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Abstract: Glass plates are widely used as load-bearing components in engineering 

structures. If the design of the glass frame is unreasonable or there are defects at the 

edges of the glass panels, fracture can be triggered accidently from the edge of glass 

panels under biaxial flexural loading conditions. In this study, two loading 

configurations of biaxial flexural tests, including Ball-On-Ring (BOR) and Ring-On-

Ring (ROR), have been conducted on both annealed glass (AG) and chemical 

strengthened glass (CSG) plates. Three-dimensional Digital Image Correlation (3D-

DIC) technique was utilized with specially designed loading fixture to obtain the real-

time deformation field of glass plates. Edge defects were fabricated on the specimens 

to further evaluate the influence on biaxial flexural strength and failure mode. 

Numerical analysis was performed to extract the stress distribution of glass panels 

under different biaxial flexural loading configurations. The effect of edge defect depth 

and width on stress concentration has been illustrated. The influence of chemically 

residual stress on the biaxial flexural behavior of aluminosilicate glass plates was also 

clarified, thereby providing technical support for the reliability analysis of engineering 

thin-walled glass components. 
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Nomenclature 

σBOR Biaxial flexural strength based on BOR tests 

σROR Biaxial flexural strength based on ROR tests 

P Peak load 

R Radius of specimen 

RS Radius of support ring 

RL Radius of loading ring 

h Thickness of specimen 

r Radius of loading ball 

b Equivalent radius of contact area 

z Actual radius of contact area 

E’ Equivalent Young’s modulus 

𝜇 Poisson’s ratio 

3PB Three-point-bending 

4PB Four-point-bending 

AG Annealed glass 

CSG Chemical strengthened glass 

BOR Ball-On-Ring 

ROR Ring-On-Ring 

3D-DIC Three-dimensional Digital Image Correlation 

SEM Scanning electron microscope 

EDS Energy dispersive spectrometer 

SD Standard deviation 

CV Coefficient of variation 

 

1. Introduction 

Silicate glass has diverse industrial applications as structural and functional 

integration structures due to its transparency, mechanical properties and chemical 

stability. It’s used not only for building facades, aircraft windshields and bullet proof 
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systems, but also for display windows and glass substrates of electronic devices. 

Silicate glass is a typical brittle material possessing high compression strength but low 

tension/flexural strength[1,2]. Its mechanical response is liner elastic with quite small 

fracture strain. Flexure induced suddenly tensile failure remains a challenging issue for 

glass engineering structures[3,4]. 

Much efforts have been spent to strengthen glass products, such as fire-polishing, 

etching, thermal tempering and chemical strengthening[5]. Chemical strengthened 

glass (CSG) products are widely used in electronic devices, pharmaceutical containers 

and aircraft windshields[6–8]. Ion-exchange, also known as chemical strengthening, is 

an efficient technique to improve the mechanical strength of glass materials with no 

measurable optical distortion[9]. After ion-exchange process, strong compression stress 

at the surface of glass plates can be built to suppress the nucleation and propagation of 

surface microcracks. The ion-exchange layer depth is in the range of tens to hundreds 

of microns, which is comparable to the surface microcracks. Thus, the flexural strength 

of CSG is not simply the sum of annealed glass (AG) strength and surface compression 

stress[10–13]. It’s essential to conduct quantitative analysis on the flexural strength of 

CSG under different loading conditions. 

Three-point-bending (3PB) and Four-point-bending (4PB) tests are common testing 

methods for flexural strength evaluation of glass plates[14,15]. However, the measured 

flexural strength data is highly affected by the edge or conner defects of plate shaped 

glass specimens[16,17]. The obtained flexural strength is actually uniaxial flexural 

behavior while the tensile side of the specimen is under uniaxial tension during loading 

process. For some realistic applications, such as aircraft windshield under pressure 

loading or bird impact, the glass structure is under biaxial flexural loadings[18,19]. 

Thus, it’s essential to evaluate the biaxial flexural behavior of AG and CSG[20,21]. 

Two equi-biaxial flexural loading methods, Ball-On-Ring (BOR) and Ring-On-Ring 

(ROR), have been utilized in this study to evaluate the biaxial flexural mechanical 

behavior of glass structures. 

The flexural strength of silicate glass depends primarily on initial microcracks during 

manufacturing and defects during usage[22–25]. The crack system during cutting 
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process has been investigated and the cutting process parameters will affect the 

mechanical quality of processed glass edges[26,27]. Small defects, such as scratches, 

have obvious influence on the flexural performance of glass specimens. Scratched glass 

panels show a significant decrease in flexural strength for both annealed and 

strengthened specimens[28–30]. For BOR and ROR loading conditions, the center 

region of the glass plate is under uniform equi-biaxial tension, leading to biaxial tensile 

fractures at the center region of the specimens. Introducing defects in the central area 

can offer a straight forward way to study the effects of defects on biaxial flexural 

