
sive failure mechanisms that accumulate until the simulated beam
section collapsed. The progression of damage during loading indicates
how much stress redistribution the structure can accommodate. The
ultimate failure was effectively detected by the load-drop criterion.
This approach offers a valuable opportunity to closely examine the
implemented failure mechanisms, i.e., cracks that simulate quasi-brittle

failure and plastic deformations in regions under compressive stresses.
Of particular interest is the spreading depth of damage due to cracks at
failure and its correlation with bending strength across various beam
depths. The insights gained here contribute to the understanding of
the implemented failure mechanisms and support the development of
future models.

Data in the literature on experimentally observed or simulated
wooden failure mechanisms of GLT during loading is limited. Exper-
imental data is often restricted to visible cracks on the exterior surface
observed during loading, which indicate substantial damage to the
wooden structure, while the actual failure likely initiates much earlier
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at a smaller scale. Progressive damage states of simulated GLT beams
are rarely reported in the literature, e.g., only exemplary results are
presented in [55,56].

This section analyzes the progression of vertical and horizontal
cracking (Section 5.2) and effects of plastic deformations (Section 5.3)
across all seven simulated beam depths. The three applied criteria
refer to specific points during the loading, providing insights into the
progression of damage within the model. Estimating the spread of
modeled damage relative to beam depth across varying sizes, prior
to any calculations, is challenging due to the highly nonlinear effects
of discrete cracking implementations and the increasing model length
with beam depth.

5.2. Vertical and horizontal cracking

The modeled cracks were implemented using traction-separation
laws to simulate quasi-brittle material failure. Crack initiation marked
the beginning of the damage process, during which the opposing crack
surfaces continued to transfer stresses. As the separation of the crack
surfaces increased, the transferred tensile and shear stresses progres-
sively decreased. Once the modeled damage has fully developed, the
crack completely separated the surfaces, allowing for their independent
movement. Consequently, the modeled cracks represent the full spec-
trum of damage from initiation to completion, whereas experimentally
visible cracks typically indicate substantial damage.

To quantify the simulated damage caused by cracking, the number
of damaged laminations k] and the number of damaged interfaces
between adjacent laminations k‘d1 were used. A lamination or interface
was considered damaged if a vertical or horizontal crack was initiated.
Each beam consisted of k laminations and k — 1 interfaces. The damage
was evaluated at the load-bearing capacities determined by the three
global failure criteria. The application of the three criteria provided a
comprehensive overview of the damage states corresponding to their
specific characteristics.

The following analysis first focuses on the damage state at ultimate
failure, identified by the load-drop criterion, to provide an overview
of the frequency and progression of cracking (Section 5.2.1). Subse-
quently, two damage assessment methods are compared to highlight the
non-consecutive spread of damage (Section 5.2.2). This is followed by a
discussion of damage trends across the simulated beam sizes, revealing
the relation between damage and beam depth (Section 5.2.3). Finally,
the correlation between bending strength and the extent of damage
is examined to assess whether observed damage can be considered an
indicator of strength (Section 5.2.4).

The online supplementary material includes figures for each beam
depth, showing the probability of damage in at least a given number
of laminations and interfaces, along with their correlation to bending
strength (see Appendix B for link).

5.2.1. Damage at ultimate failure

Most laminations exhibited damage across their entire cross-section
at ultimate failure, but the overall progression of this damage remained
moderate. In contrast, damage to the interfaces was concentrated in
relatively small areas compared to the total interface area. The details
of this analysis are:

» Out of the total number of simulated laminations with possible
vertical cracks, 30% (26 367 out of 88400 laminations) showed
damage. Among the damaged laminations, 72% had damage
spanning the entire cross-section. Each cross-section comprised
six elements, and the evolution of damage in an individual ele-
ment could range from 0% to 100%. When considering the mean
value of all elements within a cross-section, 99% of the damaged
laminations had a mean damage evolution smaller than 45% for
the most severely damaged cross-section within each lamination.
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» Regarding all interfaces, 19% (32484 out of 173000 interfaces)
exhibited damage. Of the damaged interfaces, 81% had damage
spread over an area smaller than 5% of the interface area A;, =
¢ - w. Four nodes were positioned across the interface width,
taking advantage of symmetry, where each node could represent
the damage evolution within the range of 0% to 100%. Among
the damaged interfaces, 58% had a maximum mean damage

evolution greater than 80% for the four nodes across the width.

5.2.2. Damage quantification methods

Two methods were employed to further quantify damage: First,
damage in consecutive order, which tracks the number of consecutively
damaged laminations starting from the outermost tensile side and
progressing through the beam depth, regardless of when the crack
occurred. Second, the non-consecutive damage, which corresponds to
the total number of damaged laminations without considering their
position within the beam. These methods were also applied to evaluate
the damaged interfaces.

