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ABSTRACT: A stochastic finite element model for the prediction of the bending strength of glulam beams made

of oak is presented. The model uses a statistical approach for the generation of the mechanical properties, considering

experimental statistical distributions and correlations between several variables. Special emphasis is laid on the simulation

of the variation of the mechanical properties along each single board, for which an autoregressive model is used, which

also considers the cross-correlation between elastic modulus and tensile strength. The extended finite element method is

used for the modelling of crack initiation and evolution, where tensile strengths and failure energies are taken into account.

The model is calibrated with a series of experimental tests, performed at the MPA, University of Stuttgart, with glulam

beams made of oak. The results of the simulations are presented and discussed.
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1 INTRODUCTION

The use of hardwood species in timber structures has

been on the rise for the last years, especially in Europe,

which is expressed in a growing use of oak and beech for

building purposes. The reasons for this development are

multiple, and can be found, among others, in an under-use

of over-aging hardwood forests, architectural aspects and,

most important, in the observed higher values for strength

and stiffness when compared to softwood values. Nev-

ertheless, it is only in the form of processed engineered

timber products, such as glued laminated timber (GLT),

laminated veneer lumber (LVL) and cross-laminated tim-

ber (CLT), where these benefits can be fully taken advan-

tage of. However, before a broader use of the hardwood

material can be made, specific challenges have to be ad-

dressed.

For the case of glulam, today a European standardiza-

tion framework for the production and product character-

istics of GLT made of hardwood species, similar to EN

14080 [1] (the European softwood GLT standard), is lack-

ing. The existing CE-marked hardwood GLT products

made of oak, beech and chestnut are based on a CUAP

(Common Understanding Approval Procedure), prescrib-

ing a fully experimentally-based route to the certification.

This is obviously very cost intensive. A new EAD (Eu-

ropean Approval Document) based on test-assisted calcu-

lations would definitively help to lower the production

costs by requiring a smaller amount of tests to be per-

formed. Unfortunately, given the relatively lower strength

observed for finger-joints in hardwood species, especially
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of higher densities —producing a different characteristic

distribution of weak spots in the beam— the use of the

current models for softwood glulam are deemed to be in-

adequate to correctly represent the mechanical behavior of

hardwood glulams.

In the context of the EU-Hardwoods Project [2], a new

finite element model was developed, capable of predicting

the characteristic bending strength of hardwood glulam

beams. This is achieved by means of the application of

the Monte-Carlo method, where the variables correspond

to the different mechanical properties of the constituent

boards. Different to previous pioneering FEM models by

Ehlbeck et al. [3], Blaß et al. [4] and Frese et al. [5], the

newmodel considers more advancedmodeling techniques

and failure criteria. These include the use of the extended

finite element method (XFEM) in conjunction with trac-

tion separation laws based on energies, as well as a wider

range of stochastic variables, which are taken into account

to obtain better correlations between the simulations and

experimental results.

2 GENERALASPECTS OFA

STRENGTHMODEL

The use of stochastic FE models for the prediction of

bending strength in glulam has been an important research

field since the mid 80’s, being fundamental for the devel-

opment of the current design provisions contained in the

European standard EN 14080 [1]. These models, starting

with the work of Ehlbeck et al. [3], moving forward to

the more recent implementations of Blaß et al. [4] or Fink

[6], are all based on the same principles. At its core, the

GLT model reduces to the statistical reproduction of the

mechanical behavior of the laminations, i.e. of the boards,

and the finger-joints connecting the boards lengthwise.



Implemented in a correct manner, the model yields the ob-

served global behavior of the glulam beams. For this pur-

pose, the modulus of elasticity (MOE) and strength val-

ues are set to vary locally along the length of each board,

which are further differentiated by different global, i.e. in-

tegral properties at the board level. This allows for the

reproduction of the observed distribution of weak spots

—normally, but not exclusively represented by knots. The

exact manner in which this properties are assigned to each

region (or cells) may vary from model to model, but in

all implementations an intrinsic stochastic component is

present, which is based on experimental tests and allows

for the utilization of theMonte-Carlomethod. This model,

combined with appropriate failure criteria, sets the basis

for what in this context is known as a strength model.

