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Abstract: The main strength and elastic properties of structural timber products, such as glued
laminated timber (glulam; GLT) and cross-laminated timber (CLT), are usually described via load-
bearing models, which use the tensile properties parallel to the grain of the base material boards
and finger joints as input parameters. These load-bearing models assume that the strength-graded
boards will retain their full dimensions in the final product. In some applications or use cases,
however, the structural timber products are split lengthwise, e.g., split/resawn glulam, or comprise a
random share of in width randomly lengthwise split lamellas. As a result of splitting, the material
properties assigned to these boards during the grading process in their full cross-sections are no
longer valid. Examples of such structural timber products are the novel flex_GLT-beams which are
cut out from large dimensional multi-laminated timber panels. In the following paper, the bending
properties and system effects of resawn glulam and flex_GLT-beams are described by means of a 3D
stochastic-numerical beam model that uses probabilistic models to create the input values for unsplit
and split boards as well as finger joints. The models are successfully validated by our own tests and
tests from literature and applied in numerous parameter studies.

Keywords: tensile properties parallel to the grain; bending properties; lengthwise split boards/lamellas;
split glulam; resawn glulam; probabilistic board models; hierarchical models; size effects; system effects;
3D stochastic-numerical beam model

1. Introduction

Timber is a naturally grown material featuring large uncertainties in its properties.
These uncertainties can be identified on the scales of species, growing regions, and in-
dividual trees, as well as between and within timber members. In the manufacturing
of structural timber products, additional scales need to be considered, e.g., the scale of
production and that of producers; see Fink et al. [1]. To assign a specific set of properties to
timber, it first needs to be graded. In the course of this, only some properties are directly
controlled by the grading process, while the majority of properties are only indirectly
controlled. In most cases, however, the properties are assigned based on relationships from
probabilistic models (Köhler [2]). In the course of such grading processes, eigenfrequency
or ultrasonic runtime, together with density measurements, are standard parameters in
today’s machine grading facilities. The modulus of elasticity itself is well correlated with
the strength properties parallel to the grain, in particular with the tensile parallel to the
grain and bending strength; however, these strength properties are additionally determined
by local, morphological characteristics of timber, in particular knots, which are found to
occur with some regularity (e.g., [3,4]). With a focus on the scale of timber, in particular
of boards, the uncertainty in corresponding properties can be separated into uncertainties
(i) between boards (variation of average properties) and (ii) within boards (variation of
local properties). This kind of separation can be well represented by a so-called two-level
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hierarchical model, which has already been successfully used for similar applications in
previous investigations (e.g., [2,5–9]).

The strength and elastic properties of structural timber products, such as glued lam-
inated timber (glulam; GLT) and cross-laminated timber (CLT), are preferably regulated
by so-called “load bearing models”, which use the tensile properties parallel to the grain
of the base material boards and finger joints as input parameters (see, e.g., EN 14080 [10]
for glulam and ON B 1995-1-1 [11], Annex K for CLT). These load-bearing models are
developed on the basis of experimental investigations and/or probabilistic numerical
simulations (e.g., [3,7,8,12]). All of these models use knot indicators as surrogates for the
influence of local growth characteristics on the mechanical properties of the base mate-
rial and also the laminated products made from it. Furthermore, in these probabilistic
numerical simulations, linear, unidirectionally laminated timber products such as glulam,
featuring principally a serial, sub-parallel structure, are represented two-dimensionally by
lamellas which are further separated in board segments and segments with finger joints.
Consequently, only the discrete variation of local growth characteristics such as knots in the
longitudinal direction but with no variation of them in the width and thickness direction
are considered. By this means, it is possible to mirror common production processes, for
example, those for glulam, where the cross-section of strength graded boards, to which the
strength grading refers, (nearly) is fully retained in the final structural timber product.

Some structural timber products, however, feature a fixed or random share of length-
wise split lamellas within their cross-section, such as resawn glulam or girders cut out
from CLT in large dimensional CLT panels. Due to the lengthwise splitting of the lamellas,
the profile of strength and elastic properties, which were assigned during grading of the
base material in full cross-section, becomes invalid. This is because of altered natural
growth characteristics and the change of proportions in the dimension of local growth
characteristics (macroscopic flaws; e.g., knots and knot clusters) to the residual board
cross-sections. This also has a corresponding major influence on the input parameters for
the load-bearing models and/or the relationships contained therein. EN 14081-1 [13], for
example, limits the allowable reduction of cross-sections after grading without losing the
assigned strength grade by ≤ 5 mm and ≤ 10 mm, respectively, below and above board
widths of 100 mm. Figure 1 shows the effect of splitting as an influence on the distribution
and magnitude of macroscopic flaws along the board qualitatively, represented here by
knots and knot clusters, exemplarily for one board split in width into three equally wide
pieces. The areas marked in red represent the weak zones (WZ) within the board which are
usually represented by large knots or knot clusters; the areas in green usually represent
smaller intermediate knot zones (IZ), and the areas in yellow represent timber free from
knots. These marked areas and their distribution mirror the natural growth structure of
branches in trees.
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Figure 1. Qualitative changes in properties (e.g., the tensile strength) along a single board strength
graded in full cross-section (a) and when split lengthwise into three equal pieces (b).
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Residual board cross-sections of this kind, which are random in width, also occur
to some extent in a novel structural timber product with the name “flex_GLT”, which is
thoroughly investigated within the research project FFG BRIDGE “flex_GLT-CLT-beams”
(No. 877111). The production steps and their intermediary products are illustrated in
Figure 2. In a first step, strength-graded boards are finger jointed to endless lamellas, which
are glued side by side to endless single-layer solid wood panels (SWPs, see Figure 2a).
These SWPs are subsequently cut to the required width (Figure 2b) and glued together
unidirectionally to multi-layer large dimensional solid wood panels (Figure 2c). From these
multi-layer panels, two different types of beams, i.e., beams with two different orientations
of the lamellas in respect to the main or primary loaded axes, can be produced. For type A,
the panel thickness equals the beam width, and the depth is flexible and only dependent on
the placement of the cuts (Figure 2d1,e1). For type B, the panel thickness is equivalent to
the beam depth, and the width can be chosen in a relatively flexible manner (Figure 2d2,e2).
Depending on the type of the flex_GLT-beam, the boards/lamellas are loaded edgewise
(type A) or flatwise (type B). Within this contribution, the focus is set on flex_GLT beam
type B, whereby the models and findings presented hereafter are not restricted to this type.

Buildings 2022, 12, x FOR PEER REVIEW 3 of 41 
 

Residual board cross-sections of this kind, which are random in width, also occur to 
some extent in a novel structural timber product with the name “flex_GLT”, which is thor-
oughly investigated within the research project FFG BRIDGE “flex_GLT-CLT-beams” 
(No. 877111). The production steps and their intermediary products are illustrated in Fig-
ure 2. In a first step, strength-graded boards are finger jointed to endless lamellas, which 
are glued side by side to endless single-layer solid wood panels (SWPs, see Figure 2a). 
These SWPs are subsequently cut to the required width (Figure 2b) and glued together 
unidirectionally to multi-layer large dimensional solid wood panels (Figure 2c). From 
these multi-layer panels, two different types of beams, i.e., beams with two different ori-
entations of the lamellas in respect to the main or primary loaded axes, can be produced. 
For type A, the panel thickness equals the beam width, and the depth is flexible and only 
dependent on the placement of the cuts (Figure 2d1,e1). For type B, the panel thickness is 
equivalent to the beam depth, and the width can be chosen in a relatively flexible manner 
(Figure 2d2,e2). Depending on the type of the flex_GLT-beam, the boards/lamellas are 
loaded edgewise (type A) or flatwise (type B). Within this contribution, the focus is set on 
flex_GLT beam type B, whereby the models and findings presented hereafter are not re-
stricted to this type. 

 
Figure 2. Production of flex_GLT beams: (a) finger jointing and edge bonding of strength graded 
boards to single-layer solid wood panels (SWPs); (b) splitting of SWPs to required width; (c) face 
gluing and pressing of SWPs to unidirectionally oriented, large dimensional multi-layer panels; 
(d1/d2) cut out of flex_GLT-beam elements of (e1) type A and (e2) type B. 

Production parameters, such as the width of the raw material boards/lamellas, the 
width of the multi-layer panels and of the flex_GLT-beams, together with the overall ac-
curacy in production, particularly in the laying process, have an influence on the overlap 
of the board edges in neighbouring layers and on the share of lengthwise split boards. 
Figure 3 shows some possible overlap patterns in flex_GLT-beam cross-sections. For a 
specific board width and by assuming a perfectly accurate laying process, the overlap of 
edge-bonds, i.e., board/lamella edges, can be adjusted between no overlap to a maximum 
of one-half of the board width by the adequate setting of the width of the large dimen-
sional multi-layer panel (see Figure 3a,c). In the case of no overlap and a beam width equal 
to or less than the board width, special cases of flex_GLT-beams occur, mirroring conven-
tional glulam (Figure 3a1) and resawn glulam with one or two cuts (Figure 3a2,a3). 

(b)

(a)

(d2) (e2)

(c)

(d1)

(e1)

type

B

type

A

Figure 2. Production of flex_GLT beams: (a) finger jointing and edge bonding of strength graded
boards to single-layer solid wood panels (SWPs); (b) splitting of SWPs to required width; (c) face
gluing and pressing of SWPs to unidirectionally oriented, large dimensional multi-layer panels;
(d1,d2) cut out of flex_GLT-beam elements of (e1) type A and (e2) type B.

Production parameters, such as the width of the raw material boards/lamellas, the
width of the multi-layer panels and of the flex_GLT-beams, together with the overall
accuracy in production, particularly in the laying process, have an influence on the overlap
of the board edges in neighbouring layers and on the share of lengthwise split boards.
Figure 3 shows some possible overlap patterns in flex_GLT-beam cross-sections. For a
specific board width and by assuming a perfectly accurate laying process, the overlap of
edge-bonds, i.e., board/lamella edges, can be adjusted between no overlap to a maximum
of one-half of the board width by the adequate setting of the width of the large dimensional
multi-layer panel (see Figure 3a,c). In the case of no overlap and a beam width equal to or
less than the board width, special cases of flex_GLT-beams occur, mirroring conventional
glulam (Figure 3a1) and resawn glulam with one or two cuts (Figure 3a2,a3).



Buildings 2022, 12, 1143 4 of 40
Buildings 2022, 12, x FOR PEER REVIEW 4 of 41 
 

 
Figure 3. Some possible cross-section patterns in flex_GLT type B beams for specific board, raw 
panel, and beam widths: (a) beam width greater than board width and aligned board edges; (a1) 
beam width equal to the board width {conventional glulam}; (a2) beam width approximately one-
half of the board width {resawn glulam with one cut}; (a3) beam width approximately one-third of 
the board width {resawn glulam with two cuts}; (b) beam width greater than the board width and 
an overlap at the board edges of one-third of the board width; (c) beam width greater than the board 
width and an overlap at the board edges of one-half of the board width. 

The current European product standard for glulam EN 14080 [10] provides regula-
tions for the illustrated special cases of resawn glulam (Figure 3a2,a3). One possible ap-
proach when following the standard is to consider the splitting process during the grading 
of the boards by setting higher requirements on knot indicators or by grading virtually 
split boards. Alternatively, the characteristic bending strength of resawn glulam, fm,s,k, can 
be calculated as a function of the characteristic bending strength of glulam in full cross-
section, fm,g,k, the characteristic tensile strength of the boards, ft,0,l,k, and the number of cuts; 
see Equation (1). This equation is applicable for 18 MPa ≤ ft,0,l,k ≤ 30 MPa and in compliance 
with specific geometric boundary conditions; EN 14080 [10] also regulates the mean mod-
ulus of elasticity parallel to the grain of resawn glulam, E0,s,mean, based on E0,g,mean, the mean 
modulus of elasticity parallel to the grain of glulam in full cross-section. 𝑓m,s,k = 𝑓m,g,k − 96𝑓t,0,l,k − 6 + ቊ4 for 1 cut  0 for 2 cuts ; 𝐸0,s,mean = 𝐸0,g,mean − 500 (1)

Equation (1) is based on experimental investigations from Cleason [14] and Crocetti 
[15], where only glulam beams of higher strength classes (GL32 acc. to EN 14080 [10]) were 
split and tested. Viguier et al. [16] and Kastner et al. [17] also investigated lower glulam 
strength classes (GL24h acc. to EN 14080 [10]) for both unsplit and split conditions. From 
the results of all these investigations, it can be concluded that decreasing bending strength 
and the modulus of elasticity parallel to the grain has no influence on the bending prop-
erties of resawn glulam from single cuts. Possible reasons for the obvious uncertainties in 
outcomes so far available are the limited number of tests per series and investigations on 
resawn glulam. With respect to resawn glulam from two cuts, no research or publications 
whatsoever are known to the authors. 

No regulations, standards, load-bearing models, or experimental investigations are 
currently available for the more general cases of flex_GLT type B (Figure 3a–c). In contrast 
to split glulam, layers in flex_GLT type B beams can feature multiple edge bonded boards. 
New models are needed in order to analyse and quantify the influence of the arbitrary 
reduced boards/lamellas within the beam cross-section as well as possible system and size 
effects on the load bearing capacity of flex_GLT type B beams. First, a probabilistic board 
model for unsplit and length-wise split boards is derived. Secondly, a novel three-dimen-
sional probabilistic-numerical beam model is developed, which is tailored for flex_GLT-
beams. 

