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ABSTRACT17

One of the obstacles to the recent trend towards taller timber buildings is the limited load-18

carrying capacity of softwood columns. With the aim of promoting the structural use of European19

beech wood (Fagus sylvatica L.) in high-performance applications, the buckling behaviour of20

beech glued-laminated timber (GLT) columns reinforced with glued-in steel bars was investigated21

experimentally and numerically. Axial compression experiments were carried out on full-scale22

stocky and slender columns and a finite element model was developed and validated against the23
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experimental data. The influence of geometric and material parameters on the load-carrying24

capacity of the steel-reinforced beech GLT columns was studied in parametric analyses. The25

experimental and numerical data demonstrate the high potential of this new structural product26

for high-strength columns in demanding residential, office, and industrial applications. The load-27

carrying capacity mainly depends on the cross-section size, the column slenderness, the position28

and diameter of the reinforcement bars, and the initial deformed shape of the column. An eccentric29

layout with steel bars in the corners of the cross-section is very effective in increasing the load-30

carrying capacity. Four corner steel bars of 20 mm diameter, 50 mm edge distance, and grade31

ST900/1100 were found to increase the load-carrying capacity of a 200 mm wide square GL48h32

column by almost 40% across the slenderness ratios relevant to structural applications. The glued-33

in steel reinforcement is also expected to be able to provide an alternative load path for structural34

robustness, by enabling the columns to carry tensile forces. A design method for corner-reinforced35

beech GLT columns under axial compression was developed based on the empirical and numerical36

data.37

INTRODUCTION38

European beech (Fagus sylvatica L.) is the most widespread hardwood species in Central39

European forests (FOEN 2019; BMEL 2023; Lackner et al. 2023). Despite its good mechanical40

properties, European beech is an underused resource and currently harvested predominantly for41

energy and industrial purposes (FOEN 2019). The structural application potential of European42

beech was investigated as part of the initiative Aktionsplan Holz (Wood Action Plan) of the Swiss43

Federal Office for the Environment (Ehrhart et al. 2020a), with the aim of attaining a shift and an44

increase in usage. Compression tests on stocky European beech GLT columns in accordance with45

EN 408:2012 revealed compressive strengths parallel to the grain twice as high as typical values46

found for Norway spruce (Picea abies Karst.) GLT columns and significantly higher than those47

offered by reinforced concrete columns of strength classes C25/30 or C30/37 (Ehrhart et al. 2020c).48

A trend towards taller timber buildings has developed in recent years (Mayo 2015). This is a49

result of the numerous advantages of timber as a structural material. Timber facilitates prefabrica-50
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tion, thereby improving the speed and safety of work on-site and reducing the environmental impact51

of construction projects, and it is a renewable material if sourced from sustainably managed forests52

(Žegarac Leskovar and Premrov 2021). The mechanical properties of softwood, however, impose53

limitations on the design. The low compressive strength parallel to the grain requires a compromise54

between the size of the cross sections and the net floor area, visibility, and building height. The55

current record for the highest timber building without a concrete core is held by the Mjøsa Tower in56

Norway, which reaches a height of 85 m with 18 storeys (Abrahamsen 2017). However, this height57

could only be achieved with GL30h Norway spruce GLT by providing very large cross-sections of58

up to 1500 ˆ 600 mm2. This demonstrates the need for high-strength timber columns for taller59

timber buildings.60

Despite the demand for larger building heights and small column cross-sections, structural61

elements made from hardwood species with higher strengths remain an exception in high-rise62

buildings so far. The main obstacles are the absence of commercial and certified structural products63

and the lack of manufacturing experience (Abplanalp et al. 2019). In slender columns, the gain in64

compressive strength from using European beech instead of softwood is partly lost due to the steep65

buckling curve of beech and hence the use of the currently more expensive hardwood might not66

be economical (Ehrhart 2019). To address this issue, the company neue Holzbau AG developed67

European beech GLT columns reinforced with steel bars. The columns were tested at the Structural68

Engineering Research Laboratory of the Swiss Federal Laboratories for Materials Science and69

Technology Empa (Sroka et al. 2023) and implemented in a new factory for Beer Holzbau AG as a70

substitute for reinforced concrete columns (Abplanalp et al. 2019).71

The main objective of this study was to understand the buckling behaviour of these high-72

strength columns and to assess the commercial potential for particularly demanding applications.73

A finite element model was developed and validated against the experimental data to numerically74

capture the buckling behaviour of GLT columns reinforced with steel bars. The model was used75

to carry out parametric studies investigating the influence of geometric and material parameters on76

the load-carrying capacity. A design method for European beech GLT columns with corner steel77
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reinforcement under axial compression was developed based on the empirical and numerical data.78

Reinforcement of structural timber elements79

Previous research on the reinforcement of structural timber elements has mainly focused on80

beams, but application in practice has only occurred in special cases (Bulleit 1984; Corradi et al.81

2019). Reinforcing materials investigated were steel, aluminium, and fibre reinforced polymers82

(FRP) (Theakston 1965; Krueger and Sandberg 1974; Bulleit 1980; Bulleit 1981; Spaun 1981;83

Raftery and Harte 2011; Yang et al. 2016; Gattas et al. 2018; Palma and Steiger 2020). Bulleit (1984)84

established three main types of metal reinforcement: pre-stressed steel (Bohannan 1962; Peterson85

1965; De Luca and Marano 2012), unstressed metal plates (Mark 1961; Sliker 1962; Borgin et al.86

1968; Issa and Kmeid 2005; Kim and Harries 2010; Nabati et al. 2021), and unstressed steel rods87

(Lantos 1964; Lantos and Harvey 1964; Lantos 1970; Bulleit et al. 1989; De Luca and Marano88

