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Abstract: The fragments expansion behaviour of thermally tempered glass (TTG) at fracture, can
result in the secondary effects that facilitate the fracture or buckling risks of structural glass
members. This paper experimentally investigated the fragment morphology and expansion
behaviours of thermally tempered laminated glass (LG) plates with different polymeric interlayers
and elastic strain energy levels of glass. A computer-vision-based method was adopted for
processing stable-state fracture morphology, in order to obtain the fragment density, fracture surface
energy and elastic strain energy release at fracture. These parameters were quantitively analysed
and compared with those of monolithic glass (MG) plates, identifying the influence of elastic strain
energy, intact glass and interlayer. Subsequently, the expansion behaviours were assessed by
examining the strain variations on the intact glass and the overall bending deformation. It is found
that all specimens exhibit intense strain variations and half sinusoid expansion-induced deformation
shapes at asymmetric fracture. Parametric analysis shows that the stiffness disparity between the
studied interlayers results in a more than two-fold variation in the maximum in-plane and out-of-
plane expansion. In addition, specimens with greater elastic strain energy present higher expansion
responses, and the sensitivity of expansion behaviours towards elastic strain energy variations
differs across specimens with different configurations. The present study provides insights for
further determining the expansion-induced imperfections of structural glass members at post-
fracture state.

Keywords: Laminated glass; Thermally tempered glass; Expansion behaviour; Post-fracture state;

Elastic strain energy; Fracture morphology
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1. Introduction

Thermally tempered laminated glass (LG) has been widely adopted in load-bearing glass
structures for its excellent mechanical properties and safety features [1]. Thermally tempered glass
(TTG) is produced under a tempering process, in which flat glass is heated up to over 600 °C and
then cooled down rapidly using the jets of air. A parabolic residual stress distribution along the
thickness with compression on the surface and tension in the mid-plane can then be generated [2,
3]. Parameters such as glass temperature before cooling and the heat transfer coefficient during
cooling significantly control the magnitude of residual stress [4, 5]. According to the magnitude of
surface compressive stress, TTG can be further divided into heat-strengthened glass and fully
tempered glass [6]. The surface compressive stress gives the glass higher resistance to breakage,
since the small surface flaws will not grow until the surface compressive stress is exceeded by the
external load [7]. In addition, TTG will be fractured into small blunt fragments in the case of failure,
which can ensure a higher degree of safety compared with the sharp shards of float glass [8]. These
small fragments stem from the release of stored elastic strain energy in TTG, and the size of
fragments is highly dependent on the residual energy state, as suggested in the existing literature [ 8-
12].

However, recent studies show that the post-fracture load-bearing capacity of TTG may be
weaker than that of annealed glass. Zhao et al. [13] tested the out-of-plane post-fracture performance
of LG plates having various thermal treatment levels. The results indicate that plates with larger
fragments provide better resistance. A similar conclusion is drawn from the through-cracked tensile
test and random-cracked tensile test with different fracture patterns conducted by Chen et al. [14].
Another drawback of TTG, which is also the primary concern in this paper, is the trend of volume
expansion due to the release of stored elastic strain energy at fracture. It can generate initial
imperfections in glass members that may introduce detrimental second-order effects. After
fragmentation, the stored elastic strain energy U, swored Will convert into energy for creating new
fracture surfaces Usurface and kinetic energy Ukineic [11, 15, 16]:

U, stored T Uloading=UE, remaining T Usurface T Ukinetic T Usther (1)
where Uloading 18 the energy of external loading, UE, remaining 1S the remaining elastic strain energy and

Ubother 1s the energy consumed by other effects such as sound and heat. Nielsen et al. [16] presented
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a numerical model to evaluate a single fragment’s stress redistribution and deformation during this
process. The investigation shows that the fragment tends to expand at the edges and shrink at the
centre. In addition, it is also found that the stress redistribution and deformation are highly related
to the magnitude of the residual surface compressive stress and the geometric parameters of the
fragment. Subsequent studies, as reported in [17], further validated this numerical method by
comparing the surface profiles before and after the fracture.

