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1 Introduction

For the design verification of imperfection-sensitive glulam beams loaded by bending

(and axial) force, the lateral torsional buckling (LTB) behaviour is decisive, see Figure 1.

The standard design formulae for LTB in EN 1995-1-1 (2004) and prEN 1995-1-1 (2023),

the km method, were derived analytically. Current drawbacks of the analytical derivation

of the km method are: (i) the assumption of pure bow imperfections based on very

few measurements (Brüninghoff, 1973), whose values are inconsistent with extensive

measurement results of glulam columns (Ehlbeck & Blaß, 1987) and do not account

for relevant twist imperfections (Töpler & Kuhlmann, 2022b); (ii) very few experimental

data available for validation of the design models (Brüninghoff, 1973), (Larsen, 1977).

Figure 1. LTB test T02; glulam beam with dimensions 8000 x 720 x 120 mm³ shortly before failure.



This is different from the derivation of the kc method for in-plane buckling design of

timber columns, where extensive numerical investigations with scattering basic variables

(material properties and geometric imperfections) were performed (Ehlbeck & Blaß,

1987) and the results were validated by experimental tests.

A re-evaluation of the design formulae for LTB in EN 1995-1-1 (2004) was therefore

considered necessary and was carried out by the authors.

This paper presents the results of 19 full-scale LTB tests on glulam beams carried out by

the Institute of Structural Design at the FMPA Cottbus in spring 2023 within a research

project (Kuhlmann & Töpler, 2021-2023), see Figure 1. A numerical model was verified

and validated with the test results according to the FE guidelines, see Töpler & Kuhlmann

(2022a). The model was used to perform Monte Carlo simulations on glulam beams at

risk of LTB with scattering input values, including geometrical imperfections. Due to the

test results, it was necessary to additionally investigate the influence of structural im-

perfections (scattering material properties) and shear failure. The findings are compared

with current design rules.

The objectives are to clarify the influence of scattering geometrical and structural im-

perfections on the LTB of glulam beams, to propose values for equivalent imperfections,

to evaluate the design formulae for LTB and to assess the influence of shear from torsion.

2 State of the art
The load-bearing behaviour of imperfection-sensitive timber beams is characterised

by geometrically and materially non-linear behaviour. Relevant member failure modes

for straight beams with constant cross-section loaded byMy,I are tensile failure due to

bending momentsMy,II andMz,II and shear failure due to combined shear forces Vz and

torsional moments Mx,II. Besides the effects of geometry, type of loading, boundary

conditions and resulting eigenmodes, the geometrically non-linear behaviour is influ-

enced by stiffnesses E and G and imperfections. The materially non-linear behaviour

only needs to be taken into account for compression parallel to the grain according to

current knowledge.

For the bending resistance of glulam beams prone to LTB, EN 1995-1-1 (2004) and prEN

1995-1-1 (2023) provide two design approaches, the effective length method (ELM) and

design verification based on the calculation of internal forces according to second order

theory (T2O).

For the ELM, the formula for determination of km in EN 1995-1-1 (2004) is based on

curve fitting to the exact solution of the differential equations of the LTB phenomenon,

the T2O formulae (Heimeshoff, 1986). For the fitting process, pure bow imperfections

ey = L/288 and L/577 were assumed. Within prEN 1995-1-1 (2023), a reformulation of

km according to the Ayrton-Perry formulation is proposed, which can be derived from the

T2O solution under certain assumptions, as illustrated byWilden et al. (2023). The limits

λm,rel = 0.75 and 0.55 in EN 1995-1-1 (2004) and prEN 1995-1-1 (2023) are pragmatic



estimates of the points where the influence of LTB can be neglected in building practice.

T2O provides accurate solutions for the equivalent beam assuming linear elastic material

behaviour. The linear elastic material behaviour is thus also implied in km. As the tensile

strength of softwood glulam in bending fm is about the same as the proportionality limit

for compression fc,0,lin, this assumption usually holds for pure bending, for strengths see

e.g. Table 4.

