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Abstract In the present paper a summary of exper-

imental investigations on GLT beams, having well-

known local material properties, is presented. The

main objective of the presented project, was the

investigations of the influence of varying material

properties on the load-bearing behaviour of GLT

beams. From altogether 24 GLT beams the load-

bearing capacity, the bending stiffness, the type of

failure and the deformation behaviour of knot clusters

and finger joint connections located in highly stressed

areas of the GLT beams are investigated. The test

result can be used to validate numerical models for the

prediction of the load-bearing capacity of GLT beams.

The principle of such a validation is illustrated for a

numerical model developed by the authors.

Keywords GLT � Optical strain measurement �
Varying material properties � Finger joint connections

1 Introduction

Glued laminated timber (GLT) is one of the most

relevant products in timber engineering. The load-

bearing behaviour of GLT beams is substantially

influenced by the material properties of the used timber

boards and the quality of finger joint connections (FJ).

As a natural grownmaterial, timber demonstrates a large

variability of its material properties. The variability can

be observed between timber boards and within timber

boards. The between-member variability, or more

precisely the variability of the undisturbed timber

(referred to as clear wood), is related to different growth

and sawing characteristics (e.g. growth region, sap-

wood-heart-wood), whereas the within-member vari-

ability is highly dependent on morphological

characteristics of the tree, especially it is dependent on

knots and their arrangement (see e.g. [19], for an

overview about investigations and models that are

describing the between and within-member variability).

In GLT beams the variability of the material prop-

erties is slightly reduced due to homogenisation. How-

ever, compared to other building materials it is still

relatively large.Themost critical sectionsofGLTbeams

are large knot clusters and FJ located in highly stressed

areas of theGLT beams. The failure usually occur there.

1.1 Experimental investigations on GLT beams

In respect to the importance of GLT, in the area of

timber engineering, its load-bearing behaviour has
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been investigated in numerous of experimental inves-

tigations. Well-known examples are the investigations

by [1, 3–8, 15, 16, 22–26, 35, 36].

In most of the above mentioned studies no or only

marginal effort was taken on the investigation of the

influence of the beam setup; i.e. the exact material

properties of the timber boards, such as the position

and dimension of knots, within the GLT beams are

usually not documented—often only the strength class

of the source material is known.

Exceptions are the investigations of [16] and [36],

where reference tests on timber boards and FJ are

performed. As a result, the material properties of the

timber boards and the FJ that are built in the GLT

beams could be estimated more precisely.

More detailed was the investigation performed

by [24], where 20 GLT beams were tested. From

all timber boards that are built in the tensile

loaded area of the GLT beams, the density ðqÞ, the
dynamic modules of elasticity based on eigenfrequen-

cy ðEdyn;FÞ, and the two largest knot clusters were

measured before the GLT fabrication. However,

the position of the timber boards within the GLT

beams are not explicitly documented. In addition,

Frese et al. [24] performed reference test on timber

boards and FJ.

So far, the most detailed investigation was per-

formed by [4, 5]. The GLT beams are tested, where

the material properties (dimension and position of

knots, density and eigenfrequency of the timber

boards) of the lowest two lamellas are known. In

addition Ehlbeck and Colling [4] performed 21

reference tests to identify the tensile capacity of FJ.

During the GLT fabrication attention was paid that no

FJ is located in the highly stressed area of the two

lowest lamellas, to avoid that the test results are

affected by FJ. Only in nine GLT beams, a FJ was

placed in the highly stressed area – the majority of

these beams failed within the FJ.

1.2 Influence of finger joint connections

In addition to knot clusters also FJ can be considered

as local weak sections within GLT beams. In general

the load-bearing capacity of FJ is significantly smaller

than that of the adjacent clear wood, whereas the

stiffness is comparable [7, 29]. Trough the relatively

large stiffness, compared to their tensile strength, FJ

are attraction high stresses.