This approach allows for the possibility to better corre-

late the properties of individual boards and their respec-

tive finger-joints to the ones of the glulam beams that are

built from them, hereby reducing the amount of expen-

sive tests needed for a safe assertion of the characteris-

tic beam values. However, before such a model can be

used to this end in the real world, it needs to be calibrated

with different datasets, which will provide an adequate de-

gree of confidence in the model. The following sections

describe, in a compact manner, the methodology used to

build a stochastic finite element model that implements

the above described concepts, where a specific dataset of

oak is used.

3 GENERATION OF THE MATERIAL

PROPERTIES

The generation of the material properties is a key aspect

of the model. As such, the applied methodology needs to

be able to reproduce the observed mechanical character-

istics, i.e. the relevant aspects of the boards and finger-

joints that determine the global behavior of the glulam,

in a reliable manner. The implemented method considers

a three step process. First, a set of global properties for

each board is generated, which include MOE, tensile and

compressive strength, and the length of each board. In

the next step, an autoregressive process is used to gener-

ate the varyingmechanical properties along the boards, for

which the previously generated global properties are used.

A simple, light-modified vector-autoregressive model is

used to account for the cross-correlation between modulus

of elasticity and strength values. The final step considers

the generation of the properties for the finger-joints, using,

to this end, the mechanical properties generated in the sec-

ond step.

3.1 BOARD PROPERTIESAT GLOBAL LEVEL

The process to simulate the required material proper-

ties for the model starts with the generation of a set of

global mechanical properties for each lamination of the

glulam build-up. This means, that values for MOE, ten-

sile strength (ft,0) and compressive strength (f0,c) are gen-

erated, starting from the respective known statistical dis-

tributions. These values are at the same time correlated

between each other by means of the coefficients given in

Table 1. In order to reproduce these correlations, a com-

mon procedure described in [7] is applied. The method

can be summarized by the following steps:

1. Samples of a normal distribution N (0, 1) are inde-

pendently generated for each of the random variables

(MOE, ft,0 and fc,0) and stored in separate columns in

a matrix R.

2. Given the correlationmatrixC, a matrixU is derived,

satisfying the condition

UTU = C. (1)

Eq. (1) is solved by means of a square root decom-

position. Other decompositions are also possible, but

may give slightly different results.

3. The set of correlated data Rc is computed according

to

Rc = RU , (2)

which correspond to correlated variables of the (aux-

iliary) N (0, 1) distributions.

4. These results need to bemapped into the distributions

corresponding to each mechanical property. For this,

the cumulative distribution function of these vari-

ables (inN (0, 1)) is computed. These values are then

fed to the percent point function of the corresponding

distributions, which delivers the needed correlated

data.

Applying the described algorithm to the experimental

correlations and distributions defined in Table 1 and 2,

a dataset for the global mechanical properties of the

boards was generated. Figure 1a shows the obtained

MOE-ft,0-correlation. It can be observed, that each of the

variable samples (MOE and ft,0) follows their correspond-

ing distribution (see Figures 1b,c), while maintaining a

correlation R = 0.48 (see Figure 1a), which is exactly the

value given as input (see Table 1).

The length for each board is generated during this step

too. This is simply done by directly generating a sample

from the corresponding statistical distribution, which in

this case is assumed to be a lognormal distribution.