The assumption of pure bow imperfections for LTB of timber beams and its values

(ELM: L/288 and L/577, see Heimeshoff (1986); T2O: L/400, see EN 1995-1-1 (2004))

are based on measurements on one building (Brüninghoff, 1973). The differences

with the extensive measurements on glulam columns by Ehlbeck & Blaß (1987), which

resulted in a 95% quantile value of the bow imperfection of about L/1100, might be

explained by different causes of the imperfections, such as manufacturing for unbraced

columns and alignment for braced beams. Recent measurements by Töpler & Kuhlmann

(2022b) yielded smaller bow imperfections ey, but highlighted the importance of twist

imperfections at supports eθ,supp and midspan eθ,mid. 95% quantile values of measured

imperfections were:

• bow imperfections: ey,95 = L
1180

[mm]

• twist imperfections at midspan: eθ,mid,95 = L
1590H

[-]

• twist imperfections at supports with high tolerances: eθ,supp,95 = 1
100

[-]

• twist imperfections at supports with low tolerances: eθ,supp,95 = 1
170

[-]

Where high tolerances refer to fork bearings by means of concrete pockets or similar

and low tolerances refer to fork bearings by means of lateral timber members or similar.

These measurement results are incorporated in the imperfection assumptions in prEN

1995-1-1 (2023). A formulation of simplified equivalent imperfections is still pending.

The effects of structural imperfections caused by material scattering on the LTB design of

glulambeams are generally neglected, which is justified by the homogenisation effect due

to the large number of lamellae. This is in contrast to glulam columns, where scattering

of the elastic moduli of different lamellae can significantly influence the position of the

shear centre (Ehlbeck & Blaß, 1987).

The design formulae for LTB in EN 1995-1-1 (2004) were validated mostly with small

scale tests on solid timber (Larsen, 1977). Very few results of full scale tests on glulam

have been published (Brüninghoff, 1973), (Wilden et al., 2023).

For the design verification of the shear resistance of timber beams prone to LTB, no

information is given in EN 1995-1-1 (2004) on the consideration of the torsional moment.

A slenderness criterion is mentioned in the National Annex DIN EN 1995-1-1/NA (2013).

If satisfied, shear stress components from torsion may be neglected. prEN 1995-1-1

(2023) gives formulae for determining the torsional moments at the supportsMx,II.



3 Experiments

3.1 General

Lateral torsional buckling tests on 19 glulambeamsmade ofGL 24h according to EN14080

(2013) were conducted in order to experimentally investigate the load-deformation be-

haviour and serve as validation for a finite element (FE) model. The slenderness was

varied over the beam length and height and the ratio of the normal force to the bending

moment, see Table 1. As the focus of this article is on pure bending, the results of the

tests with axial force are not reported here, but will be in Töpler (2024). All beams were

of constant rectangular cross-section. The load introduction and support areas were

reinforced with pre-drilled, fully threaded screws.

Table 1. Test program for lateral torsional buckling of glulam GL 24h beams.

Series Number of Length Height x Width λm,rel* Axial force

number specimens [mm] [mm2] [kN]

T01- T03 3 8000 720 x 120 1.04 0
T04- T05 2 8000 600 x 120 0.94 0
T06- T07 2 8000 600 x 120 0.94 25
T08- T09 2 8000 600 x 120 0.94 50
T10- T11 2 8000 600 x 120 0.94 75
T12- T13 2 6000 480 x 120 0.74 0
T14- T15 2 6000 480 x 120 0.74 35
T16- T17 2 6000 480 x 120 0.74 70
T18- T19 2 6000 480 x 120 0.74 105

* Calculated with characteristic material values, taking into account an increase
of E0,05G0,05 by a factor of 1.4 according to DIN EN 1995-1-1/NA (2013).

For validation of the FE model in Section 4, the geometrical imperfections were de-

termined in preceding measurements with the optical measurement system ARAMIS

Adjustable 12M. Cross-sectional dimensions, weight, moisture content, knots and finger

joints were documented. Mean density and moisture content of all test specimens were

444 kg/m³ and 10.4%.

For each test specimen, see Table 1, the elastic moduli for edgewise and flatwise bending

E0,y/z and the shear modulus G0 were determined in elastic bending and torsion tests

with test setups, speed and direction of loading mirroring to the following LTB tests.