2012; Steiger et al. 2015; Soriano et al. 2016; Yang et al. 2016). The majority of reinforcing89

methods presented above improved the strength, stiffness, ductility, and serviceability behaviour,90

and reduced the variability in the mechanical properties of the timber product. Since columns in91

buckling have a structural behaviour similar to beams in bending, a similar effect can be expected92

for columns. Nevertheless, Bulleit (1984) concluded in a review of reinforced laminated timber93

beams that the additional manufacturing steps make the reinforcement uneconomical. Since beam94

dimensions are usually not critical in design and the stiffness is proportional to ℎ3, adding more95

timber laminations is often preferable to expensive metal or FRP reinforcement.96

In contrast, designers and clients have an immense interest in small column cross-sections97

to maximise floor space. In taller timber buildings, high axial loads on columns of the lower98

floors lead to huge column cross-sections if softwood is used. These obstruct window views and99

limit the usability of the space. However, only a few studies have investigated reinforced timber100

columns. Mark et al. (1968) found elevated strength and stiffness characteristics when encasing101

wood transmission poles with glass FRP layers. Tanaka et al. (2006) reinforced fir GLT columns on102

the tension and compression sides. Steel plates were more effective in improving the ductility and103

buckling resistance of slender columns under axial compression than carbon FRP sheets. Nagaraj104
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(2005) and Taheri et al. (2009) used FRP to strengthen GLT columns of low quality wood. FRP105

confinement of wooden tubes prevented complete brittle failure or even increased the load-carrying106

capacity and ductility, depending on the amount of reinforcement (Heiduschke and Haller 2010;107

Hartig et al. 2016). Kia and Valipour (2021, 2022) investigated stocky softwood columns with108

glued-in steel bars in the centre or corners of the cross-section and found increased axial load-109

carrying capacity, stiffness, and ductility. Steel profiles encased with timber showed improved110

mechanical behaviour under axial compression (Hu et al. 2020; Xu et al. 2022).111

In addition to the enhanced mechanical properties, steel reinforcement can improve the structural112

robustness and resistance to impact loading of the building: In case a column fails, glued-in steel113

bars can be designed to allow suspension of the floor below through tensile forces, as implemented114

in the HoHo building in Austria and the Brock Commons building in Canada (Woschitz and115

Zotter 2017; Mpidi Bita et al. 2022). Steel reinforcement can further ensure a ductile failure116

mode governed by the connections and reduce differential settlements between timber and concrete117

elements in hybrid buildings.118

Most studies on steel reinforcement placed the steel on the outside of the member without119

providing a timber cover to the reinforcement. In the event of a fire, the strength benefit of external120

steel reinforcement cannot be utilised. Exposed steel might also lead to a higher heat transfer into121

the timber member and increased charring. At a charring rate of 0.65 mm/min valid for softwood122

and beech (EN 1995-1-2:2004), a minimum timber cover of about 40 mm is required for one hour123

fire resistance. The timber cover also prevents buckling of the steel bars. While complying with124

stability and fire restrictions, the steel bars should be placed as close to the edge as possible to125

maximise their contribution to the bending stiffness of the column.126

Internal reinforcement introduces additional production steps which may hinder commercial-127

isation. However, further research can lead to an optimisation of the manufacturing process,128

minimising the added complexity and cost. The research studies mentioned above suggest that129

reinforcing steel bars will substantially improve the load-carrying capacity, stiffness, and ductility130

of GLT columns while improving the robustness characteristics of timber high-rise buildings.131
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Design of columns under axial compression132

The load-bearing capacity of structural members subjected to axial compression does not only133

depend on the mechanical material properties, but also on the geometry. Buckling occurs in134

slender columns and is governed by the MOE, leading to a resistance below the material capacity.135

The slenderness of a column depends on its cross-section and effective (or buckling) length. The136

effective length is defined between two successive points of contraflexure and depends on the column137

length and the support conditions (Blaß 1995). For a simply supported column, the effective length138

is equal to the distance between the supports.139

The European structural design standard Eurocode 5 (EN 1995-1-1:2004) contains two design140

methods for columns under axial compression: a second-order linear-elastic analysis (Frangi et al.141

2015) and the effective length method (ELM), which is based on numerical investigations of the142

buckling behaviour of virtual softwood GLT columns with stochastic modelling of structural and143

geometric imperfections (Blaß 1987). To enable comparison with design methods and parameters144

suggested in previous research on the buckling behaviour of GLT columns (e.g. Theiler et al.145

2013, Theiler 2014, Ehrhart 2019, Ehrhart et al. 2020c), the focus of this study was on the ELM.146

According to EN 1995-1-1:2004, the load-carrying capacity 𝑅c,0 of a timber column subjected to147

compression parallel to the grain can be calculated based on Formulae 1-4.148

𝑅c,0 = 𝑘c ¨ 𝑓c,0 ¨ 𝐴 (1)149

150

𝑘c =
1

𝑘 +
b

𝑘2 ´ _2
rel

(2)151

152

𝑘 = 0.5(1 + 𝛽c(_rel ´ _rel,0) + _2
rel) (3)153

154

_rel =
𝐿eff
𝜋 ¨ 𝑖

d

𝑓c,0,k

𝐸0,05
, with 𝑖 =

c

𝐼

𝐴
(4)155

The straightness factor 𝛽c and critical relative slenderness ratio _rel,0 characterise the shape156

of the buckling curve (plot of resistance against slenderness) and are defined as 𝛽c = 0.1 and157

_rel,0 = 0.3 for softwood GLT (EN 1995-1-1:2004). All other symbols are explained in the158
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Notation list. European beech GLT is not integrated in European design standards yet, but Ehrhart159

(2019) proposed mechanical properties and design parameters based on extensive tests on beech160

wood lamellas and glued-laminated timber (GLT) products. Axial compression tests on columns of161

different slenderness ratios, cross-section sizes, and strength classes revealed that design according162

to EN 1995-1-1:2004 is unsafe for European beech GLT. Adapted design parameters 𝛽c = 0.25163

and _rel,0 = 0.25 were proposed for European beech GLT under axial compression (Ehrhart et al.164