3.2 VARIATIONOF PROPERTIESALONGEACH

BOARD

An important point consists on the correct implementa-

tion of the variation of the different mechanical properties

Table 1: Coefficients of correlation used for the generation of

the global mechanical properties. First three rows and columns

(ft,0, fc,0 and E0) correspond to the matrix C

ft,0 fc,0 E0 ft,fj

ft,0 1 0.8* 0.48 —

fc,0 0.8* 1 0.8 —

E0 0.48 0.8 1 0.15

ft,fj — — 0.15 1

* Assumed values, since no data is

available.
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Figure 1: (a) Example of generated correlated data for MOE

and ft,0; (b) and (c) cumulative distribution function of the gener-

ated data and the input distribution for the MOE (E0) and tensile

strength (ft,0), respectively.

along each single board, since this has a dominant impact

on the so-called lamination effect. For this, the approach

used by Kline et al. [8] and Taylor et al. [9] was imple-

mented, which represents the variation of the MOE and

strength along each board as an autoregressive model. In

its general form, an autoregressive model for a variable Xt
(MOE or MOR) of order p has the form

Xt = C +

p∑
i=1

ϕiXt–i + εt, (3)

where the valuesϕi are the parameters of the model, C is a

constant and εt is white noise. The data generated by this
process will normally deviate from the global value as-

signed to the board—in the sense that e.g. the MOE com-

puted from the single cells will not match the MOE given

to the whole board—, which is a result of the stochastic

Table 2: Statistical distributions used for the generation of the

mechanical properties and the length of the boards, `. All vari-
ables are assumed to follow a lognormal distribution with fitted

parameters shape, loc and scale. The data corresponds to LS13

boards.

Params. shape loc scale

E0 : 0.4261 6224.78 6583.90

ft,0 : 0.1838 −35.23 88.86

fc,0 : 0.0461 −0.2263 50.25

ft,fj : 0.5569 24.69 15.23

` : 0.8695 484.70 125.23

nature of the method. A correction is, therefore, required.

For the case of theMOE, this is done by shifting the data so

that the equivalent stiffness of the board, computed from

the individual values of each cell, matches the global stiff-

ness. The equivalent MOE is computed by means of the

equation for serial springs (ki, Keq = cell and total board

stiffness)

L

AEeq
=

1

Keq
=

∑
i

1

ki
=

∑
i

`i
AEi

, (4)

and the difference between this value and the assigned

global MOE is calculated. This difference is then added

(summed) to the generated data. In order to obtain a small

error between this two values, this process has to be re-

peated in an iterative way. In this case, five iterations were

used, which results in a negligible error.

For the generation of the strength data along the board,

the concept of the vector autoregressive model (VAR) was

applied, which is used to correlate different time-series-

like variables. However, differently as in a typical VAR

model, the generated data are based on the already gen-

erated (autocorrelated) Xt data for the MOE. For this, the

lag-0 cross-correlation between theMOE and ft/c,0 is used.

The model takes the following form:

Yt = C + ψ0Xt + εt, (5)

where Y are the data needed to be generated (strength), X

are the data to be correlated to (MOE) and ψ0 is the model
parameter corresponding to the lag-0 cross-correlation. C

and εt have the same meaning as before. Similar as for the
MOE-data, a correction is applied to the strength values,

which consists on shifting the data so that the minimum

value of each board equals the assigned strength of the

board. It is important to mention, that the variables X and

Y of Eqs. (3) and (5) are generated initially with N (0, 1)

distributions for the white noise, and then, similar to the

previous step, mapped to the needed distributions. These

are normal distributions with µ = E0,board and a standard

deviation according to the coefficients of variation (COV)

shown in Table 3. This helps in the determination of the

model parameter ψ0 of Eq. (5) since otherwise variables
of different orders of magnitude would be mixed (MOE

and ft,0).

The length of each cell chosen for the simulations was

100mm, which, in contrast to the windows of approx.



Table 3: Coefficients of variations (COV) for the MOE and ten-

sile strength used for the generation of properties within each

board, for different board strength classes

Board class MOE ft,0

LS13 5% 10%

LS10 15% 15%
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Figure 2: Generation of correlated and cross-correlated me-

chanical properties within a single board. (a) MOE and tensile

strength (dashed line) generated for a 1500mm long board; (b)

cross-correlation between MOE and ft,0 for a fictive, very long

board (` = 200m), containing 2000 cells.