The influence of FJ was investigated in numerous

studies. Consistence is that a certain amount of the

tested GLT beam failed in areas of FJ. However, the

amount of the failures where FJ are involved is varying

between the investigations. [3] analysed the influence

of FJ on a compilation of numerous studies; altogether

the compilation consist 1,767 GLT beams. The

experimental investigations from this literature survey

were performed between 1924 and 1988 on GLT

beams fabricated out of timber boards of different

specimens. Only in 277 GLT beams a FJ was located

in the lowest lamella within the area of the maximal

bending moment. The investigation show that about

79 % of those GLT beam failed through the FJ. In

addition [3] tested 42 GLT beams himself. The results

show that the influence of FJ on the type of failure is

directly related to the amount of knots within the

timber boards. GLT beams produced out of timber

boards having large knot clusters failed through the

knot cluster, whereas GLT beams fabricated out of

timber boards with no or only small knot clusters

failed in the area of FJ, by the majority. In the study of

[32]1 only 31 % failed through FJ. [1] presented the

failure within the lowest lamella of altogether 50 GLT

beams, of the strength classes GL32c and GL36c. 6 FJ-

failure, 37 timber failure (knot cluster or clear wood)

and 7 combined failure (FJ and timber) are docu-

mented. Thus only 13 of the GLT beams failed

connected to a FJ (26 %). Conspicuous is that within

the lower strength grade significantly more FJ-failures

(9) occur than in the upper strength class (4). [36]

investigated 115 GLT beams. The investigation show

that the amount of failures connected with FJ is

increasing with increasing timber quality. GLT fabri-

cated out of timber boards2 MS10 failed in 5–9 %

trough FJ, MS13 in 11 %, and MS17 in 24–39 %.

Further it seems that the probability of a FJ-failure is

decreasing with increasing GLT dimensions. [16]

have investigated altogether 312 GLT beam produced

out of Norwegian spruce of three different strength

classes. Under consideration of the required values of

the source material the strength classes are comparable

to GL28h, GL32c, and GL32h according to EN 1194

1 quoted in [38]
2 the timber boards were graded according to ÖNORM DIN

4074 [33], and fulfil the requirements of strength class C24, C35

and C40 according to EN 338 [12]

3572 Materials and Structures (2015) 48:3571–3584



([9]). In 23, 34 and 44 % of the GLT beams a FJ-

failure is detected, respectively.

In conclusion, based on the literature survey, it

can be stated that knot clusters and FJ are the most

critical areas in GLT beams. Due to the lower

amount of knots in higher strength grades, the

influence of FJ is increasing. An other outcome of

the literature survey, is that the quality of FJ seems

to be increased within the last decades; i.e. the

amount of FJ-failure is significantly smaller within

more recent studies, even for high strength classes.

This might be the result of the quality increase of

the GLT producers.

In order to get a better understanding about the

influence of varying material properties on the load-

bearing capacity of GLT beams, a research project was

initiated at ETH Zurich. 24 GLT beams having well-

known local material properties are fabricated and

investigated. Thereby, it is particular focused on the

influence of knot clusters and FJ, on the load-bearing

behaviour of the GLT beams.

2 Materials and methods

The GLT beams are fabricated out of 2� 200 timber

boards of two strength grades L25 and L40 (Norway

spruce)—the grading of the timber boards is per-

formed according to EN 14081-4 [11] by the Golden-

Eye-706 grading device [27]. This is a grading device

that combines the measurement of the dynamic

modulus of elasticity based on eigenfrequency with a

X-ray measurement. The latter one, the X-ray mea-

surement, is used for detecting knots. Due to the

significant larger density of knots, compared to the

density of defect-free timber, knots are getting visible

in a grey scale image. They can be detected in size and

position, by using image processing. As a result, from

all 400 timber boards, machine-grading indicators, i.e.

an estimation of the dynamic modulus of elasticity

(Em) and a knot indicator (Km), are known. Here,

machine-grading indicators denote indicators that are

measured during the grading process. Before the GLT

fabrication, the timber boards are investigated non-

destructively. Afterwards, out of the investigated

timber boards, 24 GLT beams having well-known

local material properties are fabricated. They are

investigated destructively during four-point-bending

tests.

2.1 Investigations on timber boards

At first the timber boards, which are used for the GLT

fabrication, are investigated non-destructively. From

all timber boards the dimensions and the position of

each knot with a diameter larger than 10 mm is

assessed and recorded. Based on the measurements

different knot parameters are calculated. In the present

paper only one knot parameter, the so-called total knot

area ratio (tKAR-value), is mentioned. tKAR-value is

defined as the ratio between the projected knot area

within a length of 150 mm and the cross sectional area

[30].