For a monolithic TTG plate or beam, the fragment expansion would only show in-plane free
expansion in all directions. However, in the case of LG, which consists of glass layers bonded by
polymeric interlayers, fragment expansion can induce unfavourable deformation and stress under
certain circumstances. Initially, the introduction of interlayers aims at utilising the strong adhesion
between the glass and interlayer. This adhesion not only enables glass fragments to be retained on
the interlayer after fracture, thereby reducing the risk of glass-related injuries [18], but also makes
it possible for stress redistribution after partial breakage, allowing for substantial resistance to
member failure [19]. Regarding fragment expansion, the bonding by interlayer could transform the
free expansion of a single fractured glass layer into a comprehensive expansion of the entire member.
As shown in Fig. 1, when the initial self-equilibrium state fails, the fragments tend to push each
other, leading to a macro expansion of the whole fractured glass layer. If the interlayer and glass are
well bonded, the expansion of the fractured glass layer would be transferred to the neighbouring
glass layers by the interlayer. Furthermore, the whole member would show a trend of out-of-plane
deformation, when the fracture mode is asymmetric. The interlayer plays an important role in this
process. Additionally, it should also be noted that commonly adopted interlayers, like polyvinyl
butyral (PVB), ionomer (SentryGlas®, SG), ethylene-vinyl acetate (EVA) and thermoplastic
polyurethane (PU), all have high nonlinearity as well as time and temperature dependency [20-23].
These features make it complex to accurately predict LG members’ expansion behaviour during the

post-fracture state.
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Fig. 1 Fractured thermally tempered LG (fracture mode: asymmetric): (a) initial state; (b)
expansion without considering the effect of interlayer; (c) Expansion considering the effect of

interlayer

To date, the investigations on the expansion behaviour of TTG at the member level are still
limited. Experimental data published in this field are scarcely available, and there is no general
analytical model for estimating both in-plane and out-of-plane expansion. Weis et al. [24]
investigated the effect of interlayer types on the fracture morphology of two-layer LG plates. In this
study, noticeable out-of-plane expansion were found when LG plates were asymmetrically fractured.
Wang et al. [25] observed volume expansion and fragments movement induced strain variations,
after cracking certain layers of the multi-layered LG panels. It is also found that the fragments
expansion and tension-stiffening effect [26, 27] can contribute to the out-of-plane stiffness of
specific partially cracked LG panels. However, neither of these studies have recorded the detailed
expansion-induced deformation and strain values. In the investigation of the in-plane post-fracture
performance of three-layered LG beams with different interlayers, the expansion of TTG was
measured [28]. The strains recorded on the intact glass layer showed rapid changes after fracture.
After that, they decayed gradually and then reached a plateau. This might be related to the time-
dependent property of interlayer, claimed by the researchers. Similar to the study by Weis et al. [24],
the out-of-plane expansion only happened when the fracture mode was asymmetric, and a lateral
sag of 30-32 mm was observed in the case that the central and one of the outmost glass layers failed.
In addition, an equivalent non-isotropic temperature gradient was introduced on the fractured glass

layer to numerically simulate the expansion effect. Based on the flexibility method, the temperature
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gradient can be determined by the collected mid-span strain value during the post-fracture stage.
Subsequently, Biolzi et al. [29] examined the out-of-plane resistance of LG plates with different
interlayers, and the out-of-plane expansion was measured during the experimental process. A similar
equivalent method as [28] was conducted to simulate the expansion of LG plates, and the numerical
results were in good agreement with the experimental results. Nevertheless, the application of this
method is highly experiment-dependent, which restrains its general engineering use. To this end, a
refined analytical attempt was carried out by Nielsen et al. [30], which combined the aforementioned
numerical method [16] and the statistical findings on TTG fracture morphology by Pourmoghaddam
et al. [8, 15]. The proposed equivalent temperature differences (ETD) model provides an effective
method of estimating the average in-plane expansion of TTG. However, the primary defects of this
method are that it overlooks the interlayer bonding effect and the bending behaviour under the
asymmetric fracture mode. Additionally, the author pointed out that the application of the proposed
model also depended on the accurate determination of the stiffness for the fractured thermally
tempered glass. Based on the equivalent temperature differences (ETD) model [30], Wang et al. [31]
proposed an equivalent expansion model for multi-layered LG beam. This model can provide
conservative predictions to the out-of-plane deformation of LG beam with different geometries,
surface compressive stress and effective modulus of fractured glass layers. In the newly published
specification CEN/TS 19100-3 [32], the expansion during the post-fracture stage is emphasised that
the unfavourable effects should be considered in the post-fracture buckling design. An empirical
formula is provided in this specification to estimate the out-of-plane expansion, but it is exclusively
applicable to PVB LG members. Members with different interlayer types and glass surface
compressive stress are beyond the scope of this empirical formula.

