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Abstract:  

This paper presents a work to validate formulae for maximum stress and deflection in glass panels by physical 

testing. The formulae were generated from finite element modelling using ANSYS. 

The physical testing revealed that unless the glass panel is restrained in position at the support points, 

membrane action is not developed and greater stresses and deflections are developed than predicted. Designer’s 

should therefore take a pessimistic view of support conditions and ignore the benefits of membrane action. 

Further physical testing is suggested, so that better representations of real glass panel support systems can be 

investigated. 
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I. INTRODUCTION 

Glass panels, like many plates, can deflect by more than their own thickness when subject to out-of-plane loading. 

Accurate prediction of this behavior requires the consideration of large deflection theory (IStructE, 1999). The 

design of glass panels using small deflection theory, though simpler, can become uneconomic because stress 

predictions diverge from reality. This is depicted in figure 1. 

 
Figure1. Pressure-stress relationship for glass panels, comparing small and large deflection theories. 

Source: IStructE (1999). 

It is important that designers of glass panels can predict stresses and deflections with sufficient accuracy but retain 

an acceptable level of analysis simplicity. Generally, this would preclude computer analysis. 

 

II.  REVIEW OF PAST RESEARCH 

For a plate restrained in location at the edges, the location of maximum deflection is known to be at the center of 

the plate. The maximum stress location moves from the center towards the support as out-of-plane loading 

increases. Such behavior can be explained by the development of membrane action (so long as support sliding is 
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prevented) under large displacements. Until the plate undergoes displacement larger than its thickness, bending 

action dominates the behavior. Membrane action causes an apparent reduction of the bending stress (Vallabhan, 

1994) as force is transferred axially. 

A clearer insight of these phenomena may be obtained from a review of both linear and nonlinear plate theories. 

Classical theories were developed during the first half of the twentieth century and solutions published in texts 

such as Timoshenko and Woinowsky- Krieger (1965). Many subsequent treatments of the topic sought to provide 

solutions which could be applied in hand calculations, often using non-dimensional parameters and functions 

such as the plate aspect ratio. 

Vallabhan (1994) published a paper on solutions for circular glass plates suggesting that as nonlinearity of the 

plate increases, the maximum tensile stresses move from the center of the plate towards the edges. He also showed 

that the maximum tensile stress in a circular plate occurs in a region between 0.6 and 0.85 of the plate radius. 

Such behavior has also been seen in simply supported rectangular plates and is mainly a function of the aspect 

ratio (a/h) and loading. 

 

III.  PANEL MODELLED BY THE FINITE ELEMENT METHOD 

A parametric finite element analysis study was carried out by two researchers (Viet Vu, 2010) and (Mardan, 

2011) to simulate a variety of glass panels with two boundary conditions. These models were subjected to 

uniform load, the maximum deflection principal stresses were extracted and formulae were generated by 

regression analysis of the results. The boundary conditions and model assumptions were: 

• Continuously simply supported. This is assumed to offer free rotation about the axis of any edge, and 

horizontal translation, as depicted in figure 2. 

 

Figure 2. Typical section of the simple supported boundary condition. Source: Al Tayyib (1980). 

 

• Point supported. This is a metal connection that holds the glass panel at each corner. A hole is drilled 

through the glass panel to allow the insertion of a bolt that fixes the panel to a metal support frame, as 

depicted in figure 3. The locations of these bolts in the glass panels follow recommendations from 

IStructE (1999). 

 

Figure 3. Bolted point support. Source: IStructE (1999). 

Although this is a discrete fixing and should therefore allow a significant amount of panel rotation, the joint 

incorporates gaskets (to prevent contact between glass and metal) and significant translational restraint is 

provided. It is this fact that led to the support conditions used in the ANSYS models. 
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A series of ANSYS models were created by Mardan (2011). The supports were developed by initially point 

supporting one corner node, then creating a hole in the FE mesh and supporting several nodes around the hole. 

This is shown in figures 4 and 5. 

Results from this sensitivity study were compared to the experimental research of Ishizaki (1972) and simulated 

FEM (ABAQUS) results by Vuolio (2003). Figure 6 shows the deflected shape and stresses contour plot for a 

simply supported glass panel under nonlinear analysis. 

 

 

Figure 4. Single node support. Source: Mardan (2011). 

 

 

Figure 5. Multiple node support. Source: Mardan (2011). 

 

 

Figure 6. Deflection shape (a) with contour plot for maximum displacement location (b) of point 

supported glass panel (2m×2m×10mm). Source: Mardan (2011). 
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Figure 7. Principal stress contour plot for simply supported glass panel under nonlinear analysis. 