Viguier et al. [16] investigated the change of the bending strength due to lengthwise 
splitting of boards and characterized resawn glulam beams based on their results. Apart 

(c)

(a3)

(b)

(a) (a1) (a2)

Figure 3. Some possible cross-section patterns in flex_GLT type B beams for specific board, raw panel,
and beam widths: (a) beam width greater than board width and aligned board edges; (a1) beam
width equal to the board width {conventional glulam}; (a2) beam width approximately one-half of
the board width {resawn glulam with one cut}; (a3) beam width approximately one-third of the board
width {resawn glulam with two cuts}; (b) beam width greater than the board width and an overlap at
the board edges of one-third of the board width; (c) beam width greater than the board width and an
overlap at the board edges of one-half of the board width.

The current European product standard for glulam EN 14080 [10] provides regulations
for the illustrated special cases of resawn glulam (Figure 3a2,a3). One possible approach
when following the standard is to consider the splitting process during the grading of
the boards by setting higher requirements on knot indicators or by grading virtually split
boards. Alternatively, the characteristic bending strength of resawn glulam, f m,s,k, can
be calculated as a function of the characteristic bending strength of glulam in full cross-
section, f m,g,k, the characteristic tensile strength of the boards, f t,0,l,k, and the number of
cuts; see Equation (1). This equation is applicable for 18 MPa ≤ f t,0,l,k ≤ 30 MPa and in
compliance with specific geometric boundary conditions; EN 14080 [10] also regulates
the mean modulus of elasticity parallel to the grain of resawn glulam, E0,s,mean, based on
E0,g,mean, the mean modulus of elasticity parallel to the grain of glulam in full cross-section.

fm,s,k = fm,g,k −
96

ft,0,l,k − 6
+

{
4 for 1 cut
0 for 2 cuts

; E0,s,mean = E0,g,mean − 500 (1)

Equation (1) is based on experimental investigations from Cleason [14] and Cro-
cetti [15], where only glulam beams of higher strength classes (GL32 acc. to EN 14080 [10])
were split and tested. Viguier et al. [16] and Kastner et al. [17] also investigated lower
glulam strength classes (GL24h acc. to EN 14080 [10]) for both unsplit and split conditions.
From the results of all these investigations, it can be concluded that decreasing bending
strength and the modulus of elasticity parallel to the grain has no influence on the bending
properties of resawn glulam from single cuts. Possible reasons for the obvious uncertainties
in outcomes so far available are the limited number of tests per series and investigations on
resawn glulam. With respect to resawn glulam from two cuts, no research or publications
whatsoever are known to the authors.

No regulations, standards, load-bearing models, or experimental investigations are
currently available for the more general cases of flex_GLT type B (Figure 3a–c). In con-
trast to split glulam, layers in flex_GLT type B beams can feature multiple edge bonded
boards. New models are needed in order to analyse and quantify the influence of the
arbitrary reduced boards/lamellas within the beam cross-section as well as possible sys-
tem and size effects on the load bearing capacity of flex_GLT type B beams. First, a
probabilistic board model for unsplit and length-wise split boards is derived. Secondly,
a novel three-dimensional probabilistic-numerical beam model is developed, which is
tailored for flex_GLT-beams.
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Viguier et al. [16] investigated the change of the bending strength due to lengthwise
splitting of boards and characterized resawn glulam beams based on their results. Apart
from the work of Viguier et al. [16], no other numerical or probabilistic investigations are
known to the authors dealing with this matter. One reason for this research gap might
be the lack of information on the distribution of knots and knot clusters in the width
direction of boards, which serve as surrogates for local growth characteristics in timber.
Furthermore, the new probabilistic board model represents timber in a manner different
from that in previous models (i) by classifying board sections explicitly in three different
knot zones, (ii) by treating lengths of and distances between these zones randomly and not
by a fixed increment, and (iii) by also incorporating the effects of width and splitting of
boards and their statistical distributions and moments in the modelling of geometric and
knot parameters.

The probabilistic board model is presented in Section 2 as a basis for the probabilistic
numerical beam model in Section 3. Both chapters are structured in a typical manner,
mirroring sections “Material and Methods”, “Results”, and “Discussion”. Section 4 is
dedicated to resawn glulam beams, and Section 5 is dedicated to flex_GLT type B beams.
Finally, conclusions are made in Section 6.

2. Probabilistic Board Model
2.1. Board Databases

The physical and geometric properties within the probabilistic board model are rep-
resented as random variables based on distribution models. For the validation of the
distribution models used and the estimation of corresponding distribution parameters, the
main statistics and relationships of two databases on boards for the glulam production were
analysed. The databases originate from two research projects named “INTELLIWOOD”
(Schickhofer and Augustin [18]) and “separate” (Kastner et al. [17]). The databases contain
knot data (position and dimension), other technological parameters, such as the annual
ring width or radial distance to the pith, and physical properties such as the dynamic
modulus of elasticity based on eigenfrequency measurements, moisture content, density at
the reference moisture content of uref = 12%, and the modulus of elasticity and strength
in tension parallel to the grain, {EDYN,F; ρ12; Et,0,b; f t,0,b}. The tensile test was carried out
in accordance with EN 408 [19], and the results were corrected to a moisture content of
uref = 12% and a board width of wb,ref = 150 mm, in line with EN 384 [20]. Measurements for
the dynamic modulus of elasticity only, based on the ultrasonic runtime, are available in the
database from the “INTELLIWOOD” project. To achieve comparable results and a uniform
data representation, these measurements were converted to values representative of the
dynamic modulus of elasticity based on eigenfrequency by means of the linear regression
model based on data from Fink and Kohler [21], as given in Equation (2).

EDYN,F = 0.95× EDYN,US − 2000 (2)

Overall, the two databases comprise more than 1000 Norway spruce (Picea abies) timber
boards of Central Europe provenience (see Table 2).

Based on the dynamic modulus of elasticity calculated from eigenfrequency measure-
ments, as one major indicating parameter in the grading process, the boards were divided
into two groups, GI and GII, which can be approximately allocated to the strength classes
T14 and T24 according to EN 338 [22]. Hereby, T14 represents the common quality of
boards used for glulam of strength class GL24 as well as CLT, whereas T24 would allow
production of GL32, the highest glulam strength class according to EN 14080 [10]. The
dynamic modulus of elasticity is also further used in the new probabilistic board model;
it stands for the global mechanical potential of the board material. Similar to previous
investigations, knot parameters serve as surrogates for the general influence of local growth
characteristics on the mechanical properties of timber. The knot data used to calculate
the knot parameters comprises all boards from group GI and GII. However, the tensile
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properties parallel to the grain, f t,0,b and Et,0,loc,12,b, are available only for a subset of the
boards from Schickhofer and Augustin [18] and Kastner et al. [17]; see Table 1.

Table 1. Mechanical properties of groups GI and GII; results taken from Schickhofer and Augustin [18]
and Kastner et al. [17].

Group GI (T14) GII (T24)
f t,0,b Et,0,loc,12,b f t,0,b Et,0,loc,12,b

number (−) 320 160
mean (MPa) 28.4 11,394 39.7 13,540
COV (%) 31 16 25 16
x05,LN (MPa) 15.5 8954 24.2 9194

Table 2. Test data from two board databases: overview of main- and sub-series, nominal grading
classes, quantities, and dimensions based on Schickhofer and Augustin [18] and Kastner et al. [17].

DB Main- &
Sub-Series

Assigned
Class 1

Quantity (−) Width wb
(mm)

Thickness tb
(mm)

Length lb
(mm)All Cen 2

Schickhofer
and

Augustin
[18]

I-CH
_1:semi:m

na 3
62 52

150 45 4450_1:semi:s 62 45

_1:semi:ss 61 46 29

II-AT

_1:vis S10 45 39

150

35
3200
÷

4000

_2:vis S13 45 33
_3:mach MS13 45 40
_4:mach MS17 41 33

_5:mach MS13 16 14
230_6:mach MS17 14 8

III-AT

_1:vis S10 45 38

110
_2:vis S13 45 34

_3:mach MS10 45 44
_4:mach MS13 45 39
_5:mach MS17 44 40

Kastner et al.
[17]

separate
I reject 5 0

170 45 4000II L25 383 33
III L36 151 14

Σ = 1154 552

1 nominal grading classes according to ON DIN 4074-1 [23] and EN 14081-1 [13]. 2 datasets with all data present
{ρ, Et,0,b, f t,0,b} and with number of weak zones #WZ > 1. 3 no grading class assigned.

2.2. Model Specifications

The probabilistic board model aims to achieve a generic representation of the distri-
bution and magnitude of global and local growth characteristics in structural timber. The
focus here is on the softwood species Norway spruce (Picea abies) because of the extensive
data available and the dominance in the use of the species as the base material for laminated
structural timber products such as glulam and CLT. As mentioned above, such products
are usually characterized by means of the tensile properties parallel to the grain of the
timber boards and of the finger joints, joining boards, and board segments lengthwise.
As the tensile properties are influenced to a great extent by knots and knot clusters, the
probabilistic model aims to represent these local growth characteristics realistically and
treats them as surrogates for others, such as reaction wood, local grain deviations caused
by broken treetops or bark inclusions, to name only a few. Analogously to the typical
hierarchical structure of branches in trees, boards are further separated into weak zones
(WZ), intermediate knot zones (IZ), and knot-free zones (CW) in the longitudinal direction.
The geometric parameters are illustrated in Figure 4.
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Figure 4. Definition of geometric parameters (a); detail of the length of knot zones (b); definition of
tKAR (c).

In most probabilistic approaches, the length of WZ (LWZ) is kept constant, mostly at
LWZ = 150 mm, and the distance between weak zones (DWZ) only is varied discretely with
LWZ as an increment. In previous probabilistic board models, knots or knot clusters under a
certain threshold of the knot parameter tKAR (tension/total Knot Area Ratio, see Figure 4b)
are usually neglected, and no differentiation is made in WZ and IZ (e.g., [3,7,8]). In contrast
to these references but similar to the investigations in Brandner [9], the lengths of the weak
and intermediate knot zones (LWZ and LIZ) as well as the distances between (DWZ and
DIZ) are modelled as continuous variables, and the occurrence of weak and intermediate
knot zones is represented by two interlaced alternating renewal (AR) processes. Hereby,
the length of knot zones (see Figure 4b) is defined by the outer distance of knots or knot
clusters plus an additional length taking the local grain deviation caused by the knots into
account. Olsson et al. [24] stated that local grain distortions in the vicinity of knots begin to
decay after a distance in the longitudinal direction of approximately 1.5-times the adjacent
knot diameter. Based on this investigation and the assumption of a gradual decrease of the
grain distortions, the additional length was fixed at 1.0-times the diameter of the knot at the
margin of the knot zone to account for the influence of knots on the mechanical properties.
This dimension corresponds to the distance of the centre of gravity from the knot’s outside
diameter when assuming a simplified triangularly decaying influence of the local grain
deviation. As the length of knot zones is kept random, for the distinction between WZ and
IZ, no fixed value is possible; instead, the product LWZ × tKARWZ, as some measure for
the “knot intensity”, was introduced, and products of LWZ × tKARWZ ≥ 2.0 were regarded
as weak zones and otherwise as intermediate knot zones. Figure 5a shows the principle
of the employed two-level probabilistic hierarchical model as well as the definition of
the corresponding equi-correlation. This hierarchical model describes local properties
represented by the random variable Zij of a specific board segment i in board j as a sum
of the average value of the same property Yj of board j and the local deviation from this
average value represented by Xij. This model can be directly inferred from the hierarchical
material structure of timber as a natural raw material. It allows the separating of the total
variation σZ

2 in (i) the variation between the individual boards, σY
2, and (ii) the variation

within a single board, σX
2; see, for example, Ditlevsen and Källsner [6].
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Figure 5. Two-level probabilistic hierarchical model (a) as well as the formal definitions of its main
components (b).

This probabilistic hierarchical approach, wherever applicable, was further applied
to characterize the physical properties and geometrical parameters. In total, there are six
random variables X = {LWZ; LIZ; DWZ; DIZ; tKARWZ; tKARIZ} necessary to describe the
position, dimension, and magnitude of knot zones. Each variable is characterized by a
representative statistical distribution model, its corresponding distribution parameters,
its equi-correlation, and its correlations to other random variables. The statistical models
are selected based on physical constraints and their correspondence to data. All statistical
calculations were realized within Mathematica [25]. Figure 6 shows the plots of the correla-
tion between the global (mean) board properties as well as histograms with the selected
statistical distribution models. The lengths of knot zones, LWZ and LIZ, are described by
a lognormal distribution. Similar to Fink et al. [26], the distances between knot zones,
DWZ and DIZ, are assumed to be gamma distributed. A beta distribution is chosen for
the measures of the magnitudes of knot zones, tKARWZ and tKARIZ, which are by default
restricted to the interval {0; 1}.