Thus, this paper aims to improve current understandings of post-fracture behaviours of
thermally tempered LG members, with a special concern on expansion-induced imperfections which
can facilitate the engineering glass design when introducing the stiffness and integrity of fractured
glass members. The novelty of this research lies in the facts that:

(1) A comprehensive experimental study was devised and conducted, for the first time, to
investigate the secondary effects (i.e., fragments expansion-induced strain variations and overall
bending deformation) in thermally tempered LG plates at asymmetric fracture.

(2) The influences of interlayer type and elastic strain energy on fragment morphology and
5
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expansion behaviours were identified. These findings can provide designers with more targeted
approaches to address the expansion-induced imperfections.

In this study, 48 thermally tempered LG plates, with different interlayer types (SG and PVB),
glass thicknesses (6 mm, 8 mm and 12 mm) and surface compressive stress (60-105 MPa), were
cracked into an asymmetric fracture mode. The post-fracture responses of these LG plates were
characterised by their fracture morphology and expansion behaviours. In the former part, the
geometric features of fragments were extracted through a computer-vision-based method for a
quantitative analysis of fracture morphology and the elastic strain energy release after fracture. Then,
the expansion behaviours in terms of expansion-induced strain variations on the intact glass and
overall bending deformation were presented and compared. It is followed by a parametric analysis
to investigate the effects of key variables, such as interlayer type and elastic strain energy levels, on

expansion behaviours.

2. Experiment

2.1 Specimen design

LG plates with a total of 16 configurations were tested. There were three replicates for each
configuration. The specimens were laminated with two TTG layers and one interlayer with a size of
600 mm x 300 mm. The fabrication and measurement of specimens were conducted in two steps:
1) glass sheets fabrication and surface compressive stress measurement, 2) glass lamination and
overall thickness measurement.

In the first step, glass sheets with different thickness and surface compressive stress were
fabricated to achieve different elastic strain energy levels. Three thicknesses, i.c., 6, 8 and 12 mm,
were utilised. Additionally, the tempering conditions were carefully controlled to achieve three
surface compressive stress levels, denoted by a, b and ¢, which covered a surface compressive stress
ranging from 60 MPa to 105 MPa. Surface stress metre (type JF-1E) was used to obtain the surface
compressive stress of each glass sheet. Measurements were carried out according to GB 15763.2
[33], and the surface compressive stress of each glass sheet was averaged by the measurements at

four specific points, as illustrated in Fig. 2. For each specimen, the surface compressive stress across
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different measurement points showed great uniformity with the highest coefficient of variation of

2.61 %.
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Fig. 2 Surface compressive stress and thickness measurements

In the second step, two glass sheets with the same thickness and surface compressive stress,

along with one interlayer, were laminated. The present study used two types of interlayer materials,

PVB and SG, both with a thickness of 1.52 mm. The PVB interlayers adopted were Trosifol®

UltraClear B200 NR, and SG interlayers were SentryGlas Xtra® SGR6000, both supplied by

Kuraray China Co., Ltd. The shear relaxation modulus at 30 °C for both interlayers is shown in

Table 1. The true total thickness of each specimen was measured at each edge’s midpoint with a

Vernier calliper, as illustrated in Fig. 2. The measurements of each specimen across different points

also showed great uniformity, as the observed highest coefficient of variation was only 1.42 %.