strength. The residual flexural performance of scratched glass depends on the 

characteristics of the scratch location, distribution and scratch morphology[31,32]. The 

research content of the present study is derived from engineering practice. In the design 

of aircraft windshields and bird impact tests conducted by the authors, the glass plates 

are subjected to typical biaxial bending loading conditions. If the design of the glass 

frame is unreasonable or there are defects at the edges of the glass, fractures may occur 

at the edges of the glass plates. Another typical case is the glass curtain wall subjected 

to hurricane loads. The stress at the glass edges depends on the mechanical support 

conditions. The loading condition, such as the loading area on the plates, and also the 

geometry of glass plates can also influence the magnitude of edge stresses. Generally, 

the edge stress of a loaded glass plate is lower than the stress at the center. However, in 

the presence of edge defects, stress concentration may occur at the tip of the defects, 

potentially resulting in locally elevated stress levels. Thus, the edge defects can cause 

cracks initiation from the edges. However, research on the effect of edge defects for 

specimens under biaxial flexural loading is still limited. Conducting stress analysis on 

the edge of glass plates under biaxial flexural loadings is essential for strength 

assessment of glass components and failure analysis of glass structures with all edges 

simply supported. 

The purpose of this study is to illustrate the effect of edge defects and chemical 

strengthening residual stress on the biaxial flexural behavior of aluminosilicate glass 

plates. Two loading configurations of biaxial flexural tests including BOR and ROR 

have been conducted on AG and CSG plates, providing a comprehensive performance 
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assessment of aluminosilicate glass. Edge defects were fabricated on the specimens to 

further evaluate the influence on biaxial flexural strength. The biaxial flexural failure 

modes of glass specimens were compared in detail. Further numerical and theoretical 

analysis revealed the effects of different loading forms, edge defects and chemical 

strengthening residual stress on biaxial flexural behavior of glass plates. This study can 

contribute to the biaxial flexural strength assessment of glass components and fracture 

analysis of glass structures. 

 

2. Glass specimens and biaxial flexural tests 

2.1 Specimens preparation 

  The material used in this study is aluminosilicate glass with a higher content of 

alumina compared to soda-lime glass. Aluminosilicate glass is suitable for Na+ and K+ 

ion-exchange and strengthened glass is widely used in load bearing components such 

as aircraft windshields and cell phone screens[33,34]. The FSM-6000LE surface stress 

meter was used to measure the surface stress of CSG and the compression stress is 

around 600 MPa. The FEI Verios G4 scanning electron microscope (SEM) with energy 

dispersive spectrometer (EDS) was utilized to detect the content of Na+ and K+ along 

the thickness direction of the glass plates. Fifteen points along the thickness direction 

of the glass specimen were selected on the fracture surface for detection, as shown in 

Fig. 1 (a). The weight percentage of Na+ at point 1 is the lowest while the weight 

percentage of K+ at point 1 is the highest. When the depth of the detection point exceeds 

10 μm, the ion weight percentage tends to stabilize. Thus, the ion-exchange layer depth 

is around 10 μm for CSG. Gradient compressive residual stress can be found at the 

surface layer of CSG. Accordingly, a balancing small tensile stress will be formed at 

the inner of the glass plates. The diameter of the glass plates is 122 mm and the 

thickness is 6 mm. To study the effect of edge defects, some specimens were fabricated 

with a notch at the edge via STX-202A diamond line saw cutting machine, as shown in 

Fig. 1 (b). The fabricated depth and width of the notch are 1.0 mm and 0.4 mm 

respectively. The width 0.4 mm is based on the diameter of diamond line saw. The depth 

of 1 mm is just selected as a typical value for analysis and detailed parametric studies 
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have also been conducted in section 5. 

 

(a) Characterization of CSG compression layer thickness by detecting the weight percentage of Na+ 

and K+ based on SEM-EDS device. 
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(b) Intact and notched glass plate specimens used in present study. The diameter of the glass plates 

is 122 mm and the thickness is 6 mm. 

Fig. 1. Material characterization and specimen preparation 

 

2.2 BOR and ROR tests 

  During biaxial flexural tests, the plate specimens were placed on the support ring 

with a diameter of 110 mm. The specimens were then loaded by a steel ball or a smaller 

circular ring, corresponding to BOR and ROR tests illustrated in Fig. 2 (a) and (b). All 

test fixtures are made of high-strength martensitic alloy steel after heat treatment. The 

test fixture directly loads the samples without interlayers. The tensile surfaces of disc 

specimens within the loading ball contact area (for BOR tests) or loading ring area (for 

ROR tests) undergo biaxial tension during tests[35]. 