2020c).165

The ELM design approach cannot be applied directly to composite cross-sections with different166

materials, e.g. timber and steel. An equivalent timber section of cross-sectional area 𝐴comp can be167

defined using the equivalent area method for rigid composite (e.g. glued) cross-sections. In this168

study, the timber was taken as the reference material, with the steel having a reinforcing function.169

It must be ensured that the steel does not yield before the timber fails. The ELM verification given170

in Formulae 1-4 can be performed for a steel-reinforced timber column by adapting Formulae 1171

and 4 as follows:172

𝑅c,0 = 𝑘c ¨ 𝑓c,0 ¨ 𝐴comp (5)173

174

_rel =
𝐿eff

𝜋 ¨ 𝑖comp

d

𝑓c,0,k

𝐸0,05
, where (6)175

176

𝑖comp =

d

𝐼comp

𝐴comp
=

d

𝐼GLT + (𝑛 ´ 1) ¨ 𝐼s
𝐴GLT + (𝑛 ´ 1) ¨ 𝐴s

(7)177

178

𝑛 =
𝐸s

𝐸c,0,mean
(8)179

Characteristic mechanical properties for European beech have not yet been defined officially.180

For the purpose of comparison with the experiments performed in this study, the relative slenderness181

_rel was determined based on mean mechanical properties from Ehrhart et al. (2020c) as follows:182

_rel =
𝐿eff

𝜋 ¨ 𝑖comp

d

𝑓c,0,mean

𝐸c,0,mean
(9)183
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METHODOLOGY184

Materials185

The European beech wood (Fagus sylvatica L.) boards used to produce the GLT columns were186

cut, kiln-dried, and strength graded according to procedures and limits described by Ehrhart et al.187

(2016). The columns were produced from boards of tensile strength class T42 (for GL48h) or T50188

(for GL55h) according to EN 338:2016. The boards were finger-jointed and cut to the length of the189

final column. After surface planing, the laminations were glued and bonded under pressure using190

a 1-component polyurethane adhesive with primer. A final planing of the surfaces ensured correct191

dimensions and smooth surfaces. All specimens had a square cross-section of 200 ˆ 200 mm2,192

with 25 mm thick laminations. Finger-jointing and face gluing were performed by the company193

neue Holzbau AG on a production line for softwood GLT, i.e. there was no change in the shape and194

geometrical properties of the finger joints. All specimens were produced and tested at a moisture195

content of 8 ˘ 2% for indoor construction as the primary application of European beech GLT196

(Ehrhart et al. 2020b).197

To insert the steel reinforcement, the specimens were cut lengthwise at the designated position198

of each steel bar. Lengthwise notches for the steel bars were milled into the GLT pieces which199

were then block glued under pressure. Finally, the steel bars were inserted into the notches which200

were filled using a 2-component epoxy. The notches in the stocky specimens were circular, while201

quadratic notches were milled into the slender specimens. The geometry of all tested cross-section202

layouts is given in Figure 1.203

To avoid yielding of the steel reinforcement before the GLT reaches its full capacity in compres-204

sion, the ratios of strength to modulus of elasticity (MOE) have to fulfil the following condition:205

𝑓y

𝐸s
ě

𝑓c,0,k

𝐸c,0,05
(10)206

A minimum yield strength of about 850 MPa is required for steel with a MOE 𝐸s = 210 GPa,207

assuming the 5th-percentile values reported by Ehrhart et al. (2020c) for European beech columns208
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of strength class GL48h with 200 mm wide square cross-section ( 𝑓c,0,k = 62.5 MPa and 𝐸c,0,05 =209

15.4 GPa). Profiled Swiss-GEWI® bars of grade ST900/1100 were used for diameters below210

29 mm and of grade ST950/1050 for diameters greater than 29 mm. The steel bars were chosen211

from products available on the market, which is why the steel grade differs depending on the bar212

diameter.213

Two different reinforcement ratios 𝜌 were investigated in the first compression test series214

performed on stocky columns to determine the optimum amount of reinforcement in terms of215

mechanical performance (axial compression strength and stiffness) and cost (production effort). The216

aim was to reach an increase in the load-carrying capacity of 30 to 40% compared to unreinforced217

European beech GLT columns.218

Experimental setup and procedure219

Axial compression tests were carried out under displacement control on a Walter & Bai com-220

pression test machine with a capacity of 5 MN. A constant displacement rate of 0.025 mm/s ensured221

that the maximum load was reached in 300 ˘ 120 s, as specified in EN 408:2012. The specimens222

were unloaded after the force had dropped to around 80% of the maximum load. The test setup223

was the same for unreinforced and steel-reinforced columns, such that the results can be directly224

compared.225

Compression tests on stocky columns226

To assess the compressive strength parallel to the grain, tests were performed on steel-reinforced227

European beech GLT columns of strength class GL55h and length 1200 mm (Figure 2) with fixed228

supports, i.e. rotation of the loading cross-heads of the testing machine was blocked. This is in229

compliance with EN 408:2012 which dictates a specimen length of six times the cross-section width230

(𝑏 = 200 mm) for determination of the compressive strength parallel to the grain. The effective231

length of the column was assumed to be 𝐿eff = 0.6 ¨ 𝐿 = 720 mm (von Tetmajer 1903).232

Three specimens were tested for each reinforcement layout. In addition to the axial force and233

the cross-head displacement of the compression test machine, the axial compressive deformations234

were measured by displacement sensors over a length of 4 ¨ 𝑏 = 800 mm on two opposite sides of235
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the column (Figure 2a) for determination of the compressive stiffness parallel to the grain of the236

steel-reinforced columns. To prevent damage to the sensors, they were dismounted at a force level237

of 50% of the estimated failure load. Measurements were recorded at a frequency of 2 Hz.238

Buckling tests on slender columns239

The buckling tests were performed on GL48h steel-reinforced European beech columns of240

lengths 2170 mm and 3370 mm with pinned supports. Due to the steel plates and the hinge of241