600mm used in [9], offer a higher resolution for the vari-

ation of the material properties. Recent, not-yet published

experimental results seem to indicate that a first order AR

model should give good results for the shorter cells of

100mm. Here, the lag-1 correlation coefficient is taken

as r1 = 0.6, which has been obtained from the mentioned

experimental results. For an AR(1) model, r1 = ϕ1, so
that the value can be directly used in the Eq. (3). It is

currently not possible (or very difficult) to gather the nec-

essary experimental data, that would allow the compu-

tation of the lag-0 cross-correlation of the variable pairs

MOE-ft,0 along the board. Nevertheless, the lag-0 cross-

correlation value for MOE-ft,0 has been obtained at the

positions corresponding to min
{
ft,0

}
(i.e. at the failure

position). Experimental results gave a value for this cross-

correlation of 0.65; this value will be assumed as the lag-0

cross-correlation for each cell of the board: ψ0 = 0.65.

Figure 2a shows one example of the generated data,

where both the MOE and strength variation along the

board can be seen. The length of the board was chosen

as ` = 1500mm, so that the cross-correlated variation can
be better appreciated; the length of the boards used in the

following simulations is approximately 600mm. It can be

observed how both variables follow very roughly the same

pattern, which is explained by the used cross-correlation

coefficient of 0.65.

In order to check weather the used cross-correlation is

having the desired effect in the generation of the properties

within the board, a single, fictive, very long board is cre-

ated (` = 200m). Given the typical length of a generated

board (600mm to 3000mm), the number of cells produced

(6 to 30) would not be enough to show the true nature

of the simulated stochastic process. Figure 2b shows the

mentioned lag-0 cross-correlation obtained for the long

board, where a value R = 0.624 can be observed, which is

close to the input value of 0.65.

3.3 ASSIGNMENT OF TENSILE STRENGTHS

FOR THE FINGER-JOINTS

The procedure to generate the mechanical properties

for the finger-joints applies, in essence, the same method

as for the generation of the properties of the individual

boards. However, a further step is introduced, as the

data generated for the finger joints are correlated to the

mean value of theMOEs corresponding to the jointed cells

(Eij,mean = 0.5(Ei + Ej)). For this, it is a prerequisite that

the data corresponding to the boards have been generated

in a previous step, which means that a certain order needs

to be respected. By order it is meant that the vector con-

taining the values for the MOEs has been defined, and

thus, also the values for Eij,mean, denoted here as Efj. The

problem is then to generate the correlated data for the ten-

sile strength of the finger-joints, ft,fj, and Eij,mean, where

one of the vectors (Efj) is given. This differs from the

method explained in Section 3.1, where all data vectors

were simultaneously generated.

If E and T are the vectors for MOE and ft,fj, respec-

tively, which were randomly generated with the procedure

described in Section 3.1, then the extra steps necessary to

order them are:

1. obtain the indices that sort Efj and store them in the

variable I j,

2. get the indices that sort E and store them as Ik,

3. sort the vector T according to the indices Ik, which

will give a vector T∗,

4. and finally sort the vector T∗ with the indices I j,

which will return the desired vector f t,fj.

The results obtained from this method will only be ac-

curate if the size of the sample is large enough (N ' 500),

which is guaranteed for these simulations, since the num-

ber of boards generated are in the order of thousands. An

example of the generated data is shown in Figure 3, where

a total of N = 8736 finger-joints were generated and suc-

cessfully correlated to the given vector Efj, as can be seen

from the correlation coefficient R = 0.12. (Note: The in-

put value was 0.15 (see Table 1), which actually corre-

sponds to the correlation between the mean of the global

dynamic MOEs of both jointed boards and ft,fj.)



(a)

(b)

Figure 3: Example of generated data for the finger-joints. (a)

shows the obtained correlation (or lack of it) between the tensile

strength of the finger-joint and the mean value of theMOEs of the

cells on each side; (b) shows the cumulative distribution function

for the generated MOE data and the input distribution, used to

generate the global values.