The summarised results are displayed in Table 2. Since the values in Table 2 were used

for the validation of the FE model in Section 4, they were determined iteratively with a

similar FE model. Mean values E0,mean and G0,mean were 12,100 and 747 N/mm². E0,y and

E0,z for edgewise and flatwise bending were almost identical on average with maximum

deviations of 12% and thus could be combined into E0.

The stress-strain curves for compression parallel to the grain were determined in com-

pression tests on 8 test specimens from 4 lamellae according to EN 408 (2010). Resulting

mean compression strength, proportionality limit and plastic strain when reaching the

compression strength were fc,0 = 43.2 N/mm², fc,0,lin = 0.71 ⋅ fc,0 and ϵc,0,pl = 0.45 ⋅ ϵc,0,el
for a slightly higher density of 504 kg/m³.



Table 2. Results of elastic bending and torsion tests.

E0,y E0,z E0,y/E0,z E0 G0

[N/mm²] [N/mm²] [N/mm²] [N/mm²]

Mean 12,139 12,050 1.006 12,095 747
COV 0.0830 0.0503 0.0466 0.0644 0.0616
Min 10,906 11,223 0.940 11,081 625
Max 14,734 13,152 1.120 13,943 812

3.2 Lateral torsional buckling tests

3.2.1 Test setup and execution

The LTB experiments were conducted as 3-point bending tests, see Figure 2. Vertical

loading was applied at the upper edge in midspan with a horizontal eccentricity per-

pendicular to the beam axis of 8 mm for a planned buckling in a defined direction.

The distance between the upper edge of the beam and the axis of rotation of the load

(screw axis) resulted in an additional vertical eccentricity of 53 mm, see Figure 3. To

ensure a vertical loading when the beam deformed horizontally, the upper bearing of

the vertical cylinder could be automatically moved horizontally by up to 220 mm. For

limiting dynamic behaviour of the test set-up in the event of sudden lateral deformations

of the timber beams, the vertical cylinder was inclined by 10 to 20 mm over its 2210 mm

length, acting in the same direction as the horizontal load eccentricity. The supports

were constructed as ideal fork bearings. The measurement of the complex deformation

behaviour at midspan was conducted with the optical measuring system ARAMIS Ad-

justable 12M.

Beams with and without axial force were tested, see Table 1. Axial forces were applied

first and force-controlled up to the levels given in Table 1. Vertical forces were applied

displacement-controlled at a rate of 4 to 5 mm/min, which resulted in a failure in about

10 to 20 minutes.

Figure 2. LTB test setup. Figure 3. Vertical load introduction for LTB.
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Figure 4. Vertical force and horizontal deformation of the beam axis at midspan of T05, T06 and T15,
experimental results; numerical recalculation of T05 for model validation (FEA).

3.2.2 Results and evaluation

Typical load-deformation curves with the horizontal deformation of the beam axis at

midspan and the vertical cylinder force are given in Figure 4 for beams T05, T06 and T15.

The curves of 16 out of 19 tests were non-linear from the beginning, see T05 and T06.

After about 80% of the load-bearing capacity was reached, large horizontal deformations

occurred, see Figure 1, leading to a plateau of the load-deformation curve. In some cases

local failures caused load drops, see T06. The tests were stopped when either a brittle

member failure occurred or the load dropped below 80% of the maximum load-bearing

capacity. In 3 cases the beams failed in uniaxial bending without showing LTB behaviour,

see T15 in Figure 4. The applied horizontal eccentricity of 8 mm and the inclination

of the vertical cylinder were not sufficient to overcome the effects of geometrical and

structural imperfections, as well as friction in the supports and load application. The

measured geometric bow imperfections ranged from 1.4 to 6.7 mm in the opposite

direction to the load eccentricity and therefore cannot fully explain this behaviour. This

indicates that there were additionally significant structural imperfections. This effect is

further investigated in Section 4.3.