  During BOR tests, the equi-biaxial flexural strength σBOR can be calculated by[36]: 

 𝜎𝐵𝑂𝑅 =
3𝑃(1 + 𝜇)

4𝜋ℎ2
[1 + 2𝑙𝑛 (

𝑅𝑠

𝑏
) +

1 − 𝜇

1 + 𝜇
(1 −

𝑏2

2𝑅𝑠
2)

𝑅𝑠
2

𝑅2
] (1) 

where P is the applied peak load and μ is the Poisson’s ratio. R, RS and h represent the 

radius of specimen, radius of support ring, thickness of specimen respectively, as shown 

in Fig. 2 (a). The equivalent radius b of the contact area between the ball and specimen 

can be calculated as followed. z represents the actual contact radius of the contact area 

obtained based on the Hertz elastic contact theory[37]. r is the radius of loading ball 

and E’ is the equivalent Young’s modulus. 

 𝑏 = {

𝑧, 𝑓𝑜𝑟 𝑧 > 1.724ℎ

(1.6𝑧2 + ℎ2)1 2⁄ − 0.675ℎ, 𝑓𝑜𝑟 𝑧 < 1.724ℎ
0.325ℎ, 𝑓𝑜𝑟 𝑧 → 0

 (2) 

 𝑧 = (3𝑃𝑟/4𝐸＇)
1
3 (3) 
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 𝐸＇−1
=

1 − 𝜇1
2

𝐸1
+

1 − 𝜇2
2

𝐸2
 (4) 

where the subscribes 1 and 2 represent the loading ball and glass specimen respectively. 

Thus, μ1=0.3, μ2=0.22, E1=200 GPa, E2=75 GPa, r=8 mm. z can be calculated as 0.624 

mm, which is smaller than 1.724h. In this condition, b can be defined by equation (2) 

as 2.002 mm. 

The ROR equi-biaxial flexural strength σROR can be calculated via plate bending 

theory[38,39]: 

 𝜎𝑅𝑂𝑅 =
3𝑃

2𝜋ℎ2
[(1 − 𝜇)

𝑅𝑆
2 − 𝑅𝐿

2

2𝑅2
+ (1 + 𝜇)𝑙𝑛

𝑅𝑆

𝑅𝐿
] (5) 

where RL represent the radius of the loading ring, as shown in Fig. 2 (b). Thus, RS is 55 

mm for both BOR and ROR tests and RL=25 mm, R=61 mm, h=6 mm. In the following 

text, BOR/ROR strength refers to the BOR/ROR equi-biaxial flexural strength. 

 

Fig. 2. Loading configurations of BOR and ROR biaxial flexural tests. 

 

2.3 Experimental setup 

  The glass disc specimens were loaded by a universal testing machine at a quasi-static 

loading velocity of 0.2 mm/min. The corresponding stress rates for BOR and ROR 

loadings are 1.36 MPa/s and 0.73 MPa/s respectively, which is close to the suggested 

stress rate 2 MPa/s in accordance with the European standard EN 1288-2/-5[40,41]. 

The stress rate significantly influences material strength only when there is a change of 
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one order of magnitude or greater[42]. Thus, the BOR and ROR strength data in this 

study is reasonable and comparable. To monitor the out-of-plane displacement and in-

plane strain of the tensile surface of specimens, a specially designed loading fixture was 

used with 3D-DIC technique[43]. A flat and front-silvered mirror was placed below the 

glass plate exactly at 45-degree orientation. Thus, the two cameras can monitor the 

deformation of glass plate from different directions. A pair of synchronized images were 

then recorded with the time intervals of 1 second by these two cameras. The 

experimental setup is shown in Fig. 3. 

 

Fig. 3. Experimental setups for biaxial flexural tests with 3D-DIC technique. 

 

3. Experimental results and analysis 

3.1 Biaxial flexural strength 

Glass plates with and without edge defects were loaded via both BOR and ROR 

biaxial flexural tests. The purpose of the experimental tests is to characterize the load-

bearing capacity of the glass plate structure with and without edge defect under different 

loading conditions. For convenience of comparison, the equi-biaxial flexural stress 

value at which the glass plate loses its load-bearing capacity is recognized as its equi-

biaxial flexural strength regardless of the failure origin. Three repeated tests were 

conducted under each loading condition, which cannot be used for statistics analysis 

but sufficient for illustrating general correlations. All the experimental data, including 

average biaxial flexural strength, standard deviation (SD) and coefficient of variation 

(CV), are provided in Table 1 and also plotted in Fig. 4 for comparison. It can be seen 
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that the obtained average biaxial flexural strength values are different for different 

loading configurations. The BOR biaxial flexural strengths of intact AG and CSG 

specimens are 91.2% and 59.2% higher than their ROR biaxial flexural strengths. For 

comparison of specimens with and without edge defects, there is nearly no difference 

for AG specimens under BOR loading condition. However, the average BOR biaxial 

flexural strength of CSG specimens with edge defects is 431.1 MPa, 40.4% lower than 

that of intact specimens. Under ROR loading condition, the biaxial flexural strength 

decreases by 48.3% and 65.1% for AG and CSG specimens when existing edge defects. 

