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ABSTRACT: The out-of-plane stability of slender timber beams under flexural bending is a key aspect of their structural
design. The effects of lateral torsional buckling can be verified either using the equivalent member method or second-
order theory with equivalent imperfections. As in some cases the results of the two approaches leads to different results,
experimental investigations were performed to gain deeper insight of this phenomenon. This paper presents lateral tor-
sional buckling tests on full scale glued laminated timber beams with material properties determined in detail. During
fabrication of the glued laminated timber beams, the material properties of each timber lamella as well as the position of
the lamellas in the beam were meticulously documented. The experimental sequence included assessment of bending and
torsional stiffness, geometrical imperfection measurements, lateral torsional buckling tests and bending strength determi-
nation on glued laminated timber beams. The boundary and loading conditions were very close to the idealized assump-
tions. Based on the experimental results, numerical models were calibrated and validated.

KEYWORDS: Stability, Glued laminated timber, Lateral Torsional Buckling, Experimental Tests, Imperfections, Nu-
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1 - INTRODUCTION

Glued laminated timber has emerged as the favoured op-
tion for long span girders, e.g. for gyms or warchouses.
The common cross-sectional dimensions and materials
provide sufficient resistance to flexural bending; however,
large spans and slender cross-sections lead to increased
member-slenderness and thus to a increased susceptibility
to stability failure, in particular lateral torsional buckling
(LTB). Eurocode 5 [1] offers provisions for the determi-
nation of the ultimate LTB resistance, either through the
equivalent member method or by second-order analysis,
considering effective geometrical initial imperfections.
Since the above mentioned methodes sometimes lead to
conflicting results, experimental tests were conducted for
further investigating and deriving values for effective im-
perfections.This paper outlines a series of LTB-tests
which, subsequently, were simulated numerically. The ob-
tained experimental and numerical results are compared to
current design rules.

2 — EXPERIMENTAL CAMPAIGN

Experimental tests are essential for understanding the sta-
bility behaviour of timber beams. Structural performance
of slender glued laminated beams depends on various pa-
rameters, e.g. stiffness, imperfections, material strength
and boundary conditions. The recording of all relevant
properties and boundary conditions during implementa-
tion is necessary to derive validated values for design and
numerical simulation. Followingly the state of the art re-
garding lateral torsional buckling test series found in liter-
ature is provided and afterwards the experimental tests
conducted at RWTH Aachen University are described.

2.1 LATERAL TORISONAL BUCKLING
TESTS IN LITERATURE

Key information from literature on LTB tests of timber
beams with rectangular cross section are shown in Table
1. In total 69 of 222 lateral torsional tests were conducted
with glued laminated timber beams [2,3,8,9].

Holley and Madsen [2] conducted in total 33 stability tests
on eight girders under different load scenarios. The tests
were stopped when the girder deflected laterally, before
reaching the ultimate load. The investigation proved, that
calculating the critical load assuming homogeneous mate-
rial parameters led to results very close to the test out-
comes. Briininghoff [3] reported about three stability tests
on slender rectangular beams through four point bending
tests and confirmed Holley and Madsen’s [2] findings.

Recent stability tests on glulam beams are described in
[8,9]. Capellan [8] investigated the performance of glulam
beams made of GL28h with a high relative slenderness us-
ing a three point bending test set up. Toepler et al. [9] fo-
cused on the load deformation behaviour of beams
(GL24h) with small relative slenderness between 0,74 <
Aretm < 1,04 under combined bending and compression.
Three-point-bending test set-up with an eccentricity of 8
mm at top flange perpendicular to the beam axis was cho-
sen. If a brittle member failure or the ultimate load was
reached, the tests were terminated. Tensile failure due to
bending, and shear and compression failure was observed.
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Table 1: Experimental tests found in literature

Author/ strucutral No. Exp. Aim
Date of publication system tests P
Hooley & .
Madsenal [2] 3-P-bending 33 | Critical Load
cantilever
1964
]13532‘“9‘0” 31 4-P-bending 3 Critical Load
Larsen & Theilgaard 4-P-bending 9 Effectives
[4]11977 +compression imperfections
Hindmann[5] . Critical Load
2005 Cantilever 120 materials
Suryoatmono & . Performance
Tjondro [6] 3-P-bending 9 & critical
2008 load
. . Performance
Xiao et al. [7] 3-P-bending 13 & ultimate
2007
load
, . Performance
Capellan [8] 3-P-bending 14 & ultimate
2016
load
. Performance
Toepler [9] 3-P-bend1ng 19 & ultimate
2024 + compression load