In addition to the knot measurement, several

indicators to predict the mean stiffness (eigenfrequen-

cy, ultrasonic runtime and density) and the moisture

content are measured. Based on the eigenfrequency

and the ultrasonic runtime the corresponding dynamic

modulus of elasticities ðEdyn;F and Edyn;USÞ of the

timber boards are calculated according to Eqs. (1), (2),

[28, 37]. Where, f0 is the eigenfrequency, m is the

ultrasonic wave speed, l is the length of the timber

board, and q is the density. Both, Edyn;F and Edyn;US,

have to be considered as average values over the entire

length of the timber board. The assessed values are

corrected to a reference moisture content according to

EN 384 [13].

Edyn;F ¼ ð2lf0Þ2q ð1Þ

Edyn;US ¼ qm2 ð2Þ

On half of the specimens non-destructive tensile tests

are performed to estimate the tensile stiffness of

timber board sections. Prior to the experiment every

Fig. 1 Illustration of the experimental setup
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timber board is subdivided into sections containing

knots and sections without knots (see Fig. 1). From

each sections the stiffness properties are measured, by

using an infrared camera device Optotrak Certus (s-

Type), Northern Digital Inc. According to the fabri-

cator the point measurements accuracy is up to

0.10 mm. However, investigation in our laboratory

show that the relative displacement between two

measured points can be predict more precise. Please

find a detailed description of the conducted tests in

[18].

2.2 Fabrication of GLT beams

Out of the investigated timber boards, GLT beams

having well-known local material properties are

fabricated. Each GLT beam contains eight layers of

lamellas. The dimensions of the beams are b� h�
l ¼ 115� 320� 6,000 mm; hence the ratio l=h � 19

(see EN 408 [14]). According to EN 14080 [34],

timber boards of those strength grades (L25 and L40)

fulfil the requirements to produce GLT beams of the

strength class GL24h and GL36h, respectively. At this

point it has to be mentioned that the strength grade

GL36h is no longer existing within the current version

of the EN 14080 [10]. However, the new version was

not out when the project started and the former code is

still valid.

For the fabrication of the GLT beams, the position

of each timber board and each FJ are defined, before

the GLT fabrication. Thus, GLT beams are fabricated,

where the exact position of each particular timber

board is precisely-known. These timber boards, where

the local stiffness properties are measured, are built in

the lower three lamellas of the GLT beams. In all GLT

beams a FJ is located in the maximum bending

moment area of the lowest lamella. Furthermore, in the

second lowest lamella the majority of the lamellas had

a FJ in the maximum bending moment area, otherwise

the FJ is located nearby the maximum bending

moment area, thus still in an area of a large bending

moment.

Altogether 24 GLT beams having well-known local

material properties are fabricated and investigated.

Half of them are fabricated out of timber boards of the

strength grades L25 and L40, respectively. Within

both strength grades three different types of GLT

beams are produced, each four beams. The first type of

GLT beams is produced out of randomly selected

timber boards. The second and third types are

produced with so-called homogeneous or inhomoge-

neous lamellas in the tensile loaded area of the GLT

beams. Here homogeneous lamellas show relatively

low mean stiffness properties combined with compar-

ative small within-member variability (small knot

clusters). On the other hand inhomogeneous lamellas

are having relatively large variability of the material

properties within the member; i.e. large knot clusters.

The timber boards are subdivided, based on the

measurements of the GoldenEye-706 grading device.

The idea behind this subdivision is that GLT beams

having ’homogeneous’ lamellas in the tensile loaded

area can allow larger deformation (low mean stiff-

ness), without large stress peaks within the area of knot

clusters (small variability of the material properties).

This might lead to an increase of the stress redistri-

bution from the lowest lamella into the lamella located

above and thus to an increase of the load-bearing

capacity. In contrast to this, GLT beams having

’inhomogeneous’ lamellas in the tensile loaded area,

should lead to GLT beams where the load-bearing

capacity is highly related to the tensile capacity of the

weakest section within the lowest lamella.

The arrangement of the timber boards within the

GLT beams are randomly, except the lower three

lamellas of the homogeneous and the inhomogeneous

beams. There the positions of the timber boards are

chosen, so that specified arrangements of weak

sections occur. Attempts were made that GLT beams

are produced (a) where knot clusters are lying above

each other, and (b) where knot clusters are arranged

diagonal shifted. Thereby it was particular focused on

the main stressed area. However, timber is a natural

grown material and thus the arrangement of knots is

not completely regular. Consequently the majority of

the GLT beams include both; knot clusters that are

lying above each other and knot clusters that are

arranged diagonally shifted.

