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Abstract

Ball-On-Ring (BOR) and Ring-On-Ring (ROR) tests are experimental methods used to characterize biaxial flexural strength of
brittle materials. In this study, the quasi-static biaxial fracture behavior of aluminosilicate glass is investigated via BOR and ROR
tests aided by a three-dimensional Digital Image Correlation (3D-DIC) technique. The in-plane strain field and out of plane
deformation distribution during the loading process can be obtained by this special-designed test system. A finite element
modeling approach incorporating smeared crack model is chosen to represent the discontinuous macrocrack brittle behavior of
aluminosilicate glass. The simulations are conducted using the commercial software LS-DYNA with the implemented material
model MAT280 GLASS. This numerical method is carefully assessed, and the capability of this model is evaluated by
comparing the results of the numerical simulations with the corresponding experimental results.
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1. Introduction

Silicate glass structures are widely used in buildings, vehicles, airplanes and electronic devices due to the unique
transparency property. Biaxial flexural stress states are frequently encountered in these structures during service.
(Deland et al., 2020) As silicate glass is a typical brittle material, the sudden failure of glass structures will cause
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property damage and even human casualties. For the reliable operation and efficient design of these structures, it’s
essential to better understand their fracture and failure behavior under biaxial flexure.

Finite element method (FEM) is an efficient tool for deformation and stress analysis of engineering structures. As
for brittle materials, crack initiation and propagation usually happen when the failure strength is reached. Several
approaches have been developed to describe cracks in solids. Element deletion can be assigned to the elements
reaching the failure criteria. (Pelfrene et al., 2016) This method is very simple and widely used to avoid element
distortion problems. However, deleting elements directly from the numerical model is a non-physical process
violating the conservation of mass and energy. A coupled finite element and smoothed particle hydrodynamics (SPH)
method has been developed and is used in fracture problems of ceramics (Scazzosi et al., 2020), glass (Wang et al.,
2021b) and rock (Mardalizad et al., 2020), in which eroded elements are replaced by SPH particles inheriting the
mass and energy of solid elements. Cohesive zone method is also a very popular method for brittle materials
simulations. (Vocialta et al., 2018; Wang et al., 2021a) Zero-thickness cohesive elements can be inserted into every
two solid elements to represent the potential cracks. These cohesive elements obey the traction-separation law and
will be deleted once the failure criteria are met. Recently, some meshless methods have also been developed for
brittle fracture simulations, such as the discrete element method (DEM) (You et al., 2021) and the element-free
Galerkin method (EFG) (Ma et al., 2020). However, when meshless methods or cohesive element method are used,
the calculation efficiency is still much lower than FEM (Wang et al., 2021b). For large engineering structures, an
extremely high number of cohesive elements or particles should be used, which will take up a lot of time and
computing resources. Thus, FEM simulations are usually preferred for structure analysis.

In this study, the smeared fixed crack method is utilized to simulate the biaxial flexural behavior of
aluminosilicate glass. In section 2, two experimental methods including BOR and ROR are introduced, together with
a brief description of the experimental setups. The numerical method and parameters calibration process will be
delivered in section 3, followed by the detailed discussion of the simulation results and the comparison with
experiments. In the last section 5, some useful conclusions are drawn.

2. Experimental tests

The specimens produced from 6 mm thick aluminosilicate glass plates are disc samples with a diameter of 122
mm. The same specimens are used for both BOR and ROR tests, two common biaxial flexural methods. For BOR
tests, the flexural strength o, can be calculated by (de With and Wagemans, 1989)

3P(1+w Ry\ 1-—u b? \R,?
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where P is the peak load and x is the Poisson’s ratio. R, Ry and / represent the radius of specimen, radius of support
ring, thickness of specimen respectively. The equivalent radius of the contact area between the ball and specimen b
can be calculated by

Z, forz > 1.724h
b =:(1.6z%+ h?)Y2 —0.675h,  forz < 1.724h )
0.325h, forz—=0

where z is the actual contact radius of the contact area. According to the Hertz elastic contact stress equation

1
Z=(3PT/4E/)§ 3

where 7 is the radius of loading ball and E is the equivalent Young’s modulus expressed by
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where the subscribes 1 and 2 represent the loading ball and plate respectively. In our case, 1;=0.3, 12=0.22, E;=200
GPa, E>=75 GPa, =8 mm. Thus, z can be calculated as 0.624 mm, which is smaller than 1.7244. In this way, the
equivalent contact radius b can be defined by equation (2) as 2.002 mm.

The ROR biaxial flexural strength oror can be calculated by means of the plate bending theory (Standard, 2005)

3P Rs* —R,? Rs
ORoR = 573 (1—M)T+(1+M)lnR—L (%)

where R, represent the radius of the loading ring.

A universal electronic testing machine was utilized to load the specimens at a constant loading speed of 0.2
mm/min, which can be regarded as a quasi-static loading condition. It should be noted that 3D-DIC technique was
employed to monitor the in-time displacement and strain development on the bottom side of the specimen during
tests. The detailed information of the experimental tests can be found in (Wang et al., 2021c).