 

Table 1 Equi-biaxial flexural strength data (MPa) 

Loading type 
Number of 

specimens 
AG-intact 

AG-edge 

defect 
CSG-intact 

CSG-edge 

defect 

BOR biaxial 

flexure 

No. 1 155.1 163.7 743.6 444.9 

No. 2 152.6 152.9 679.5 432.3 

No. 3 149.5 143.9 746.1 416.1 

Ave. 152.4 153.5 723.1 431.1 

SD 2.8 9.9 37.7 14.4 

CV 0.02 0.06 0.05 0.03 

ROR biaxial 

flexure 

No. 1 92.7 44.7 468.7 139.3 

No. 2 76.3 38.7 389.4 151.9 

No. 3 70.1 40.3 504.5 184.5 

Ave. 79.7 41.2 454.2 158.6 

SD 11.7 3.1 58.9 23.3 

CV 0.15 0.08 0.13 0.15 
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Fig. 4. Equi-biaxial flexural strength of AG and CSG obtained from (a) BOR and (b) ROR loading 

conditions. The height of the bars represents the average biaxial flexural strength, and the range of 

the error bars represents the biaxial flexural strength range obtained from the experiments. 

 

3.2 Deformation field 

The full-field out-of-plane displacement nephogram can be obtained from 3D-DIC 

technique, as shown in Fig. 5. Representative results for both BOR and ROR loading 

conditions of AG and CSG specimens are shown in Fig. 5 (a) (b) (c) (d) respectively. 

The letters A, B, C, D, E, F marked in the figure represent different moments during the 

loading process. The letter A represents the moment upon loading and the letter F is the 

moment upon fracture of the glass plates. These results confirm the effectiveness of the 

biaxial tests aided by 3D-DIC technique, enabling the comparison of the deformation 

capabilities of AG and CSG under different equi-biaxial loading conditions, and can 

also be used for subsequent comparison and validation of numerical models. It should 

be noted that the edge defect has no influence on the deformation distribution and thus 

only intact specimens are analyzed in this section. It can be seen that the out-of-plane 

displacement of CSG is much higher than AG under both loading conditions. For the 

same type of glass, the specimens get a higher out-of-plane displacement under ROR 

loading compared to BOR. 

The out-of-plane displacement data along the diameter of glass plates are extracted 

and plotted in Fig. 6 (a) (b) (c) (d), corresponding to the time moments shown in Fig. 

5. It can be seen that the center points of the disc specimens exhibit the maximum out-
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of-plane displacement for all loading conditions. The displacement curve changes more 

gently at the center regions for ROR tests compared to BOR tests.  

 

Fig. 5. Out-of-plane displacement of glass plates during biaxial flexural loading calculated using 

3D-DIC. 

 

 

Fig. 6. History of out-of-plane displacement along the diameter of glass plates. (The capital letters 
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B-F correspond to the time moments shown in Fig. 5.) 

 

The major principal strain history along the diameter of CSG plates under BOR and 

ROR loading is shown in Fig. 7 (a) and (b). Calculating strain from displacement is a 

differential process, which is sensitive to the accumulative errors. Thus, the strain 

curves are fluctuated compared to displacement curves. It can be seen that the major 

strain distribution on glass surface is totally different for BOR and ROR loading 

conditions. The BOR loading results in a gradient major strain distribution on the glass 

surface, with the peak value in the center of the specimen. In contrast, a uniform strain 

distribution field is formed below the load ring for the ROR specimens[35]. The 

maximum major strain for glass plates under BOR loading is higher than ROR, which 

exhibits different trend compared to the displacement results. 

 

Fig. 7. History of major principal strain along the diameter of glass plates. (The capital letters B-F 

correspond to the time moments shown in Fig. 5.) 

 

The out-of-plane displacement and major strain curves upon failure of the specimens 

are compared, as shown in Fig. 8 (a) and (b). The maximum out-of-plane displacements 

for AG under BOR and ROR loadings are 0.30 mm and 0.45 mm. While for CSG, they 

are 1.26 mm and 2.15 mm respectively. The maximum major strains for AG under BOR 

and ROR loadings are 0.18% and 0.11%. While for CSG, they are 0.76% and 0.52% 

respectively.  
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Fig. 8. Comparison of out-of-plane displacement and major principal strain of AG and CSG under 

BOR and ROR loading conditions. 

 

3.3 Failure modes 

Adhesive transparent tape was put on the top surface of the glass plates before tests 

to collect the fragments for failure modes analysis. As the transparent tape is very soft 

and thin at the compression surface, it won’t affect the mechanical response of glass 

specimens. The general patterns of crack extension and branching not only point the 

way back to a fracture origin, but also provide information about the cause of fracture, 

the energy of fracture, and the stress state. The failure modes of glass plates under BOR 

flexural loadings are shown in Fig. 9. A gradient stress field is formed on the tensile 

surface of the specimen and the cracks start at the center and radiate outwards, as shown 

in Fig. 9 (a). The straight radial cracks distribute uniformly along the circumferential 

direction. The failure pattern shows no difference for AG with edge defects, as shown 

in Fig. 9(b). The crack origin is also at the loading point, in corresponding to the same 

BOR flexural strength of AG specimens with and without edge defects provided in 

Table 1. For intact CSG specimen, the fracture origin is also at the center shown in Fig. 