4 FINITE ELEMENT MODEL

4.1 GENERAL

The developed finite element model reproduces the

bending test conditions according to EN 408 [10]. The

mechanical properties of the beam are considered to vary

throughout the geometry, following a layered pattern that

represents the different laminations which compose the

GLT. For this, the methods described in Section 3 were ap-

plied. In general, the model implements many of the con-

cepts introduced in previous similar models [3, 4, 6], but

at the same time incorporates new relevant parameters and

modelling techniques, such as the extended finite element

method (XFEM). One of the main characteristics of the

model consists in the simulation of the failure by means

of a non-linear fracture mechanics (NLFM) approach, for

which —aware of the computational constraints this may

impose— a two-dimensional model was deemed appro-

priate.

For the implementation of the model, the software

Abaqus V2017 [11] with its standard solver was chosen.

Two-dimensional, linear plain stress elements with re-

duced integration (CPS4R) were used to model the beam,

whilst rigid line elements (R2D2) were applied in the sup-

port and loading zones. The global mechanical properties

used for the model are those specified in Table 2. Those

properties not given in Table 2, such as MOE perpendicu-

lar to the fiber (E90) and shearmodulus (Gxy), were chosen

p = 3.8mm
` = 15mm

Gf

real failure surface of the finger-joint

p

`

w
β

G′
f = Gf sinβ

failure surface of the finger-joint in the model

Figure 4: Real failure surface of a finger-joint, assuming it fails

along the bond line (left), and failure area in the model (right).

The fracture energy Gf has to be modified accordingly, so that

the total energy released in the real finger-joint and in the model

are equal.

according to EN 338 [12] and modified at each cell depen-

dent on the value of E0 assigned to the cell —larger values

for the stiffness parallel to grain determine larger values of

E90 and Gxy and vice versa.

4.2 FRACTURE ENERGIES AND FAILURE CRI-

TERIA

The model considers crack initiation and propagation

by means of NLFM, for which fracture energies and fail-

ure criteria have to be defined. Since two different ma-

terials are assumed to fail concurrently (boards=timber;

finger-joints=bond line), and considering the phenomeno-

logical differences in the failure processes between them,

different fracture energies were assigned to each one of

them. For finger-joints, a mixed-mode Gf ,fj value of

5N/mm (5 × 103 J/m2) was initially assumed. This value

was derived from data by Serrano [13] and Stapf [14], and

then normalized by the true length of the finger-joint sur-

face, as shown in Figure 4. This energy value lead to rather

low values for the bending strengths in preliminary simu-

lations. Finally, not discussed here in detail, a higher value

of 25N/mm was used.

For the boards, a fracture energy of 10N/mm

(1 × 104 J/m2) was assigned, which is a value that deliv-

ered satisfactory results in the model. Blank et al. [15]

used a unique fracture energy Gf = 10N/mm for both

wood and finger-joints. The applied values lay in a phys-

ically sensible range, but are undoubtedly inversely cali-

brated, and will be further investigated. The failure crite-

rion chosen corresponds to the maximum stress criterion,

where damage initiation is related to the tensile strength

of either the finger-joint or the board.

4.3 HIERARCHICAL LEVELS AND ASSIGN-

MENT OF MATERIAL PROPERTIES

The beam is represented through various hierarchical

levels, which define the properties of the beam as a whole.

Starting from the highest level, the model first defines the

entire inhomogeneous beam, subdivided into three parts,

representing the outer zones (2 × 1/6) and the inner one

(2/3). This can be visualized in the different colors of Fig-

ure 5. At this level, the different statistical parameters cor-

responding to the timber strength class LS10 (inner zone)

and LS13 (outer zones) are assigned to each part, respec-

tively. The next level corresponds to the sets of boards
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Figure 5: Distribution of tensile strengths of the boards ft,0 and finger-joints Ft,fj along the whole model for a 6-lamination (1+4+1)

beam. Three different colors can be appreciated: blue and green (outer regions) represent the LS13 boards; orange (middle) stands

for the LS10 laminations. Finger-joints are denoted by the black vertical lines at each level. Ligher colors represent lower strengths

and darker colors, higher strengths.
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Figure 6: Sketch of the developed finite element model, depicting the geometry, application of boundary conditions and deficition of

the enriched zone needed for the XFEM method.

that compose each one of these three parts. The boards are

connected at their ends by finger-joints, which are repre-

sented in the model with a width of one element (1/3 of

the thickness of the board of 20mm), with their respec-

tive material properties (see Figure 7. Finally, each board

is subdivided into cells with lengths of 100 mm to repre-

sent the variation of the mechanical properties within the

board. The corresponding properties are assigned to each

one of these cells and are later meshed with rectangular el-

ements (aspect ratio 1:1) width edge lengths of 1/3 of the

thickness of the lamination, i.e. ≈ 7mm.

