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Abstract 

This paper deals with experimental research of stability behaviour of laminated structural glass beams. The purpose of the research 
is the evaluation of lateral-torsional buckling resistance and actual behaviour of the beams due to absence of standards for design 
of glass load-bearing structures. The experimental research follows the previous one focusing on measuring of initial geometrical 
imperfections of glass members and experimental evaluation of flexural buckling resistance of structural glass columns. 
Within the frame of the research 9 specimens were tested. All of them were of the same dimensions - length 2400 mm and width 
280 mm but different thicknesses - 12, 16, 20 mm. All the beams were composed of two annealed glass panes bonded together by 
PVB foil. Beams were loaded by couple of forces symmetrically situated to the mid-span and supports complied with fork boundary 
conditions. Specimens were loaded by constantly increasing force up to failure. During testing lateral deflection, vertical deflection, 
angle of torsion and normal stresses at mid-span were measured. Maximum bending moment achieved during testing has been 
adopted as lateral-torsional buckling resistance. From these values were calculated characteristics and design values according to 
the EN 1990. 
Experiment results were compared with lateral torsional buckling resistance calculated according to the buckling curves approach. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the issue editors. 
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1. Introduction 

Glass members and structures are specific for their high slenderness. For this reason it is necessary to take into 
account stability problems within static designing. Design models developed for standard structural materials such as 
steel and timber cannot be directly used for design of glass structures because of some specific aspects of the glass 
(brittle fracture behaviour, time and temperature dependency of laminated glass etc.). Actually European design 
standards (Eurocodes) are in processing, designers may use draft versions of future final codes - prEN 16612 Glass in 
building – Determination of the load resistance of glass panes by calculation and testing or prEN 13474-1 Glass in 
building – Design of glass panes – Part 1: General basis of design. Static design of glass structures including stability 
problems of glass columns, beams and beam-columns is topic of work of Haldimann et al. [1], Belis et al. [3, 8] or 
Amadio and Bedon [2, 7]. This study follows previous author's research on stability problems of glass columns [9]. 

 
Nomenclature 

ANG annealed glass  
VG laminated glass (verbundglas) 
PVB polyvinyl butyral 
Weff effective section modulus 

 
Lateral-torsional buckling is loss of stability of bended member subjected to a rigid axis – see Fig. 1a. In the case 

of laminated glass member it is necessary to take into account an actual behaviour of the laminated cross section 
because of additional degree of freedom for bending and torsion of laminated glass – see Fig. 1b. 

 

           

Fig. 1. Deformations of beam subjected to the lateral-torsional buckling: (a) Overall deformation; (b) additional deformation of laminated glass. 

2. Experimental evaluation of lateral-torsional buckling resistance 

2.1. Specimens 

Within the frame of the research 9 specimens were tested. All of them were of the same geometry and composition 
(length 2400 mm, width 280 mm, laminated double glass made of annealed glass panes bonded together by PVB foil). 
Thicknesses of specimens were 12, 16 or 20 mm. The specimens are listed in Table 1. 

Specimen geometry was chosen so that thin-walled (thin-walled in terms of structural mechanics, not steel 
structures) rod condition was fulfilled. Vlasov [4] defined a thin-walled rods by condition L : b : t = 100 : 10 : 1, where 
L is length of the rod, b is characteristic dimension of the cross section, and t is the wall thickness of the cross section. 

(a) (b) 
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Table 1. List of specimens. 

Specimen Designation Description Glass thickness Length Depth Glass Foil Pieces 

LTB1 – LTB3 VG 1010.2 Laminated glass 20 mm 2400 mm 280 mm ANG PVB 3 

LTB4 – LTB6 VG 88.2 Laminated glass 16 mm 2400 mm 280 mm ANG PVB 3 

LTB7 – LTB9 VG 66.2 Laminated glass 12 mm 2400 mm 280 mm ANG PVB 3 

2.2. Test set-up 

The specimen was placed in a steel frame consisting of steel girder and columns. Loading force was generated by 
electrically operated hydraulic press. Test set-up is plotted in Fig. 2. Fork support conditions were ensured by steel 
coulters fitted on both ends of specimen. Coulter was equipped with gusset plate consisting hole for pin – see Fig. 4 (b). 
Timber pads situated between steel parts and the glass specimen avoided direct contact of the steel and the glass which 
may cause a failure by local stress concentrations in contacts – see detail in Fig. 4 (c). Specimen was loaded by two, 
symmetrically to the mid span situated, concentrated loads – specimen was subjected by four point bending. Loading 
force was ensured by one electro hydraulic press and was introduced into specimen by balance arm and loading frames 
(Fig. 4 (a)) into two points approximately in third of the length of the beam. Supporting blocks illustrated in figure are 
plotted only schematically. 