3. Numerical method
3.1. Smeared fixed crack model

The smeared fixed crack model firstly introduced by (Hillerborg et al., 1976) was used for the simulation in this
study and this material model was implemented in the commercial software LS-DYNA as MAT280 GLASS. Only
shell elements (Elform=2, under-integrated) can be used for this model at present. There should be a sufficient
number of integration points over thickness of the shell elements, as shown in Figure 1 (a). If a certain number of IP
in one element fail, the whole element will fail. The default value of NIPF=1 (number of failed through thickness
integration points needed to fail all through thickness integration points) resembles the fact, that a crack in a glass
plate immediately runs through the thickness. The underlying material behavior before failure is isotropic and linear
elastic. Asymmetric (tension-compression dependent) failure happens as soon as one of the following plane stress
failure criteria is not satisfied

max(ﬁ2)<1 if o, >0and o, >0
FT'FT ! 2
41 ) .

max(—F—,—ﬁ)<1 if o, <0ando, <0

01 02 . (6)
ﬁ_ﬁ<1 ifop>0and o, <0

Ry %2 if o, < 0and g, >0

7T Fe if oy and o,

where principal stresses o; and ¢, are bounded by the defined tensile strength F7 and compression strength F'C. As
soon as failure happens in the tensile regime, a crack occurs perpendicular to the maximum principal stress direction,
as shown in Figure 1 (b). The crack direction in the integration point which failed first sets the direction for the
whole element and a local crack coordinate system will be built. At this stage, the element can no longer bear tensile
loads perpendicular to the direction of the first crack. However, it can still bear loads at the orthogonal direction and
a second crack can form in the orthogonal direction. Another feature of this numerical method is that the cracks can
open and close independently, instead of simply deleting elements in order to represent cracks. In this study, the
strength data obtained from BOR and ROR tests are set as F7 in the numerical simulations, while the quasi-static
compression strength 600 MPa of aluminosilicate glass is used for FC.
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Fig. 1. Smeared fixed crack numerical model.

The BOR and ROR numerical models are shown in Figure 2. Quarter models are provided here for convenience
of showing the loading condition. However, full models were used in our numerical studies. Structured square
meshes are used for the specimens and hexahedron solid meshes are used for the fixtures.

(a) (b)

Fig. 2. (a) Ball-On-Ring model; (b) Ring-On-Ring model.
3.2. Effect of integration points

First of all, the effect of integration points on the simulated flexural strength of aluminosilicate glass plates were
investigated, as shown in Figure 3. The dashed lines represent the experimental data. Numerical models with 3, 5, 7,
9 and 11 integration points were built and calculated respectively. With the increase of integration points along the
thickness of the shell elements, the simulated flexural strength decreased and became stable. The stable values are
comparable to experimental results for both BOR and ROR tests. The reason for this trend is that the integration
points are far from the surface of the glass tile when less integration points are used, leading to the overestimation of
strength data. It can also be seen from Figure 3 that with the increase of integration points, the calculation time
increased. In order to balance the calculation efficiency and accuracy, nine integration points were used for BOR
and ROR simulations in this work.
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Fig. 3. Effect of integration points on the biaxial flexural strength and calculation time

3.3. Effect of mesh size

The mesh size sensitivity was also conducted, as shown in Figure 4. For the ROR loading condition, there is no
apparent mesh size dependence at the mesh size range (0.4 mm — 1.2 mm) tested. For BOR models, the simulated
flexural strength decreased slightly when the mesh size is smaller than 0.5mm due to the stress concentration
induced by the point contact between indenter and specimen. It should be noted that with the decrease of mesh size,
the calculation efficiency decreased remarkably. Finally, the mesh size 0.8 mm was chosen for the models in this
study.
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Fig. 4. Effect of mesh size on the biaxial flexural strength and calculation time

3.4. Effect of loading speed

As the smeared crack model (MAT280 GLASS) can only be used in explicit analysis in LS-DYNA, the
numerical loading time must be sufficiently long to avoid dynamic effects for this quasi-static loading condition.
(Wang et al., 2015) In real experimental tests, the loading speed is very low with a long loading time, which is
actually unacceptable to be adopted for numerical simulations. In order to determine an appropriate numerical
loading speed, different loading speeds from 0.025 m/s to 0.2 m/s were tried, as shown in Figure 5. With the
decrease of loading speed, less fluctuations can be observed from the curves. In order to balance the calculation
efficiency and accuracy, the loading speed 0.05 m/s was used for the simulations in this study.
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Fig. 5. Effect of loading speed on the biaxial flexural strength — displacement curve
4. Results and discussion

4.1. Deformation field
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Fig. 6. Comparison between BOR test and simulation. (a) flexural stress-displacement curve; (b) out-of-plane displacement at different stages; (c)
full-field out-of-plane displacement from DIC and simulation.