`board

100mm (one cell)

t l
a
m

=
2
0
m
m

length of finger-joint

Elems. finger-joint

Figure 7: Detail of the discretization of the board and definition

of elements with material properties corresponding to the finger-

joints

4.4 BOUNDARY CONDITIONS

Since themodel considers damage evolution for the pre-

diction of the ultimate load, appropriate boundary condi-

tions must be provided to guarantee the stability of the

system during the solving process. The first of them con-

cerns the loading of the beam. Since a direct application of

the load at points RP3 and RP4 (see Figure 6) would lead

to an unstable evolution of the system, a displacement-

controlled application of the load is necessary. However,

due to the random distribution of MOEs in the glulam

beam, the application of vertical displacements at the ref-

erence loading points RP3 and RP4 would lead to an un-

equal distribution of the forces at both points. A common

solution [5, 16] to overcome this effect is to model a truss-

like structure, which connects both points to a third one

(here RP5), which is then loaded displacement-controlled

in vertical direction. This approach was further simplified

in the model by the introduction of a linear equation that

relates the vertical displacements vi (i = 3, 4, 5) of the ref-

erence points RP3, RP4 and RP5 by

v5 – 0.5 · (v3 + v4) = 0, (6)

ensuring that the reaction, i.e. the applied loads forces

at both loading points remain equal throughout the simu-

lation.

The second condition couples the support locations RP1

and RP2 (Figure 6) in the horizontal direction, in order to

prevent uncontrolled horizontal displacements in the fail-

ing state. This is achieved by forcing the horizontal dis-

placements u1 and u2 to always be of the same magnitude

but move in the opposite direction:

u1 + u2 = 0. (7)

The reference points RP1 and RP2 are attached to one-

dimensional rigid elements (R2D2), arranged vertically

with a length equal to the depth of the beam. These are

connected to the vertical edges of the beam by means of

tie constraints. Similarly, rigid line elements are placed

horizontally at the reference points RP3 and RP4 with a

load/displacements application length of 1/3 of the beam

depth.

In order to capture the failure evolution of the beam, the

extended finite element method was employed, for which

a special region, called enriched zone has to be defined.

This enriched regions were defined for each cell located
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Figure 8: Simulated composite glulam build-ups, correspond-

ing to the experimental tests. (a) Configuration A: 1 LS13 + 4

LS10 + 1 LS13; (b) Configuration B: 2+6+2; (c) Configuration

C: 3+9+3. The three configurations present laminations of the

strength class LS13 on the outer regions and LS10 in the inner

part.

in the bending-tension area of the constant moment zone,

enlarged at both ends by 1/9 of the beam’s length, to ac-

count for a possible failure outside the constant moment

region (see Figure 6).

5 SIMULATION RESULTS

Three series of simulations were performed for inhomo-

geneous beams with cross-sections of 100 × 120mm2 (6

lams.), 100 × 200mm2 (10 lams.) and 100 × 300mm2

(15 lams). The three configurations are build-up with

their outer laminations comprising boards of the strength

class LS13, whilst the inner part is produced with lam-

inations corresponding to the strength class LS10. Fig-

ures 8a,b,c present the composite cross-sections of the

three different configurations, which from now on will

be referred to as configurations A, B and C, respectively.