For simplification and first indication, the correlations and calibrated linear models in
Figure 6 are derived from empirical data without considering the corresponding marginal
distributions of the random variables. Within the probabilistic board model, however, the
correlation structure between the random variables representing the geometric parameters
and their individual distribution models is approximated by means of a Gaussian copula.
A total of 15 pairwise combinations are necessary for the 6 geometric parameters there
to fully describe all correlations between these random variables. The calculation of this
common correlation matrix, however, may lead to an invalid non-positive semidefinite
matrix. In these cases, the correlation matrix was adjusted to a positive semidefinite matrix,
following the methodology in Ref. [27].
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Figure 6. Simplified linear regressions and correlations together with histograms and corresponding
density functions of assumed statistical distribution models of global (mean) board properties
X = {LWZ; LIZ; DWZ; DIZ; tKARWZ; tKARIZ} of all boards in the databases.

The statistics and parameters for all random variables were determined from the
datasets, as introduced earlier in Section 2.1. In order to describe the dependency of these
six geometric parameters from resawing (lengthwise splitting of boards), the changes in the
geometric parameters from splitting all boards virtually in width direction into {2; 3; 5; 8}
equally wide pieces are analysed. Figure 7 shows exemplarily the expected (average)
functional relationships for the variables LWZ and tKARWZ. Hereby, the separation ratio
ηs as the ratio between the residual and the original board width and the board with ratio
ηw = wb/wb,ref as the ratio between the original board width and the reference board width
are introduced. The reference width was set with wb,ref = 150 mm in accordance with EN
338 [22] and ON EN 1995-1-1 [28].
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The principle regression model to describe all random variables in dependency of
board width ratio ηw and the separation ratio ηs is given in Equation (3). The regres-
sion coefficients, together with reference values and standard deviation of the error term
from the regression models to describe the expected values, E(X), the coefficients of varia-
tion, COV(X), and the equi-correlation coefficients, ρequi(X), are listed in Table 3 and for
modelling the correlation between the variables, ρ(Xi,Xi+1), in Table 4.

Y(X) =
(
β00 + β10 × ( η̃w)

β11 + β20 × ( η̃s)
β21 + ε

)
· Re fGI/GII (3)

with
βij regression coefficients (−)

η̃w
board width ratio factor (−) η̃w = {ηw; 1− ηw}, with ηw = wb/150;
see Table 3 and Table 4

η̃s
separation ratio factor (−); η̃s = {ηs; 1− ηs}, with ηs = wresidual/wb;
see Table 3 and Table 4

wb board width (mm)
wresidual residual board width (mm)
ε error term; ε ∼ ND(0;σε) (−)
Re fGI/GII reference value (mm); (%); (−)

Table 3. Regression coefficients, standard deviations of the error term, and reference values of the
regression models for the description of the expected values, coefficients of variation, and equi-
correlation coefficients for all six geometric variables and reference values of GI and GII.

β00 β10 β11 β20 β21 σε
~
ηw

~
ηS Ref GI Ref GII

LWZ

E(X) – 0.40 0.60 0.60 0.60 0.036

ηw

ηs 100 80

COV(X) 1.00 – – – – 0.053

1− ηs

50% 40%
ρequi(X) 1.00 – – – – 0.053 0.10 0.16

tKARWZ

E(X) – 1.00 −0.35 1.60 2.90 0.165 0.21 0.16
COV(X) 1.00 – – – – 0.075 50% 40%
ρequi(X) 1.00 – – – – 0.075 0.14 0.17

DWZ

E(X) 0.95 – – 0.60 2.10 0.115 500 600
COV(X) 1.00 – – 0.40 1.70 0.048 50% 50%
ρequi(X) 1.00 – – 0.40 1.70 0.048 0.20 0.10

LIZ

E(X) 1.00 – – 0.15 1.00 0.106 25
COV(X) 0.95 – – 0.35 1.00 0.114 45%
ρequi(X) 0.95 – – 0.35 1.00 0.114 0.09

tKARIZ

E(X) 1.00 – – 1.30 1.90 0.156 0.04
COV(X) 1.00 – – 0.50 1.00 0.069 65%
ρequi(X) 1.00 – – 0.50 1.00 0.069 0.10

DIZ

E(X) 1.05 – – 2.35 2.05 0.507 100 135
COV(X) 1.00 – – – – 0.046 95% 95%
ρequi(X) 1.00 – – – – 0.046 0.17 0.17
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Table 4. Regression coefficients, standard deviations of the error term, and reference values of the
regression models for the correlation functions and reference values of GI and GII.

β00 β10 β11 β20 β21 σε
~
ηw

~
ηS Ref GI Ref GII

LWZ–tKARWZ 1.00 – – 0.50 2.00 0.128

1− ηw 1− ηs

0.65
LWZ–DWZ 0.90 – – – – 1.329 0.04
LWZ–LIZ 1.00 2.80 1.00 – – 2.445 0.05
LWZ–tKARIZ 0.25 – – – – 4.064 −0.03
LWZ–DIZ 1.00 – – −1.00 4.00 0.485 −0.20
tKARWZ–DWZ 0.85 2.80 1.00 – – 3.536 0.03
tKARWZ–LIZ 1.00 – – – – 2.646 0.04
tKARWZ–tKARIZ 1.00 – – – – 11.97 0.01
tKARWZ–DIZ 1.00 – – −1.25 1.00 0.170 −0.20
DWZ–LIZ 1.00 – – – – 2.080 0.04
DWZ–tKARIZ 1.00 – – – – 1.991 0.06
DWZ–DIZ 1.00 – – – – 0.239 0.40
LIZ–tKARIZ 1.00 – – −1.10 1.00 0.197 0.45
LIZ–DIZ 1.00 – – – – 0.382 0.25
tKARIZ–DIZ 1.00 – – −0.80 1.00 0.307 0.30

The resulting distributions for the global (mean) board properties from the previously
stated models are compared to the empirical data from the databases by means of PP-
Plots in Figure 8. The plots include data/model predictions and the corresponding 95%
confidence intervals (based on empiric quantiles of 500 randomly chosen distributions)
for group GI (T14), the separation ratios of ηs = {1; 1/2; 1/3} as well as the board widths
wb = {110; 150; 170; 230} mm. Clear deviations from the empirical data are observed for the
group of 230 mm wide boards. These deviations might be caused by the small sample
size for the 230 mm wide boards compared to that of the other board widths. Apart
from this, the probabilistic board model represents the six geometric board parameters of
unsplit as well as lengthwise split boards in a quite satisfactory manner. Similar results or
approximations of the empiric data are achieved with the model for GII (T24).

2.3. Board Generation Process

Figure 9 shows the board generation process schematically by means of the probabilis-
tic board model presented in previous Section 2.2. First, based on the input parameters, the
board width, the separation ratio, and the strength class, together with the main statistics
and parameters of the marginal distributions, are calculated. In the next step, the six-
dimensional copula is formulated, and a random vector Yj with the correlated mean values
for the six geometric parameters of a specific board is generated. Following this, local
deviations Xij from the global (mean) board properties are calculated for LWZ, tKARWZ, and
DWZ for the first alternating renewal process (ARN 1). The positioning and characterization
of the intermediate knot zones within the distance to the next WZ follows as a sub-process
in the second alternating renewal process ARN 2. ARN 1 and ARN 2 are repeated until
a board of predefined overlength is fully characterized. Boards with a length of 20 m are
created, and the first 4 m are discarded. The virtual board is then cut from the remaining
16 m. This process ensures a random start at the beginning of each virtual board, despite
the board generation process always starting with a weak zone.
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Figure 8. PP-Plots of model prediction (incl. 95% confidence interval) vs. empirical data from
database for global (mean) board properties of unsplit boards (ηs = 1 in green) and lengthwise split
boards (ηs = 1/2 in red; ηs = 1/3 in blue).
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2.4. Board Mechanical Properties

The regression models from Fink et al. [26], as given in principle for Equation (4),
apply for the allocation of mechanical properties to each individual board section, i.e., the
local tensile properties parallel to the grain. The regression coefficients for these models are
summarized in Table 5.

ln(Y) = β0 + β1 × Edyn,F + β2 × tKAR + ε (4)

Table 5. Coefficients and standard deviations of the error term for the regression model in
Equation (4) for Y = {f t,0,ij; Et,0,ij} in (MPa); from Fink et al. [26].

β0 β1 β2 σε

f t,0,ij 2.96 8.50 × 10−5 −2.22 0.20
Et,0,ij 8.41 7.69 × 10−5 −9.02 × 10−5 0.10

Similar to Fink et al. [26], a correlation of ρ = 0.8 was applied between the error terms
of the strength and the modulus of elasticity. In line with the findings in Colling [12]
and by following the two-level hierarchical model, the error term was separated into two
parts. For the error terms of the strength and the modulus of elasticity, this was done
by means of the following equi-correlation coefficients, which were set to account for the
different homogeneities in knot and knot-free zones with ρequi,WZ = 0.45, ρequi,IZ = 0.70,
and ρequi,CW = 0.90. Although Brandner [29] gave a slightly higher equi-correlation of
the WZ for the modulus of elasticity than for the tensile strength parallel to the grain, no
differentiation has been made here for the sake of simplification.

The main statistics for the dynamic modulus of elasticity based on eigenfrequency,
EDYN,F, as indicating a property for the strength in the grading process and for the average
board potential in the virtual board generation process, see Equation (5), are given in
Table 6. The comparison of EDYN,F from boards before and after lengthwise splitting based
on data from Kastner et al. [17] and recently conducted own tests (see Section 2.5.2) shows
that the mean value approximately remains the same, i.e., is independent of the splitting
process, whereas the coefficient of variation increases with a decreasing separation ratio;
see Equation (5).

COV(EDYN,F) = COV(EDYN,F,ref)× ηs
−1/4 (5)

Table 6. Parameters for the dynamic modulus of elasticity.

GI GII

EDYN,F,mean (MPa) 11,500 14,000
COV(EDYN,F,ref) (%) 13.0 13.0

2.5. Validation of the Probabilistic Board Model
2.5.1. Boards with a Full Cross-Section

The validation of the probabilistic board model is performed by comparing the main
statistics together with the various influences of the geometric parameters, i.e., width and
length effects, as calculated from simulated board data with experimental data from the
literature. These size effects (e.g., width and length) in timber engineering are described
via power regression models (e.g., refs. [10,28,30]). Therefore, 1.5 × 104 timber boards were
virtually generated for each width wb = {100; 150; 200; 250} mm and both groups GI and GII.
The main statistics of the tensile strength and modulus of elasticity in tension parallel to the
grain determined from these boards are summarized in Table 7. The results are calculated
with a test length according to EN 408 [19] of nine times the width for the determination
of the tensile strength and five times the width for the determination of the modulus of
elasticity in tension parallel to the grain.
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Table 7. Main statistics of the tensile strength f t,0,b and modulus of elasticity in tension Et,0,b parallel to
the grain in (MPa) calculated from 1.5 × 104 simulated boards for each width and group, considering
a test length of lb = 9 × wb and lb = 5 × wb, respectively, for f t,0,b and Et,0,b according to EN 408 [19].

Group GI (T14) GII (T24)
Width wb (mm) 100 150 200 250 100 150 200 250

f t,0,b

min (MPa) 6.2 6.3 5.9 6.8 12.2 12.9 13.7 14.5
max (MPa) 75.3 74.2 72.6 73.7 114.3 101.2 105.6 102.3
mean (MPa) 27.8 27.4 27.7 27.6 40.4 40.2 40.4 40.1
COV (%) 34.8 31.6 30.0 29.3 30.1 28.1 27.0 26.6
x05,LN (MPa) 14.4 15.3 15.9 16.0 23.6 24.4 25.1 25.2
x05,LN/x05,LN,Ref

1 (−) 0.94 1.00 1.04 1.05 0.97 1.00 1.03 1.03

Et,0,b
mean (MPa) 10,454 10,442 10,485 10,486 12,988 13,008 13,062 12,992
COV (%) 15.3 14.9 14.9 14.8 17.2 17.3 17.1 17.2

1 ratio x05,LN|wb/x05,LN|wb,ref (−), with wb,ref = 150 mm and lb,ref = 9 × wb.

In both groups, the average modulus of elasticity in tension parallel to the grain
is 500 MPa lower than assigned to the strength classes T14 and T24 in EN 338 [22]. A
similar outcome is reported in Fink et al. [26], whose models were also applied here for the
allocation of mechanical properties to board segments. An influence of the width of the
boards on the modulus of elasticity was not observed.

The mean values of tensile strength and modulus of elasticity are also almost constant,
i.e., independent of wb. Slightly increasing 5%-quantile values of the tensile strengths are
observed because of decreasing variation with increasing width. This can be well argued,
at least qualitatively, on the basis of the natural growing process for branches in softwood
trees and their transformation when worked as boards in standard sawing processes (see
Figure 10). For the influence of the width, a power coefficient of kw,9b,05 = 0.10 for GI and
kw,9b,05 = 0.06 for GII with respect to the reference length of lb,ref = 9 × wb can be found.
Burger [31] found similar coefficients of kw,9b,05 = 0.13 and kw,9b,05 = 0.07, respectively, for
the visual grading classes S10 and S13 according to ON DIN 4074-1 [23].
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Figure 10. Influence of the width on main statistics Y = {E(X); COV(X); x05,LN} of the tensile strength
parallel to the grain of boards (X = f t,0,b) at the reference length lref = 9 × wb relative to the statistics at
reference width of wb,ref = 150 mm; analysis based on virtually generated boards for GI (a) and GII (b).