115 mm thickness attached to both ends of the slender columns, the effective lengths in the buckling242

tests were 𝐿eff = 12 ¨ 𝑏 = 2400 mm and 𝐿eff = 18 ¨ 𝑏 = 3600 mm. These column lengths were243

chosen to represent the height of a typical storey in a residential or office building and the height244

of a column in an industrial building. Three specimens were tested for each reinforcement layout245

and effective length. The buckling direction was prescribed to be parallel to the timber laminations246

by means of a planned initial eccentricity 𝑒0 = 𝐿eff/500. Due to manufacturing inaccuracies, the247

measured eccentricities deviated from the planned value (Table 1).248

During the buckling tests, horizontal deformations of the specimens were measured with three249

displacement sensors placed at 510 mm (𝐿eff = 2400 mm) or 810 mm (𝐿eff = 3600 mm) distance250

along the column length (Figure 3a). These sensors were attached to an aluminium bar which was251

fixed to the GLT surface close to the column ends. One of the displacement sensors was placed252

at mid-height of the specimen where the maximum horizontal deformation was expected. The253

vertical deformation during buckling was measured using six displacement sensors on all four sides254

of the specimens over a length of 3 ¨ 𝑏 = 600 mm (Figure 3b). Two of these sensors were installed255

on the tension and compression sides of the column, respectively, and one sensor was mounted on256

each neutral side. The total vertical displacement was measured between the two steel plates at the257

end faces of the column (Figure 3c). The pinned support is shown in Figure 3d.258

Numerical investigations259

Objectives and overview260

A framework to model unreinforced and steel-reinforced GLT columns under compressive261

axial loads was developed using OpenSeesPy (Zhu et al. 2018), which is a Python (Python Software262
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Foundation 2020) library for the OpenSees finite element framework (McKenna et al. 2010). The263

two-dimensional FE model considers geometric nonlinearity and user-defined material constitutive264

relationships, but neglects shear deformations which were not expected to arise. The initial nodal265

coordinates along the column height follow a sinusoidal curve with user-defined initial mid-span266

eccentricity and user-defined boundary conditions are imposed at the two end-nodes. A user-defined267

loading protocol (force or displacement) is applied at the upper end-node (Figure 4).268

The objective of the numerical simulations was to investigate the impact of the most important269

parameters identified in the experimental campaign on the load-carrying capacity of the columns.270

The investigated parameters were the effective length 𝐿eff (from 720 to 8000 mm), the initial271

eccentricity (𝑒0 = 𝐿eff/300, 𝐿eff/500, and 𝐿eff/1000), the diameter of the central and corner272

steel bar(s) (layouts 1 I30, 1 I40, 4 I15, 4 I20, 4 I25 mm), the width of the square cross-273

section (𝑏 = 200, 250, 300 mm), and the timber strength class (GL40h, GL48h, GL55h) with274

mean mechanical properties as given in Table 2 (Ehrhart 2019). The influence of the steel grade275

was investigated by varying the yield strength ( 𝑓y ± 10%, 𝑓y ± 20%). Lower grade reinforcing276

steel B500B ( 𝑓y = 500 MPa) was also studied. Hardening was not taken into account. As the277

steel bars were placed inside oversized notches, the influence of a non-centric positioning was278

studied by moving the bars along the buckling direction to the edges of the notches. Maximum279

possible eccentricities based on the notch sizes of the specimens were studied: ˘ 6 mm for the280

central reinforcement and 5 mm outwards (favourable) or inwards (unfavourable) for the corner281

reinforcement.282

Finite element analysis283

The columns were modelled using ten dispBeamColumn elements, which are distributed-284

plasticity, displacement-based beam-column elements. In a sensitivity analysis, the influence of285

the number of elements was found to be negligible. A Gauss-Legendre integration method with286

three integration points along the element was used. A P-Delta geometric transformation was used287

to account for second-order effects. To model the experiments, the bottom node was fixed against288

translations in the axial and transverse directions and allowed free rotations, whereas the upper node289
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was only fixed against transverse translations and allowed free vertical translations and rotations290

(Figure 4). An external vertical compression force was applied at the upper node. The maximum291

values of the measured initial eccentricities (Table 1) were applied in the model.292

The cross-section of the column elements was modelled as a fibre section comprising rectan-293

gular patches representing the timber laminations and overlapping circular patches for the steel294

reinforcement. The fibres in these two types of patches were associated with a uniaxialMaterial to295

represent the corresponding uniaxial stress-strain relationship (Figure 5). The fibre section assumes296

full composite action between steel and timber. The overlap had no relevant influence on the results297

due to the small areas of steel and the profound difference between the mechanical properties of298

steel and timber.299

For the circular fibre patches representing the steel reinforcement bars, a Steel01 uniaxial300

bilinear material without hardening was adopted (Figure 6a). For the rectangular fibre patches301

representing the timber laminations, the non-simplified constitutive model for European beech302

proposed by Glos et al. (2004) (Glos 1981 for softwood) was adopted. It was implemented as a303

Multilinear uniaxial material, combined with a MinMax uniaxial material. The Multilinear material304

was defined by a set of (𝜖, 𝜎) points along the constitutive curve (Table 2 and Figure 6b) and the305

MinMax uniaxial material was defined by the threshold strains above which the material is assumed306

to have failed (tangent and stress are zero). To model the experiments, the mean mechanical307

material properties reported by Ehrhart et al. (2020c) for European beech GLT of strength class308

GL48h and cross-section size of 200 ˆ 200 mm2 were used.309

A quasi-static analysis was performed using the Newton algorithm, which uses the Newton-310