The experimentally determined normalised load-bearing capacities km of all beams (exp)

are plotted over the relative slenderness ratio λm,rel in Figure 5. λm,rel was always com-

putedwith characteristicmaterial values utilising the increase of 1.4⋅E0,05G0,05 for glulam.

km was calculated by dividing the experimental resistances by the nominal characteristic

resistances fm,kWy. Results of the ELM are given for characteristic strengths. For the

load-bearing capacity in bending of a 480 x 120 mm² cross-section according to T2O,

three curves are given with characteristic, mean and 95% quantile values of the strengths
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Figure 5. Experimentally determined, normalised resistances km in comparison with bending res-
istances using ELM and T2O and shear resistances using T2O according to EN 1995-1-1 (2004).

and stiffnesses, assuming values from EN 14080 (2013) and fm,mean = 33.0 N/mm², fm,95 =

40.0 N/mm², E0,95 = 13800 N/mm² and G0,95 = 780 N/mm². Additionally, the curve of

the characteristic load-bearing capacity of a 480 x 120 mm² cross-section in shear is

given. For ELM and T2O no axial forces were considered. The diagram illustrates that

the LTB bending design for service class 1 according to EN 1995-1-1 (2004) is on the safe

side. Only the experimental results of the beams T08 to T11 with significant axial forces

are of the same magnitude as the calculated characteristic resistances without axial

forces. It is noteworthy that for the larger slendernesses the experimentally determined

load-bearing capacities are about 10% below and for the small slenderness about 15%

above the mean values of the bending resistances according to T2O. The experimental

results rather follow the shape of the curve of the characteristic shear resistance. This

will be further discussed, as it is based on a change of the failure behaviour and the

significant influence of a reduced shear stiffness.

Three failure modes were observed, tensile failure due to bending, shear failure and

compression failure, see Figures 6 and 7. In 14 out of 18 tests (not documented for T01),

loud cracking was audible above 70% of the maximum load-bearing capacity, indicating a

significant local failure and leading to a flattening of the load-deformation curve. Only in

4 cases this was visible in the form of local shear or tensile cracks, see Table 3. In 12 tests,

an abrupt brittle member failure occurred. The remaining 7 tests were aborted when the

load dropped below 80% of the maximum load-bearing capacity. In 10 cases, member

failure occurred in tension and in 2 cases in shear, expressed as a diagonal crack from

the loading area to one support that partially cut through the cross-section completely,

see Figures 6 and 7. Member failure in tension was always accompanied by transverse



Table 3. Visible failure behaviour before and at the end of the experiments.

Series Member Localised failure at the end Localised failure
number failure Tensile Shear Compression before the end

T01 - - x * -
T02 - - x x -
T03 Shear - x x -

T04 Tensile x x x -
T05 - x x x -
T06 - x x x Tensile & Shear
T07 Tensile x x - -
T08 Tensile x x x Tensile
T09 Shear - x x Shear
T10 - - x x -
T11 - - x x -

T12 Tensile x - - -
T13 Tensile x - x -
T14 Tensile x - x -
T15 Tensile x - - -
T16 Tensile x - - -
T17 Tensile x - x -
T18 Tensile x - x -
T19 - x x x Tensile & Shear

* Could not bet documented.

tensile failure, see Figure 6. Minor local buckling of the wood fibres under compression

parallel to the grain was observed in 14 cases at the load application area. Table 3 shows

that the slender beams T01 to T03 failed exclusively in shear, while the stocky beams T12

to T19 usually failed in tension. For T04 to T11 both failure mechanisms were present.

As torsional moments increase with increasing slenderness, it can be concluded that the

shear failure was mainly caused by torsion. This failure was not expected to this extend,

as characteristic shear resistances according to T2O are 10 to 20% higher than bending

resistances, see Figure 5. The loud cracking, which was followed by a flattening of the

load-deformation curve, indicates that this local shear failure significantly influenced the

load-bearing capacity, reducing it by 10 to 20%, see Figure 5. This is supported by the

numerical results, see Section 4.4.

Figure 6. Tensile failure of T04. Figure 7. Diagonal shear failure of T09.



4 Numerical simulations

4.1 General

The first objective of the numerical simulations was to investigate the influence of scat-

tering geometrical imperfections and scattering material stiffnesses across the width

of the glulam lamellae (structural imperfections) on the load-bearing behaviour of

imperfection-sensitive glulam beams using a verified and validated FE model.

The occurrence of a second member failure mechanism in the tests, shear, also made

it necessary to provide a first estimate of the proportion of shear failure and the pro-

portion of bending failure that govern the LTB resistance of glulam beams. For this

assessment, a modelling approach with scattering material properties based on the

Karlsruher Rechenmodell (Blaß et al., 2008) was developed.