Only few published test results are suitable to validate
buckling coefficients and initial imperfections related to
the second-order behaviour. Except the tests in [8,9] which
were conducted during the same period as the experiments
at RWTH Aachen University, the tests were carried out on
small-scale bending beams compared to today's standard
dimensions. Furthermore, the test execution, measure-
ment, evaluation and documentation of the results no
longer correspond to the current state of the art.

2.2 LATERAL TORSIONAL BUCKLING
TESTS AT RWTH AACHEN

Twelve LTB tests were conducted at RWTH Aachen in
2022 with main objective to investigate the load-defor-
mation behaviour related to to geometrical and structural
imperfections. To reduce the effect of structural imperfec-
tions the strength class of GL30h according to EN 14080
[10] was chosen for the specimens. The rectangular cross
section dimensions were constant along the beam length
(width xdepth=100 x 600 mm). Specimens with various
relative slenderness (Awim) and spans Ls were included in
the tests program. as illustrated in Table 2.

Table 2: experimental programme

Name b/h L, hrelECs*
[mm] [mm] [-1

K11/K12/K13 5500 1,04
K14/K15/K16 § 6500 1,10
K17/K18/K19 7500 1,16
K20/K21/K22 |-/ 100 8500 1,20

b = width, h = depth, L = span, *calculated with characteristc
material values, acc. to DIN EN 1995-1[1] DIN EN 1995-1 NA[11]

Manufacturing of the specimens

During the manufacturing process, the position of each la-
mella in girder was labeled. In combination with the data
obtained from the grading process using the Golden Eye
[12] grading machine, it was ensured that the material pa-
rameters at every position in the beam were known. Fig-
ure 1 shows the distribution plot of the measured dynamic
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elasticity modulus and estimated tensile strength of the in-
dividual lamella (in total 371 lamellas) and in Figure 2 a
labelled beam is expemparily outlined. The estimated ten-
sile strength refered to the position of the largest knot,
which equals to the weakest point in the lamella. Remark-
able is the wide range of the estimated strength (30 - 64
N/mm?) in combination with high elasticity moduli. The
majority of strength values of the test specimens is above
the 5% quantal minimum strength of 30 N/mm?.
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Figure 2: documentation of lamella position during manufacturing pro-
cess
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Stiffness Determination and strength parameters

To analyse values for effective geometrical imperfections
and validate the numerical model, knowledge about the
elastic stiffness for edgewise (Ey.cxply) and flatwise (Eex-
plz) bending as well as the torsional stiffness of the beam
are required. Before conducting the LTB tests, the deter-
mination of flatwise bending and torsional stiffness (Gex-
plt) was performed using 3-point bending tests and tor-
sional tests in the elastic range. For the above mentioned
tests identical boundary conditions were applied. The
edgewise elastic stiffness was derived from the load defor-
mation curves of the LTB-tests.

The results of all parameters are summarized in Table 3.
Prior to the stability test, the global and local geometric
imperfections were measured using a tachymeter. Follow-
ing the stability tests, the effectively undamaged members
were tested in pure bending (4-Point-Bending-Tests) until
reaching the ultimate moment resistance of the cross-sec-
tion. To prevent shear failure during 4-Point-Bending
tests, the beams with lengths of 5.5 m and 6.5 m were re-
inforced with self-tapping screws. Detailed information
regarding stiffness and imperfection measurements are
given in [13,14].

Lateral torsional buckling tests

A 3-point-bending test setup was chosen for the lateral tor-
sional buckling test. The tests were performed in an inno-
vative, newly developed testing rig, that enabled very pre-
cise control of loading and boundary conditions. A hydrau-
lic jack was utilized to introduce the vertical load F,, while
a servo-controller ensured that the load direction remained
vertical by following the lateral deformation of the beam
without lateral constraints. Due to the horizontal control
mechanism, very low lateral forces (Fy) were measured
during the LTB-Test, Table 3. These low-level loads have
no influence on the load-deformation-curves.