Raphson method, and the SuperLU solver for sparse matrix systems. The NormDispIncr conver-311

gence test was used at the end of iteration steps, with a tolerance threshold of 10´7 and a maximum312

of 20 iterations. The simulations were performed under load control, which was slightly faster313

than displacement control. No convergence issues occurred under load control and the post-peak314

response was not a required output. The vertical force applied to the upper node (Figure 4b) was315

increased in increments of 0.01 N.316
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RESULTS AND DISCUSSION317

Compression tests on stocky columns318

The results of the compression tests on the stocky steel-reinforced European beech GLT columns319

are presented in Table 3, the force-displacement curves of all specimens are shown in Figure 7. The320

maximum value of the axial load 𝐹v observed for specimen 𝑖 corresponds to 𝑅c,0,i in Table 3. The321

values for 𝐸c,0,mean given in Table 3 are the mean values of an artifical MOE 𝐸c,0,i in the case of the322

composite columns. 𝐸c,0,i was determined from the axial stiffness 𝐸c,0,i ¨ 𝐴, corresponding to the323

slope of a line fitted to the elastic range between 10 and 40% of 𝑅c,0,i. During the compression tests324

on stocky columns, no horizontal displacement was observed before failure and failure initially325

occurred through local crushing of the fibres close to knots, zones with fibre direction not parallel326

to the axis of the column, or finger joints. Crushing of the fibres finally progressed over the whole327

cross-section, followed by splitting (Figure 2b).328

The mean load-carrying capacity of the steel-reinforced columns compared to the unrein-329

forced GL55h columns tested by Ehrhart (2019) was 38% (4 I20 mm), 19% (1 I40 mm), 14%330

(4 I15 mm), and 9% (1 I30 mm) higher (Table 3). The steel reinforcement also led to a higher331

displacement capacity and axial stiffness, particularly the corner reinforcement of 20 mm diameter.332

Based on these test results, it was decided to perform the buckling tests only for the reinforce-333

ment layouts with the highest load-carrying and axial deformation capacities, i.e. the layouts with334

reinforcement ratio 𝜌 = 3.14%.335

Buckling tests on slender columns336

The results of the buckling tests are given in Table 4, load-displacement curves are presented in337

Figure 8. The buckling behaviour was highly nonlinear, with visible out-of-plane displacements at338

mid-height of the columns (Figure 3a). Failure occurred through local buckling and crushing of the339

fibres on the compression side of the column, often in the vicinity of local defects or finger joints.340

This post-buckling behaviour was more pronounced and faster in the centrally reinforced than in341

the corner-reinforced columns. Buckling of the steel bars was prevented by the timber cover such342

that no preliminary splitting of the timber occurred during the experiments.343
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The buckling tests revealed the effectiveness of the corner reinforcement across all investigated344

slenderness ratios. An increase in the mean load-carrying capacity of unreinforced GL48h of 37%345

was observed for 𝐿eff = 2400 mm and of 36% for 𝐿eff = 3600 mm. While the central rebar of 40 mm346

diameter led to a 17% increase of the mean ultimate load for 𝐿eff = 2400 mm, only a 10% increase347

was observed for 𝐿eff = 3600 mm. Due to the eccentric arrangement, corner steel reinforcement348

contributes to increasing the bending stiffness of the columns. This effect does not occur with349

central steel reinforcement. As the buckling behaviour is governed by the MOE, the increase in350

the load-carrying capacity of stocky European beech GLT columns with central reinforcement is351

gradually lost with increasing slenderness ratio.352

Discussion353

The stocky reinforced specimens were of strength class GL55h due to material availability but354

the results were analysed together with the slender reinforced specimens of strength class GL48h.355

This is acceptable since strength grading of the European beech boards was mainly based on the356

dynamic MOE which strongly correlates with the static MOE (Ehrhart et al. 2020b). Since the357

compressive strength correlates more strongly with the density than with the MOE, changing the358

strength class from GL48h to GL55h barely impacts the load-carrying capacity of stocky columns.359

Ehrhart et al. (2020c) thus reported mean values of the compressive strength parallel to the grain360

for European beech of strength classes GL48h and GL55h that differ by only 3%.361

Kia and Valipour (2021) and Kia and Valipour (2022) investigated MGP10 Radiata Pine and362

F5 and F7 Douglas fir columns reinforced with glued-in steel bars under axial compression. They363

achieved relative increases in the load-carrying capacity 𝑅c,0 of up to Δ = 124%, substantially364

higher than observed for high-grade European beech GLT columns in this study. However, the365

low-grade timber used by Kia and Valipour (2021) resulted in a very high variability of the results,366

in one case even leading to a reduction of the load-carrying capacity with reinforcement.367

The centrally reinforced softwood columns tested by Kia and Valipour (2021) had an inter-368

mediate relative slenderness _rel close to that of the beech GLT columns with 𝐿eff = 2400 mm369

(1 I40 mm). At similar steel-to-timber resistance ratios (STR) of 0.40 ď (𝐴s ¨ 𝑓y)/(𝐴 ¨ 𝑓c,0,mean) ď370
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0.45, Kia and Valipour (2021) found increases in the load-carrying capacity by Δ = 36 ´ 42% for371

pine reinforced with 1 I16 mm (𝜌 = 2.48%) of grade N500 and by Δ = 39 ´ 53% for F5 fir with372

a 16 mm wide square steel bar (𝜌 = 2.93%) of mild grade 300 steel; while Δ = 12 ´ 21% was ob-373

served for GL48h beech GLT (1 I40 mm, 𝜌 = 3.14%, ST950/1050) in this study. The comparison374

confirms the hypothesis by Kia and Valipour (2021) that the impact of central reinforcement on the375

load-carrying capacity reduces with increasing compressive strength of timber. However, 𝑅c,0,mean376

of the hybrid beech GLT columns was 6.5-times that of the hybrid pine columns and 9.9-times that377

of the hybrid fir columns at the regarded STR and _rel.378

The columns reinforced with four steel bars tested by Kia and Valipour (2022) had values of379

_rel between those of the corner-reinforced (4 I20 mm, ST900/1100) beech GLT columns with380