As the reference length according to EN 408 [19] is directly coupled with the width, i.e.,
lb,ref = 9× wb, this width effect represents a combined width and length effect. A more pro-
nounced width effect is observed in the case of a fixed reference testing length. Figure 11 shows a
comparison between the tensile strength of boards with a width of wb = {100; 150; 200; 250} mm
and a length of lb = {2.0; 4.0} m and the tensile strength of boards featuring a reference width
of wb,ref = 150 mm and a length of lb,ref = {2.0; 4.0} m. Given a constant reference length, the
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power coefficients for adjusting the 5%-quantile of the tensile strength parallel to the grain to
the reference width results in kw,2|4m,05 = 0.25 and kw,2|4 m,05 = 0.20, respectively, for GI and GII.
EN 384 [20] states a power coefficient kw,EN384 = 0.20 for adjustment acc. to the width of the
board, but no length effects are considered. Therefore, the power coefficients found based on
fixed board lengths of lb = {2.0; 4.0} m are largely in line with the power coefficient of the width
correction function stated in EN 384 [20].
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Figure 11. Influence of the width on the main statistics Y = {E(X); COV(X); x05,LN} of the tensile
strength parallel to the grain of boards (X = f t,0,b) featuring a length of lb = {2.0; 4.0} m relative to the
statistics at a reference width of wb,ref = 150 mm and lb,ref = {2.0; 4.0} m; analysis based on virtually
generated boards for GI (a) and GII (b).

In addition to the board width, the board length also has an influence on the tensile
properties. Table 8 summarizes the main statistics of the tensile strength and modulus
of elasticity in tension parallel to the grain of 150 mm wide boards, i.e., of boards at
reference width wb,ref according to EN 338 [22], EN 384 [20], and ON EN 1995-1-1 [28],
for different lengths and for both groups GI and GII. As expected, with increasing length
decreasing tensile strengths are observed. The modulus of elasticity in tension parallel to
the grain remains unaffected; i.e., there are no trends in mean values nor coefficients of
variation given.

Table 8. Main statistics of the tensile strength f t,0,b and modulus of elasticity in tension Et,0,b parallel
to the grain in (MPa) calculated from 1.5 × 104 simulated boards for each length and group, featuring
a width of wb = 150 mm according to EN 338 [22].

Group GI (T14) GII (T24)
Board Length lb (mm) 900 1350 2000 2250 4000 900 1350 2000 2250 4000

f t,0,b

mean (MPa) 29.7 27.4 25.6 25.1 22.8 42.5 40.2 38.2 37.6 35.2
COV (%) 32.3 31.6 31.6 31.3 31.2 28.1 28.1 28.0 27.7 27.4
x05,LN (MPa) 16.3 15.3 14.3 14.0 12.8 25.8 24.4 23.4 23.0 21.8
x05,LN/x05,LN,Ref

1(−) 1.06 1.00 0.93 0.91 0.84 1.05 1.00 0.96 0.94 0.89

Et,0,b
mean (MPa) 10,477 10,442 10,454 10,446 10,456 13,009 13,008 13,014 12,994 13,014
COV (%) 15.3 14.9 15.1 15.0 15.0 17.2 17.3 17.5 17.0 17.2

1 ratio x05,LN|lb/x05,LN|lb,ref (−), with lb,ref = 9 × wb,ref = 1350 mm.

Figure 12 shows the influence of length on the main statistics of the tensile strength
parallel to the grain of boards featuring widths of wb = {100; 150; 200; 250} mm and
a length of lb = {900; 1350; 1800; 2000; 2250; 4000} mm relative to their corresponding
reference length of lb,ref = 9 × wb. By means of power regression models based on the
characteristic (5%-quantile) tensile strength values for group GI and GII, respectively,
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power coefficients kl,05 = 0.15 and kl,05 = 0.11 are found. Fink [7] reports a comparable
dependency of the characteristic tensile strength parallel to the grain on length with
kl,05 = 0.15 for L25 and kl,05 = 0.10 for L40. Brandner and Schickhofer [32] calculated power
coefficients in dependence on the variation of the tensile strength of the boards. They
proposed kl,05 = 0.13 and kl,05 = 0.21, respectively, for boards with coefficients of variation
for the tensile strength parallel to the grain in the range of COV(f t,0,b) = 25 ± 5% and
COV(f t,0,b) = 35 ± 5%. In line with the outcomes here, they and Brandner [29] and Brandner
and Schickhofer [32] also report on higher power coefficients for the length effect on the
mean values of the tensile strength parallel to the grain. This is because of the coefficient
of variation COV(f t,0,b), which also slightly but constantly decreases with the increasing
length of the boards; see Figure 12.
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Figure 12. Influence of the length on the main statistics Y = {E(X); COV(X); x05,LN} of the tensile
strength parallel to the grain of boards (X = f t,0,b) relative to the statistics at a reference length
lb,ref = 9 × wb; analysis based on virtually generated boards for GI (a) and GII (b).

The probabilistic board model presented here is able to predict in overall terms the
tensile strength parallel to the grain of boards and to depict width and length effects within
a plausible range as found in experimental investigations in the literature (e.g., [7,31,32]).
As shown above, the size effects are partially dependent on the different testing lengths
anchored in EN 408 [19]. A uniform reference length and width are needed for further
use of tensile properties in load-bearing models. This can be achieved either by a fixed
testing length or by correction functions. The former European glulam standard EN
1194 [30], for example, provided power functions for the correction of the tensile strength
of boards to a reference width of wb,ref = 150 mm and length of lb,ref = 2 m with power
coefficients of kw,EN1194 = 0.05 and kl,EN1194 = 0.10 irrespective of the board strength class.
Such regulations are missing in the current product standard for GLT EN 14080 [10]. Based
on these observations, the tensile strength of boards within load-bearing models is always
referenced to a length of lb,ref = 2.0 m in the following.

2.5.2. Boards in Split Condition

A comparison between simulated data, test data from the literature, and also from
additionally conducted own test series is made for validation of the new probabilistic board
model. This also applies in the context of the prediction quality for lengthwise split boards,
whereby the splitting process takes place after grading the boards in full cross-section.
Boards of various widths wb = {100; 150; 200; 250} mm and lengths lb = {2000; 4000} mm
were generated for the simulated data (each combination with 1.5 × 104 realizations).
These boards were subsequently split virtually lengthwise given the separation ratios
ηs = {1; 2/3; 1/2; 1/3; 1/4; 1/8}. Figure 13 shows the results based on simulated data as
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main statistics of the tensile strength parallel to the grain of split boards relative to that of
boards of full cross-section, i.e., ηs = 1.
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Figure 13. Influence of lengthwise splitting on the main statistics Y = {E(X); COV(X); x05,LN} of the
tensile strength parallel to the grain of boards (X = f t,0,b) relative to the statistics of full cross-section
properties; analysis based on virtually generated boards for GI (a) and GII (b).

Compared to the properties of unsplit boards, with decreasing residual width, i.e.,
smaller ηs, the mean value of the tensile strength parallel to the grain decreases while
the coefficient of variation increases. This observation is even more pronounced in the
case of boards in the lower strength class GI (T14), but it is less noticeable for GII (T24).
Viguier et al. [16] investigated the influence of splitting boards lengthwise on the edgewise
bending strength. For boards of strength class C24, according to EN 338 [22] ηs = {1/2; 1/3},
reductions to 78% and 57% of the characteristic bending strength at full cross-section were
reported. Reductions to 83% and 75% were found for boards of strength class C40 and with
the same separation ratios. Similar reductions are observed for the characteristic values in
the current investigations on the tensile strength parallel to the grain.

The results from the tensile parallel to the grain tests conducted on unsplit and split
boards from Kastner et al. [17] (strength class T14.5 according to EN 338 [22]) are sum-
marised in Table 9, and a comparison with the model predictions is shown in Figure 14a.
The same tendencies are generally observed in the test and simulated data, i.e., with de-
creasing separation ratios, there is a decrease in the mean and 5%-quantile values and an
increase in the coefficient of variation.

Table 9. Results from the tensile tests parallel to the grain on boards for different separation ratios;
data taken from Kastner et al. [17] and own investigations (see Scherfler [33] for further details).

Kastner et al. [17] Own Investigations

ηs 1 1/2 1 2/3 1/3

f t,0,b

number (−) 49 196 54 54 54
min (MPa) 12.3 7.4 14.8 6.1 4.0
max (MPa) 40.4 42.7 71.6 73.8 69.0

mean (MPa) 23.8
(1.0) 1

22.1
(0.93) 1

41.5
(1.0) 1

37.4
(0.90) 1

34.2
(0.83) 1

COV (%) 25.5
(1.0) 1

28.4
(1.11) 1

40.6
(1.0) 1

46.5
(1.15) 1

52.8
(1.30) 1

x05,LN (MPa) 15.4
(1.0) 1

13.1
(0.85) 1

18.7
(1.0) 1

12.5
(0.67) 1

9.2
(0.49) 1

Et,0,12
mean (MPa) 11,200 10,900 14,000 13,100 12,600
COV (%) 8.8 9.1 18.6 16.8 11.9

ρ12,b
mean (kg/m3) 433 431 458 451 453
COV (%) 7.5 8.1 8.7 8.2 11.9

1 relative to properties of boards at full width.
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Figure 14. Model predictions vs. the main statistics Y = {E(X); COV(X); x05,LN} from test results
(X = f t,0,b) relative to properties of boards at full width with 95% CI assuming X ~ LN; data taken
from (a) Kastner et al. [17] and (b) own investigations (see Scherfler [33] for further details).

To further validate the model, additional tests were carried out on Norway spruce
(Picea abies) boards with dimensions wb × tb × lb = 165 × 30 × 4000 mm3 and of nominal
strength class T14+ according to EN 338 [22]. In total, 108 boards were delivered. Half
of them, randomly selected, remained in their full width, and the other half were split
lengthwise to obtain boards featuring ηs = {1/3; 2/3}. The dynamic modulus of elasticity
based on eigenfrequency, the density, as well as the positions and dimensions of knots were
determined for each individual piece and for split boards before and after splitting. All
were subsequently tested together in tension parallel to the grain until failure at a free span
of 3180 mm. For both groups of unsplit and split boards, the main statistics and distribution
characteristics of the dynamic modulus of elasticity and the density determined from
boards at full cross-section are almost identical (see Scherfler [33] for further details).

The main statistics gathered from test results are summarized in Table 9 and compared
to the model predictions in Figure 14b. The model outcomes show tendencies comparable
to the test results. The mean values for the tensile strength parallel to the grain gener-
ally decrease with decreasing separation ratios, while the variation is increased, and the
5%-quantiles, thus, also decrease. An increase in the variation of the modulus of elasticity
was also observed within the simulated boards. The reduction of the mean modulus of
elasticity as found from current tests was neither detected in Kastner et al. [17] nor in
simulated boards.

Some additional comments on current tests: although T14 according to EN 338 [22]
was ordered, the delivered material seems to be composed of two groups of strength classes
with a significant number of boards, which have every appearance of belonging to much
higher strength grades. This circumstance is visible in the high mean tensile strength for
the declared strength class T14 according to EN 338 [22] and in the unexpectedly high
variation. Since the model for split boards was developed for material featuring a common
variation COV(f t,0,l) ∼= 30%, discrepancies between data from simulations and tests have to
be expected.

As the possibilities for validating the probabilistic model for split boards are relatively
limited due to the small number of experimental investigations and the uncertainties
accompanying them, an implicit validation will be conducted later by comparing the
outcomes of the probabilistic numerical glulam model with test data gathered from resawn
glulam beams; see Section 4.



Buildings 2022, 12, 1143 19 of 40

2.6. Probabilistic Characterization of Finger Joints and Distances of Finger Joints

As an intermediary, product boards or board segments are joined to an endless lamella
via finger joints. These endless lamellas are subsequently cut into pieces of the required
length. The properties of finger joints and their overall mechanical potential depend on the
properties of the two boards/segments that are joined by them. In addition, the execution
conditions, the machinery, and other production process-related parameters also play a
major role. These influences are assumed to be sufficiently well controlled and are thus
not given further consideration. Following the regulations in, e.g., EN 14080 [10], finger
joints must be placed in zones free of knots (as surrogates for local grain deviations) and
at a sufficient distance from these to avoid possible negative influences from local grain
deviations on the performance of the finger joints. This circumstance also needs to be
considered in the modelling process. The required characteristic bending and tensile
strengths of the finger joints in relation to the characteristic tensile strength parallel to the
grain of boards according to EN 14080 [10] are given in Equations (6)–(8).