The numerical calculations were conducted with a FE model in Abaqus/CAE 2023.

20-node quadratic brick elements C3D20R were used. A detailed description of the

model will be given in Töpler (2024).

Since Abaqus internal material models do not allow for pure uniaxial plasticising under

compression parallel to the grain or independent shear plasticising, a user-defined ma-

terial model was developed in the UMAT subroutine. For tension parallel to the grain, a

linear elastic material behaviour was implemented with softening to a minimum residual

strength when the tensile strength is exceeded. This corresponds with the failure be-

haviour in the Karlsruher Rechenmodell (Blaß et al., 2008). For compression parallel to

the grain, plasticising was considered along an ellipse according to Töpler & Kuhlmann

(2022c). For shear, a bilinear material behaviour in all 3 material planes was assumed. A

shear interaction was considered as well but had no significant effect.

The initial material values are given in Table 4, which are reasonable mean values for

GL 24h. ER/T was selected to 300 N/mm² in accordance with EN 14080 (2013) and all

Poisson’s ratios were set to 0.3.

Table 4. Material values for numerical modelling.

Elastic Proportionality Strength Plastic strain Plastic
modulus limit at strength modulus
[N/mm²] [x Strength] [N/mm²] [-] [N/mm²]

Tension in L 11,500 - 33.0 - -
Compression in L 11,500 0.75 40.0 0.40 50
Shear in LR 650 0.30 5.3 - 975
Shear in LT 650 0.30 5.3 - 975
Shear in RT 100 0.55 1.6 - 32.5

L = longitudinal, R = radial, T = tangential direction.

Plastic strains are determined with the plastic moduli (for compression with consider-

ation of the elliptical inclination). Moduli of elasticity and shear in the LR and LT planes

were picked according to EN 14080 (2013), rolling shear properties according to Aicher

& Dill-Langer (2000), Dahl & Malo (2009), Ehrhart & Brandner (2018), proportional-

ity limit in compression according to own tests in Section 3, compression and tensile



strengths according to Glos (1978), Schilling et al. (2021), shear strengths in the LR/LT

planes according to Glos & Denzler (2004), Spengler (1986), plastic compression strain

according to own tests in Section 3 and Glos (1978) and plastic stiffness components

for shear according to Dahl &Malo (2009). For the plastic component in compression a

reasonable value resulting in a minimum slope of the stress-strain curve was chosen. The

low proportionality limit for shear in the LR and LT planes needs to be highlighted. It has

a significant influence on the load-deformation behaviour of LTB and, in the opinion of

the authors, represents the point of the first occurrence of a significant local shear failure

in the tests that led to a flattening of the load-deformation curve, see Section 3.2.2.

Numerically determined shear stresses at the time of the first occurrence of this aud-

ible significant local failure ranged from 1.1 to 2.6 N/mm². Therefore, a mean value of

1.6 N/mm² = 0.3 ⋅ 5.3 N/mm² was set as the proportionality limit.

4.2 Geometrical imperfections

In the parameter study, scattering geometrical imperfections with random values were

assumed based on distribution functions obtained from measurements, see Section 2

and Töpler & Kuhlmann (2022b). As a reasonable approximation of the frequency

distributions of the measured imperfections, normal distributions with a mean of zero

and the following properties were utilised (μ;σ;limit):

• bow imperfections:
ey
L
: N(0;0.0004272;0.0015) [mm/mm]

• twist imperfections at midspan:
eθ,midH

L
: N(0;0.0002667;0.0012) [mm/mm]

• twist imperfections at supports: eθ,supp: N(0;0.004790;0.02) [-]

To be on the safe side, fork bearings with high tolerances were chosen for the values of

the twist imperfections. No significant correlations supported by causality were found

between the different imperfections, except for the twist imperfections at both supports.