Source: Mardan (2011). 

 

IV.  GENERATING THE DESIGN FORMULAE 

Since the results agreed with previous research outcomes, the data was used to generate formulae by regression 

analysis using Microsoft Excel. The relationships between maximum lateral deflection and applied pressure, 

and maximum principal stress and pressure were explored. The panel aspect ratio and boundary conditions were 

the only other variables considered. The general forms of the formulae were: 

∆𝑚𝑎𝑥= 𝐶1𝑃
2 + 𝐶2𝑃 + 𝐶3 

𝜎𝑚𝑎𝑥 = 𝑑1𝑃
2 + 𝑑2𝑃 + 𝑑3 

Where P is the lateral pressure, Δmax is maximum lateral deflection, σmax is maximum principal stress, C1 ,C2 

,C3 are coefficients for the maximum lateral deflection, and d1 ,d2, d3 are coefficients for the maximum 

principal stress. 

Bolted support formulae 

Table 1- Coefficients for plate analysis derived from FEA. Source: Mardan (2011). 

Panel dimension 

(mm) 

Maximum deflections 

∆𝑚𝑎𝑥= 𝐶1𝑃
2 + 𝐶2𝑃 + 𝐶3 

Maximum stresses 

𝜎𝑚𝑎𝑥 = 𝑑1𝑃
2 + 𝑑2𝑃 + 𝑑3 

c1 c2 c3 d1 d2 d3 

1060×2300×6 -0.4289 5.019 5.7882 -5.0849 78.203 36.928 

1060×2300×10 -0.3767 4.5112 1.3268 -3.2243 56.043 7.6668 

1060×1060×6 -0.1892 2.441 0.3157 -3.7198 61.576 4.5418 

1060×1060×10 0 0.6095 0.0364 0 22.348 0.7068 
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Simple supported formulae 

Table 2– Coefficients for plate analysis derived from FEA. Source: Viet Vu (2010). 

Panel dimension 

(mm) 

Maximum deflections 

∆𝑚𝑎𝑥= 𝐶1𝑃
2 + 𝐶2𝑃 + 𝐶3 

Maximum stresses 

𝜎𝑚𝑎𝑥 = 𝑑1𝑃
2 + 𝑑2𝑃 + 𝑑3 

c1 c2 c3 d1 d2 d3 

1060×2300×6 -0.4737 6.618 0.8131 -1.1277 14.2311 2.0171 

1060×2300×10 0 1.5847 0.0870 0 5.7858 0.3134 

1060×1060×6 -0.1986 2.9885 0.1311 -0.5019 7.8789 0.2294 

1060×1060×10 0 0.6517 0.0187 0 2.7894 -0.0588 

Pined supports formulae 

Table 3- Coefficients for plate analysis derived from FEA. Source: Viet Vu (2010). 

Panel dimension 

(mm) 

Maximum deflections 

∆𝑚𝑎𝑥= 𝐶1𝑃
2 + 𝐶2𝑃 + 𝐶3 

Maximum stresses 

𝜎𝑚𝑎𝑥 = 𝑑1𝑃
2 + 𝑑2𝑃 + 𝑑3 

c1 c2 c3 d1 d2 d3 

1060×2300×6 -0.5431 6.4726 10.7631 -3.4395 65.5141 26.411 

1060×2300×10 -0.5023 5.8339 7.3704 -2.5137 47.6691 8.3751 

1060×1060×6 -0.3509 4.0289 4.2525 -3.6213 68.5581 9.0311 

1060×1060×10 -0.2688 3.4119 0.5795 -0.4919 32.9191 -9.4758 

 

V.  THE LABORATORY TESTS 

Full scale laboratory tests were undertaken on four annealed glass panels, under continuous simple support and 

point support, as listed in table 4. 

Table 4. Test panel data. 

Test No Dimensions Aspect ratio Thickness 

1 2.3m×1.06m 2.17 10mm 

2 2.3m×1.06m 2.17 6mm 

3 1.06m×1.06m 1.0 10mm 

4 1.06m×1.06m 1.0 6mm 

 

Figure 8. Simply supported boundary conditions. 
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Figure 9. Point support boundary condition. 

 

Due to the symmetry of the loading and boundary conditions, only one quarter of each panel was instrumented 

with displacement gauges (LVDT) and strain gauges, as shown in figures 10 and 11. 