1.4× ft,0,b,k ≤ fm,FJ,k ≤ 1.4× ft,0,b,k + 12 (6)

fm,FJ,k = 1.4× ft,FJ,k (7)

ft,0,b,k ≤ ft,FJ,k ≤ ft,0,b,k + 8.5 (8)

Regarding the assignment of mechanical properties to finger joints, the approach in
Fink [7] is to use a specific tKAR-value in combination with the strength model for the weak
knot zones (WZ). Based on tests, he proposed tKARFJ = 0.20. Following his procedure, the
tensile strength of finger joints is defined as the minimum of weak zones in both boards
calculated at the joint zone with tKARFJ = 0.20. The modulus of elasticity is approximated
as the average value of the module of elasticity from clear wood zones of both boards;
see Equation (9).

ft,FJ = Min( ft,FJ,i ; ft,FJ,i+1) Et,FJ = Mean(Et,FJ,i ; Et,FJ,i+1) (9)

The statistics of the tensile strength of the finger joints are shown in Table 10, and
the histograms with overlaid lognormal density functions in Figure 15 for both groups
GI and GII. In Table 10, the results for the finger joints are also compared with the tensile
strengths parallel to the grain of simulated boards featuring wb = 150 mm and lb = 2 m. The
requirements with respect to the strength of finger joints in Equation (8) are fulfilled for
both groups. The strength ratios f t,FJ,05,LN/f t,0,b,05,LN are 1.46 for GI and 1.08 for GII. The
finger joint tensile strength overall is within the range found in the literature ([34,35]).

Table 10. Main statistics of the tensile strength parallel to the grain (f t,FJ) of 1.5 × 104 simulated finger
joints and of the tensile strength parallel to the grain (f t,0,b) of 1.5 × 104 simulated boards featuring
wb = 150 mm and lb = 2 m.

Group GI (T14) GII (T24)

f t,FJ

mean (MPa) 29.2 36.0
COV (%) 19.5 20.7
x05,LN (MPa) 20.8 25.2

f t,0,b
1

mean (MPa) 25.6 38.2
COV (%) 31.6 28.0
x05,LN (MPa) 14.3 23.4

f t,FJ,05,LN/f t,0,b,05,LN 1.46 1.08
1 with wb = 150 mm and lb = 2 m.
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Figure 15. Histograms together with calibrated lognormal density functions of the finger joint tensile
strength parallel to the grain f t,FJ in (MPa) for both groups GI and GII.

The edge effects at finger joints, derived from non-uniform pressure distribution along
the width of boards during the production of finger joints and, in particular, with respect to
split boards, are not relevant for the products discussed here, i.e., flat finger joint profiles
(flanges running parallel to the board’s side faces) are assumed. The increasing influence
of grain deviations on the tensile strength of finger joints in split boards is considered
via the higher variation in the dynamic modulus of elasticity. For a separation ratio of
ηs = 1/10, approximately 10% lower characteristic finger joint tensile strengths are observed
from simulations.

The positioning of the finger joints plays an essential role within the probabilistic
models. In previous investigations, the positions of the finger joints were randomly cho-
sen based on a normal distribution (ND(4.3; 0.76) in Fink [7] and Fink et al. [26] and
ND(4.62; 0.67) Frese [8], Ehlbeck and Colling [36] and Blaß et al. [37]). The approach within
this contribution is based on the current production processes. Hereby, a board length of
4 m, a common dimension at least in Austria, is chosen, and the finger joints are placed
within a knot-free zone (CW) as close as possible to the board ends. The finger joints with
a length of 20 mm were thereby placed in the middle of a knot-free zone with a minimal
length of 90 mm. This was done to implement the regulation regarding the minimal dis-
tance of knots from the finger joints in EN 14080 [10]. The distribution of distances between
the finger joints dFJ for different separation ratios ηs = {1; 1/2; 1/3; 1/8} and base materials
are shown in Figure 16.
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Figure 16. Calibrated beta density functions {0;4} for representing the distances between finger
joints dFJ placed in boards as well as lengthwise split boards featuring different separation ratios of
ηs = {1; 1/2; 1/3; 1/8}, assuming a reference board length of lb = 4 m for base material of (a) GI (T14)
and (b) GII (T24); for each setting 1.5 × 104 simulations.
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The average distance between finger joints is almost independent of the separation
ratio and amounts dFJ,mean = 3.86 m for GI (T14) and dFJ,mean = 3.90 m for GII (T24). The
variation of the distance between the finger joints decreases with increasing separation
ratios. There is no plausible reason why this should occur in real production. In the
real production line, the boards are finger jointed to lamellas in full cross-section and are
subsequently split lengthwise. Therefore, the distances between finger joints should be
independent of the separation ratio. In the presented model, the individual boards are
generated in split condition and must be joined subsequently. The observed deviations
due to the positioning of the finger joints in the already split board are negligible. The
current approach, however, delivers more plausible and realistic board lengths or distances
between finger joints dFJ than previous models and depends only on the original board
length as the input parameter.

3. Probabilistic Numerical Beam Model
3.1. Principles of the Probabilistic Numerical Model

In order to examine the load-bearing behaviour of virtually generated flex_GLT and
glulam beams by means of four-point-bending tests in accordance with EN 408 [19], a
stochastic finite-element model was developed within the FE software package Ansys [38].
The test setup is shown in Figure 17. The load is applied at the third points of the test span.
The width of the load introductions and supports is 0.5 times the beam depth.

Buildings 2022, 12, x FOR PEER REVIEW 22 of 41 
 

variation of the distance between the finger joints decreases with increasing separation 
ratios. There is no plausible reason why this should occur in real production. In the real 
production line, the boards are finger jointed to lamellas in full cross-section and are sub-
sequently split lengthwise. Therefore, the distances between finger joints should be inde-
pendent of the separation ratio. In the presented model, the individual boards are gener-
ated in split condition and must be joined subsequently. The observed deviations due to 
the positioning of the finger joints in the already split board are negligible. The current 
approach, however, delivers more plausible and realistic board lengths or distances be-
tween finger joints dFJ than previous models and depends only on the original board 
length as the input parameter. 

3. Probabilistic Numerical Beam Model 
3.1. Principles of the Probabilistic Numerical Model 

In order to examine the load-bearing behaviour of virtually generated flex_GLT and 
glulam beams by means of four-point-bending tests in accordance with EN 408 [19], a 
stochastic finite-element model was developed within the FE software package Ansys 
[38]. The test setup is shown in Figure 17. The load is applied at the third points of the test 
span. The width of the load introductions and supports is 0.5 times the beam depth. 

 
Figure 17. Test setup of four-point-bending tests in accordance with EN 408 [19] within the FE soft-
ware package Ansys [38]. 

All necessary geometric parameters and material properties are provided by individ-
ual input files. Figure 18 shows exemplarily a part of one virtually generated flex_GLT 
beam (hg = 360 mm; wg = 150 mm) consisting of tb = 30 mm thick and wb = 100 mm wide 
lamellas, its elements, and the distribution of local material properties tKARij, ft,0,ij and Et,0,ij. 

F/2F/2

x

z

6∙hg6∙hg 6∙hg

hg

0.5∙hg0.5∙hg

Figure 17. Test setup of four-point-bending tests in accordance with EN 408 [19] within the FE
software package Ansys [38].

All necessary geometric parameters and material properties are provided by individual
input files. Figure 18 shows exemplarily a part of one virtually generated flex_GLT beam
(hg = 360 mm; wg = 150 mm) consisting of tb = 30 mm thick and wb = 100 mm wide lamellas,
its elements, and the distribution of local material properties tKARij, f t,0,ij and Et,0,ij.

The element size/increment in the longitudinal direction of the beam (x-axis) was
set to le = 10 mm. This relatively small value was chosen to realistically depict the mor-
phology of the timber boards within the new probabilistic board model. This represents
measures for the extension and magnitude of knots and knot-free zones by random vari-
ables. One element per lamination/lamella was used in the direction of the beam depth
(z-axis) and width (y-axis). The length of the finger joints was set to 20 mm, which corre-
sponds to two elements. For the board segments and finger joints 8-noded elements of type
SOLID185 were used to model the orthotropic behaviour (Ex = Et,0,ij; Ey = Ez = 300 MPa;
Gxy = Gxz = G0 = 650 MPa; Gyz = Gzy = G90 = 100 MPa). Similar to Fink et al. [26], differ-
ences in the material properties and behaviour as regards to tension and compression
parallel to the grain with respect to elastic and strength properties are not considered.
Hence, a prior yielding within the bending–compression zone is excluded, and only fail-
ures within the bending–tension zone are considered. The contact between the individual
lamellas within and between layers was treated as being rigid. This narrow and side face
bonding was realized by means of surface contact elements (TARGET170 and CONA174).
For the load introduction and support plates, solid three-dimensional elements (SOLID186)
with isotropic material behaviour (ES = 1010 MPa) were used. In contrast to the contact
formulation between the individual layers of the beam, the contact between the beam and
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the load introductions and supports was modelled as rigid contact in compression and
with a small tangential (y- and x-direction) stiffness to prevent an influence of stiff load
introductions on the load-bearing behaviour of the beam.
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Figure 18. Exemplary representation of one flex_GLT beam type B part as implemented in stochastic
FE-analysis: (a) board segment type {CW—Clear wood; IZ—Intermediate knot zone; WZ—Weak zone;
FJ—Finger joints}; (b) modulus of elasticity in tension parallel to the grain (x-axis); (c) tKAR-value;
(d) tensile strength parallel to the grain (x-axis).

3.2. Beam Generation and Simulation Process

The beam generation and simulation process is schematically shown in Figure 19.
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Figure 19. Beam generation and simulation process.

The beam generation process is directly linked to the necessary production steps of
flex_GLT beams (see Figure 2). First, the geometry of the multi-layer panel is created based
on the input parameters wp, hp = hg, lp = lg. The cross-section pattern (number of layers
and overlap at the board edges; see Figure 3) is calculated based on the multi-layer panel
width wp, the board width wb, and the board thickness tb. At this point, it is possible
to choose whether the first board of the first solid wood panel (Figure 2a) is arbitrarily
reduced in width or not. In the second step, the beam featuring a width of wb is cut from the
multi-layer panel. The cutting position with respect to the multi-layer width can be either a
fixed value or chosen arbitrarily. With these two randomized generation steps, it is possible
to ensure that all possible cross-section patterns are covered within the stochastic process.
In the next step, boards featuring a length of lb are generated based on the cross-section
pattern of the beam and joined via finger joints. In the course of this, the finger joints are
placed in knot-free zones (CW) as close to the board ends as possible, thus mirroring current
industrial glulam production lines; see also Section 2.6. To ensure a random distribution of
finger joints within the beam, an arbitrary starting position within the first board is chosen.

The total set of mechanical properties is subsequently passed on to the FE-program.
In Ansys [38], a load of fixed magnitude, Ftest, is applied, and the resulting local stresses
are calculated. Based on the mean tensile stress in each element, the degree of utiliza-
tion in tension parallel to the grain is calculated. The stiffness of the corresponding
zone {WZ, IZ, CW, or FJ} within the beam containing the FE-element with the highest
utilization ratio in tension is set to zero. This process is repeated until the global modulus
of elasticity in bending (MOE) is reduced by more than 20% from that of the totally intact
beam. The maximal load Fmax,I for the glulam beam in each load step i, is calculated based
on the utilization ratios in tension parallel to the grain of each element.

Fmax,i =
Ftest

ηft,0I

; Fult = max(FmaxIi); Mult =
Fult
2
× 6 · hg; fm,g =

Mult
Wy

(10)

The bending strength f m,g of the glulam beam is derived from the ultimate load Fult of
all load cycles assuming linear-elastic material behaviour; see Equation (10).

3.3. Validation of the Probabilistic Numerical Beam Model on Glulam

Glulam beams with a width of wg = 150 mm and depths hg = {280; 600; 900} mm were
simulated for validation of the probabilistic numerical beam model (each combination with
103 realizations). The length of the boards used was fixed with lb = 4 m, a common dimen-
sion widely used in Austria. Therefore, the characteristic tensile strengths of the simulated
boards at a reference length of lb,ref = 2 m (see EN 1194 [30]) are f t,0,b,05,LN = 14.3 MPa for
GI and f t,0,b,05,LN = 23.4 MPa for GII. The results for the bending properties of the simulated
glulam beams virtually tested in bending are summarized in Table 11. Histograms, to-
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gether with calibrated lognormal density functions of the bending strengths, are shown in
Figure 20. The lognormal distributions clearly represent the simulated data in a satisfactory
manner. It can be observed from a glance at the main statistics that the mean values of the
bending strengths and the coefficients of variation decrease with increasing beam depth.
The reduction in the 5%-quantiles of the bending strengths provides good confirmation of
the size (depth) effect kh = (hg/600)0.10 as anchored in EN 14080 [10] as well as the depth
effect kh = 1.19–− 3.73 × 10−4 × h + 1.04 × 10−7 × h2 for 300 ≤ hg ≤ 1800 mm as proposed
in Frese and Blaß [39]. The 5%-quantiles of the bending strength f m,g,05,LN = 21.2 MPa for
the GLT beams built up with boards from GI is below the characteristic value as anchored
for GL24h according to EN 14080 [10]; also, the mean value of the modulus of elasticity
Em,0,g,mean = 10,450 MPa is lower than regulated (Em,0,g,mean = 11,500 MPa). Similar results
are reported in the contexts of strength and modulus of elasticity in bending in Fink [7].
One reason for the lower strength value in the simulations presented here might be the
coefficient of variation with COV(f t,0,b) ≈ 31% (and 30% in Fink [7]), which is lower than
usually found in other studies. For the effect of homogenization of material properties,
however, this coefficient of variation is of utmost importance, i.e., the higher the coefficient
of variation, the higher the possible effects in homogenization (see [34,40]). Blaß et al. [37],
for example, simulated glulam beams of class GL24h built up of boards featuring a tensile
strength parallel to the grain of f t,0,b,k = 14.4 MPa and a COV(f t,0,b) = 41.7% and reached
the stipulated bending strength.