Twist imperfections at the supports are mainly influenced by the placement of a beam in

the fork bearings (rigid body rotation of the entire beam), the twisting of the beam along

its length due to manufacturing, transport, etc., and the alignment of the beam at the

supports (twist of the cross-section at both supports against each other). To represent

these effects in the model, first the twist at one support eθ,supp,0 was determined from

the above distribution, then the basic value of the twist at the other support eθ,supp,L
was determined by linear regression, and finally an error term was added to this value,

see Equation 1.

eθ,supp,L = 0.5272 ⋅ eθ,supp,0 + e with e∶ N(0; 0.004070; −) (1)



4.3 Structural imperfections and scattering material properties

For the assessment of the proportion of shear and bending failure, scattering material

properties according to the Karlsruher Rechenmodell, see Blaß et al. (2008) and Frese

(2016), were implemented in the FE model. The material data were generated before

the FE analysis with a Python script. Visual grading VIS-2 according to Blaß et al. (2008)

was chosen, as it can be used to sort boards for GL 24h. The model for scattering

shear strengths of boards is based on Brüninghoff & Klapp (2005). Thereby, shear

strengths are assigned to each board independently using a distribution function. Since

the dry densities of the boards are already defined by the Karlsruher Rechenmodell, a

low correlation of dry density and shear strength according to Glos & Denzler (2004) was

taken into account. The scattering shear strength of each board was computed, as

fv,LR/LT = 0.00135 ⋅ ρ0 + 4.75 + e with e∶ N(0; 0.90; −) (2)

where fv,LR/LT is the shear strength in the LR and LT planes in N/mm² and ρ0 is the dry

density in kg/m³. The resulting mean and characteristic shear strengths for VIS-2 are

about 5.3 and 3.8 N/mm².

Scattering of elastic moduli across the width of the boards, which is relevant to LTB as it

causes structural imperfections in the direction of the weak beam axis, is not considered

in models such as the Karlsruher Rechenmodell. Local defects like knots have a significant

effect on the strength of boards and whole beams, but only aminor effect on the stiffness

of beams. In contrast, the distribution of density and the microfibril angle across the

board cross-section, which depend on the location of the pith, have a significant effect

on the elastic modulus (Johansson, 2003). For a pragmatic estimate of this influence,

the relationship between pith distance and the elastic modulus, see Equation 3, given

by Dahlblom et al. (1996), and the position of the piths in the boards of the LTB test

specimen were utilised to evaluate the ratio of the elastic moduli of the left and right

halves of the boards to their mean elastic moduli.

E0 = 9700 + 100 ⋅ r (3)

where E0 is the elastic modulus parallel to the grain in N/mm² and r is the distance to

the pith in mm. The determined standard deviation and mean of the ratio of the elastic

moduli of the left and right halves of the boards to the mean elastic modulus of the

boards were 0.037 and 0.00. For the shear center of a board, this means that at the

value of the standard deviation, it will move 0.12 x the width of the board away from

the centre of the board. It is therefore plausible that multiple eccentrically located piths

could cause significant structural imperfections in glulam beams. For the parameter

study, a scattering deviation of the elastic moduli of the left and right halves of the

boards from the mean elastic modulus of the boards was assumed based on a normal

distribution with μ = 0.00 and σ = 0.05 (constant over the entire board length).
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Figure 8. Histogram of the LTB resistances of a
beam of L x H xW = 8100 x 600 x 120 mm³ with
scattering of geometrical imperfections;
700 computations.
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Figure 9. Histogram of the LTB resistances of a
beam of L x H xW = 8100 x 600 x 120 mm³ with
scattering of structural imperfections;
700 computations.

Both the longitudinal stress distribution in biaxial bending and the shear stress distribu-

tion due to torsion indicate a positive size effect on both strengths, as both strengths

are determined from tests with a constant stress distribution across the cross-sectional

width. These size effects are neglected in the described modelling approach.

4.4 Model verification and validation

The presented FE models were verified and validated according to the FE guidelines

(Töpler & Kuhlmann, 2022a). As part of the verification, a sensitivity analysis was car-

ried out for a single span beam with length x height x width = 8100 x 600 x 120 mm³,

basic material values according to Table 4, under a constant bending load My,I with,

(i) scattering of geometrical imperfections according to Section 4.2, and (ii) scattering

of elastic moduli across the board width according to Section 4.3. 700 calculations

were performed for each. The resistance histograms are displayed in Figures 8 and 9.

Structural imperfections have a smaller but still significant effect on the resistances.