 

Figure 10. Locations of LVDT’s on quadrant of simply supported glass panel. 

 

 

Figure 11. Locations of strain gauges on quadrant of simply supported glass panel. 

Strain gauges were glued to the surface of the glass after abrading and cleaning. A rubber gasket was placed at 

each support in order to avoid generating concentrated stresses between the internal surface of the glass panel 

and the metal supports. 

An air bag was used to apply uniform surface load to the panel. The air bag was placed on the timber platform 
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and inflated. Four load cells were placed between the steel support rails and the structural strong floor to measure 

the total reaction from the test. Force, deflection and strain were logged continuously during each test. 

 

Figure 12. Schematic section through test frame. 

 

 

Figure13. The test frame. 

VI.  DEFLECTION RESULTS 

Figure 14 shows the deflection-pressure relationship for positions in one quadrant (measured by LVDT). As 

expected curve 1 - panel center point, shows the greatest deflection. This result matches the ANSYS model. This 

also confirmed the nonlinear behavior of glass panels. 

 

Figure 14. Pressure-deflection relationship for simply supported glass panel (2.3m×1.06m×6mm) 
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Figure 15 provides a graphical illustration of the panel deflections. 

 

Figure 15. Deflected shape of simply supported glass panel (2.3m×1.06m×6mm) with relative scale 1:10. 

Figure 16 compares the maximum deflection of the simply supported panel (2.3m× 1.06×6mm) with an ANSYS 

derived formula. Table 5 shows the comparison of deflection data between the ANSYS formulae and the 

laboratory tests. From this table it can be seen that the percentage of difference starts from around 40% at 

0.5kN/m2 then reduces to about 32% at 1.5kN/m2. 

 

Figure 16. Comparison of pressure-deflection relationship for simply supported glass panel and ANSYS 

formula. 

 

Table 5. Maximum deflection for simply supported 2.3m×1.06m×6mm glass panel from load test and 

FEA prediction. 

Pressure 

(kN/m
2
) 

Maximum deflection (mm)  

Difference 

(%) 
Test ANSYS 

0.5 6.6 3.9 40 

1.0 11.2 7.0 37 

1.5 14.4 9.8 32 

 

For point supported boundary conditions, figure 17 presents the curves for a panel with high aspect ratio (2.17). 

Curve 1 shows the greatest deflection, which matches the ANSYS model output. As shown in figure 18, the panel 

deforms as a one way spanning beam and there is little plate counter-bending. 
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Figure 17. Pressure-deflection relationship for point support glass panel (2.3mx1.06m×6mm). 

 

 

Figure18. Deflected shape of glass panel with point support boundary conditions (2.3m×1.06m×6mm). 

 

Figure 19, provides a graphical illustration of the panels deflections. 

 

Figure 19. Deflected shape of point supported glass panel (2.3m×1.06m×6mm) with relative scale 1:10. 

Figure 20 and table 4 compare the deflection of the glass panel (2300mm × 1060mm × 10mm) with the formulae 

of single node and circular hole support models. The test panel deflection was far higher than both the single 

node and the circular hole formulae. This could be attributed to that deflection behavior mentioned previously; 

factors such as the rubber gasket are not accounted for in the FE model. Table 6 shows a significant difference in 



 

  
 
 

 
 

1012 Ashraf Amer, Oday Mohammed, Hayder Hussain 
 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 5, Issue 4 

April 2018 

deflection between the three outputs due to the dissimilarity between the simulation of the boundary condition 

with ANSYS and the test. The ANSYS model restrains the supports in three directions but allows rotation, 

whereas in the laboratory test panel was allowed to slide and deform a rubber gasket. 

 

Figure 20. Comparison of test and ANSYS formulae for point supported glass panel 

(2.3m×1.06m×10mm). 

 

Table 6. Maximum deflection for point supported 2.3m×1.06m×10mm glass panel from load test and 

FEA prediction using single node and circular hole support. 

Pressure 

(kN/m2) 

Maximum Deflections (mm) Differences (%) 

Test 

ANSYS ANSYS 

Circular Single Circular Single 

hole node hole node 

0.5 25.56 3.49 10.16 86.35 60.24 

1 49.62 5.46 12.7 88.99 74.4 

1.5 73.49 7.25 15 90.13 79.59 

 

VII.  STRESS RESULTS 

To convert strain gauge readings to stresses it was necessary to subject two (0.5m×0.1m×10mm) glass 

specimens to four points bend tests, so that the Young’s modulus of elasticity could be determined. Applied 

force and deflection were used to obtain the value 

of E for glass using the standard formulae for a beam subject to two equal point loads at third spans. The value 

was 68471 N/mm2. 