Table 11. Main statistics for the bending strength f m,g and the modulus of elasticity Em,0,g as
calculated from the data of 103 simulated glulam beams for each setting for a width of wg = 150 mm,
various depths and base material GI (T14) and GII (T24).

Group GI (T14) GII (T24)

Beam Depth hg (mm) 280 600 920 280 600 920

f m,g

mean (MPa) 32.0 26.5 24.5 44.9 37.1 34.3
COV (%) 18.7 13.0 11.0 17.4 12.6 10.0
x05,LN (MPa) 23.0 21.2 20.2 33.3 29.9 28.9
x05,LN/x05,LN,Ref

1 (−) 1.08 1.00 0.96 1.11 1.00 0.97
kh = (h/600)0.10 [10] 1.08 1.00 0.96 1.08 1.00 0.96
kh

2 [39] 1.09 1.00 0.94 1.09 1.00 0.94

Em,g
mean (MPa) 10,459 10,438 10,469 12,953 12,950 12,981
COV (%) 7.0 4.6 3.6 7.9 5.3 4.1

1 ratio x05,LN|hg/x05,LN|hg,ref (−), with hg,ref = 600 mm; 2 kh = 1.19 − 3.73 × 10−4 × h + 1.04 × 10−7 × h2 for
300 ≤ hg ≤ 1800 mm.
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f m,g based on simulated glulam beams of width wg = 150 mm and various depths built up from base
material (a) GI (T14) and (b) GII (T24); for each setting 103 simulations.
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The bending strength of f m,g,05,LN,ref = 29.9 MPa for glulam beams simulated with
boards of the higher strength class GII (T24) are well in line with the load bearing model
given in EN 14080 [10], which implicitly considers less variation in the tensile properties of
boards of higher strength class.

With regard to the modulus of elasticity in bending of glulam beams, EN 14080 [10]
states 5% higher mean values than for the base board material. This was not observed in the
simulated data. The mean values remain constant at all investigated depths, whereas, due
to homogenization effects, the coefficient of variation decreases significantly with greater
beam depths. Brandner and Schickhofer [41] present probabilistic models which allow the
distribution and statistics of elastic and shear modules of laminated timber members to
be characterized. These statistical models also incorporate the serial and parallel systems
within glulam beams. In line with the findings here, they propose not considering any
increase in the mean value of the modulus of elasticity in bending of glulam beams in
comparison to that of the boards, i.e., Em,g,mean = Et,0,l,mean is concluded.

Overall, the probabilistic numerical beam model is capable of predicting the bending
strength and the modulus of elasticity of glulam beams. The presented bending properties
and size effects are within a plausible range as found in the literature.

4. Resawn Glulam Beams
4.1. Glulam in Split Condition

In order to analyse the influence of splitting glulam beams on the properties of the
remaining cross-sections, the probabilistic model for lengthwise split boards, presented
in Section 2, was combined with the probabilistic numerical model for glulam beams in
Section 3. Glulam beams of different widths, depths, degrees of separation (one or two
cuts separating each beam in equally wide split beams, i.e., ηs = 1/2 or 1/3), and board
strength classes were simulated for this purpose. The results for the bending strength
f m,g of all simulated parameter combinations (103 for each combination) are summarized
in Table 12. The relative bending strength of resawn glulam also varies with the beam
width and depth. These deviations are of relatively minor significance compared to the
influence of the number of cuts (separation ratio ηs). The absolute mean and 5%-quantile
values of the bending strength of the beams are dependent on the beam width. These
consequences from the testing lengths as anchored in EN 408 [19] are directly linked to
the board width and the influence of the board length on the tensile strength parallel to
the grain, as already discussed in Section 2. The former European glulam standard EN
1194 [30] included a reference width of wb,ref = 150 mm and a reference length of lb,ref = 2 m.
In cases of deviating board dimensions, the characteristic tensile strength parallel to the
grain can be adjusted via two multiplicative coupled power models with power coefficients
of kw,EN1194 = 0.05 and kl,EN1194 = 0.10 for all strength classes. Regulations of this kind are
lacking in the current standard EN 14080 [10]. Making use of these former provisions or
fixing a representative reference testing length, for example, lb,ref = 2 m (e.g., in EN 408 [19]),
would be a necessity for correctly depicting the bending strength of glulam and for further
reducing uncertainties in the load bearing models.
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Table 12. Main statistics of the bending strength f m,g from 103 simulated glulam beams and resawn
glulam {1 cut; 2cuts} for each parameter setting featuring various widths wg = {100; 150; 200} mm,
depths hg = {280; 600} mm and base material GI (T14) and GII (T24).

wb = wg hg Group f m,g,mean (MPa) COV(f m,g) (%) f m,g,05,LN (MPa)
Full 1 Cut 2 Cuts Full 1 Cut 2 Cuts Full 1 Cut 2 Cuts

100

280
GI (T14)

30.4
29.4 –

19.5
22.1 –

21.5
19.5 –

(0.97) 1 – (1.13) 1 – (0.91) 1 –

150 32.0
30.5 29.3

18.7
20.9 24.1

23.0
20.9 18.5

(0.95) 1 (0.92) 1 (1.12) 1 (1.29) 1 (0.91) 1 (0.81) 1

200 33.3
31.5 30.1

18.5
19.8 22.4

24.1
22.1 20.2

(0.95) 1 (0.91) 1 (1.07) 1 (1.21) 1 (0.91) 1 (0.84) 1

150 600 26.5
24.9 23.3

13.0
14.2 15.2

21.2
19.5 17.8

(0.94) 1 (0.88) 1 (1.09) 1 (1.17) 1 (0.92) 1 (0.84) 1

150 280 GII
(T24)

44.9
43.8 41.8

17.4
18.3 21.3

33.3
32.0 28.9

(0.98) 1 (0.93) 1 (1.05) 1 (1.22) 1 (0.96) 1 (0.87) 1

150 600 37.1
36.2 34.5

12.6
13.1 13.5

29.9
28.9 27.4

(0.98) 1 (0.93) 1 (1.03) 1 (1.07) 1 (0.97) 1 (0.92) 1

1 related to the properties at full cross-section, i.e., to the properties of glulam beams before splitting.

Figure 21 shows the influence of resawing glulam beams on the main statistics of
the bending strength relative to that of glulam beams in full cross-section (ηs = 1). With a
decreasing separation ratio ηs, i.e., an increasing number of lengthwise cuts, the relative
mean values of the bending strength decrease, and the coefficients of variation increase.
These effects are more pronounced in the lower glulam strength class. One reason for this
is the higher coefficients of variation in the physical properties of the boards, in particular
in their tensile strength parallel to the grain.
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Figure 21. Influence of lengthwise splitting on the main statistics Y = {E(X); COV(X); x05,LN} of the
bending strength (X = f m,g) of resawn glulam beams relative to the statistics of the bending strength
of glulam beams with full cross-section; outcomes for glulam beams built up of virtually generated
boards of GI (a) and GII (b).

The results for the modulus of elasticity Em,g of all simulated parameter combinations
(103 for each combination) are summarized in Table 13. Similar to the bending strength, the
MOE of resawn glulam relative to the unsplit glulam varies slightly with the beam width
and depth. These deviations are minor compared to the influence of the number of cuts
(separation ratio ηs).
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Table 13. Main statistics of the modulus of elasticity Em,g from 103 simulated glulam
beams and resawn glulam {1 cut; 2cuts} for each parameter setting featuring various widths
wg = {100; 150; 200} mm, depths hg = {280; 600} mm and base material GI (T14) and GII (T24).

wb = wg hg Group Em,g,mean (MPa) COV(Em,g) (%) Em,g,05,LN (MPa)
Full 1 Cut 2 Cuts Full 1 Cut 2 Cuts Full 1 Cut 2 Cuts

100

280
GI (T14)

10,424 10,449 –
7.4

8.2 –
9214

9123 –
(1.00) 1 – (1.11) 1 – (0.99) 1 –

150 10,459 10,433 10,492
7.0

7.9 8.7
9302

9150 9071
(1.00) 1 (1.00) 1 (1.12) 1 (1.24) 1 (0.98) 1 (0.98) 1

200 10,472 10,467 10,545
7.3

7.9 8.9
9264

9171 9092
(1.00) 1 (1.01) 1 (1.08) 1 (1.22) 1 (0.99) 1 (0.98) 1

150 600 10,438 10,517 10,575
4.6

5.3 5.8
9661

9639 9606
(1.01) 1 (1.01) 1 (1.13) 1 (1.24) 1 (1.00) 1 (0.99) 1

150 280 GII
(T24)

12,953 13,010 13,006
7.9

9.5 10.1 11,360 11,113 10,988
(1.00) 1 (1.00) 1 (1.20) 1 (1.28) 1 (0.98) 1 (0.97) 1

150 600 12,950 13,062 13,059
5.3

6.1 6.5 11,850 11,800 11,711
(1.01) 1 (1.01) 1 (1.14) 1 (1.23) 1 (1.00) 1 (0.99) 1

1 related to the properties at full cross-section, i.e., to the properties of glulam beams before splitting.

Figure 22 shows the development of the main statistics for the modulus of elasticity in
bending from resawn glulam beams relative to that of glulam beams in full cross-section
(ηs = 1). Constant mean values together with increasing coefficients of variation and conse-
quently slightly reduced 5%-quantile values are observed for decreasing separation ratios.
The constant mean values Em,g,mean are in line with the results reported in Viguier et al. [16]
and Crocetti [15].
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Figure 22. Influence of lengthwise splitting on the main statistics Y = {E(X); COV(X); x05,LN} of
the modulus of elasticity (X = Em,g) of resawn glulam relative to the statistics of the modulus of
elasticity of glulam with full cross-section; glulam beams built up of virtually generated boards of
GI (a) and GII (b).

In addition to the changes in physical properties, the failure mechanism of glulam and
resawn glulam were also analysed. Figure 23 shows the relative shares of the causes of
failure at the peak load (Fmax) for glulam and split glulam, classified in weak zones (WZ;
knot clusters), intermediate zones (IZ; intermediate knots), clear wood zones (CW; zones
without knots), and finger joint failures (FJ), for both groups GI and GII. In general, the
relative share of finger joint failures is higher for GII (T24) than for GI (T14). This can be
explained by the lower ratio between the tensile strength of the finger joints and the tensile
strength parallel to the grain of the board material (see Section 2.6). This circumstance is
also well known from other investigations ([7,26,37,39]). The lengthwise splitting of the
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glulam beams does not affect the properties of the finger joints. Thus the ratio of FJ failures
is decreasing for resawn glulam with an increasing number of cuts.

Buildings 2022, 12, x FOR PEER REVIEW 29 of 41 
 

explained by the lower ratio between the tensile strength of the finger joints and the tensile 
strength parallel to the grain of the board material (see Section 2.6). This circumstance is 
also well known from other investigations ([7,26,37,39]). The lengthwise splitting of the 
glulam beams does not affect the properties of the finger joints. Thus the ratio of FJ failures 
is decreasing for resawn glulam with an increasing number of cuts. 

 
Figure 23. Mean values of the relative shares of the causes of failures (Fmax), classified according to 
the types of board segments in {CW—Clear wood; IZ—Intermediate knot zone; WZ—Weak zone; 
FJ—finger joint}, for glulam and resawn glulam beams built up of virtually generated boards of GI 
(a) and GII (b). 

4.2. Comparison with Previous Investigations 
Only a few experimental investigations are known to the authors that provide me-

chanical properties of resawn glulam beams. These investigations mostly comprise only a 
limited number of tests per series (n ≤ 20), which commonly leads to considerable uncer-
tainties in relative comparisons between the properties of resawn and unsplit glulam 
beams. This uncertainty can be seen as one potential reason for partly inconsistent results, 
as already discussed in Section 1 and as illustrated by the dimensions of the 95% confi-
dence intervals in Figure 24. This figure summarizes test results from experimental inves-
tigations of Cleason [14], Crocetti [15], Viguier et al. [16] and Kastner et al. [17] and com-
pares them to the predictions of the new probabilistic numerical beam model, as presented 
in Section 4.1. This comparison is again made based on relative values. 

The tendencies resulting from the splitting process, the decreasing mean and 5%-
quantile values, and the increasing coefficients of variation as described above, are, in 
general, to a majority extent, consistent with the experimental investigations found in the 
literature. The comparisons are rather promising when also considering the circumstances 
that the glulam properties from tests are only represented by two different board material 
qualities in the probabilistic numerical investigations presented here, these being GI and 
GII. However, there are also two investigations (Kastner et al. [17] and GL28h in Viguier 
et al. [16]), which conclude that there is no influence from splitting on the bending strength 
statistics. It must be noted here, however, that all these previous investigations focused 
only on resawn glulam beams based on single lengthwise cuts. Experimental investiga-
tions with two cuts (ηs = 1/3) are, unfortunately, not known to the authors. 