For the validation, each LTB test was recalculated with the FE model using the measured

values for cross-sectional dimensions and elastic and shear moduli, see Section 3. As

an example, Figure 4 compares the experimentally and the numerically determined

load-deformation curves for T05 (with, Gelpl, and without consideration of the plastic

behaviour in shear, Gel). In this case, the difference between the load-bearing capacity

with and without shear plasticising is approximately 10%, which corresponds with the

difference between the T2O and the test results, see explanations to Figure 5. The

numerical models with shear plasticising generally yield more accurate results than

the models without shear plasticising, with a slight overestimation of the load-bearing

capacities. Neglecting the three tests in which no LTB occurred, the maximum and mean

deviations of the experimentally and the numerically determined load-bearing capacities

were 13 and 1.8%, respectively. For the 720 mm high beams, shear failure occurred

before bending failure in the FE model, as in the LTB tests. For the stockier beams,

bending failure was dominant in the FE analyses.



4.5 Parameter study

Single span beams under a constant bending loadMy,I were examined. The first part of

the study investigated the influence of imperfections. A cross-section of height x width =

600 x 120 mm² was selected as it was expected to be rather unfavourable due to the low

number of lamellae (high structural imperfections), but still prone to LTB. The length was

varied in 6 steps between 3000 and 11,400mm. Two sets of 200 numerical computations

each per length were performed, with: (i) scattering of geometrical imperfections and

(ii) scattering of geometrical imperfections combined with scattering of elastic moduli

across the board width. Deviating from Table 4, characteristic strengths fm,k = fc,0,k =

24.0 N/mm², fv,LR/LT,k = 3.8 N/mm², fv,RT,k = 1.2 N/mm² and mean stiffnesses E0,mean =

11,500 N/mm², G0,mean = 650 N/mm² for GL 24h according to EN 14080 (2013) and

Glos & Denzler (2004) were used for comparability with the design rules in EN 1995-1-1

(2004).

The second part of the study investigated the effect of shear failure on the LTB resistance.

A cross-section of length x height x width = 8100 x 720 x 120 mm³ was selected in

accordance with the LTB tests where shear failure most likely occurred. Scattering of

geometrical imperfections combined with scattering of elastic moduli across the board

width, scattering of shear strengths and the Karlsruher Rechenmodell for scattering

bending strengths were applied. Deviating from Table 4, fm, fc,0, fv,LR/LT and E0 were

generated as described in Section 4.3.

The results of (i) are illustrated in Figure 10. The normalised, scattering numerical results

are presentedwith violin plots supplemented by 5% quantile values (circles), mean values

(lower horizontal lines) and 95% quantile values (upper horizontal lines). Additionally, the

normalised, characteristic load-bearing capacities of the ELM according to EN 1995-1-1

(2004) and prEN 1995-1-1 (2023) are given. The 5% quantile values of the numerical

results follow the typical shape of a LTB curve, where the 95% quantile values follow the

cross-sectional resistance and the critical LTB resistance (crit), given by (λ2m,rel)−1. The

scatter of the numerical results clearly demonstrates the influence of imperfections in

the range of medium slendernesses between 0.7 and 1.1, while the influence of stiffness

and strength is relevant for higher respectively lower slendernesses.

The results of (ii) are similar to (i). In the context of 4 different scattering geometrical

imperfections, the bow imperfection, the twist imperfection at midspan and the twist

imperfections at both supports, the influence of structural imperfections no longer

seems to be significant in the overall results. However, the LTB load-bearing capacities

of individual beams can be affected by structural imperfections, see Figure 9.

The results of the second part of the parameter study, which is intended to provide an

initial assessment of the proportions of shear and bending failure for LTB, are presented

in Figure 11. 13 out of the 200 beams failed in shear in the numerical analysis, while

covering a similar range of resistances as bending failure. The 5% quantile values and

mean values of the resistance are not significantly influenced by the shear failure.
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5 Discussion and design proposal