9 (c). However, much more dense radial cracks appear and even with some lateral 

cracks, indicating a high strength failure type. The formation of multiple cracks is the 

process of releasing strain energy caused by both external loading and internal residual 

stress. More dense cracks locate around the center region because the center part 

undergoes a higher level of stress before fracture. For CSG specimens with edge defect 

shown in Fig. 9 (d), the fracture starts from the defect. The crack propagated and 

branched to multiple cracks when reaching the terminal velocity. The stress state of the 
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disc specimen changed with the development of cracks and thus the failure pattern is 

not regular radial crack pattern. The final failure mode is caused by the interaction of 

two crack systems. 

 

Fig. 9. Failure modes of glass plates under BOR flexural loadings: (a) AG-intact, (b) AG-edge defect, 

(c) CSG-intact, (d) CSG-defect. 

 

For specimens under ROR loading, the failure modes are totally different. An equi-

biaxially-stressed region is formed in the inner circle region without stress 

concentration. The crack origin for the AG specimen shown in Fig. 10 (a) is a pair of 

branches in opposite directions. Cross cracks appear at the inner ring area with radial 

cracks outside the inner ring. For AG with edge defect, the crack started from the defect, 

as shown in Fig. 10 (b). After the first break has occurred, the remnants still bear load 
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from the inner loading ring and break in bending. Less cracks formed in this specimen 

indicates a low strength condition, in corresponding to the loading data in Table 1. For 

intact CSG plate, the cracks are very dense and even the plate breaks into small particles 

at the inner ring region, as shown in Fig. 10 (c). For CSG specimen with edge defect 

shown in Fig. 10 (d), the fracture origin locates at the defect spot. Similar to BOR 

loading, the crack propagated and branched to multiple cracks when reaching the 

terminal velocity. Dense cracks formed along the specimen. However, two small 

regions around the initial crack are still transparent without cracks due to the rapid stress 

release at the initial crack propagation stage. 

 

Fig. 10. Failure modes of glass plates under ROR flexural loadings: (a) AG-intact, (b) AG-edge 

defect, (c) CSG-intact, (d) CSG-defect. 
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4. Numerical models for stress analysis 

To further illustrate the effect of loading forms, edge defects and chemical 

strengthening residual stress on the biaxial flexural response of glass plates, finite 

element analysis models were developed based on the commercial ABAQUS software. 

Eight-node linear hexahedral (C3D8R) elements were utilized for the numerical models. 

Both BOR and ROR tests are symmetrical loading configurations. Half models were 

utilized to reduce the calculation time, as shown in Fig. 11 (a) and (b). Contact 

interactions between the ring/ball fixture and glass plate are modeled using a surface-

to-surface contact formulation. The tangential behavior is defined with a penalty 

friction coefficient of 0.2, and the normal behavior is set to "hard contact". The basic 

material parameters for steel fixture and aluminosilicate glass plates are shown in Table 

2.  

 

Fig. 11. Finite element models for BOR and ROR tests. 

 

Table 2 Material parameters 

Part Density (kg/m3) Elastic Modulus (GPa) Poisson’s ratio 

Loading fixture 7800 210 0.3 

Glass plate 2546 75 0.22 

 

4.1 Mesh size sensitivity analysis 

Mesh size sensitivity analysis was then conducted. Different mesh sizes including 

1.0 mm, 0.8 mm, 0.6 mm, 0.4 mm and 0.3 mm were used for building numerical models. 

The in-plane tensile stress of the center element at the tensile surface of the glass plate 

was extracted for comparison. The biaxial flexural stress – load relation was then 
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plotted and compared to the analytical solution based on equation (1) and equation (5). 

It can be seen from Fig. 12 (a) and (b) that with the decrease of mesh size, the numerical 

data become much closer to the analytical result. Also, the biaxial flexural stress – load 

relation is linear elastic for both loading conditions, indicating that the nonlinear effect 

can be neglected when the loading displacement is relatively low compared to the 

thickness of the glass sample[44,45]. 

 

Fig. 12. Comparison between analytical solution of biaxial flexural stress and numerical results of 

different mesh sizes: (a) BOR, (b) ROR. 