46.5 51.5
45.0

62.8
65.8

64.5
13.7

13.7

12.0

14.2
10.5

15.3

9.4

11.3

6.9

13.7

14.6

11.1

22.1
17.0

24.4

17.8

23.4

13.1

(b) GII (T24)(a) GI (T14)
GLT
1 cut
2 cuts

WZ

IZ
CW

FJ

Figure 23. Mean values of the relative shares of the causes of failures (Fmax), classified according to
the types of board segments in {CW—Clear wood; IZ—Intermediate knot zone; WZ—Weak zone;
FJ—finger joint}, for glulam and resawn glulam beams built up of virtually generated boards of
GI (a) and GII (b).

4.2. Comparison with Previous Investigations

Only a few experimental investigations are known to the authors that provide me-
chanical properties of resawn glulam beams. These investigations mostly comprise only
a limited number of tests per series (n ≤ 20), which commonly leads to considerable un-
certainties in relative comparisons between the properties of resawn and unsplit glulam
beams. This uncertainty can be seen as one potential reason for partly inconsistent results,
as already discussed in Section 1 and as illustrated by the dimensions of the 95% confidence
intervals in Figure 24. This figure summarizes test results from experimental investigations
of Cleason [14], Crocetti [15], Viguier et al. [16] and Kastner et al. [17] and compares them to
the predictions of the new probabilistic numerical beam model, as presented in Section 4.1.
This comparison is again made based on relative values.

The tendencies resulting from the splitting process, the decreasing mean and 5%-quantile
values, and the increasing coefficients of variation as described above, are, in general, to a
majority extent, consistent with the experimental investigations found in the literature. The
comparisons are rather promising when also considering the circumstances that the glulam
properties from tests are only represented by two different board material qualities in the
probabilistic numerical investigations presented here, these being GI and GII. However,
there are also two investigations (Kastner et al. [17] and GL28h in Viguier et al. [16]), which
conclude that there is no influence from splitting on the bending strength statistics. It
must be noted here, however, that all these previous investigations focused only on resawn
glulam beams based on single lengthwise cuts. Experimental investigations with two cuts
(ηs = 1/3) are, unfortunately, not known to the authors.
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Figure 24. Main statistics Y = {E(X); COV(X); x05,LN} of the bending strength from split vs. unsplit glulam
beams (X = f m,g) based on model predictions (dashed lines; GI or GII) and from test results taken from lit-
erature together with 95% CI assuming X ~ LN; (a) Kastner et al. [17]—GL24h, 170 × 160|80 × 160 mm2

(number of tests: 35 full|78 1-cut); (b) Crocetti [15]—GL30h, 90 × 180|40 × 180 mm2 (number of tests:
16 full|# 16 1-cut); (c) Cleason [14]—GL28c, 90× 225|40× 225 mm2 (number of tests: 16 full|# 16 1-cut);
(d) Viguier et al. [16]—GL24h, 170 × 400|80 × 400 mm2 (number of tests: 16 full|# 16 1-cut); (e) Viguier
et al. [16]—GL28h, 170 × 400|80 × 400 mm2 (number of tests: 16 full|# 16 1-cut).

4.3. Modeling the Bending Strength of Resawn Glulam Beams
4.3.1. Model Based on the Tensile Strength Parallel to the Grain of Split Boards

The load-bearing model for glulam in bending describes the characteristic bending
strength of glulam beams in relationship to the characteristic tensile strength parallel to
the grain of boards and finger joints. By analogy, one possible approach for characterizing
the bending strength of resawn glulam beams is via the tensile strength parallel to the
grain of the lengthwise split boards. For better comparability between the board properties
at various dimensions, a reference length of lb,ref = 2 m is applied, as formerly anchored
in EN 1194 [30]. Figure 25a shows the characteristic (5%-quantile) bending strength of



Buildings 2022, 12, 1143 30 of 40

all simulated glulam beams (see Table 12) related to the reference depth hg,ref = 600 mm
according to EN 14080 [10] vs. the characteristic bending strength estimated via the load-
bearing model in EN 14080 [10], {1} Brandner and Schickhofer [34] {2} and the new proposed
model {3} in Equation (11), which is based on the simulation results.

fm,g,05 = 2.05× e1.15·COV( ft,0,b) × f 0.75
t,0,b,05 | lb,ref=2 m (11)
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Figure 25. (a) Results of simulated characteristic (5%-quantile) bending strength values
(hg,ref = 600 mm) vs. the characteristic (5%-quantile) bending strengths according to the load bearing
model in EN 14080 [10] {1}, Brandner and Schickhofer [34] {2} and Equation (11) {3} based on the char-
acteristic (5%-quantile) tensile strength parallel to the grain of full and split boards with lb,ref = 2 m;
(b) results of simulated characteristic (5%-quantile) bending strength values for split glulam beams
(hg,ref = 600 mm) vs. the characteristic (5%-quantile) bending strengths according to the model for
resawn glulam beams in Equation (1) from EN 14080 [10] {1} and the new model in Equation (12) {4}.

The currently anchored load-bearing model {1} significantly overestimates the charac-
teristic bending strength of resawn glulam beams built up of GI, i.e., in the case of lower
strength glulam beams. By contrast, model {2} leads to slightly overestimated characteristic
bending strength values for the higher strength classes, e.g., resawn glulam beams built up
of GII board material. Apart from these general observations, one overall disadvantage of
this approach is that the tensile strength parallel to the grain of the split boards is required
as an input parameter. This strength value is usually not available or unknown, apart
from in the models presented here for the two strength classes, GI (T14) and GII (T24)
(see Section 2.5.2).

4.3.2. Model Based on the Bending Strength of Glulam Beams and the Tensile Strength
Parallel to the Grain at Full Cross-Sections

The second approach is to estimate the characteristic bending strength of resawn
glulam from the characteristic bending strength of the unsplit glulam beams and the
characteristic tensile strength parallel to the grain of the board material used to build up the
glulam beams. This approach is currently anchored in EN 14080 [10]. Figure 25b shows the
comparison between the characteristic bending strengths of the simulated resawn glulam
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beams and the stipulated formula in EN 14080 [10] {1} as given in Equation (1) as well as
the new proposal as formulated in Equation (12) {4}.

fm,s,k = fm,g,k −
40

ft,0,l,k + 6
−
{

1 for 1 cut
3 for 2 cuts

(12)

Equation (1) from EN 14080 [10] is based on experimental results from tests on glu-
lam of higher strength classes (see [14,15]). This circumstance might be the reason for
the observed larger deviations at lower glulam strength classes. The new proposal in
Equation (12) covers the influence of resawing on the characteristic bending strength of
glulam also for lower strength classes. It gives an intentionally slightly conservative
estimate with a widely constant bias.

Table 14 provides a comparison between the characteristic bending strengths of resawn
glulam according to the current regulations (EN 14080 [10]), see Equation (1), and the new
proposal in Equation (12). Whereas the outcomes for resawn glulam beams based on
GL32h according to Equations (1) and (12) are relatively close, the new proposed model in
Equation (12) allows, on the one hand, the production of resawn glulam beams also based
on GL24h and, on the other hand, much more economical use of the outstanding natural
building material timber in the form of resawn glulam beams.

Table 14. Comparison of the characteristic bending strengths in (MPa) of resawn glulam beams
according to the current regulations in EN 14080 [10] and the new proposed model in Equation (12).

Glulam
Strength Class

Board
Strength Class

EN 14080 [10] New Model Equation (12)

1 Cut 2 Cuts 1 Cut 2 Cuts

GL24h T14 16.0 1 12.0 1 21.0 19.0
GL28h T18 24.0 20.0 25.3 23.3
GL32h T24 30.7 26.7 29.7 27.7

1 not allowed acc. to EN 14080 [10].

5. Investigations on Flex_GLT Beams of Type B
5.1. System and Size Effects in the Context of Bending Strength
5.1.1. General Background and Overview on the Reasons for System and Size Effects in
flex_GLT Type B Beams

Due to the production method for flex_GLT type B beams, different system and/or size
effects may occur with respect to the bending strength. The flex_GLT beams in Figure 26
show exemplarily some possibilities for activating these effects. As already mentioned
in Section 3.2, the first residual width of the first board within the lowest layer (SWP)
is chosen arbitrarily, and the positioning of the boards’ edges in the other layers is only
dependent on the multi-layer panel width and thus are constant. Therefore, all possible
cross-section patterns are represented within the stochastic generation process.

The first possible influence on the bending strength comes from the positioning or
alignment of the board edges between the layers within the cross-section (Figure 26a). The
second effect in Figure 26b accounts for the number of boards/lamellas in the bending-
tension zone activating parallel system effects. The last effect in Figure 26c addresses the
number of layers within the cross-section, well-known as the depth effect from conventional
glulam. The mentioned possibilities and consequent effects on the bending strength of
flex_GLT type B beams are presented and discussed in the following.
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Figure 26. Possibilities to activate system and size effects in flex_GLT type B beams: (a) the positioning
(alignment) of board edges between the layers; (b) the number of parallel acting members within the
bending-tension zone (width effect); (c) the number of layers (depth effects).

5.1.2. Positioning of Board Edges between the Layers

To analyse the influence of the positioning/alignment of the board edges between the
layers on the bending strength of flex_GLT type B beams, 3 different overlaps ∆edge = {0; 33; 50}
mm between the board edges of the neighbouring layers were investigated. All investigated
beams featured a depth of hg = 360 mm and a width of wg = 150 mm. As the base material
for building up the flex_GLT type B beams, boards of group GI (T14), featuring cross-section
dimensions of wb = 100 mm and tb = 30 mm, were used. Given that the absolute overlap
measures as given above correspond to {0; 1/3; 1/2} times the board width, where half the
board width is the maximum possible overlap. The results of 103 simulations per setting are
shown as boxplots in Figure 27. Based on these outcomes, there is no significant influence
from the overlap as a parameter on the distribution and main statistics of the bending
strength of flex_GLT type B beams, neither on the mean nor on the 5%-quantile level.
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Figure 27. Boxplots together with mean and 5%-quantile values of the bending strength f m,g of
flex_GLT type B beams with dimension hg = 360 mm and wg = 150 mm featuring different overlaps
of ∆edge = {0; 33; 50} mm = {0; 1/3; 1/2} × wb between the board edges of the neighbouring layers
built up from boards of group GI (T14) with dimensions of wb = 100 mm and tb = 30 mm.

5.1.3. Influence of Beam width (Parallel System Effect)

Depending on the beam width wg relative to the board/lamella width wb a certain
average number of boards will act together in a parallel system within the bending–tension
zone of the flex_GLT type B beams. This circumstance enables load sharing between
adjacent boards and load redistribution after the occurrence of partial failures. Figure 28
shows boxplots illustrating the distribution and main statistics of the bending strength of
randomly built-up flex_GLT type B beams featuring a depth of hg = 360 mm and width
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of wg = {50; 100; 150; 250; 500} mm. As a baseline, conventional glulam beams of similar
depth and width wg = 100 mm were generated, built up with the same boards of group
GI (T14) and a dimension of wb = 100 mm and tb = 30 mm. In addition to the width ratio
wg/wb, the average number of parallel acting boards (nb,all) and the average number of
boards with a full cross-section (nb,full) are stated.
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prise a certain share of lengthwise split boards, which are characterized by a lower tensile 
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Figure 28. Boxplots together with mean and 5%-quantile values of the bending strength fm,g of flex_GLT
type B beams featuring a depth of hg = 360 mm and different beam widths wg = {50; 100; 150; 250; 500}
mm and conventional glulam (reference) of similar depth and width wg = 100 mm built up from boards
of group GI (T14) with dimensions of wb = 100 mm and tb = 30 mm.

The average bending strength stays almost constant for ratios of wg/wb ≥ 1.00,
whereas at higher beam widths, the coefficient of variation decreases, and therefore, the
bending strength f m,g,05 increases. Significantly reducing mean and 5%-quantile values
are observed at ratios wg/wb < 1.00. This reduction is of similar magnitude as found for
resawn glulam resulting from one cut in Section 4.1. This “change in system” or “kink”
also becomes visible in the number of boards within the lowest layer of the randomly
built-up flex_GLT type B beams (see Figure 29). At a ratio of wg/wb < 1.00, the cross-section
consists of only split boards.
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Following the outcomes, flex_GLT type B beams featuring the same ratio as conven-
tional glulam (wg/wb = 1.00) have approximately a 6% higher characteristic (5%-quantile)
bending strength than conventional glulam. Although flex_GLT beams of this kind com-
prise a certain share of lengthwise split boards, which are characterized by a lower tensile
strength, the already present parallel system effects at this ratio (mean number of boards
nb,all = 2) counteract this reduction and result in a higher bending strength.

The observations made generally of approximately constant mean values and the de-
creasing coefficient of variation with an increasing number of parallel acting boards/lamellas
in the bending-tension zone of the bending strength of flex_GLT type B beams featuring
wg/wb ≥ 1.00 are consistent with the theoretical statistical background (see Ref. [9]).

5.1.4. Influence of Beam Depth (Depth Effect)

The influence of the beam depth on the bending strength is well-known in conventional
glulam beams and has been frequently discussed in the literature (e.g., [7,8,12,37,39,42]).
The aim of this section is to discuss potential differences between the depth effect of
conventional glulam beams and that of flex_GLT type B beams, which feature a certain
share of lengthwise split lamellas.