For consistency with the in-plane buckling verification of glulam columns, the same

equivalent bow imperfection should be chosen for the LTB design of glulam beams,

namely ey = L/1000 (prEN 1995-1-1, 2023). Otherwise, mechanical inconsistencies

for the interaction of axial forces and bending moments cannot be avoided. For both,

columns and beams, this value is supported by extensive measurements (Ehlbeck &

Blaß, 1987), (Töpler & Kuhlmann, 2022b). To account for the influence of the remaining

independently scattering geometrical and structural imperfections, the 95% quantile

values of the twist imperfections given in Chapter 2 can be reduced by 50% and used

as equivalent twist imperfections. This is illustrated by the comparison of T2O using

these reduced imperfections with numerical results, see Figure 10. T2O calculations

do not take into account twist imperfections at the supports. Therefore, the total twist

imperfection at midspan was calculated as 0.5 ⋅ (eθ,mid,95 + eθ,supp,95).
When comparing the ELM with the numerical results, see Figure 10, the influence of

scattering imperfections is sufficiently accurately represented by the simplified approach

in EN 1995-1-1 (2004). The new approach based on the Ayrton-Perry formulation in

prEN 1995-1-1 (2023) yields similar load-bearing capacities. It should be noted that

there is an additional small positive influence of the size effect represented by kred, see

Figure 10, and that the influence of scattering tensile strengths at small slendernesses

far outweighs the influence of scattering imperfections.

Based on the investigations presented, equivalent imperfections for LTB design of glulam

beams based on T2O calculations may be applied, as

ey,equi = ey (4)

eθ,mid,equi = 0.5 ⋅ (eθ,mid + eθ,supp) (5)

where ey = L
1000

, eθ,mid = L
1500H

, and eθ,supp = 1
150

or 1
100

for low respectively high

tolerances of the fork supports according to prEN 1995-1-1 (2023).

Assuming a pure bow imperfection of ey = L/400 for LTB yields similar results to assuming

imperfections according to Equations 4 and 5 and may be used for further simplification.

An approach for modelling both shear and bending failure of beams prone to LTB is

presented. For the chosen cross-section and the loading by a constant bending moment

My,I in the numerical analyses, shear failure seems to be of minor importance. However,

for more unfavourable loading conditions with high shear forces, such as in the LTB tests

with 3-point bending, shear failure due to additional torsional moments at the supports

is relevant. For the first time, prEN 1995-1-1 (2023) provides formulae for determining

the torsional moments at the supportsMx,II and might therefore lead to an increased

awareness of this failure mode.



6 Summary and outlook

The results of 19 lateral torsional buckling tests on glulam beams made of GL 24h are

described in this paper. The load-deformation behaviour was usually pronouncedly non-

linear, see Figure 4. However, in 3 tests a bending failure occurred without prior lateral

deflection of the beams. It is therefore possible that beams, despite their imperfection

sensitivity, do not show a typical stability failure but a pure bending failure. Shear failure

occurred in the slender test specimens and bending failure in the stockier ones, see

Table 3 and Figures 6 and 7. Although this early shear failure reduced the stiffnesses and

thus the load-bearing capacities by up to 20%, the design verifications according to EN

1995-1-1 (2004) and prEN 1995-1-1 (2023) are on the safe side, see Figure 5.

The FE model was validated with the test results and further developed to take into ac-

count both scattering geometrical imperfections and scattering structural imperfections

across the boardwidth for the determination of equivalent imperfections of imperfection-

sensitive glulam beams. With an extensive data set of geometrical imperfections as input

values (Töpler & Kuhlmann, 2022b), the model was used to investigate the influence

of scattering geometrical and structural imperfections on the load-bearing capacity.

Based on these results, see Figure 10, a proposal for equivalent imperfections for T2O

calculations was developed and presented in Section 5. The current approach of the

effective length method in EN 1995-1-1 represents the influence of these imperfections

sufficiently accurately, see Figure 10.

For first studies of the influence of the shear failure on the lateral torsional buckling res-

istance the Karlsruher Rechenmodell (Blaß et al., 2008) was implemented and extended

to include scattering of shear strengths (Brüninghoff & Klapp, 2005). The shear failure

was of minor importance for the chosen cross-section and loading in the numerical

analyses. However, for more unfavourable loading conditions with high shear forces,

such as in the LTB tests with 3-point bending, shear failure due to additional torsional

moments at the supports is relevant. This needs to be further investigated to ensure that

early shear failure due to combined torsion and shear force does not lead to a reduction

of the lateral torsional buckling resistance that has not yet been considered in design.
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