The number of consecutively and non-consecutively damaged lam-
inations and interfaces increased with greater beam depth d. The
discontinuous spread of damage over d is reflected in the difference
between these two evaluation methods, as demonstrated by the simu-
lations with d = 660 mm in Fig. 8. The figure presents the empirical
complementary cumulative distribution function (CCDF) P(X > x),
representing the probability of damage occurring in at least a given
number of laminations or interfaces. The three applied failure criteria
capture different damage states during loading. The load-drop crite-
rion generally showed a higher probability of damage than the other
two, evidenced by the vertical offset of the markers, highlighting the
potential for further damage accumulation up to the point of load drop.

5.2.3. Trends across beam sizes

The extent of damage was evaluated by analyzing relative damage
across all simulated beam sizes. Relative damage is defined as the num-
ber of damaged laminations relative to the total number of laminations,
k}/k, and analogously for interfaces, k]; /(k—=1). The comparison is based
on non-consecutive damage counts and specific values at P = 50% and
P =90% of the empirical CCDF, where P represents the probability of
observing at least the corresponding relative damage (Fig. 8).

The load-drop criterion showed relatively consistent relative dam-
age for beams with d > 1320 mm (Fig. 9), suggesting that the damage-
affected region scales proportionally with beam size. For the larger
beams, the stiffness-reduction criterion generally yielded relative dam-
age comparable to those from the load-drop criterion, indicating brittle
failure behavior in their load-displacement paths. The crack-initiation
criterion consistently resulted in the lowest relative damage. The ob-
served high relative damage in smaller beams were caused by their
lower number of laminations k and interfaces k — 1. Comparing the
two strength classes, the lower strength class exhibited higher relative
damage than the higher one.

5.2.4. Correlation with bending strength

The relationship between bending strength f, and damage of lami-
nations and interfaces was evaluated at ultimate failure. For beams with
depths d > 1980mm (k > 60), the Pearson correlation coefficient p
exceeded 0.42 and increased with beam size, reaching up to p = 0.76.
A stronger correlation indicates that a higher f, tend to coincide with
a greater extent of damage. Since damage initiation triggers stress
redistribution, this suggests that stress redistribution contributes to the
homogenization of f, as reflected in the reduced strength variability
for larger beams. Such a reduction has been reported in simulation
studies [15,57] and is further supported by experimental data [58].

However, the lowest f, within each size and strength class (14
simulation sets) corresponded to the simulations with the lowest num-
ber of damaged laminations or interfaces in only four and two sets,
respectively, based on the load-drop criterion. Therefore, the lowest f,
was only occasionally associated with the least damage, indicating that
fewer numbers of damaged laminations or interfaces cannot be used as
a reliable indicator of low bending strength.
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5.3. Plastic deformation

Plastic deformations were modeled using a multisurface failure cri-
terion [42,47,49]. To evaluate their impact on the bending strength f,,
each beam layout was simulated twice, considering either elastic or
elastic—plastic behavior on the compressive side. Experimental studies
indicate that plastic deformations are more pronounced in smaller
beams and higher strength classes [11,13], so the comparison focused
on beam depths up to 660 mm. The bending strengths f, . and fy
were determined, and their ratio f, . /f,, highlights the influence of
the applied global failure criteria.

Considering all three criteria, plasticity had only a negligible in-
fluence on bending strength (+2%) for two-thirds of the simulated
beams at a depth of 660 mm (Fig. 10). When evaluated using the
load-drop criterion, 88% of the simulations showed a variation within
+2%. However, a few individual beams exhibited a greater response,
with plasticity influencing results by up to 5%. The crack-initiation
criterion showed even less influence overall and at the individual beam
level. In contrast, the stiffness-reduction criterion revealed a significant
influence on a significant proportion of the sample, particularly for
the higher strength class. This influence reflects the nonlinear shape
of the load—-displacement paths. A generally minor impact of plastic
deformations on f,, was also reported by Frese [55] for beams subjected
to four-point bending tests according to EN 408:2010+A1:2012 [52]
with d = 600 mm.

The plasticity effects were stronger among simulations of the smaller
beam sizes (Fig. 11). For beams with a depth of 165 mm, only about
half (54%) of the simulations using the load-drop criterion showed
a negligible influence (+2%). More simulations fell within this range
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when applying the stiffness-reduction (65%) and crack-initiation (81%)
criteria. However, the stiffness-reduction criterion also revealed sub-
stantial outliers: in 10% of the simulations, f, . was at least 30% higher
than f,, for the lower strength class and 67% higher for the higher
strength.