 

 

Fig. 2. Test set-up. 
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Fig. 3. Test set-up – detail cross section and measured variables. 

Loading force F, vertical deflection w3 and horizontal (lateral) deflections (at bottom v2 and upper v1 edges) at mid-
span were measured within testing using force transducer and wire sensors respectively. Normal stresses at extreme 
fibers at concave and convex side of beam at mid-span were measured using strain-gauges T4, T5, T6, T7 glued to 
sanded glass. Scheme of measuring devices is plotted in Fig. 3. 

 

            

Fig.4. (a) Steel loading frame; (b) End supporting - steel coulters; (c) Load application point detail. 

(a) (b) (c) 
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Tested specimens were loaded by static force up to failure of specimen. Loading rate was determined by the press 
cylinder pull (0.08 mm.s-1 for VG 1010.2; 0.04 mm.s-1 for VG 88.2; 0.02 mm.s-1 for VG 66.2). 

3. Results 

3.1. Failure mechanism 

All of the specimens were destroyed by brittle fracture. In six cases from nine specimens, the point of primary 
failure origin was situated in the point of right force introduction or from this point. It may indicate that there was 
some systematical mistake in test set up geometry. 

3.2. Buckling strength and stress 

Moment-lateral deflection curves, moment-normal stress curves and moment-angle of torsion curves are plotted in 
graphs in Fig. 5. Lateral deflections are plotted for centroid of cross section, these values were calculated from 
measured points on bottom and upper edges of glass cross section assuming rigid cross section. Force-
deformations/normal stress curves for all the specimens have (approximately) an increasing tendency from zero up to 
failure – it means that the tested specimen was some elastic material [4]. Influence of second order theory is good 
visible for specimens 7, 8 and 9 (plotted by green lines) with thickness of glass 12 mm; for specimens 1, 2 and 3 
(plotted by red lines) with thickness of glass 20 mm this influence is negligible. 

 

   
 

   

Fig.5. (a) Moment – Lateral deflections curves; (b) Moment – Angle of torsion curves; (c) Moment – Normal stress curves for all specimens; 
(d) List of maximal deflections, bending moment, normal stress at failure and test duration. 

w max φmax M max σmax+ t test

[mm] [rad] [kNm] [MPa] [s]

LTB1 10.58 0.0093 8.36 37.58 645

LTB2 7.13 0.0062 8.02 35.15 363

LTB3 11.11 0.0151 8.45 37.66 352

LTB4 5.95 0.0200 5.12 34.85 432

LTB5 8.57 0.0330 5.07 36.03 461

LTB6 5.73 0.0098 3.55 20.13 327

LTB7 16.13 0.0682 2.26 25.82 865

LTB8 18.79 0.0844 2.02 21.53 1076

LTB9 12.25 0.0570 2.24 21.91 817

Specimen

(a) (b) 

(c) (d) 
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In graphs in Fig. 6 the mean values and standard deviations of bending moment Mmax and normal stress σmax at the 
time of failure are plotted. Decreasing trend of bending moment with decreasing thickness of glass is right but normal 
stress in the time of failure should be theoretically the same value for all glass thicknesses. 

 

         

Fig.6. Mean values and standard deviations: (a) Maximal bending moment; (b) Maximal normal stress. 

3.3. Equivalent imperfections and critical moments 

Equivalent flexural critical moments Mcr,exp and initial geometrical imperfections (lateral deflection and torsional 
deflection) were calculated (if possible) using Southwell’s method [5]. Resulting values are listed in the first part of 
Table 2. Comparison of theoretically calculated and experimentally evaluated values of flexural critical moments is 
listed in second part of Table 2. The relatively big difference between calculated and measured critical moments could 
be probably caused by test set-up support boundary conditions – there was some rotational rigidity in bending from 
plane of loading. 