Table 1 Shear relaxation modulus G(#) (unit: MPa) at 30 °C [34]

Load duration

Interlayer . . .
3 sec 30 sec 1 min 5 min 10 min 1 hour 1 day 5 days
SG 101 84.8 80.1 55.1 38.2 26.0 8.97 7.13
PVB 0.69 0.50 0.47 0.41 0.35 0.33 0.19 0.12

The detailed information for each series, including the mean value and the standard deviation

(Std) of measurements across different specimens within each series, is listed in Table 2. The

7



specimens were supplied by Henan Zhongbo Glass Co., Ltd. (Manufacturer A) and Shanghai

2 Shenbo Glass Co., Ltd. (Manufacturer B). LP08¢c-SG series and LP12¢-SG series were provided by
3 Manufacturer B due to the production line adjustments of Manufacturer A. Although the LP08c-SG
4  series shows limited differences in average surface compressive stress compared with LPO8b-SG
5  series, it is also included to provide further insights for future refined numerical and analytical
6  studies. Prior to testing, all plates were visually inspected for defects, and none were noted.
7
8 Table 2 Configurations of tested LG plates
Surface Surface compressive  True total thickness
Series compressive stress o5 (MPa) frot (MM) Interlayer Manufacturer
stress level Mean Std Mean Std Type
LP06a-SG Low 76.82 1.89 13.63 0.11 A
LP06b-SG Mid 91.50 1.17 13.38 0.13 A
LP06¢c-SG High 103.41 2.12 13.44 0.04 A
LP08a-SG Low 69.53 1.03 17.46 0.11 A
LPO8b-SG Mid 84.56 1.47 17.41 0.07 SG A
LP08c-SG High 86.55 0.58 17.31 0.06 B
LP12a-SG Low 60.80 1.08 25.40 0.07 A
LP12b-SG Mid 71.09 1.33 25.43 0.07 A
LP12¢-SG High 85.23 0.18 25.25 0.09 B
LP06a-PVB Low 76.82 1.89 13.35 0.07 A
LP06b-PVB Mid 91.50 1.17 13.30 0.07 A
LP06¢-PVB High 103.41 2.12 13.39 0.13 A
LP0O8b-PVB Mid 84.56 1.47 17.42 0.11 PVB A
LP08c-PVB High 103.70 1.42 17.47 0.21 A
LP12a-PVB Low 60.80 1.08 25.54 0.08 A
LP12¢c-PVB High 94.20 2.49 25.51 0.05 A
9
10 2.2 Experimental setup
11 This experiment intended to crack one glass layer of the specimen, which would generate an

8
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asymmetric fracture mode. Then, as shown in Fig. 3, the central deformation along the x-axis and
strain variations at six designated locations (x-direction: 11, 12, 13 and y-direction: 21, 22, 23) on
the intact glass layer were collected to evaluate the out-of-plane and in-plane expansion of the
specimen, respectively. Since the expansion was symmetric about the y-axis under the current
cracking load [28], only six strain gauges were installed on the glass surface. Three strain gauges
were installed along the midspan of the x-direction (data denoted by &11, €12, €13), and the rest were

along the y-direction (data denoted by &21, €22, €23).
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Fig. 3 Expansion responses measurement: (a) deformation measurement; (b) strain variation

measurement

The experiments were carried out at temperature of 29 + 2 °C. An expansion evaluation system
was set up to record the in-plane and out-of-plane expansion responses. As shown in Fig. 4, the