The vertical load was applied at the upper edge. In order
to enable free torsion around the longitudinal-axis of the
beam, a semi-spherical attachment was placed at the tip of
the hydraulic jack. The distance between top edge of the
beam and the contact point is a=37.5 mm (for test K11/12,
a=42.5 mm). To prevent compression failure perpendic-
ular to the grain, the load was introduced using a load dis-
tribution plate. The deformation-controlled tests with a
rate of 0.05mm/s allowed for the identification of the ulti-
mate limit state (governed by elastic stability) and the cor-
responding deformations. The tests were terminated when
a significant cross-sectional deformation (several cm) oc-
curred including a plateau of load-deformation curve or
when the load exceeded a peak.

The instrumentation scheme consisted of 22 sensors to rec-
ord the load-deformation behaviour, both in-plane and out-
of-plane, at five points along the girder.

Results

For all tests, the specimens exhibited lateral deflection,
and twisting around the longitudinal axis. As the geomet-
rical length of the girder increased, a tendency of earlier
lateral deflection was observed at stress levels significant
below the strength. Representative load-deformation
curves of four test specimens with different geometrical
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length are illustrated in Figure 3. In one specimen (K-11),
during LTB test shear failure occurred. A longitudinal
crack at one support area has developed. No further bend-
ing test was conducted for this specimen. The load-defor-
mation curves of specimens K15 and K19 reached a sig-
nificantly higher (maximum) load than the calculated crit-
ical load (Fmax>>F.), followed by sudden large lateral de-
formation and rotation around the longitudinal axis. A pos-
sible explanation follows from the measured initial geo-
metric imperfection, as the initial rotation and lateral de-
formation were measured in oposite direction. The results
of experimental tests are summarized in Table 3.

Figure 4 illustrates the comparison between the reduction
curves according to DIN EN 1995-1-1[1] and prEN1995-1
[15] and experimental data. The diagram on the left (a) in-
cludes experimental data for relative slenderness and re-
duction factor, which are calculated with the measured-
stiffness and strength values from experimental tests
(equations 1-3). Due to different duration of LTB- and
bending strength tests, the strength values were fitted in
accordance with the investigation of Madison [16], see ta-
ble 3.

My p
1 — (1
rel,m Mcr
_ maxM, maxF, - L 2
" My.R 4- fm,exp,red,madison ' Wy
s
My = : Emean,eprzGeprT (3)
e

Data points, which are above the Euler curves belong to
test specimen K15 and K19, which reached significant
higher loads than the critical load. Due to the fact, that rel-
ative slenderness and the reduction factor are influenced
by the modulus of elasticity and shear, the beams K17,
K18 with geometrical length of Ls= 7,5m indicated a
higher relative slenderness than the beams K20-K22 with
a longer geometrical length L= 8,5m. This effect is related
to inherent material properties. For larger slenderness the
experimental test results were below the reduction curve
of DIN EN 1995-1-1 [1]. A comparison between tests and
prEN1995 [15] illustrates that all test results lie above this
continuous curve.

In Figure 3 the relative slenderness and reduction factor
are calculated using stiffness and resistance based on the
nominal characteristic values, according to DIN EN
14080. The reduction factor is above the curves of DIN EN
1995-1 [1] and prEN 1995 [15]. It is noteworthy that all
values lie above or on the Euler curves.
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Table 3: Test results