Figure 30 shows the distribution of the bending strength of flex_GLT type B beams
featuring a width of wg = 150 mm and various depths of hg = {210; 360; 600} mm built up
from boards of group GI (T14) and GII (T24) with cross-section dimensions of wb = 100 mm
and tb = 30 mm. Similar to conventional glulam, the bending strength decreases with
increasing depth. For flex_GLT beams of type B power coefficients of kh,mean = 0.22 for the
mean values and kh,05 = 0.14 for the 5%-quantile values were found. The latter is within the
range kh,05 = 0.10–0.20 commonly found for conventional glulam (see [10,12,34,37,43]).
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Figure 30. Boxplots together with mean and 5%-quantile values of the bending strength f m,g for flex_GLT
type B beams, featuring a width of wg = 150 mm and various beam depths (hg = {210; 360; 600} mm), built
up from boards of group GI (T14) and GII (T24) with dimensions wb = 100 mm and tb = 30 mm.

5.2. Prediction of the Bending Strength of Flex_GLT Type B Beams

Similar to glulam and CLT, one possible approach to characterize the mechanical
properties of flex_GLT type B beams is via a relationship to the tensile strength parallel
to the grain of the boards and finger joints used. In the following, it is assumed that
the characteristic tensile strength of the finger joints fulfils the minimum requirements,
for example, as outlined in Equation (6). As a consequence, the load-bearing model for
glulam (alike) beams in bending concentrates on the characteristic tensile strength parallel
to the grain of the board material used. For better comparability between the characteristic
tensile strength parallel to the grain of boards at various dimensions, a reference length
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of lb,ref = 2 m applies, as anchored in EN 1194 [30]. Figure 31a shows the characteristic
bending strength of all simulated flex_GLT type B beams and test data from Sieder and
Brandner [44], all referred together to a reference depth hg,ref = 600 mm by means of a
power coefficient of kh,05 = 0.14 (power law model), vs. the characteristic bending strength
estimated via the load bearing models for glulam in bending as given in EN 14080 [10]
{1}, Brandner and Schickhofer [34] {2} and the new load bearing model developed here
{3}, which is based on the simulation results and represents an adoption of models {1}
and {2}; see Equation (13). In addition to the model in Section 4.3.1 (Equation (11)), the
factor ksys,w,flexB is introduced, which accounts for system effects as a consequence of
parallel acting adjacent lamellas in the bending-tension zone of flex_GLT beams type B;
see Equation (14).

fm,g,05 = ksys,w,flexB × 2.05 · e1.15·COV( ft,0,b) × f 0.75
t,0,b,05 | lb,ref=2 m (13)

with ksys,w,flexB =
(
wg/wb

)0.06 (14)
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Figure 31. Characteristic (5%-quantile) bending strength values calculated from simulated and tested
flex_GLT type B beams taken from Sieder and Brandner [44] (hg,ref = 600 mm) vs. the characteristic
bending strength values according to (a) the load bearing model in EN 14080 [10] {1}, Brandner and
Schickhofer [34] {2} and Equation (13) {3} based on the characteristic tensile strength parallel to the
grain of boards with lb,ref = 2 m and the characteristic bending strength of the finger joints; (b) the load
bearing models EN 14080 [10] {1a}, Brandner and Schickhofer [34] {2a} and Equation (13) {3}, based
on the characteristic (5%-quantile) tensile strength parallel to the grain of boards with lb,ref = 2 m
and the characteristic (5%-quantile) bending strength of the finger joints, multiplied by ksys,w,flexB;
see Equation (14).

The models {1} and {2} are developed for conventional glulam and therefore are not
intended for the prediction of system effects caused by parallel acting lamellas in the
bending–tension zone. Both models underestimate the characteristic (5%-quantile) bending
strength of flex_GLT type B beams. The new model in Equation (13) {3}, which additionally
accounts for the number of parallel acting lamellas in the bending–tension zone via the
factor ksys,w,flexB, delivers a more homogeneous prediction.
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In Figure 31b, models {1} and {2} are also multiplied with ksys,w,flexB. This modification
leads to a better agreement between the models {1a} and {2a} and the outcomes from
simulated and tested beams. Overall, the load-bearing model for flex_GLT type B beams as
given in Equations (11) and (13) can be successfully validated by the test data as presented
in Sieder and Brandner [44] (see Table 15). The base board material features a very high
coefficient of variation with COV = 43.2% and a tensile strength (5%-quantile) parallel
to the grain of f t,0,b,05,LN = 16.0 MPa, which results in a relatively high bending strength
(5%-quantile) of the flex_GLT type B beams built up from it. This emphasizes the necessity
of considering the coefficient of variation of the base material properties as part of load-
bearing models for glulam beams and other structural timber products acting as composites.

Table 15. Results of tensile tests parallel to the grain on boards, flatwise bending tests on finger joints,
and bending tests on two series of flex_GLT type B beams from Sieder and Brandner [44].

Boards FJ Flex_B-i Flex_B-ii

width wb/wg (mm) 100 100 210 150
thickness/depth tb/hg (mm) 30 30 150 360
number of tests 53 70 7 7

u mean (%) 8.5 11.3 8.3 7.4
COV (%) 8.4 4.2 2.5 2.9

ρ12

mean (kg/m3) 451 435 472 455
COV (%) 10.5 8.1 3.5 2.3
x05,LN (kg/m3) 378 380 446 439

Et,0,b
Em,g

mean (MPa) 13,129 – 13,617 13,761
COV (%) 20.7 – 4.7 5.4

f t,0,b
f m,g

mean (MPa) 31.4 43.2 45.0 40.6
COV (%) 43.2 11.6 17.3 16.7
x05,LN (MPa) 14.9 35.4 33.9 30.7
x05,LN,corr (MPa) 16.0 1 – 27.92 28.5 2

1 corr. to reference length lb,ref = 2 m kl,05 = (lb/lb,ref)0.15; 2 corr. to reference depth hg,ref = 600 mm with
kh = (hg/hg,ref)0.14.

6. Summary and Conclusions

The new probabilistic board model presented here allows not only the representation
of timber boards in the context of their global and local growth characteristics and also
their local and global properties in tension parallel to the grain in the longitudinal direction,
but it further enables quantifying the impact of lengthwise splitting after grading on
the residual cross-section’s properties. This is of particular relevance for boards graded
and classified in full cross-section according to EN 14081-1 [13], which are then and in
subsequent production processes regularly or arbitrarily reduced in their width to an extent
greater than currently permitted in EN 14081-1 [13].

The probabilistic board model was validated with data from both the literature and
our own experiments. Based on simulated tensile tests on boards with full cross-section,
power regression models were derived. These allow the influence of the board length
on the tensile strength parallel to the grain to be quantified. Power coefficients for these
regression models and for the correction of the characteristic (5%-quantile) values of kl,05
= 0.15 and kl,05 = 0.11, respectively, for the lower (GI/T14) and the higher strength class
(GII/T24), were found. Additionally, the influence of lengthwise splitting of boards on the
tensile properties parallel to the grain was evaluated, and functions to calculate the tensile
strength of arbitrarily in width reduced boards were presented.

These possibilities of the board model are also a prerequisite for the characterization
of unidirectionally and orthogonally laminated timber products featuring, to a certain
extent, boards that are arbitrarily reduced in width, as focused in the ongoing FFG BRIDGE
research project “flex_GLT-CLT-beams” (No. 877111). Based on this new probabilistic board
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model, a probabilistic numerical beam model for glulam and glulam-like products has
been set up under the name of flex_GLT beams. This model was successfully validated for
the previously defined flex_GLT type B beams. Furthermore, it was also applied for the
quantification of the effect of resawing on the bending properties of glulam beams. In the
case of regularly resawn glulam beams, the simulations (i) demonstrate the possibility of
quantifying glulam beams of this kind even when built up of boards from lower strength
classes, (ii) rating the model in Equation (1) from EN 14080 [10] as conservative for low and
suitable for higher glulam strength classes, and (iii) serve as the basis for the new proposed
load-bearing model for glulam and glulam-like products in bending as formulated in
Equation (12). The main conclusions concerning resawn glulam are that the bending
properties of glulam from lower strength classes can also be quantified, and the model for
bending strength of twice resawn glulam (with two cuts) is also within a plausible range; it
should be noted that no other investigations dealing with resawn glulam beams from two
cuts are known to the authors.

In the framework of the parameter studies that were conducted, the depth effect on
the characteristic (5%-quantile) bending strength of glulam as anchored in EN 14080 [10]
with a power coefficient of kh = 0.10 was also re-evaluated and very largely confirmed.

Based on the statistics from simulations, the bending strength of glulam beams was
also dependent on the width of the glulam beam. This is due to the different testing lengths
of boards when following the regulations in EN 408 [19], where the free test length is
a function of the board width and the well-known length effect on the tensile strength
parallel to the grain in structural timber. The former European glulam standard EN 1194 [30]
specified a reference length of lb,ref = 2 m for the tensile strength parallel to the grain of
boards independent of the board width. A correction function was provided for cases of
deviating test lengths. Regulations of this kind are missing in the current standard EN
14080 [10]. New provisions in the former regulation could be of value here. These would
include a fixed reference length for boards and/or length correction functions for their
tensile strength parallel to the grain. This would reduce the uncertainties associated with
the current load-bearing model for glulam in bending. Furthermore, incorporating the
coefficient of variation for the tensile strength parallel to the grain of the base material
as an input parameter in the load-bearing models is highly recommended. This would
increase the reliability of glulam beams and make better and more explicit use of the base
material homogenization potential featuring higher variability in its tensile properties
parallel to the grain. In the current version of EN 14080 [10], the influence of the coefficient
of variation for the tensile strength parallel to the grain of the base material is somehow
considered implicitly. A higher COV(f t,0,b) for lower board strength classes and vice versa
for the higher board strength classes is assumed. This is not visible either to the producer
or the engineers.

EN 14080 [10] also states that the mean value of the modulus of elasticity in bending
of glulam is 1.05 times higher than the modulus of elasticity in tension parallel to the
grain of the base material, and the MOE should be reduced by 500 MPa for resawn glulam.
Neither of these effects was observed in the simulated bending test. In the case of resawn
glulam, this was not observed for either one or for two cuts. Based on these results, the
recommendation can be made that these regulations should be revised.

The main difference between conventional glulam and flex_GLT type B is the presence
of one or more board cross-sections in the beam element with an arbitrarily reduced
width. In conventional glulam, however, the width of the beam is equal to the width of
the board. For flex_GLT type B beams, the influence of (i) the positioning of the board
edges, (i) the beam depth, and (iii) beam width was analysed and quantified. Additionally,
in Equation (13), a load-bearing model for bending was proposed based on the simulations
and was successfully validated with test results. Furthermore, a factor ksys,w,flexB (see
Equation (14)) was introduced, which proved to be suitable for adapting the existing load-
bearing models of glulam in such a manner as to enable their use also for the prediction of
the characteristic bending strength of flex_GLT type B beams. Based on the simulated and
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the experimental bending tests and with the aim of also providing at least to some extent a
safety margin in the regulation of the new product, minimal geometric requirements are
defined for flex_GLT type B beams; see Figure 32.
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Flex_GLT type B beams should be comprised of at least four layers, in a manner
similar to the former definition of glulam (see EN 1194 [30]). As for conventional glulam,
also for the characteristic bending strength of flex_GLT type B beams, the depth effect
should be considered by means of a power regression model with a power coefficient of
kh,05,flexB = 0.14. Despite no influence having been found on the bending strength from the
positioning of the board edges, it is proposed that no less than 66% of all board edges
should be offset by at least one times the greatest thickness of the adjacent layers. Although
it was shown that with a beam width equal to the board width, the parallel system effects
outweigh the loss in tensile strength parallel to the grain of boards due to the arbitrary
lengthwise splitting, to be on the safe side, the minimum flex_beam type B width wg should
be at least 1.5 times the maximum width of boards wb,max used to build up flex_GLT beams.
This regulation is a precautionary measure to make sure at least one board is always present
in the bending tension zone in its full cross-section.

In addition to the current regulations for conventional glulam, due to the specifics
of flex_GLT type B beams, a width effect was introduced, which allows incorporating the
number of parallel acting boards in the bending tension zone of the beams. This width
effect, which represents a system effect in real terms, is based on the width ratio of the
beam to board width (wg/wb). For the characteristic bending strength of the beams, it is
given as ksys,w,flexB = (wg/wb)0.06. Due to the fact that no influence on the positioning of the
board edges was found, this system effect should also be applicable for conventional block
glued glulam beams.

The new probabilistic board model presented here allows for the first time a consistent
description of the position and magnitude of knot zones. In addition, a model for the
tensile properties parallel to the grain for lengthwise split boards was presented as well as a
novel three-dimensional probabilistic numerical beam model. These have been successfully
validated for glulam, resawn glulam, and flex_GLT type B beams. Furthermore, the new
model was used to describe the bending properties, size, and system effects of glulam and
revealed the possibility of producing resawn glulam beams from lower strength classes. In
addition, the bending properties of the novel product flex_GLT type B were characterized,
the influence of arbitrary in width reduced boards was analysed, and functions for size and
system effects were presented.
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