2.3 Beam setup—material properties

Due to the intensive experimental investigations on

timber boards combined with the pre-defined arrange-

ment of the timber boards, GLT beams having well-

known local material properties are fabricated. From

all 24 GLT beams the following informations are

known: (1) position of each FJ, (2) position and

dimension of each knot with a diameter larger than 10

3574 Materials and Structures (2015) 48:3571–3584



(a) tKAR-value

(b) Dynamic modulus of elasticity based on Eigenfrequency measurement

(c) Measured modulus of elasticity
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Fig. 2 Material properties of one GLT beam: a tKAR-value,

b dynamic modulus of elasticity based on Eigenfrequency

measurement Edyn;F, c measured modulus of elasticity—

estimated with non-destructive tensile tests, d machine grading

indicator—dynamic modulus of elasticity Em, e machine

grading indicator—knot parameter Km; the black lines illustrate

FJ, the crosses illustrate the position of failure of the lowest two

lamellas
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mm, (3) density of each timber board, (4) estimated

mean stiffness properties of each timber board ðEdyn;F

and Edyn;USÞ, and (5) measured stiffness properties of

each knot cluster and each clear wood section, located

in the tensile loaded area of the GLT beams. In

addition to the parameters measured in the laboratory,

also the machine-grading indicators from the Golden-

Eye-706 grading device are known: (6) estimation of

the dynamic modulus of elasticity Em, and (7) knot

parameter Km.

InFig. 2 thematerial propertieswithinoneGLTbeam

are illustrated: (a) tKAR-value, (b) dynamic modulus of

elasticity based onEigenfrequencymeasurementEdyn;F,

(c) measured modulus of elasticity—estimated with

non-destructive tensile tests, (d) machine grading

indicator—dynamic modulus of elasticity Em, and

(e) machine grading indicator—knot parameter Km.

The black lines illustrate FJ, the crosses illustrate the

position of failure of the lowest two lamellas.

3 Test results

The GLT beams are investigated during four-point

bending tests (Fig. 3). Thereby, the focus lies on the

investigation of global phenomena (load-bearing

capacity and bending stiffness), and local phenomena

(deformation behaviour of selected areas and type of

failure).

From all GLT beams the load-bearing capacity and

the bending stiffness are identified and the type of

failure is investigated. Additionally, local strains

within the GLT beams are analysed using the optical

camera device described before. On four GLT beams

the strains are analysed over the entire main stressed

area (area where the bending moment is maximum).

From the other 20 GLT beams the strains are measured

on two selected local areas (in general areas containing

knot clusters or FJ). To ensure an optimal

comparability between the test results all beams are

tested with the same moisture content u ¼ 10–12%.

3.1 Load-bearing capacity & bending stiffness

During four-point bending tests each GLT beam is

loaded up to failure. The failure is defined as the first

explicit crack within the GLT beam that leads to an

abruptly, significant deformation of the specimen. The

ultimate load Fu is the applied load at the moment of

failure. Under consideration ofFu the bending strength

fm;g is calculated with Eq. (3), according to EN 408

([14]); here a is the distance between the point of load

transmission and the nearer support, b and h are the

width and hight of the cross-section.

fm;g ¼
3Fu � a

bh2
ð3Þ

The bending strength fm;g is estimated on specimens

with a cross-section b� h ¼ 115� 320 mm. Accord-

ing to EN 1194 ([9]), fm;g should be estimated on

specimens with a cross-section of at least

b� h ¼ 150� 600 mm. In the case of smaller tested

specimens, the estimated bending strength fm;g has to

be reduced with the size factor ksize according to

Eq. (4) to consider the size effect (denoted fm;g;size).

fm;g;size ¼ fm;g � ksize

ksize ¼
�

b

150

�0:05�
h

600

�0:1

¼ 0:927
ð4Þ

The global bending stiffness Em;g is estimated based

on the measured vertical displacement of the middle

point of the GLT beam. The vertical displacement is

measured with two different systems; (1) linear

variable differential transformer (LVDT) located in

the middle of the lower side of the beam, and (2)

optical camera device (NDI). With both measurement

systems similar displacements are identified.