No fin,exp,madi- Gexp Grem.fit Ezex E.rem Eyew Eyrem maxF, | Fy(maxF,) Arelm Mrelm ki
on ) ) (exp) EC5 (exp)
[N/mm?] [N/mm?] [N/mm?] [N/mm?] [N/mm?] [N/mm?] [N/mm?] [kN] IN] [ [-l [l
K11 -*) 751 680 13852 13621 13695 13621 127.7 -69.3 - -
K12 42.0 784 686 15165 14782 13258 13603 130.4 -60.5 1.170 1.04 0.71
K13 34.5 787 713 11960 12417 11563 11503 131.1 -33.8 1.092 0.87
K14 36.8 764 723 13676 13769 13434 13182 92.9 -33.6 1.178 0.68
K15 28.1%%) 723 708 12611 12575 12275 12301 100.4 74.7 1.064 1.10 0.96
K16 333 736 681 13150 12958 13104 13138 90.3 76.0 1.162 0.73
K17 43.7 775 722 15644 14144 13694 13681 75.4 64.6 1.331 0.54
K18 43.8 749 673 13296 12763 12890 12584 70.0 60.2 1.376 1.16 0.50
K19 35.2%%%) 740 671 13099 12903 12919 12960 96.1 58.9 1.241 0.85
K20 37.1 743 688 13730 14061 14090 14122 57.5 -16.6 1.318 0.55
K21 374 774 712 15262 14327 13882 14133 58.3 -12.4 1.297 1.22 0.55
K22 34.5 684 646 13757 13329 13208 13213 55.1 -12.2 1.312 0.57
*) shear failure during LTB tests ##%%) reduced shear modulus in FEM
*%*) shear failure during bending strength test *kdk) Measured lateral load Fy [N] due to lateral control system at the time of reaching the ultimate load maxF,
##%) shear failure first, than failure in tension zone
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Figure 3: load deformation curves of the beam axis at midspan of K12/K16/K18/K22 and numerical recalculation for model validation
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Figure 4: Comparison between reduction curves and test results calculated with a) measured bending strength fm,exp and measured modulus of elas-
ticity E=Mean(E. cy; E\exy) and shear modulus from torsionaltest (G..,) and b) with charakteristic values of bending strength, modulus of elasticity and
shear modulus according to DIN EN 14080 [10]
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3 -NUMERICAL SIMULATIONS
3.1 Lateral Torsional Buckling tests

The main objective of the numerical simulation was to
validate the model based on the experimental results and
expand the test matrix to investigate the influence of ge-
ometrical and structural imperfections on the perfor-
mance of slender glulam beams.

The numerical simulations were conducted using the fi-
nite element software ABAQUS (version 2014) from
Simulia. Hexagonal solid elements (C3D8) were em-
ployed for the modeling. After a mesh convergence anal-
ysis a mesh size of at least six elements across the width
and 30 elements along the beam depth was found to be
efficient. A detailed description of the model is given in
Wilden [13].

Glued laminated timber is simulated in a parameterized
numerical model using orthotropic material properties
that represent the transverse anisotropy. To consider a
non-linear material model, which includes pure plasticity
under comperession parallel to the grain and brittle fail-
ure for tension parallel to the grain and shear, the user
defined material model using the UMAT Subroutine in
[17] was implemented. A maximum stress criterion is de-
fined for each type of failure. If the threshold is exceeded,
damage occurs. The elements of the stiffness matrix and
maximum stress criterion must be provided individually;
the selected input parameters are given in table 4.

Table 4: material parameter for numerical model

lamella section
parameters calculation unit
En MPyioe N/mm?
. E» =Es; E./30 N/mm?
stiffness Gi="G1s E,/16%) N/mm?
Go G13/13.8 N/mm?
Vo= Vi3 0,501 -
poisson’s ratio V3= Vi 0,203 -
Va1= Vi 0,01 1 -
Non linear material parameters
ft 0.i Mpmok N/mm?
fooi 5,5 fio;”” N/mm*
fioo 0,4 N/mm?
strength fe0o 0,007 - pi *) N/mm?
f, 4,0 N/mm?
fron 0,5 N/mm?
Grro 6,0 N/mm
fracture Energy %;\90 (1):; §j$$
Gfmn 0,6 N/mm
fictitious viscous 0,0001 N/mm
*) adapted during validation process
MPyior = Material Property Modulus Of Elasticity
MPyor= Material Property Modulus Of Rupture

Structural imperfections

By combining the grading data of each lamella with in-
formation about their positions in the girder, a digital
twin of each specimen is generated. The material param-
eters are constant across the lamellas width, while the
material properties in longitudinal direction of the lamel-
las vary. The outcome of a sensitivity analysis indicated
an interval length of 25 mm for the implementation of
different material properties along the length of the la-
mella. In particular, the knot parameter can be modelled
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with sufficient accuracy. A finger joint is arranged be-
tween two lamellas and implemented in the numerical
model, using the recommendations for determing the ma-
terial properties of Fink [18].