𝐿eff = 1200 mm and 𝐿eff = 2400 mm in this study. The eccentricity of the rebars to the centroid of381

the cross-section was about half as large as in this study. At 0.40 ď STR ď 0.45, Kia and Valipour382

(2022) observed Δ = 60 ´ 61% for pine (𝜌 = 2.39%) and Δ = 21 ´ 32% for F7 fir (𝜌 = 2.23%),383

both with 4 I12 mm of grade N500; while Δ = 31 ´ 43% was found for GL48h beech GLT384

(𝐿eff ď 2400 mm, 4 I20 mm, 𝜌 = 3.14%) in this study. Despite the higher slenderness, 𝑅c,0,mean385

of the corner-reinforced beech GLT columns of 𝐿eff = 2400 mm was 2.6-times that of MGP10 pine386

and 2.2-times that of F7 fir at similar STR.387

Model validation388

A comparison between simulated and experimental buckling resistances is presented in Figure 9.389

The high coefficient of determination (𝑅2 = 0.98) of the linear regression demonstrates that the390

model was able to estimate the mean buckling resistances. A small deviation is visible for the391

points in Figure 9 with 1000 ď 𝑅c,0 ď 1500 kN: The model overestimated the load-carrying392

capacity of slender unreinforced specimens while slightly underestimating that of slender centrally393

reinforced specimens (𝐿eff ě 2400 mm). Since the central reinforcement does not contribute to394

the bending stiffness of the column, the buckling curves of unreinforced and centrally reinforced395

columns converge for high slenderness and the impact of this deviation is negligible.396

Simulated and experimental vertical and horizontal displacements for columns with 𝐿eff =397
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2400 mm are presented in Figure 10. The post-peak behaviour was not captured by the model398

because the analysis was performed under load control to reduce runtimes since the focus of this399

study was on the load-carrying capacity. The comparison of load-displacement curves shows that400

the model was able to simulate the buckling behaviour of the columns with adequate accuracy.401

Parametric studies402

The parametric studies were based on GL48h, 𝑒0 = 𝐿eff/500, 𝑏 = 200 mm, central positioning of403

the steel bars, ST900/1100 (for I ă 30), and ST950/1050 (for I ě 30) as reference values. When404

varying the cross-sectional area, the edge distance of the reinforcement was kept constant at 50 mm.405

The effective length was varied up to 8000 mm to approximately match the range of slenderness406

ratios covered by buckling curves in design standards, even though structural applications typically407

do not require such long columns. Simulated results for such high effective lengths were not408

verified by experiments and should be regarded with caution. For better comparison, the load-409

carrying capacity was plotted against the effective length of the columns since the geometric and410

relative slenderness ratios depend on the composite section properties.411

Simulated buckling curves are shown in Figure 11a. An increase of the initial eccentricity from412

𝑒0 = 𝐿eff/1000 to 𝐿eff/300 led to maximum reductions of 13 to 17% in the load-carrying capacity413

(Figure 11b). Decreasing the diameter of the single central steel rod from 40 to 30 mm led to414

reductions <5% for slender (𝐿eff ě 2400 mm) columns (Figure 11c). Decreasing the diameter415

of the four corner steel rods from 25 to 15 mm led to reductions >20% for effective lengths416

𝐿eff ď 3600 mm (Figure 11d). Figure 11f confirms that the influence of the GLT strength class417

on the load-carrying capacity of the reinforced columns was very limited (around ±5% compared418

to GL48h). In contrast, the size of the square cross-section had a very pronounced impact on the419

load-carrying capacity (Figure 11e). The steel yield strength had less impact on centrally reinforced420

than on corner-reinforced columns and the impact reduced with increasing column slenderness;421

a reduction in the yield strength had more effect on the load-carrying capacity than an increase.422

A 20% reduction in the yield strength resulted in up to 6%, using B500B in up to 15% less423

capacity compared to the reference configurations (Figure 11g). Non-centric positioning of the424
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reinforcement bars inside the notches had an influence on the load-carrying capacity similar to that425

found when varying the initial eccentricity 𝑒0.426

DESIGN MODEL427

Since the corner reinforcement was much more effective in improving the mechanical properties428

of European beech GLT columns than the central reinforcement, the focus of this study was placed429

on finding suitable design parameters for the ELM for the eccentric arrangement of the steel430

reinforcement with four bars of 20 mm diameter and 50 mm edge distance. Formulae 1-3 and 8-9431

were used in combination with the mean mechanical properties of European beech GLT obtained432

for specimens of strength class GL48h with varying cross-section sizes, 𝑓c,0,mean = 60.6 MPa and433

𝐸c,0,mean = 15.7 MPa (Ehrhart et al. 2020c).434

The current Eurocode 5 design parameters were found to be unsafe for steel-reinforced European435

beech GLT, which has a steeper buckling curve than softwood. Eurocode 5 design parameters led436

to an overestimation of the experimental buckling resistance of corner-reinforced columns by up437

to 20% (𝐿eff = 2400 mm). An adapted straightness factor 𝛽c = 0.255 and an adapted critical438

relative slenderness ratio _rel,0 = 0.261 were obtained from a least squares fitting (Millar 2011) to439

the experimental data (Figure 12a). These values are very close to the design parameters proposed440

for unreinforced European beech GLT columns by Ehrhart et al. (2020c), such that the same441

parameters (𝛽c = 0.25 and _rel,0 = 0.25) are proposed for corner-reinforced European beech GLT442

(Figure 12b). Since the mechanical properties of European beech have not been included in the443

European standards yet and due to the small number of tested specimens, the buckling curve was444

evaluated at the mean level only.445

APPLICATION IN PRACTICE446

The studied high-strength steel-reinforced European beech GLT columns are predominantly447

intended for use in tall residential, office, or industrial buildings, where high column loads arise.448