Generally, plastic deformations reduced the observed strength f;,
because, according to beam theory, plastic compression on one side
of the cross-section leads to an increase in linear distributed tensile
stresses on the opposite side. The Pearson correlation coefficient p
between f;, ; and f;, o /fy, ;i was weak, reaching a maximum of 0.52 for
660 mm deep beams of strength class GL30h. Higher strength classes
experienced a greater impact, consistent with plastic deformations
occurring primarily under high compressive stresses.

Figures detailing effects of plastic deformations, along with their
correlation to bending strength, are available for each beam depth in
the online supplementary material (see Appendix B for link).

6. Conclusion and outlook

Based on an extensive numerical simulation campaign consisting
of 11800 simulations, various global failure criteria definitions were
employed to investigate their influence on the MOE, bending strength,
and implemented failure mechanisms. The failure mechanisms in the
modeling approach of GLT beams included vertical cracking within the
laminations, horizontal cracking between them, and plastic deforma-
tions in the zone subjected to compressive loads. The study encom-
passed beam sizes with depths ranging from 165 mm to 3300 mm and
analyzed the implemented progressive failure mechanisms in detail.



C. Vida et al. Engineering Structures 345 (2025) 121489

GL24h GL30h
= 40 | Global failure criterion: Analyzed CCDF values: 40 |- Global failure criterion: Analyzed CCDF values:
s A LoadC-3% — P=50% A LoadC-3% P=50%
2 35) { StiffnessC-1% - P=90% 35 |- ¢ StiffnessC-1% P=90%
T O CrackC CrackC
n 30 -
=1
)
£
E 20 |FO-A
e \
& 15\ A
s \ A
=} \
2 10f OB Ko A 0l Bt o A g 4
o A A £
] 5 O o o Y
R
Q
~ 0o ¢
l l L1 L l | l l
(a) 165 330 660 1320 1980 2640 3300 (b) 165 330 660 1320 1980 2640 3300
S
~ a0 40 |
—
I35 35 |
=
=3 30| 30 |-
e
§ o5} 25 [-A
£
o 20| o 20 |
2
£ <
- 15} o POPRRIE Ao 6 15 | A A M 6
& A g Avcnenes o Y o
£ 1w S & o 10 |- £ 7.\
= L
3 (0] O A 4 A
s 5 © 51 y O
® 0 _Q.? 0l O&
% 9 Q Q l | 99 | | | | |
~ 165 330 660 1320 1980 2640 3300 165 330 660 1320 1980 2640 3300
(C) d (mm) (d) d (mm)

Fig. 9. Relative damaged (a, b) laminations k}/k and (c, d) interfaces kg /(k — 1) across varying beam depths d. Results are shown for the three global failure
criteria at two empirical CCDF probabilities, representing the proportion of simulations with at least the respective relative damage, and for strength classes (a,
¢) GL24h and (b, d) GL30h. Damage counts were recorded in a non-consecutive order.

GL24h GL30h
1.00 = Global failure criterion: 1.00 % Global failure criterion:
A LoadC-3% A~ LoadC-3%
—6— StiffnessC-1% ! -6~ StiffnessC-1%
0.75 |- - CrackC 0.75 |- é CrackC
0 [
- 3
= 0.50 0.50 |
@)
O
: P
0.25 |- 0.25 | )
0.10 |+ 0.10 |+ z%
0.00 L1 | | 0.00 [ \\ I ]
0.95 1.00 1.05 1.41 0.971.00 1.05 1.50 1.89
(a) Jo.et/ fo.p (<) (b) Jo,e1/fo,p1 (<)

Fig. 10. Probability P of observing at least the strength ratio fi/f - Results are shown for the three global failure criteria, a beam depth d = 660 mm with
k = 20 laminations, and strength classes (a) GL24h and (b) GL30h. Horizontal gray dashed lines at 10% and 50% mark the proportion of simulations that meet
or exceed the corresponding strength ratio.

identified the onset of the first crack in the outermost tensile
lamination, showing considerable variability across all sizes in
relation to the eventual load-bearing capacity.

The differing size-effect trends emphasize the importance of the

From our in-depth analysis of the simulation results, the following
conclusions are drawn:

» The choice of the global failure criterion significantly influences
the predicted bending strength, while the MOE remains practi-

cally unaffected. In the presented modeling approach, the 3%
load-drop criterion effectively captured the maximum simulated
load. The stiffness-reduction criterion provided insight into the
nonlinearity of the load—displacement paths, which became more
linear with increasing beam size. The crack-initiation criterion
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selected global failure criterion. The trends for the stiffness-
reduction and crack-initiation criteria align with those reported in
the literature, where these criteria were originally applied using
different modeling strategies. For large beams, the crack-initiation
criterion resulted in a greater strength decrease than observed by
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the load-drop criterion, whereas the stiffness-reduction criterion
showed no sensitivity to beam size.