The principal stresses for the center and corner of the glass panel were calculated using the equation provide by 

Pilkey (2005), in order to exclude the shear effect for these two locations. For the remaining locations normal 

stresses were calculated according to Hook’s law. 

𝜎1,2 =
𝐸

2
[
𝜀𝐴+𝜀𝐶

1−𝜈
±

1

1+𝜈
√(𝜀𝐴 − 𝜀𝐶)

2 + (2𝜀𝐵 − 𝜀𝐴 − 𝜀𝐶)
2]                Eq.1 

 

Figure 21. Schematic drawing for rectangular rosette strain gauge and the principal strain formulae. 
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Figure 22 shows the stress-pressure relationship for the glass panel. The maximum stresses were at the middle 

of the panel which could be interpreted that the panel suffered from bending stresses only. 

Hence, even when the panel’s deflection exceeded half the thickness it did not develop membrane action, as 

otherwise expected. This could be attributed to the lack of in-plane restrain at the supports, as depicted in figure 

23. 

 

Figure 22. Stress-pressure relationship for 1.06m square ×6mm glass panel with point support boundary 

conditions. 

 

Figure 23. Loaded glass panel with point support boundary condition. 

 

VIII.  SUMMARY AND CONCLUSION 

General background information relating glass material, plate behavior and the state of existing analysis 

knowledge is presented. Glass was shown to be a perfectly elastic material, subject to sudden failure due to 

microscopic flaws which naturally occur on its surfaces. 

Previous work which presented formulae to predict the maximum deflection and principal stresses of glass panels 

under uniform pressure was reviewed for general trends. Specific cases were selected and physical tests were 

undertaken to attempt to validate the predictions made using finite element analysis. 

Although the physical testing corroborated the general trends, such as location of maximum stress and deflection, 

the actual values were not closely matched. It was observed that although the need for large deflection theory 

was confirmed, membrane action did not always occur when the glass panel deflection exceeded half its 

thickness. This is believed to be because the test arrangement did not provide the level of positional restraint 

assumed in the previous finite element analysis, and so structural behavior did not move from bending action to 

membrane action. Deformation of glass panels is therefore highly susceptible to support conditions and suggests 

that a pessimistic view should be taken about such assumptions – membrane action should be ignored. 

To finally validate the formulae predicted by previous work it will be necessary to test panels which have holed 

point supports that reflect real glass panels. 



 

  
 
 

 
 

1014 Ashraf Amer, Oday Mohammed, Hayder Hussain 
 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 5, Issue 4 

April 2018 

 

ACKNOWLEDGEMENT 

We would like to express our appreciation to Ramy Al-Obiadi for his help in practical work and theoretical 

modeling and his valuable advice in this field according to his high experience. 

 

REFERENCES 

• Al-Tayyib, A.J. (1980). Geometrically Nonlinear Analysis of Rectangular Glass Panels by Finite Element Method. 

(Unpublished PhD Thesis), Texas Tech 

• Institution of Structural Engineers (1999). Structural use of glass in buildings. Institution of Structural Engineers: 

London. 

• Ishizaki,  H.  (1972).  On the large deflection of rectangular glass panes under uniform pressure. Bulletin of Disaster 

prevention Research Institute, 22(1), pp. 1-7. 

• Mardan,  A.  (2011). A Parametric  Study  of  Stress  and  Deflection  in  Glass  Panels. (Unpublished MSc 

Dissertation), University of Salford, Salford. 

• Pilkey, W.D. (2005). Formulas for stress, strain, and structural matrices (2nd  ed.). John Wiley & Sons Inc.: Canada. 

• Timoshenko, S. And Woinowsky-Kreiger, S. (1989). Theory of plates and shells (2nd  ed.). McGraw-Hill Book 

Company: London. 

• Vallabhan, C.V.G., Y.C. & Ramasamudra, M. (1994). Parametric study of axisymmetric circular-glass plates. 

Journal of Structural Engineering, 120(5), pp. 1663-1671. 

• Viet  Vu  Q.  (2010).  A Parametric Study of Stress and Deflection in Glass Panels. (Unpublished M.Sc. Dissertation), 

University of Salford, Salford. 

• Vuolio, K. (2003). Structural behaviour of Glass Structures in Facades. (Unpublished Ph.D. thesis), Helsinki 

University of Technology Laboratory of steel Structures, Publications 27. 