Table 2. Southwell’s method evaluation. 

 

Lateral 
deflection

Torsional 
deflection

average
Lateral 

deflection
Experiment 
(average)

Theory error

[mm] [rad] [°] [%]

LTB1
unable to 
determine

10.938 10.938
unable to 
determine

0.0030 0.173

LTB2 10.934 11.081 11.008 2.409 0.0024 0.138

LTB3 11.736 11.304 11.520 5.582 0.0049 0.279

LTB4 5.546 5.724 5.635 1.437 0.0027 0.156

LTB5 5.268 5.269 5.268 1.998 0.0023 0.133

LTB6 5.397
unable to 
determine

5.397 6.506
unable to 
determine

unable to 
determine

LTB7 2.652 2.510 2.581 6.770 0.0101 0.577

LTB8 2.303 2.191 2.247 9.836 0.0137 0.784

LTB9 2.376 2.335 2.355 5.753 0.0106 0.606

2.394 2.347 2.014

11.155 9.951 12.105

5.434 5.314 2.249

Specimen

M cr,exp
Equivalent initial geometrical 

imperfections
M cr - comparison

Torsional deflection

[kNm] [kNm]

(a) (b) 
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3.4. Characteristic and design buckling resistance from tests according to the EN 1990 

EN 1990 appendix D provides calculating method to determine characteristic value (5% quantile) and design value 
(0.1% quantile) for normal or lognormal statistical distribution of experimentally determined value. Tab. 3 provides 
resulting values of bending resistance using this approach. 

Table 3. Characteristic and design values of lateral-torsional buckling resistances. 

LTB  resistance Method VG 1010.2 VG 88.2 VG 66.2 

Characteristic value 
Experiment evaluated acc. to the EN 1990 annex D 7.52 1.58 1.72 

Buckling curve acc. to the Amadio and Bedon 6.38 3.76 1.79 

Design value 
Experiment evaluated acc. to the EN 1990 annex D 3.17 0.67 0.69 

Buckling curve acc. to the Amadio and Bedon 2.68 1.59 0.72 

3.5. Buckling resistance according to the buckling curves  

Calculating method for determining lateral torsional buckling resistance of glass beams was derived from method 
for metal structures – buckling curves approach. Lateral torsional buckling resistance is: 

effdg,LTRdb, WfM   (1) 

where fg,d is design value of glass strength calculated according to the Feldmann, M. and Kasper, R. et al., [6]. 
Reduction factor χLT  is: 

2
LT

2
LTLT

LT

1   (2) 

where non-dimensional parameter ΦLT is: 

2
LT0LTimpLT 15,0   (3) 

where αimp = 0.26 and α0 = 0.2 proposed by Amadio and Bedon [2] and non-dimensional slenderness: 

cr

effRk
LT

M

W   (4) 

Flexural critical buckling moment Mcr could be calculated by same way as for metal beams according to the EN 
1993-1-1 with taking into account effective cross sectional characteristics for laminated glass. Calculated values of 
lateral torsional buckling resistance are listed in Table 3. Big difference within experiment results and calculation for 
specimens VG 88.2 is caused by big coefficient of variation and small number of specimens. 

For experimentally tested specimens reduction factors were calculated from tests results. These factors are plotted 
in Fig. 7. In this graph buckling curves and Euler’s hyperbola are plotted. All point marks symbolizing actual 
(measured within experiments) behaviour are situated above the buckling curves, it means that calculation according 
to the buckling curves is on the safe side. 



77 Ondřej Pešek and Jindřich Melcher  /  Procedia Engineering   190  ( 2017 )  70 – 77 

 

Fig.7. Buckling curves and reduction factors. 

4. Conclusions 

This paper summarizes the experimental verification of lateral torsional buckling resistances of structural glass 
beams. Results ale compared with the calculation of such resistance according to design procedure listed in European 
standard EN 1993-1-1 using modified buckling curves. The results of the experimental verification show reliable 
design of glass beams based on the EC buckling curves design procedures. 
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