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Fracture Morphology of Tempered Glass and Voronoi Tessellation-Based Regeneration
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(1. State Key Laboratory of Ocean Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
2. Shanghai Key Laboratory for Digital Maintenance of Buildings and Infrastructure, School of Naval Architecture, Ocean and Civil
Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: The residual effect of fractured glass, which is greatly affected by its fracture morphology, is correlated to the post-fracture
performance of laminated glass. For tempered glass in laminated glass, its fracture morphology is affected by some major variables
such as surface compressive stress, thickness, and fracture point. However, a few previous work concerning the fracture morphology
characterization are reported. In this paper, fragmentation tests were firstly conducted on 81 tempered glass specimens. The fracture
morphology and spatial distribution, including fragment area, perimeter, circularity and distribution intensity, were analyzed. The
fracture morphology and spatial distribution obtained at the given variables (i.e., surface compressive stress of 60—105 MPa, thickness
of 6-12 mm, three fracture points) were discussed. Also, a new seeds generation approach for the centroid of fragments to control
nearest neighbor distance and global distribution intensity of fragments was proposed, which was combined with the Voronoi
tessellation to characterize the fracture morphology of tempered glass. The proposed method has a satisfactory accuracy in generating
the fracture morphology.

Keywords: fully tempered glass; heat strengthened glass; fracture morphology; Voronoi tessellation; surface compressive stress
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Table 1 Information of tested monolithic tempered glass specimens

Sample No. Thickness/mm Dimension/(mmxmm) Tempering level Average o/MPa Quantity
MO06a(1/2/3) 6 600x300 Low 76.82 9
MO6b(1/2/3) 6 600x300 Mid 91.50 9
MO06¢(1/2/3) 6 600x300 High 103.41 9
MO08a(1/2/3) 8 600x300 Low 69.53 9
MO08b(1/2/3) 8 600x300 Mid 84.56 9
MO08¢(1/2/3) 8 600x300 High 103.70 9
M12a(1/2/3) 12 600x300 Low 60.80 9
M12b(1/2/3) 12 600x300 Mid 71.09 9
M12¢(1/2/3) 12 600x300 High 94.20 9
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Table 2 Thickness of tempered glass specimens

Nominal Avg. of true Std. of specimens’ Deviation
thickness/mm  thickness/mm thickness rate/%
6 5.88 0.037 2.03
8 7.92 0.045 0.99
12 11.93 0.033 0.60
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Fig.3 Fracture morphology of tempered glass (crack initiation at the centre)
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Table 3 Peak PDFs of the geometrical parameters of fragments
Area/mm’ Perimeter/mm Circularity
Thickness
Low Mid High Low Mid High Low Mid High
6 mm 4.14 3.35 2.81 3.72 3.10 2.82 0.644 0.720 0.764
8 mm 4.79 3.77 3.09 3.98 3.37 2.98 0.645 0.702 0.758
12 mm 4.85 4.39 3.52 4.02 3.65 3.20 0.661 0.691 0.751
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Table 4 Centroids distribution parameters with different
crack initiation points (M08b)
Group Ag/mm 2 Hmin/MM max/ MM Tavg/MM a
MO8b1 2.19x107 2.42 9.20 5.20 0.33
MO08b2 2.34x107 2.58 8.93 5.00 0.37
MO08b3 2.14x107 2.59 9.41 5.13 0.35
Avg. 2.22x107 2.53 9.18 5.11 0.35
Std. 8.421x107* 0.078 0.199 0.081 0.014
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Table 5 Aggregation of parameters statistics of fragments centroids distribution

Group /lg/mm’2 Hmin/MM Hmax/MmM Tavg/ MM rycp/mm a

MO6a 8.05x107° 2.51 19.86 7.34 12.01 0.21
MO6b 3.34x10? 223 7.64 4.23 5.89 0.38
MO6¢c 5.28x107? 2.04 5.75 3.46 4.68 0.44
MO08a 6.40x107° 291 19.20 8.45 13.46 0.22
MO08b 2.22x107 2.53 9.18 5.11 7.22 0.35
MO08c 4.19x107 2.21 6.36 3.84 5.25 0.42
M12a 5.57x107° 3.06 20.29 9.07 14.49 0.21
MI12b 1.34x1072 2.61 11.89 6.40 9.31 0.28
Ml2c 3.03x107? 2.37 7.34 4.41 6.18 0.38
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Table 6 Comparison of the experimental and theoretical
Nmax Values

Group Experimental Theoretical Deviation
Hmax/Mm Tmax/Mm value/mm
6-low 19.86 16.75 3.11
6-mid 7.64 7.72 0.08
6-high 5.75 6.00 0.25
8-low 19.20 18.74 0.46
8-mid 9.18 9.56 0.38
8-high 6.36 6.77 0.41
12-low 20.29 20.20 0.09
12-mid 11.89 12.66 0.77
12-high 7.34 8.08 0.74

LA MO6b LIS HON B, 15 fonin LS
XF UM R AT IR T TR, SRR 7 P,
MHCP FARA B RGBS 3 A 2 R E S5
LRI B 22 UK, AT K TR SR A R L
EAL.

£R7T MO6b BE DT ERLE

Table 7  Comparison of selected points distribution
methods using data from M06b
Item Ag/mm 2 Hmin/MM Hmax/MM a
Experimental data 3.34x107° 223 7.64 0.38
MHCP 2.42x107 2.23 12.69 0.32
Poisson disk 11.75%1072 2.23 3.91 0.71
Proposed method 3.52x107° 2.29 7.62 0.40
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Table 8 Peak PDFs of the regenerated fracture morphology
and its comparison with testing data

Area/mm’ Perimeter/mm Circularity
Group Deviation Deviation Deviation
Pea Peal Pea
value value value

MO6a  4.83 0.70 3.78 0.06 0.841 0.197
MO6b  3.40 0.05 3.05 0.05 0.868 0.148
MO6c  2.94 0.13 2.81 0.01 0.875 0.111
MO8a  5.06 0.27 3.89 0.09 0.841 0.196
MO8b  3.82 0.05 3.26 0.11 0.864 0.163
MO08c  3.18 0.09 2.93 0.05 0.873 0.115
Ml2a  5.20 0.36 3.97 0.06 0.842 0.181
3.52 0.13 0.853 0.162
Ml2¢ 351 0.02 3.10 0.10 0.867 0.116

MI2b 432 0.07
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