 

A detailed comparison for the BOR and ROR equi-biaxial flexural stress error 

between analytical solution and related numerical models as well as the calculation time 

are provided in Fig. 13 (a) and (b). For BOR loading condition, the error for numerical 

model with 1.0 mm mesh size is 18.3%, which decreases to 5.9% for the mesh size of 

0.3 mm. For ROR loading condition, the error for numerical model with 1.0 mm mesh 

size is 13.6%, which decreases to 4.8% for the mesh size of 0.3 mm. For both loading 

conditions, the biaxial flexural stress represents the maximum biaxial tensile stress at 

the lower surface of the glass plate. For smaller mesh sizes, the surface elements can 

better mimic the surface tensile stress. This is the main reason for the mesh size 

sensitivity. For different mesh sizes of 1.0 mm, 0.8 mm, 0.6 mm, 0.4 mm and 0.3 mm, 

the calculation times for BOR models are 0.3 h, 0.7 h, 1.8 h, 7.3 h and 24.6 h 
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respectively by utilizing Intel(R) Xeon(R) Platinum 8168 CPU @ 2.70GHz with 24 

cores. Similar computational efficiency was obtained for ROR models. To balance the 

computational efficiency and accuracy, the mesh size 0.4 mm was applied for both BOR 

and ROR models. The errors are 8.8% and 5.9%, which are fully acceptable for present 

study. 

 

Fig. 13. Error between analytical solution and related numerical models as well as the calculation 

time comparison: (a) BOR, (b) ROR. 

 

4.2 Numerical model validation 

A comparison between experimental and numerical out-of-plane displacement data 

along the diameter of CSG plates under BOR and ROR loading at different loading 

stages was conducted, as shown in Fig. 14 (a) and (b). The major principal strain along 

the diameter of CSG plates under BOR and ROR loading is also compared in Fig. 15 

(a) and (b). The calibrated mesh size 0.4 mm was applied for both BOR and ROR 

models. It can be seen that the numerical data can match the experimental curves very 

well. 
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Fig. 14. Comparison of experimental and numerical out-of-plane displacement data along the 

diameter of glass plates at different loading stages. 

 

 

Fig. 15. Comparison of experimental and numerical major strain data along the diameter of glass 

plates at different loading stages. 

 

5. Discussions 

5.1 Effect of different loading forms 

Although both BOR and ROR tests are standard testing methods for biaxial flexural 

strength evaluation of brittle materials, and the same specimens are utilized in these 

tests, different stress distributions can be seen in Fig. 16 (a) and (b) for different loading 

configurations. The radial and circumferential stress data along the diameter of the 

specimens are plotted following the cylindrical coordinate system. The same out-of-

plane load 5000 N was applied for both BOR and ROR models. For BOR loading 

condition, the radial and circumference stress curves coincide at the center of the 

specimen, indicating an equi-biaxial flexural strength of 609.0 MPa. The radial stress 

decreased to zero while the circumference stress decreased to 68.4 MPa at the edge of 

the specimen. For ROR loading condition, the radial and circumference stress curves 

coincide at a much larger area below the loading ring, indicating a stable equi-biaxial 

flexural strength of 151.2 MPa. The radial stress decreased to zero while the 

circumference stress decreased to 56.1 MPa at the edge of the specimen. The small 

peaks at these curves for the position of ±55 mm are due to contact stress with support 

rings and won’t affect the results. In conclusion, a much larger uniform biaxial stress 

region was formed under ROR loading and the BOR flexural stress is around 4 times 
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that of ROR flexural stress with the same loading force. 

 

Fig. 16. Radial and circumferential stress distribution of the intact disc specimens under BOR and 

ROR loading conditions. The stress curves represent the stress distribution along the diameter of the 

specimen’s lower surface. 

 

There are a large number of randomly distributed micro-flaws on the surface of float 

glass generated from the producing process[22,46]. The flexural strength of glass is 

severely reduced compared to the theoretical strength due to stress concentrations 
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around these flaws[13,47]. During ROR loading condition, a large circular area is under 

uniform tension at the bottom surface of the specimen. Thus, more surface defects are 

under severe loading condition and tend to nucleate and propagate. However, during 

BOR loading, only a tiny area at the center of specimen is under maximum tension 

stress, as shown in Fig. 17. Due to the stochastic property of defects, the probability 

that the most severe defect is located in the maximum stress zone under BOR loading 

is much lower than under ROR loading. This is the primary cause for higher BOR 

strength compared to ROR strength for both AG and CSG shown in Table 1. It’s 

reported that the uniaxial flexure strength of silicate glass shows size effect under three-

point-bending tests[4]. The results in present study demonstrate “size effect” of 

aluminosilicate glass in biaxial flexural tests. 

 

Fig. 17. Schematic diagram for the randomly distributed flaws on the surface of glass plates under 

BOR and ROR loadings. 

 

5.2 Effect of chemical strengthening residual stress 

Due to the existence of compression stress at the surface of aluminosilicate glass, the 

residual stress should be overcome first under tensile loading. Thus, the biaxial flexural 

strength of CSG is much higher than AG. According to the experimental results, the 

BOR flexural strength of CSG (723.1 MPa) is 570.7 MPa higher than AG (152.4 MPa), 
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while the ROR flexural strength of CSG (454.2 MPa) is 374.5 MPa higher than AG 

(79.7 MPa). Under both loading conditions, the differences of flexural strength between 

CSG and AG are lower than the residual compression stress of 600 MPa at the surface 

of CSG. This can be explained by the coupling effect of residual stress and microscopic 

surface flaws, as shown in Fig. 18. After the ion-exchange process, a surface 

compressive stress with a gradient distribution is formed on the surface together with a 

small internal tensile stress for balance. Due to the limitation of ion-exchange depth, 

the maximum compression layer depth is usually at several dozen micrometers[48,49]. 