1P, (modulus of rupture)

1P, (density)

1 Knl (knot parameter)

raw data

indicating properties obtained
from grading machine

IP,,,. (modulus of elasticity)

determination

of indcating properties
for each interval i
length | =25 mm

IP,\mt_‘ /lpmulu /IP»»H’KH l;

determination material pro-
perties and girder modelling
B, /f,; /py,; (timber)

- Ejpr/ps  (finger joint)

e
e -

Figure 5: generation digital twin using python scripting

Boundary conditions and load application

The load introduction at the upper eadge in the centre of
the span was modelled in detail with all steel components
(load introduction plate, sphere, semi-spherical support
shell). The unavoidable friction between the sphere and
the support shell influences the rotation of the beam,
which has a minor effect on the load-deformation behav-
iour. Consequently, the existing contact surfaces of the
steel components were interconnected through contact
relationships and assigned corresponding coefficients of
friction perpendicular to the contact surface (steel-steel:
p=0.203; steel-timber: p=0.5).

lF, (hydraulic jacket)

sphere
6‘/ sphere support
load

introduction
plate

w timber specimen

a) b)

Figure 6: load application a) test-set up b) numerical model

The lateral supports were close to idealized fork supports,
with vertical line supports, which prevent lateral dsplace-
ments (z-direction). In vertical direction (y-direction,
Figure 7), the test specimen was placed on a load-distrib-
uting steel plate, which was part of a supporting frame
and prevented vertical displacement and provided free
rotation around the z-axis in geometrical cross-sectional
axis of the test specimen. In the numerical model, a kin-
ematic coupling jointed a surface at lower edge with the
center of geometric cross section of the beam. The center
point was fixed in y-direction. Due to numerical stress
concentration, a hyper-elastic material model was used in
the area of boundary conditions.
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a) b)

Figure 7: support a) test-set up b) numerical model

Firstly the measured geometrical imperfection were in-
troduced in the model, then an ultimate load analysis was
conducted via a displacement-controlled load application
and considering the measured lateral forces during simu-
lation.

For the validation of the digital twins the experimentally
recorded load-deformation-curves (lateral displacement
and rotation around x-axis) were used. Figure 3 shows an
example of the comparison for four tests. The results can
be summarised as follows:

The caculction of the “shear moduls” in accordance to
DIN EN 384 [19] and Gmean= Eo.mean/16 leads to an over-
estimation of the resistance in the simulations. By reduc-
ing the shear stiffness via the E/G ratio (generally
21<E/G<23; for the shortest beams 25<EG<26) the load-
deformation curves were in good agreement. The com-
parison between the experimentally determined shear
modulus (G_exp) and the mean shear modulus derived
from the simulation indicates that the shear modulus in
the simulation needs to be reduced by about 18%. Further
research is necessary, to clearify whether the reduction of
the shear modulus is due to time-dependent behavior
[20,21,22] or due to a nonlinear load-deformation behav-
ior of wood under torsional load [23,24].

An average modulus of elasticity around strong (Ey, rem)
and weak axis (E, rem) can be determined from the load-
deformation curves as result of the simulations of the
flexural bending and LTB tests in analogy to the experi-
mental tests. There is a very good agreement between the
numerical and experimental moduli of elasticity, as it can
be observed in Table 3.

If applying the minimum shear strength according to DIN
EN 14080 [10] in the numerical analysis, the short span
girders show shear failure at the area of the supports or
next to the load application. Similar effects were not ob-
served in the tests, and therefore higher values of shear
strength values were considered for the numerical inves-
tigation. A literature review shows, that shear strength
determined by published torsional tests is 9,3 N/mm?
[23].

In the numerical model the compression strength perpen-
dicular to the grain was increased, due to the activation
of surrounding grains under compression perpendicular
to the grain.

https://doi.org/10.52202/080513-0140
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3.1 Bending tests

o

Figure 7: numerical model for determining bending strength

The bending strength was also determined numerically.
To achieve bending failure in experimental tests, shear
reinforcement using self-drilling screws was imple-
mented in girders with shorter spans. To consider the re-
inforcement, the shear strength in the simulation was in-
creased to f, = 9 N/mm?.

Depending on the length of the beam, the position of
loads in the force-controlled four-point-bending test var-
ied. Load and boundary conditions were implemented in
an idealised manner using reference points and coupling
conditions. In experimental tests, the deformation out of
plane was prevented, so in numerical simulation non lin-
ear geometrical effects were excluded.