Fig. 3 Failed GLTmember (the distance between the points for load transmission is 1,920 mm, the distance between the points for load

transmission and the nearer support is 1,880 mm)
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Taking into account the measured force and the

associated vertical displacement the global bending

stiffness Em;g is estimated with Eq. (5) according to

EN 408 ([14]), using a linear regression analysis with

all data within the interval 0.1–0.4 Fu. For all

specimens the coefficient of correlation qðF;wÞ[
0:99. F2 � F1 and w2 � w1 denote the rates of loading

and deformation within the load interval 0.1 – 0.4 Fu.

The shear modulus G was not identified within this

research project and assumed infinite in accordance to

EN 408 ([14]).

Em;g ¼
3al2 � 4a3

2bh3
�
2
w2 � w1

F2 � F1

� 6a

5Gbh

� ð5Þ

The results are summarised in Figs. 4 and 5. Here the

black lines corresponds to the required values of the

material properties given in EN1194 ([9]), combinedwith

the recommended COV given in JCSS [31]; fm;g;k ¼
24 MPa ðCOV ¼ 0:15Þ and Em;g;mean ¼ 11,600 MPa

ðCOV ¼ 0:13Þ for GL24h, and fm;g;k ¼ 36 MPa

ðCOV ¼ 0:15Þ and Em;g;mean ¼ 14,700 MPa ðCOV ¼
0:13Þ for GL36h. It seems that the strength properties

of both strength classes corresponds to the values

proposed. The same applies for Em;g;mean. However,

the COV for the bending stiffness recommended in

[31] seems to be significantly overestimated.

As mentioned above, within both strength classes,

three kinds of GLT beams are produced: random,

homogeneous and inhomogeneous GLT beams.

Between the three types, no unambiguous differences

could be detected; neither for fm;g nor for Em;g. This

might be the result of (a) the relatively low variability

of the material properties within one strength grade or

(b) the small sample size.

3.2 Type of failure

All investigated GLT beams failed under bending; i.e.

the lower lamellas show tensile failures within the area

of high bending moment. The tensile failure of the

failed lamellas are inspected in more detail. Therefore,

a distinction between following three types of failure

is made: (a) tensile failure of the lamella within the

area of a knot cluster—a knot cluster is defined as a

lamella cross-section with tKAR� 0:1, (b) tensile

failure of the lamella within the area of a FJ, and

(c) tensile failure within clear wood. In the case that a

lamella failed because of a combination of more than

one failure type, only the leading failure is
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Fig. 4 Test results GL24h:
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(right) bending stiffness;
arequired values according
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documented. In Table 1 the type of failure of the

lowest two lamellas are summarised.

The identified types of failure are different for the

specific strength classes. In the lower strength class

GL24h: 9 knot clusters, 3 clear wood and no FJ-failure

are detected in the lowest lamella. In contrast the upper

strength class GL36h show 5 knot clusters, 2 clear

wood and 5 FJ-failure. The results corresponds to the

investigations of former studies and shows that the

influence of FJ is getting more important for higher

strength classes.

3.3 Deformation measurement—main stressed

area

On four GLT beams the strains are analysed over the

entire main stressed area (area where the bending

moment is maximum). For the investigation a regular

setup of the light emitting diodes (LED) is chosen; see

Fig. 6. The vertical distance between the LEDs

corresponds to the thickness of the lamella

tl � 40 mm. In horizontal direction a distance

between the LEDs of 50 mm is chosen. Using this

LED setup the entire beam height over a length of

3,300 mm is investigated; i.e. that only the outmost

1,350 mm (on both sides) are outside the optical range

of the measurement device.

For the estimation of the local strains the measured

coordinates are discredited to groups of DF ¼ 4 kN;

i.e. for each load interval DF the mean position of the

LEDs is calculated. Based on this, the distances

between the LEDs are calculated for each load

interval. Afterwords the strains are calculated accord-

ing to Eq. (6); where ei is the calculated strain up to

load interval i, Dli is the change of length up to load

interval i, l0 is the initial length (distance between two

adjacent LEDs on the unloaded GLT beam), and li is

the length at the load interval i (distance between two

adjacent LEDs at the load interval i).

ei ¼
Dli
l0

¼ li � l0

l0
ð6Þ

Figure 7 shows the measured strains between two

adjacent LEDs, located somewhere in the middle of

beam L25-R-1 (illustrated with a cross). It is obvious

that the measurements show some variability; i.e. they

are not exactly on a straight line. As a result it is

difficult to make a meaningful estimation of the ’real’

strains.Within this study the ’real’ strains are estimated

with the average increase of the strains; i.e. with the

gradient of the regression line (slope parameter).