Such tall buildings often have a large number of occupants and structural robustness should be449

considered in the design. SIA 260:2013 defines robustness as the "[a]bility of a structure and its450
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members to keep the amount of deterioration or failure within reasonable limits in relation to the451

cause" (p. 14).452

Besides the improved column capacity in the standard scenario of an undamaged structure, steel453

reinforcement can improve the structural robustness of the building. In column removal scenarios,454

alternative load paths must be developed to prevent a progressive collapse. Glued-in steel bars allow455

the transfer of tensile loads through floor-to-column and column-to-column connections, enabling456

columns to act as vertical tension ties and carry the floor below (Mpidi Bita et al. 2022). For the457

case of a column loss in the 84 m high Hoho Vienna building, the GLT columns were designed with458

two glued-in rods of 20 mm diameter to carry a tensile load of 157 kN (Woschitz and Zotter 2017),459

which would easily be achieved with the tested reinforced configurations. This demonstrates that,460

in addition to enhancing the compressive behaviour, the studied hybrid columns would also be able461

to fulfil robustness-related requirements.462

CONCLUSIONS463

In this study, the buckling behaviour of steel-reinforced European beech GLT columns was464

investigated experimentally and numerically. These hybrid columns offer high-strength timber465

solutions for demanding projects and can improve the structural robustness. A Python and OpenSees466

based finite element model was developed, validated against the experimental data, and used to467

perform parametric studies. A design approach for the more effective corner-reinforced European468

beech GLT columns was developed based on the effective length method for an equivalent timber469

cross-section. The following conclusions can be drawn:470

• Internal steel reinforcement increases both the axial load-carrying capacity and stiffness of471

European beech GLT columns. At the same reinforcement ratio, eccentric reinforcement472

with four profiled Swiss-GEWI® bars placed in the corners of the cross-section is more473

effective than one central rebar since the former contributes to the bending stiffness of the474

column. Sufficient timber cover must be provided to the steel bars for fire protection and475

stabilisation of the rebars.476
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• A central steel bar with I40 mm and grade ST950/1050 increases the load-carrying capacity477

of European beech GLT columns of 200 mm wide square cross-section (𝜌 = 3.14%) on478

average by 17-19% for low to medium effective lengths (𝐿eff ď 2400 mm) and by 10% for479

high effective lengths (𝐿eff = 3600 mm).480

• Four corner steel bars with I20 mm (𝜌 = 3.14%), 50 mm edge distance, and grade481

ST900/1100 increase the load-carrying capacity of European beech GLT on average by482

36-38% for all investigated effective lengths.483

• The main factors influencing the load-carrying capacity of steel-reinforced European beech484

GLT columns are the cross-section size, the column slenderness, the position and diameter485

of the steel bars, and the initial deformed shape of the column. The GLT strength classes486

GL40h, GL48h, and GL55h only have a very small influence on the load-carrying capacity487

of steel-reinforced GLT columns. The steel grade has a moderate influence on the load-488

carrying capacity of the column.489

• Current Eurocode design parameters developed for softwood (_rel,0 = 0.3 and 𝛽c = 0.1) lead490

to an unsafe overestimation of the load-carrying capacity by up to 20%. The same buckling491

curve that was proposed for unreinforced European beech GLT by Ehrhart et al. (2020c)492

can be used for the corner-reinforced layout 4 I20 mm (_rel,0 = 0.25 and 𝛽c = 0.25). The493

proposed design parameters are restricted to, firstly, European beech (Fagus sylvatica L.)494

GLT because _rel,0 and 𝛽c depend on the strength-to-stiffness ratio of the wood product and,495

secondly, reinforcement ratios of up to 3.14% because of the limited number of experiments.496

This study demonstrates that high-strength columns made from European beech GLT with eccentric497

steel reinforcement offer substantially improved mechanical properties and buckling resistances and498

extend the structural application potential of timber for demanding applications in residential, office,499

and industrial contexts.500
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NOTATION510

The following symbols are used in this paper:511

𝐴 = cross-sectional area;

𝐴comp = cross-sectional area of a composite section;

𝐴GLT = gross cross-sectional area of GLT in a composite section (incl. any holes);

𝐴s = cross-sectional area of steel;

𝑏 = width of the cross-section;

ℎ = height of the cross-section;

𝐷 = dimension (diameter or width) of notch for reinforcement;

𝐸c,0 = compressive MOE parallel to the grain of timber;

𝐸c,0,mean = mean compressive MOE parallel to the grain of timber;

𝐸c,0,05 = 5𝑡ℎ-percentile value of the compressive MOE parallel to the grain of timber;

𝐸s = MOE of steel;

𝐸t,0 = tensile MOE parallel to the grain of timber;

𝐸0,05 = 5𝑡ℎ-percentile value of the MOE parallel to the grain of timber;

𝑒0 = initial eccentricity at mid-height of the column;

𝑒0,max = maximum initial eccentricity of the specimens;

𝑒0,mean = mean initial eccentricity of the specimens;

𝑒0,min = minimum initial eccentricity of the specimens;
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𝐹v = vertical (axial) load applied to the column;

𝑓c,0 = compressive strength parallel to the grain of timber;

𝑓c,0,k = characteristic compressive strength parallel to the grain of timber;

𝑓c,0,mean = mean compressive strength parallel to the grain of timber;

𝑓t,0 = tensile strength parallel to the grain of timber;

𝑓y = steel yield strength;

𝐼 = second moment of area;

𝐼comp = second moment of area of a composite section;

𝐼GLT = gross second moment of area of GLT in a composite section;

𝐼s = second moment of area of the steel cross-section;

𝑖 = radius of gyration;

𝑖comp = radius of gyration of a composite section;

𝑘c = buckling factor (ratio of stress at buckling and compressive material strength);

𝐿 = column length;

𝐿eff = effective length (length of an equivalent pin-supported column);

𝑛 = scaling factor (stiffness ratio of materials in composite section);

𝑛specimens = number of tested specimens;

𝑅2 = coefficient of determination;