The depth of surface flaws may be higher than compressive stress layer depth. A 

theoretical analysis based on the elastic fracture mechanics theory has been conducted 

and it’s reported that the flexural strength of CSG cannot be simply evaluated by adding 

the residual compression stress to the flexural strength of AG[47]. The strengthening 

effect decreases with the increase of flaw depth. 

 

Fig. 18. Coupling effect of residual stress and microscopic surface flaws 

 

On the other hand, the increased values of biaxial flexural strength due to chemical 

strengthening residual stress are different under BOR (570.7 MPa) and ROR (374.5 

MPa) loading conditions. For BOR loading, the probability that deep cracks are located 

in the area with the maximum stress is very small. For ROR loading, there is a uniform 

circular tensile area at the bottom surface of glass specimen and deep flaws are likely 

to be exist in this area. As the strengthening effect decreases with the increase of flaw 
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depth, the strengthening effect has been better reflected during BOR loading condition. 

 

5.3 Effect of edge defects 

Numerical models were built to analyze the effect of edge defects on stress 

distribution of glass specimens under biaxial loading. The definitions of notch width, 

notch depth and notch tip radius are shown in Fig. 19 (a). The notch width is twice the 

value of notch tip radius. The glass specimen with notch is a symmetric structure as 

divided by the dot dash line. Thus, half models were utilized with symmetric boundary 

conditions for further analysis. The notch depth and width are 1 mm and 0.4 mm for 

the model shown in Fig. 19 (b) and (c). The meshes around the notch have been refined 

and validated. 

 

Fig. 19. The definition of notch defect and related numerical models 

 

For numerical specimens under BOR and ROR loading with notch depth 1 mm and 

notch width 0.4 mm, the same as the tested specimens with notch defect, the stress 

distribution nephogram and stress distribution curve along the axis of the specimen at 

the bottom surface are shown in Fig. 20 (a) and (b). The out-of-plane load 5000 N was 

applied for both BOR and ROR models, which is the same as the intact models. For 
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comparison with Fig. 16, the stress distribution at the central section of the specimens 

is nearly the same for intact and notched specimens. The difference of the biaxial stress 

at the center of the specimen is lower than 0.5% and thus can be neglected. This implies 

that a small notch defect won’t affect the biaxial flexural strength testing results if the 

specimens break from the center region. However, the stress level at the notch tip is 

remarkably higher than the edge stress of intact specimens, especially for the 

circumferential stress. For the ROR loading condition, the edge stress is more sensitive 

to notch defect compared to BOR loading condition. The notch tip circumferential 

stress (169.0 MPa) of ROR specimen is even higher than equi-biaxial flexural stress 

(151.2 MPa). That means the glass specimens with this notch defect will tend to break 

from the notch instead of the center region under ROR loading condition at a lower 

biaxial stress level. This explains the experimental results on notched specimens 

provided in section 3. For intact and notched AG specimen, the BOR strength data is 

nearly the same and cracks initiate from the center point. However, the ROR strength 

of notched specimen is much lower with cracks initiating from the edge notch defect. 
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Fig. 20. Radial and circumferential stress distribution of the disc specimens with notch defects under 

BOR and ROR loading conditions. Stress concentration can be found at the notch region of the 

specimens. 

 

The surface roughness with manufacturing defects has significant influence on the 

flexural strength of silicate glass[2,50,51]. It should be noted that rough surface formed 

during the manufacturing of notch defects by diamond line saw, which will further 

reduce the material strength around the notch[14]. Predicting the biaxial flexural 

strength of glass specimens with notch defects is still challenging. Quantitative stress 

analysis is conducted to illustrate the effect of notch shape. It can be seen from Fig. 16 

that the circumferential stress at the edge of the disc specimen is much higher than 

radial stress. Thus, only the circumferential stress distribution will be considered in the 
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following parametric analysis. Fig. 21 (a) and (b) shows the effect of edge notch depth 

on circumferential stress distribution of glass specimens under BOR and ROR loading 

conditions. The edge notch width is fixed at 0.4 mm and the edge notch depth ranges 

from 0.2 mm to 2.0 mm. The curves of intact specimens are also plotted in the figure 

for reference. For both loading conditions, the edge stress increases with the increase 

of notch depth. Under BOR loading, the edge stress increases from 117.5 MPa to 263.4 

MPa when the notch depth increases from 0.2 mm to 2.0 mm. Under ROR loading, the 

edge stress increases from 94.6 MPa to 227.8 MPa when the notch depth increases from 

0.2 mm to 2.0 mm. 