The loading process triggers progressive failure mechanisms that
accumulate until ultimate failure, indicated by a load drop. Dur-
ing this process, substantial stress redistribution can occur.
Among the evaluated criteria, the load-drop and the crack-
initiation criteria generally showed the highest and lowest dam-
age levels, respectively.

The damage at load-bearing capacity, relative to the number of
laminations k, remained constant for beams with d > 1320 mm
when evaluated using the load-drop criterion. This consistency
suggests that the damage-affected zone expands proportionally
with the increasing number of laminations, spreading across the
beam depth during loading. The relative damage identified by
the crack-initiation criterion follows a similar trend to the load-
drop criterion but consistently yields lower values. In contrast,
the relative damage based on the stiffness-reduction criterion
gradually approaches that of the load-drop criterion as beam size
increases.

The effect of plastic deformations on the bending strength is
limited in large sample sizes, as shown by simulations using
the load-drop and crack-initiation criteria. However, individual
beams, especially smaller ones and those in the higher strength
class, were substantially impacted by plastic deformations, re-
sulting in a lower bending strength. An even more pronounced
strength reduction in a significant proportion of samples was
observed when using the stiffness-reduction criterion, highlight-
ing its sensitivity to early nonlinearity in the load-displacement
response.

For future work, the constant fracture energies should be refined
to section-wise constant values. These individual fracture energies can
be determined through detailed numerical simulations of knot sections
using the phase-field method for fracture simulation, a promising ap-
proach demonstrated by Pech et al. [59,60]. These simulations are
expected to also improve the accuracy of strength profiles. Additionally,
the integration of finger joints would enable valuable assessments of
their influence on the structural behavior of GLT beams.

Numerical simulation approaches, such as the one used in this
study, offer a wide range of applications. They enable the generation
of extensive datasets that can support data-driven methods. For ex-
ample, Pech et al. [61] applied metaheuristic algorithms to minimize
the deflection of GLT beams assembled from predefined board sets.
Such datasets can also serve as a basis for statistical mechanics-based
methods [62], which may enable the development of more tailored and
efficient timber design strategies. When focused on failure processes,
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simulations can provide deeper insight into damage mechanisms, im-
proving structural assessments and informing decisions on criticality
and retrofitting.
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Appendix A. Main factors behind deviating results using the
crack-initiation criterion

Two main factors are responsible for the lower bending strengths
observed when applying the crack-initiation criterion, compared to the
studies by Frese and Blal} [14] and Frese [55], from which the criterion
was adapted: (i) the input tensile strength and (ii) the discretization of
the laminations in the tensile zone.

(i) The simulated tensile strengths of laminations used as input
in [55] can be significantly higher than corresponding experimental
results, depending on the strength class, as shown in ([55], Fig. 2-
10). For the strength classes GL24h and GL30h, as defined by EN
14080:2013 [32], the corresponding sets of strength-graded lamina-
tions are listed in ([55], Table 3-2). The simulated characteristic tensile
strengths of these sets, reported in ([55], Figs. 7-2 and 7-3), exceed
the standard values associated with the respective strength classes T14
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and T22 (used for GL24h and GL30h) by 6.2N/mm? and 6.7 N/mm?,
respectively.

(ii) Frese and Blaf} [14] and Frese [55] employed a discretization
with one element across the lamination thickness, resulting in stress
evaluation at mid-depth. In contrast, the present approach uses a finer
discretization with two elements, shifting the stress evaluation to the
quarter-point. This leads to a different vertical position at which the
failure criterion evaluates stress. The influence of this positional shift
can be expressed by the geometric factor

t
2d -1’
where 7 is the lamination thickness and d is the beam depth. For the
reference beam size with d = 600, mm and s = 33, mm, the factor
becomes

k,=1+ (A1)

+ 33
2(600 — 33)

These two main factors have a significant impact on the simulated
bending strength of the beams. The difference in characteristic tensile
strength between the input and the standard values can be interpreted
as a shift in the entire strength distribution, with higher tensile strength
directly leading to increased bending strength. Additionally, the geo-
metric factor k, accounts for the difference in the vertical position at
which stress is evaluated.

By applying the respective tensile strength differences to the results
from the crack-initiation criterion (Table 2) and multiplying by the
geometric factor k,, adjusted characteristic bending strengths Sosret
can be calculated to correct for the identified deviations:

k,=1 =1.029. (A.2)

a

GL24h: f7, . =(15.6+6.2)-1.029 = 224N/mm?, (A3)

GL30h: f7, . =(20.9+6.7)1.029 = 28.4N/mm?. (A4)

These adjusted values align well with the characteristic bending
strengths obtained using the load-drop and stiffness-reduction criteria
(Table 2), and are in reasonable agreement with the values specified
for GL24h and GL30h in EN 14080:2013 [32].

Appendix B. Damage results per beam depth

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.engstruct.2025.121489.

Data availability

Data will be made available on request.
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