A total of 672 simulations were performed for configura-

tion A, 300 for configuration B and 250 for configuration

A. In order to compute the bending strength of each sim-

ulated glulam beam, the first load drop-off of the force-
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Figure 9: Load-displacement curve for one of the simulations

for configuration B (10 lams.). The right vertical axis shows the

corresponding maximum/or nominal maximum bending stresses,

σb. The arrow shows the point defined to be the failure point of

the simulated specimen.
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Figure 10: Cumulative distribution functions for the experimen-

tal and simulation results, for both analyzed configurationsA, B

and C. The 300 simulations for each configurations are shown.
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Figure 11: Boxplots with the statistical information of the simu-

lations and experimental data. The dashed line within each box-

plot marks the mean value. The bars below them represent the

5th. percentiles, assuming a lognormal distribution of the data.

displacement curve larger than 2% was taken. A typical

force-displacement curve can be seen in Figure 9, where

the assumed failure criterion is marked with an arrow.

Figures 10 and 11 show a comparison of the simula-

tions with the respective experimental results. In gen-

eral terms, the simulations capture the expected size ef-

fect, meaning that the computed bending strengths of

smaller cross-sections achieve statistically higher values

than larger cross-sections. This is especially well repre-

sented by the mean values (see dashed lines of the box-

plots in Figure 11). The 5% quantiles, represented by the

bars of Figure 11, do express this effect, too, but its mag-

nitude is lower than the one observed in the experimental

data.

Configurations B and C present a good agreement with

the experimental results at the 5th percentile level; the dif-

ferences are just 1.5% and 2.2%. For the configuration A,

this difference rises to 11.5%. Table 4 presents the results

for the mean and 5-percentile values for both simulation

and experimental data.

The discrepancy between the simulated and experimen-

tal results of configuration A might have multiple causes.

One explanation might be that the mesh-size for the board

elements is not fine enough (currently 1/3 of the board

thickness), and that configuration A, having a smaller

cross-section, is more sensitive to this effect. The reason



for this is that the vertical (depth direction) distribution of

the bending stresses, σb, varies within a single lamination
layer fo the smaller cross-section more, as compared to

larger cross-sections. A finer mesh would allow for the

bending-stress variation to be better represented, which

should have an impact in the crack initiation and evolu-

tion. Such an analysis would require a parametrical study,

which is outside of the scope of this paper.

Table 4: Mean and 5%-quantile values for the simulation and

experimental results. (5% quantiles are computed assuming a

lognormal distribution.)

Config. A Config. B Config. C

[N/mm2] [N/mm2] [N/mm2]

mean Exp. 55.5 47.8 43.4

Sim. 52.5 49.0 43.9

5%-quant. Exp. 48.7 39.8 36.3

Sim. 43.2 40.5 37.5

6 CONCLUSIONS

The current state of a newly developed stochastic fi-

nite element model for the prediction of bending strength

in glulam beams made of oak was presented. Regarding

the methodology used and the results obtained for the an-

alyzed data set, the following remarks can be made:

• the methodology used to generate the input material

data is able to correctly represent the observed (mea-

sured) statistical distributions and correlations be-

tween the different mechanical properties at a global

level.

• The use of an autoregressive model of order 1 to re-

produce the variation of the mechanical properties

along the board length allows both, to maintain a

given coefficient of variation within the board and,

at the same time, achieve a smooth variation of the

mechanical properties. Similarly, the consideration

of the cross-correlation between different variables

within each board, helps to represent the laminations

in a more accurate manner.

• The use of the extended finite element method,

XFEM, allows for an easy manner to consider dif-

ferent fracture locations (initially unknown), as well

as for different failure criteria, expressed by different

fracture energies and strengths. This is particularly

useful to clearly separate the criteria used for boards

and finger-joints.

• The comparison of the simulations of glulam beams

of different cross-sectional depths with experimen-

tal results showed, that the model can reproduce the

empirical size effect on the mean level. On the 5th

percentile level the size effect was observed, too, but

its magnitude was lower than obtained with the ex-

perimental results.

• A parametrical analysis needs to be done, in order to

asses the impact of different mesh-refinement levels

in the simulation results, especially for the smaller

cross-sections.
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