Therefore a linear regression analysis according to

Eq. (7) is performed; where e is the measured strain, F

is the load, b0 is the scale parameter, b1 is the slope

parameter, and e is the error term. To avoid erroneous

measurements in the initial phase and in the final

phase, the regression analysis is made with the strains

between 0:1Fu and 0:9Fu. The strains which are used

for the regression analysis are illustrated with a circle.

e ¼ b0 þ b1F þ e ð7Þ

Based on the regression analysis the strains are

calculated with the estimated slope parameter b1 and
the ultimate load Fu according to:

� ¼ b1Fu ð8Þ

In addition to the regression parameters also the

standard deviation re of the error term e is calculated

Eq. (9); where ei is the error term of an interval i, n is

the number of intervals, and k is the number of

parameters. re describes the variation of the measured

strains ei around the regression line. A large variation

of the data set (around the regression line) indicates

erroneous measurements. For the calculation the

following criteria of acceptance re � 2� 10�4 is

chosen; i.e. areas where re [ 2� 10�4 are identified

as erroneous measurements.

r2e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 e
2
i

n� k

r
ð9Þ

A total amount of 408 markers are glued on each

inspected GLT beams. As a result of the large number

of LEDs, a relatively small measurement frequency of
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Fig. 6 Force-strain curve
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about 2 Hz is chosen. When attaching the LEDs to the

GLT beams, no effort was taken on the beam surface

pattern; i.e. the LEDs are glued on the identified

position independent of knots, pitch pockets and so on.

Unfortunately, LEDs that are glued on knots or other

irregularities are often unusable for a local strain

estimation. As a result local erroneous measurements

occur.

The estimated strains (parallel and perpendicular to

the beam axis) are illustrated in Fig. 8. Here the black

areas are illustrating erroneous measurements. The

estimated strains clearly indicating areas under tension

(lower part) and compression (upper part). However,

the results are not suitable for an unambiguous

description of the local strains. Nevertheless, the

inspection shows that the measured strains on the

Fig. 7 Illustration of the LED arrangement for the investigation of the entire GLT beam [2]

(a) Stains paralell to the beam axis.

(b) Strain perpenticular to the beam axis
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Fig. 8 Estimated strains of L25-R-1: a parallel to the beam axis, b strain perpendicular to the beam axis
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surface are significantly larger when knots are located

near the investigated surface. This indicates a non-

linear strain distribution within the lamella cross-

section.

3.4 Deformation measurement—selected area

On the other 20 GLT beams, the strains are measured

on two selected local areas. Thereby it is focused on

the interaction between adjacent lamellas having

different material properties; e.g. knot clusters or FJ,

that are located in one of the two lowest lamellas.

Attention was paid, that the surface around the

investigated knots or FJ are free of disturbances, to

avoid erroneous measurements, such as described

before. Different constellations of knot clusters and FJ

are identified and inspected.

Figure 9 illustrates the LED arrangement around a

knot cluster and around a FJ located in the lowest

lamella, and its associated axial strains (100 times

oversized). It is obvious that within the area of the knot

cluster, significant larger deformations occur, whereas

the strains are only marginal effected by the FJ.

Under consideration of all investigated knot clus-

ters and FJ the following outcomes can be stated:

(a) knot clusters are significantly weaker than FJ,

(b) FJ are only marginal influencing the strain

distribution, and (c) the strain distribution within the

lamella cross-section of knot clusters seems to be non-

linear.