The comparison between typical BOR and ROR tests and numerical results are shown in Figures 6 and 7
respectively. For both loading conditions, the flexural stress - displacement relation is linear elastic. The
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deformation field of specimens at different stages during loading process is also provided and fully comparable to
numerical results. The comparison of force - displacement curves for BOR and ROR tests is provided in Figure 8. It
can be seen from Figures 8 that both the peak fracture force, maximum displacement and stiffness of ROR specimen
are higher than BOR specimen, meaning that much larger external work was applied to ROR specimen during the
loading process. For BOR tests, there is only a small area under biaxial bending bellow the indenter. While there is a
much bigger biaxial bending area for ROR tests. With the increase of the biaxial bending area, the stiffness and peak
force will also increase as more strain energy is stored in the specimens. For both BOR and ROR tests, the center
point bears the maximum displacement upon failure.

(a) (b)
100 0.4
Experiment —+ Experiment
—— Simulation — Simulation
& s} D1 D2
s D2 = 0.3
2 E
2 60 =
= Cc1 £ c 52
® c2 E o2}
E g
£ o B1 s =582
S B2 2
b4 " A2 01} A2
i Al
A1 \
0 L L L 0.0 L L | L
0.0 0.1 0.2 0.3 0.4 0 20 40 60 80 100
Displacement (mm) Distance (mm)

[mm]
0.50

0.45

0.40

0.20

0.15

0.10

0.05

0.00

A2 B2 C2 D2

Fig. 7. Comparison between ROR test and simulation. (a) Flexural stress-displacement curve; (b) Out-of-plane displacement at different stages; (c)
Full-field out-of-plane displacement from DIC and simulation.
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Fig. 8. Comparison of the force - displacement curves between BOR and ROR tests
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4.2. Maximum principal stress and strain

The simulated maximum principal stress is provided in Figure 9. For BOR loading condition, there is a gradient
distribution of maximum principal stress along the radius direction of the specimen. The peak value appears only at
the very center of the plate, where biaxial flexural stress is applied. However, a uniform biaxial flexural stressed
area can be observed below the loading ring during the ROR loading condition. It should be noted that both the
principal stress distribution of BOR and ROR simulations are taken from the stage upon failure of the numerical
models and the flexural strength of glass plates under BOR loading condition is higher than ROR.

In Figure 10 the major principal strain distribution along the specimen diameter between DIC measurement and
simulations are compared. It can be seen that the curves from the tests are very fluctuated. On one hand, the
measured strain is very small (<0.2%) and it is thus hard to measure small strains, while on the other hand,
calculating strain is a differential process, which is more sensitive to the accumulative errors. Although there are
fluctuations in the experimental curves, the major strain distribution and peak value are fully comparable between
experiments and simulations. The BOR loading condition results in a gradient strain distribution on the glass surface,
with the peak strain value in the center of the specimen. In contrast, a uniform strain distribution field is formed
below the load ring for the ROR specimens. The maximum major strain for glass plates under BOR loading is
higher than ROR. The possible reason for this difference during experiments are the randomly distributed surface
flaws on glass plates. (Wereszczak et al., 2014) For ROR tests, many flaws are likely to be within the area of biaxial
bending area as the area is quite big compared to the size of flaws. For BOR tests, the biaxial bending area is only a
very small area below the indenter. Thus, the maximum major strain of specimens under BOR loading should be
higher than ROR.
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Fig. 9. Maximum principal stress from (a) BOR and (b) ROR simulations
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Fig. 10. Comparison of maximum principal strain for (a) BOR and (b) ROR tests
4.3. Fracture and failure modes

The fracture and failure modes of glass are important information for glass engineers to determine the fracture
origin, loading conditions and evaluate the material strength. (Quinn, 2016) The typical fracture modes for BOR
specimen and ROR specimen are shown in Figure 11 (a) and (b) respectively. Multiple radial cracks appear in the
fractured BOR specimen and the fracture origin is right at the center of the plate beneath the loading indenter. For
ROR loading condition, cross cracks formed in the inner ring area. The stress distribution outside of the inner ring is
mainly circular stress perpendicular to the radius direction. Radial cracks are driven in this region, similar to BOR
fracture pattern. For numerical models, the failure mechanism can be reproduced for both specimens. However, the
cracks density of BOR specimen is much lower than real observations. The numerical prediction for ROR test is
more realistic and both the inner crossed cracks and outer radial cracks can be clearly seen.

Fig. 11. Fracture modes for (a) BOR and (b) ROR specimens from tests and numerical simulations
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5. Conclusions

In this study, the smeared fixed crack finite element method was utilized to represent the discontinuous
macrocrack brittle behavior of aluminosilicate glass. This numerical method was carefully assessed and the
numerical parameters were calibrated, including the effect of integration points, mesh size and loading speed on the
numerical results. The capability of this model was evaluated by comparing the results of the numerical simulations
with the corresponding BOR and ROR experimental results. During the loading process, a uniform principal strain
and principal stress field were formed below the loading ring in ROR tests, while a gradient distribution was built
for BOR loading condition. Finally, both the deformation field, principal strain distribution and fracture
morphologies of the plate specimens could be replicated via the proposed numerical method.
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