specimen was placed vertically to diminish the influence of gravity. Four corner bolts were used to
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fix the specimen and acrylic panel together, with the aim of reducing the constraints imposed by the
boundary conditions, while limiting the specimen’s movement as much as possible during the
fragment expansion. Flexible pads were also employed with bolts to provide an additional softer
constraint on specimens. Furthermore, after collecting the expansion responses of each specimen, a
thin polycarbonate plate can be easily placed between the acrylic panel and the specimen. The
combined optical properties can enhance the projection of fracture morphology, which has been
successfully employed in a previous study [12]. To ensure the strain gauges on the intact glass layer
can be connected to the data acquisition system, the acrylic panel was designed with openings at
both the x-axis and y-axis. In previous studies, LVDT (Linear Variable Differential Transformer)
[35] and laser devices [36] were the two main sensors to measure the initial imperfection of glass
members. These sensors usually have an accuracy of 0.01 mm which can sufficiently meet the
requirements to capture initial deformation. However, in most preliminary tests, the limited
specimen size has resulted in relatively small out-of-plane deformation. To this end, the chromatic
confocal scanner, which can provide data with a high accuracy of 0.025 pm, was used in this study
to enhance the reliability of results. The chromatic confocal scanner utilises the wavelength
dependence of longitudinal chromatic aberration and analyses the spectral components reflected by
light to achieve its functionality [37, 38]. As a non-contact measuring sensor, it can significantly
reduce the interference to the specimen during the post-fracture state. Although this device can
conduct measurements on transparent materials, the result could be discrete in the present study as
the measurement area was on the fractured glass layer. Thus, non-transparent tapes were adhered to
this area to obtain continuous results. Since the adhesion area was limited and the stiffness of the
tape was much lower than that of the interlayer, the influence of tape can be neglected. The
chromatic confocal scanner was mounted on a motorised wagon, which could slide on an aluminium

guiding rail parallel to the specimen at a low and constant speed.

10
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Fig. 4 Expansion measurement system: (a) front view (fractured glass layer); (b) back view (intact
glass layer)

The specimens were fractured according to EN 12150-1 [39] with the crack initiation shown
in Fig. 3. In the present study, a hammer with a tungsten steel tip was used to fracture the specimen.
The hammer was qualitatively performed to ensure Ulading in Eq. (1) remained basically consistent.
This can be supported by the minor variations in fracture surface energy and expansion responses
observed among specimens within the same series in the following section. As illustrated by Eq. (1),
when the fracture surface energy and expansion responses are relatively uniform, it can be inferred
that the energy introduced by external loading is similar for glasses with the same elastic strain

energy.
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3. Results and discussion

3.1 Fracture morphology

The specimens were cracked in an asymmetric fracture mode as described in Section 2, and
the MV-SUA2000C-T industrial camera (with a resolution of 5488 x 3672) was used to collect the
fracture morphology. It should be mentioned that the fracture morphology was collected after
obtaining the expansion results and the crack generation became stable (with no further occurrence
of secondary cracking). Fig. 5, Fig. 6 and Fig. 7 show the typical fracture morphology of each series
following distortion correction and removal of extraneous information. Since the release of stored
elastic strain energy in the fractured glass layer drives both the fracture morphology and the
expansion behaviours of the LG plates, the elastic strain energy per surface area Uy [15, 16] for the
fractured glass layer is used to represent the total amount of stored elastic strain energy Uk, siored bY
the residual stress and it can be calculated by Eq. (2):

U, =§(1—Ev) to? )
where the Young’s modulus £ and Poisson ratio v of the TTG are 70 GPa and 0.23, respectively.

[30] The thickness ¢ refers to the nominal thickness of the fractured glass layer, and o is the average

surface compressive stress of the fractured glass layer.

A6

b

Fig. 5 Fracture morphology of the LP06 series: (a) LP06a-SG-1 (Us=77.9 J/m?); (b) LP06b-SG-1
(Uo=110.5 J/m?); (c) LP06¢-SG-3 (Up=141.2 J/m?); (d) LP06a-PVB-1 (Up=77.9 J/m?); (e) LPO6b-
PVB-1 (Uy=110.5 J/m?); (f) LPO6¢-PVB-1 (Up=141.2 J/m?)