(a)

(b) (c)

(d) (e)

Fig. 9 Example of the LED arrangement within the selected areas of beam L40-IH-4: a entire GLT beam, b area around the knot

cluster, c area around the FJ, and (d,e) estimated strains parallel to the beam axis (100 times oversized)
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4 Validation of numerical models using the test

results

One main motivation for the experimental investiga-

tions described in this paper is the possibility to

validate numerical models, for the estimation of the

load-bearing capacity of GLT beams. Due to the large

number of parameter, investigated during these study,

different models could be validated. Thereunder, well-

known models such as the Model of Foschi and

Barrett [22] or the Karlsruher Rechenmodell [1],

where the timber specific input variables are the dry

density and a knot parameter.

Within the framework of this research project, a

numerical strain-based model was developed [17].

The model can be used to estimate the load-bearing

capacity, the bending stiffness and the type of failure

of GLT beams where (a) the strength and stiffness

related indicators measured in the laboratory

ðEdyn;F; tKARÞ, or (b) the machine-grading indicators

ðEm;KmÞ are known. For both kind of indicators, the

numerical model was validated. In this chapter the

principle of this validation is explained for the

mentioned model using Edyn;F and tKAR.

At first the strength and stiffness properties of

timber board sections have to be estimated. Therefore

the material model presented in [19] is used. In this

model the material properties are estimated using two

strength and stiffness related indicators (Edyn;F and

tKAR). To model the material properties of FJ the

material model was extended: the strength properties

are assumed to be equal to the strength of a knot cluster

with tKAR ¼ 0:20 and the stiffness properties are

assumed to be equal to the mean stiffness of the two

adjacent clear wood sections. Both assumptions are

investigated in detail and compared with other models

presented in the literature; a detailed description is

presented in [17].

Under consideration of the strength and stiffness

properties of all timber board sections and FJ the

load-bearing capacities of the GLT beams are

estimated using the above mentioned numerical

strain-based model. Within this model the failure

of the GLT beams is defined due to an exceed of

tensile strength of one timber board section or FJ.

Thus, in addition to the load-bearing capacity and

the bending stiffness also the type of failure of the

GLT beams can be identified.

A comparison between the measured and the

estimated values indicate a wide agreement [20]. In

average the load-bearing capacity fm;gð� 6%Þ and the
bending stiffness Em;gð� 5%Þ are slightly underesti-

mated. Furthermore, the type of failure identified with

the numerical model is satisfying. In 10 GLT beams

(GL24h: 2, GL36h: 8) a FJ failure within the lowest

lamella was identified, compared to 5 FJ failure

(GL24h: 0, GL36h: 5) observed in the experimental

investigation. All 5 ‘real’ FJ failure are detected.

As a result of the wide agreement it seems likely to

accurately estimate the material properties of GLT

beams, having well-known information about Edyn;F,

tKAR, and FJ. However, as already mentioned, due to

the large number of investigated parameters other

models can also be validated.

5 Conclusions & outlook

In the present present paper the results of the

experimental investigation of GLT beams, having

well-known local material properties, are presented.

The GLT beams are fabricated out of timber boards of

two strength grades—the grading of the timber boards

is performed by the GoldenEye-706 grading device.

Thus, from all timber boards the machine-grading

indicators, i.e. an estimation of the dynamic modulus

of elasticity and a knot indicator, are known.

Before the GLT fabrication, the timber boards are

investigated non-destructively. That includes a knot

assessment, the measurement of different moduli of

elasticity and non-destructive tensile tests, where the

stiffness properties of knot clusters and clear wood

sections are measured.

Out of the investigated timber boards, altogether 24

GLT beams having well-known local material prop-

erties are fabricated. Attention was paid that the

position of each particular timber board within the

GLT beam is precisely-known. To guaranty that the

influence of finger joint connections can be investi-

gated, in each GLT beams a finger joint connections is

located in the highly stressed area of the lowest

lamella.

The GLT beams are investigated during four-point

bending tests. From all GLT beams the load-bearing

capacity and bending stiffness is measured. Further-

more, the deformation behaviour of local weak
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sections (knot clusters and finger joint connections)

within GLT beams under bending, as well as their

influence on the bending failure are investigated. Such

information is essential to get a better understanding

about the load-bearing behaviour of GLT beams.

One advantage of the presented test results is that

numerical models for the prediction of the load-

bearing capacity of GLT beams can be validated. This

is applied on a numerical strain-based model devel-

oped by [17]. The predicted load-bearing capacities,

bending stiffness and types of failure show a wide

agreement to the test results. However, due to the well-

known beam setup the test results can also be used for

the validation of existing models.
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