Load deformation behaviour

The measured load-displacement curves obtained during
bending tests served to validate the numerical model. Fig-
ure 8 contains a comparison between the resulting loads
(F1 and F2) - deformation curves at midspan of numeri-
cal models and experimental tests. In tests only the result-
ing load at hydraulic jacket was measured. The measured
load was halved for the comparsion with numerical tests.
Due to the variation of material parameters in the numer-
ical model, the measured load F1 and F2 are slightly dif-
ferent. In general, the load deformation curves of the nu-
merical model and experimental tests are in good accord-
ance.

exp
120 T ——=—— numFl
kN g". -------- num F2
s B
- K12 '-',\
g B AT 2L
= 80 7 . N
A K16 L
60 /‘,‘;) ','
# K21
[ Py 7
40 7
201
0 | |
0 20 40 60 80 mm

displaccment w ———=

Figure 8: Bending test: Comparison of tests and numerical load-
displacement curves for three specimens



The ultimate load obtained from experimental tests and
numerical simulation enable a recalculation of bending
strength. A comparison of experimental and numerical
bending strength test results is shown in Figure 9. The
values of bending strength derived from the numerical
simulations are slightly overestimated (less than 7%). A
more pronounced difference can be identified in test K18.
However, the numerical result of K18 lies on the safe
side.

50
N/mm? //
45 £ Vd
X a4
¥
40 S/ -
= /7 /
= 35 Pl . Ve
£ Ko
i 30 /d g
™% |/ //
/N
/7 7%
20 4L
20 25 30 35 40 N/mm?

experimental test
Figure 9: Bending test: Comparison of test and simulation results
Location of failure

A brittle failure mode was observed during 4-point-bend-
ing tests. The location of failure was determined by ana-
lysing video recordings of tests and was compared to nu-
merical results, see Figure 10. Table 9 gives an overview
of positions of failure during tests and simulations as well
as the estimated tensile strength f; at location x. Further-
more it is noted, weather the location is a finger joint (FJ)
or a knot area (KA). The simulation accurately predicted
the failure position for 50% of the conducted tests. Fail-
ure location in the correct lamella was predicted in 30%
of'the tests. The estimated strengths are very close to each
other. In two cases (K14, K18) the failure location and
the estimated stress at the different locations were very
close to each other. It should be noted that the determina-
tion of the exact location of the damage initiation in the
tested beams was not always possible due to limited qual-
ity of the videos.

S11 simulation

1
1.0 2,0
location of failure: §simulation §test

"FJ (40.08)
3,0 6,0 [m]

Figure 10: Comparison of failure location in test K12
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Table 5: Position of failure

No Number — position Interval feo
x of lamella *) [N/mm?]
[-]- [mm]
Exp. Num. Exp. nu exp. num
m. .

K12 | 1-2200 1-2200 FJ FJ 40,1 40,1
K13 | 2-3375 2-2600 KA FJ 333 31,3
K14 | 1-4100 1-2600 KA KA | 45,76 | 46,6
K16 | 1-3300 1-3300 FJ FJ 36,9 36,9
K17 | 2-2750 2-4275 KA KA 46.1 373
K18 | 1-4000 1-4250 KA FJ 34,5 39.4
K19 1-490 1-4290 FI FJ 35,8 35,8
K20 | 1-5340 1-3465 FJ KA 35,6 34,5
K21 | 1-3830 1-3165 FJ KA 43,1 40,6
K22 | 1-3210 1-3432 FJ KA 44,7 44,4
exp. = experimental test, num. = simualtion
KA = Knot areaAstbereich, FJ = Finger joint
*) position X, see figure 10

6 — CONCLUSION

The paper describes a thorough investigation of the sta-
bility of twelve slender glulam timber beams including
an extended experimental campaign, numerical simula-
tions and comparison with the current design provisions.
Comparison of experimental test results with theoretical
reductions curves indicates that the existing reduction
curves considered in prEN 1995 [15] underestimate the
performance of the glued laminated timber beams.

Validated FE models confirmed reliably the load-defor-
mation and load-bearing capacity obtained from stability
and bending strength tests. The models enabled a further
numerical study to identify the influence of imperfection
variables and other material properties on the global re-
sponse of slender glued laminated timber beams.
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