12



O o0 3 O W

10

11

12

13

14

15

16

17

18

19

20

S Fepsady S SEMIES e e | ;
Fig. 6 Fracture morphology of the LP08 series: (a) LP08a-SG-2 (Us=85.1 J/m?); (b) LP08b-SG-2
(Up=125.8 J/m?); (c) LP08¢c-SG-2 (Us=131.8 J/m?); (d) LPO8b-PVB-1 (Uy=125.8 J/m?); (e)
LP08c-PVB-3 (Up=189.3 J/m?)

R y

S0
TN

Fig. 7 Fracture morphology of the LP12 series: (a) LP12a-SG-3 (Us=97.6 J/m?); (b) LP12b-SG-1
(Up=133.4 J/m?); (c) LP12¢-SG-3 (Us=191.8 J/m?); (d) LP12a-PVB-1 (Up=97.6 J/m?); (¢) LP12c-
PVB-3 (Us=234.3 J/m?)

To quantify the fragment feature, a computer-vision-based method was employed with the
open-source image processing software Fiji [40]. Fig. 8 illustrates the image processing procedures
of the local image of LP06¢c-SG-2 with a size of 50 mm x 50 mm. After pre-processing (distortion
correction and cropping), pixel-based segmentation of images was produced with the plugin
Trainable Weka Segmentation [41], where each image was classified into crack branching and
fragments. The segmentation outputs were then further optimized and processed into skeletonized
images. Quantification of fragment features was performed by morphological segmentation of
individual fragments using the MorphoLibJ plugin [42]. This allowed for the determination of
fragment numbers and perimeter, which were then utilized for fragment feature analysis. Key
fracture morphology parameters were obtained based on the analysis results, as summarized in Table

Al and Table A2.
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Fig. 8 Procedure of fracture morphology image processing (local image of LP06¢c-SG-2)

3.1.1 Fragment density

This research aims to explore the post-fracture behaviours of LG plates from a global scale, so
the fragment density A was studied by dividing the fragment number by the whole plate area. The
assessment of a global fragment density can also facilitate the development of a refined numerical
model based on feature points-based fracture morphology reconstruction [12, 43-45]. Fig. 9 shows
the average results of each case, along with the data from a previous study [12]. In Ref [12], a
comprehensive investigation was conducted on the morphological characteristics of monolithic

glass (MG) plates of dimensions 600 mm x 300 mm, which were identical to the LG plates in the

present study.
0.06 0.06
(a) 6 mm (b) 6 mm
8 mm 8 mm
0.05 - 12 mm 0.05 12 mm
6 mm [12] 6 mm [12]
8 mm [12] 8 mm [12]
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Fig. 9 The relationship between fragment density A and elastic strain energy per surface area Uy: (a)
SG series; (b) PVB series

With a given interlayer type and glass layer thickness, specimens having the higher elastic
strain energy have a higher fragment density, indicating more elastic strain energy is transformed
into energy for generating new fracture surfaces. In addition, linear regression was used to fit present

data points. Strong linear relationship can be observed in all SG series and 6 mm PVB series.
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Although the data for 8§ mm and 12 mm PVB series were limited to only two elastic strain energy
groups, the linear relationship may still be inferred and they were connected by lines to facilitate
further analysis. It is also noticed that the introduction of an intact glass layer and interlayer,
compared with monolithic cases in [12], has an impact on the fragment density. At a relatively low
elastic strain energy, the fragment density for LG plates and MG plates, with similar elastic strain
energy, exhibits minimal difference. However, as the elastic strain energy increases to a higher level,
the density differences become more significant. Most MG plate data is higher than that of LG plate.
As the tested LG plate is fractured in an asymmetric mode, the fracture surface growth is affected
by the intact glass layer and interlayer. The release of stored elastic strain energy, which contributes
to fracture surface generation, can be restrained. Thus, it is rational to observe a lower fragment
density in LG plates.

Moreover, from Fig. 5 to Fig. 7, the fragments also show significant morphological disparities.
Specimens with higher elastic strain energy have small fragments with blunt shapes. Besides,
butterfly-shaped fragments are commonly observed at the crack initiation in these specimens, from
which the cracks propagate and branch (e.g., LPO8c-PVB-3 in Fig. 10(a)). The cracks can be further
divided into primary cracks and secondary cracks. The secondary cracks are in the orthogonal
direction of the primary cracks, and they are usually driven by the residual stress field [46]. As a
result, the secondary cracks arise after the main cracks, which can also be observed in the expansion
responses and will be explained in the following section.