𝑅c,0 = load-carrying capacity under compression parallel to the grain;

𝑅c,0,mean = mean axial compressive load-carrying capacity;

𝛽c = straightness factor;

Y = strain;

_rel = relative slenderness;

_rel,0 = critical relative slenderness;

𝜌 = reinforcement ratio in the cross-section;

𝜎 = stress;

𝜎c,0 = compressive stress parallel to the grain of timber; and
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I = steel bar diameter.
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TABLE 1. Measured initial eccentricities of the test specimens.

layout 𝐿eff
𝐿eff
𝑒0,min

𝐿eff
𝑒0,max

𝐿eff
𝑒0,mean

[mm] [mm] [-] [-] [-]
1 I40 2400 436 436 436

3600 600 514 554
4 I20 2400 436 400 415

3600 655 600 618
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TABLE 2. Input parameters of the MultiLinear-MinMax uniaxial material: mean values parallel
to the grain for square sections of 200 mm width (Ehrhart 2019; Ehrhart et al. 2020c).

GLT strength class 𝑓c,0 𝐸c,0 𝑓t,0 𝐸t,0

[MPa] [GPa] [MPa] [GPa]
GL40h 60.4 15.1 43.7 15.2
GL48h 63.8 16.0 53.3 15.5
GL55h 65.8 17.0 57.1 17.0
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TABLE 3. Results of the compression tests on stocky unreinforced (Ehrhart et al. 2020c) and
steel-reinforced European beech GLT columns (𝑏 = 200 mm, 𝐿eff = 720 mm).

Steel-reinforced Unreinforced ˚

GLT strength class [-] GL55h GL48h GL55h
layout [mm] 1 I40 1 I30 4 I20 4 I15 - -

𝑛specimens [-] 3 3 3 3 7 7
𝑅c,0,1

˚˚ [kN] 3053 2816 3587 2972 - -
𝑅c,0,2

˚˚ [kN] 3119 2901 3450 2986 - -
𝑅c,0,3

˚˚ [kN] 3140 2838 3719 2997 - -
𝑅c,0,mean [kN] 3104 2851 3585 2985 2526 2607

CoV(𝑅𝑐,0) [%] 1.5 1.5 3.8 0.4 1.4 2.1
ΔGL55h

˚˚˚ [%] 19.1 9.4 37.5 14.5 - 0
𝐸c,0,mean

˚˚˚˚ [GPa] 22.2 20.1 23.3 19.0 16.0 17.0
˚ (Ehrhart et al. 2020c)
˚˚ Maximum axial load observed during the experiments
˚˚˚ Relative increase in 𝑅c,0,mean compared to unreinforced GL55h (2607 kN)
˚˚˚˚ Mean MOE determined from the axial stiffness 𝐸c,0,i ¨ 𝐴 between 10 and 40% of 𝑅c,0,i
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TABLE 4. Results of the buckling tests on slender unreinforced (Ehrhart et al. 2020c) and steel-
reinforced European beech GLT columns of strength class GL48h (𝑏 = 200 mm).

Steel-reinforced Unreinforced ˚

𝐿eff [mm] 2400 3600 2400 3600
layout [mm] 1 I40 4 I20 1 I40 4 I20 - -

𝑛specimens [-] 3 3 3 3 5 5
𝑅c,0,1

˚˚ [kN] 2028 2557 1350 1689 - -
𝑅c,0,2

˚˚ [kN] 2185 2367 1367 1658 - -
𝑅c,0,3

˚˚ [kN] 2118 2485 1296 1601 - -
𝑅c,0,mean [kN] 2110 2473 1338 1649 1811 1212

CoV(𝑅𝑐,0) [%] 3.7 3.9 2.8 2.7 1.7 2.0
ΔGL48h

˚˚˚ [%] 16.5 36.6 10.4 36.1 0 0
˚ (Ehrhart et al. 2020c)
˚˚ Maximum axial load observed during the experiments
˚˚˚ Relative increase in 𝑅c,0,mean compared to unreinforced GL48h

(𝐿eff = 2400 mm: 1811 kN; 𝐿eff = 3600 mm: 1212 kN)
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Fig. 1. Investigated cross-section layouts with a single central rebar and four corner rebars for two
different reinforcement ratios.

a) b)

Fig. 2. a) Axial compression test on a stocky column of effective length 𝐿eff = 0.6 ¨ 𝐿 = 720 mm;
b) typical failure mode of stocky columns.
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a) b) d)

c)

Fig. 3. a) Buckling test on a column with 𝐿eff = 3600 mm including the aluminium bar with three
displacement sensors for the measurement of horizontal deformations; b) displacement sensors for
the measurement of the vertical deformation over a length of 3 ¨ 𝑏 = 600 mm; c) measurement of
the total vertical deformation between the force transfer plates; d) pinned support.
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Fig. 4. Numerical model of the GLT column: a) idealisation of the column and cross-section;
b) deformed nodal shape in the initial state and under loading.
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steel; b) fibre patches; c) stresses in the cross-section.
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Fig. 11. Results of the parametric studies: a) simulated buckling curves with experimental results˚;
influence of the b) initial eccentricity; c) diameter of a single central steel rod; d) diameter of four
corner steel rods; e) size of the cross-section; f) GLT strength class; g) steel grade; h) position of
the steel rods inside the notches (compared to the influence of the initial eccentricity 𝑒0 in grey).
˚ Unreinforced columns tested by Ehrhart (2019).
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Fig. 12. Experimental results and buckling curves at the mean level for GL48h (mechanical
properties from Ehrhart et al. 2020c) reinforced with four corner ST900/1100 bars of diameter
20 mm and edge distance 50 mm; a) curve according to Eurocode 5 (EN 1995-1-1:2004), curve
from least squares fitting to the experiments, simulated curve, and experimental data points;
b) proposed curve with design parameters as in Ehrhart et al. (2020c).

41 Sroka, July 25, 2023