 

Fig. 21. Effect of edge notch depth on circumferential stress distribution of glass specimens under 

BOR and ROR loading conditions. The edge notch width is fixed at 0.4 mm. 
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Fig. 22 (a) and (b) shows the effect of edge notch width on circumferential stress 

distribution of glass specimens under BOR and ROR loading conditions. For this 

comparison, the edge notch depth is fixed at 1.0 mm. Numerical models with different 

notch widths of 0.3 mm, 0.4 mm, 0.6 mm, 0.8 mm and 1.0 mm were built. It can be 

seen that the stress concentration at the notch tip weakens with the increase of notch 

width. Under BOR loading, the edge stress decreases from 209.6 MPa to 167.0 MPa 

when the notch depth increases from 0.3 mm to 1.0 mm. Under ROR loading, the edge 

stress increases from 177.8 MPa to 139.8 MPa when the notch depth increases from 0.3 

mm to 1.0 mm. 

 

Fig. 22. Effect of edge notch width on circumferential stress distribution of glass specimens under 

BOR and ROR loading conditions. The edge notch depth is fixed at 1.0 mm. 
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As mentioned above, the disc specimen will break from the edge instead of from the 

center when the edge stress is higher than central stress. To further evaluate the effect 

of edge defect on failure modes of glass specimens, the ratio between notch tip 

circumferential stress and central stress is calculated and shown in Fig. 23. In Fig. 23 

(a), the edge notch width is fixed at 0.4 mm. For intact specimen, the notch depth can 

be regarded as zero. The stress ratio increases with the increase of notch depth. In Fig. 

23 (b), the edge notch depth is fixed at 1.0 mm. For intact specimen, the notch width 

can be regarded as infinity. The stress ratio decreases with the increase of notch width. 

 

Fig. 23. The ratio of specimen’s notch tip circumferential stress and central stress for different (a) 

notch depth and (b) notch width. 

 

The edge defect of glass plate plays an important role in the biaxial flexural behavior 

tests and may affect the experimental results, which should be considered and carefully 

evaluated in related tests. For engineering structures such as windshield of airplanes 

and glass curtain wall, they are usually installed on the foundation in the form of edge 

simple support or fixed support. They usually bear biaxial flexural loads during service. 

The edge defect of glass structures should be examined carefully to avoid crack 

initiation from the edge section. It should be noted that the geometry of specimens and 

location of defects will have strong influence on the biaxial flexural response of glass 

plates. Research on the edge damage of glass plates with complex geometric shapes 

will be further conducted. Also, it will be worthwhile to incorporate initial surface flaws 
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or more realistic edge defects into the simulations by developing multiscale models. 

This would allow for a better understanding of how imperfections interact with the 

stress field and influence failure mechanisms under biaxial loading. 

 

6. Conclusions 

The effect of edge defects and chemical strengthening on the biaxial flexural 

behavior of aluminosilicate glass plates was investigated in this study. Two loading 

configurations of biaxial flexural tests, including BOR and ROR, have been conducted 

on both AG and CSG plates. Edge defects were fabricated on the specimens to further 

evaluate the influence on biaxial flexural strength and failure mode. The in-plane strain 

field and out-of-plane displacement field can be obtained based on the 3D-DIC 

technique and specially designed loading fixture. The BOR flexural strengths of intact 

AG and CSG specimens are 91.2% and 59.2% higher than their ROR strengths. For 

comparison of specimens with and without edge defects, there is nearly no difference 

for AG specimens under BOR loading condition. However, the average BOR flexural 

strength of CSG specimens with edge defects is 40.4% lower than that of intact 

specimens. Under ROR loading condition, the flexural strength decreases by 48.3% and 

65.1% for AG and CSG specimens when existing edge defects. Radial cracks appear 

for specimens under BOR loading. Cross cracks appear at the inner ring area with radial 

cracks outside the inner ring under ROR loading. 

Numerical models were built and validated. A gradient stress field is formed on the 

tensile surface of the disc specimen under BOR loading condition. For ROR loading 

condition, a uniform equi-biaxially-stressed region is formed in the inner circle region. 

The different stress distribution forms and randomly distributed surface flaws on glass 

surface are major causes for different biaxial strength data obtained by different loading 

configurations. This demonstrates “size effect” of aluminosilicate glass in biaxial 

flexural tests. The influence of chemically residual stress on the biaxial flexural 

behavior of aluminosilicate glass plates was also clarified, which can be explained by 

the coupling effect of residual stress and microscopic surface flaws. The effect of edge 

defect depth and width on stress concentration has been illustrated. The edge stress 
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increases with the increase of notch depth and decrease of notch width. These findings 

can provide technical supports for glass component design and reliability analysis. 
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Highlights: 

• BOR and ROR biaxial flexural behavior was obtained for AG and CSG. 

• The strain/stress field and fracture modes of glass plates were analyzed. 

• The effect of loading configuration, edge defect and chemical strengthening 

residual stress were revealed. 
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