For specimens with low strain energy, the crack propagation and branching are much milder,
resulting in larger fragments. In addition, their fragments are more irregular and sharper, which can
be further divided into two categories in the present study. As shown in Fig. 10(b), strip-shaped
fragments with a large aspect ratio can be observed in the lower-middle part of the impact influence
zone [47]. Apart from these areas, most of the fragments are chunk-shaped with becoming smaller
when being closer to the edge. This differs from the higher strain energy cases where all fragments

are basically with the similar size and shape.
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Fig. 10 Comparison of two typical fracture morphology: (a) LP08c-PVB-3 (Up=189.3 J/m?); (b)
LP12a-SG-3 (Up=97.6 J/m?)

3.1.2 Fracture surface energy

According to [12], the total amount of a specimen's fracture surface energy Usurface Can be
calculated by Eq. (3):

Usurface=27 Lct=2y, ¢ 3)
where Lc is the total crack length and it can be estimated by the data of the fragments’ perimeter.
Although the fracture surface energy can be affected by elastic modulus difference due to glass
composition and testing temperature [48, 49], it was not the main concern to determine the value of
fracture surface energy here. In addition, except for LP08c-SG series and LP12¢-SG series, all other
glass specimens as well as those from the previous study [12], were made of the same raw material
and were supplied by the same manufacturer. In this regard, » can be considered as a constant and
the value of fracture surface energy only depends on Lct, which was defined as the coefficient ¢.

The energy transferring of cracks generation was estimated by dividing the elastic strain energy
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1 per surface area Uy by the fracture surface energy Usurface:

Usurface _ 1Oy0E . L_C _ 1Oy0E .

Uy

1-v

O3

2

1-v

“4)

2 It was also noticed that the parameters y, £ and v would remain constant for specimens made of the

3 same raw material. Thus, coefficient i, which can be estimated by Lc¢/os?, was defined to assess the

4 energy transferring rate from elastic strain energy to fracture surface energy.

5 The two defined energy coefficients @ and y for present LG plates are calculated and presented

6  in Fig. 11 and Fig. 12, along with the results of MG plates from [12], to characterize the fracture

7  surface energy and energy transfer across the whole plates. All the presented specimens were

8  provided by manufacturer A.
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10 Fig. 11 Coefficient ¢ of present LG plates and MG plates from [12]: (a) SG series; (b) PVB series
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12 Fig. 12 Coefficient y of present LG plates and MG plates from [12]: (a) SG series; (b) PVB series
13
14 As shown in Fig. 12, it can be observed that for MG plates with the same thickness [12],
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coefficient i initially increases and then decreases with the increments in elastic strain energy. There
is a certain threshold during this process, after which a higher proportion of elastic strain energy is
released or secondarily stored in other forms, such as fragment expansion, rather than fracture
surface energy. The variation trend of coefficient y remains the same for the 6 mm LG plates. For
the 8 mm and 12 mm LG plates, only two elastic strain energy groups are available for comparison
in each interlayer series. However, for each case, the relative magnitudes of coefficient i between
the two elastic strain energy groups are consistent with the MG plates [12], except the 8 mm SG
series. Taking the 8 mm PVB series in Fig. 12(b) as an example, when the elastic strain energy Up
increases from 125.8 J/m? to 189.3 J/m?, MG plates’ coefficient y presents a decrease in from 7.53
mm/MPa? to 6.62 mm/MPa?. A similar decrease can also be observed for the LG plates, with the
average coefficient y dropping from 6.75 mm/MPa? to 6.12 mm/MPa?. It should be noted that the
energy transferring rate from elastic strain energy to fracture surface energy is not consistent with
the value of fracture surface energy. As shown in Fig. 11, as the elastic strain energy increases, the
fracture surface energy, represented by coefficient ¢, continuously rises. Specifically, for the 6 mm
SG series, as the elastic strain energy U increases from 110.5 J/m? to 141.2 J/m?, the average
coefficient y experiences a decline of 0.37 mm/MPa? (Fig. 12(a)), while the average coefficient ¢
increases from 3.913x103-mm™ to 4.765x10°-mm™ (Fig. 11(a)). The increased fracture surface
energy can also be evidenced by the increased fragment density as presented in Fig. 9. Meanwhile,
a higher value of coefficient y does not imply lower fragment expansion behaviour. Once the elastic
strain energy of a glass specimen is improved, its expansion behaviour will increase as well, which
is illustrated in Section 3.4.2.

Compared with the MG cases from [12], the crack generation of present asymmetrically
fractured LG plates is constrained by both intact glass layer and interlayer. The constraints of the
intact glass layer present different effects at various elastic strain energy levels. At the same
thickness, for the cases with relatively higher elastic strain energy, both coefficient ¢ and w of the
LG plates are observed to be lower than those of the corresponding MG plates, such as the last two
elastic strain energy groups of 6 mm PVB and SG series. This indicates that not only the value of
fracture surface energy but also the transferring rate decreases due to the constraint of the intact
glass layer. However, for the case of low elastic strain energy level, certain LG plates show higher

values on both coefficient ¢ and y than the MG plates, e.g., the first elastic strain energy group of
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6 mm and 12 mm PVB series. This variation is assumed to be affected by the differences in crack
initiation positions between the present study and the previous study [12]. In Ref [12], MG plates
were fractured at three different positions, i.e., corner point, midpoint of the long edge and midpoint
of the centre. The data presented in Fig. 11 and Fig. 12 from [12] are average values of the three
crack initiation positions. The previous study [12] suggests that the majority of the obtained
fragment perimeter data points fall into a favourable distribution range for each tempering level. As
shown in Fig. 5, Fig. 6 and Fig. 7, the fragments of specimens with mid or high surface compressive
stress level are uniformly distributed with rather similar shape and size. Therefore, most of these
fragments are within this distribution range. It is also noted that within this range there is no
significant difference in the probability density of fragment perimeter with different crack initiations
[12]. Consequently, the effect of crack initiation on total crack length Lc could be limited, resulting
in similar values on coefficient ¢ and y for cases with different crack initiations. However, for
specimens with low surface compressive stress level, the favourable distribution range may be more
referred to the rather small and regular fragments around the boundary. There are a greater number
of these fragments than the central irregular fragments, thus making the boundary fragments fall
within the favourable distribution range. However, the central irregular fragments, which are not
within this range, may be more decisive on total crack length Lc, as these fragments have higher
perimeters than the boundary fragments. The irregular chunk-shaped fragments are observed with
significant differences due to the variations of crack initiation in [12]. Cases with corner point and
midpoint of the centre crack initiations might have a lower total crack length Lc in Eq. (3) and (4).
It should also be noted that, for cases with different crack initiation positions, the crack propagation
is constrained differently from the boundary, which could contribute to variations in fracture surface
energy and energy transfer. It is presumed that specimens with a low elastic strain energy level are
more prone to be affected by the boundary at fracture.

Differences in the values of coefficient ¢ and y are also observed when comparing SG LG
plates with PVB LG plates, as shown in Fig. 11 and Fig. 12. It is assumed that the differences are
affected by the disparity in interlayer stiffness. At most temperatures, SG shows a significantly
stiffer property than PVB [50, 51], which can offer higher constraints on crack generation. Thus,
SG LG plates have lower values of coefficient g and y than corresponding PVB LG plates. However,

as the constraining difference between the two interlayers is significantly lower than intact glass,
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the observed coefficient differences between SG LG plates and PVB LG plates are lower than those

between LG plates and MG plates in most cases.

3.2 In-plane expansion

The strain gauges recorded the strain variations on the intact glass layer, and the typical curves
for each series are shown from Fig. 13 to Fig. 15. To illustrate strain variations more clearly, the
time point of fracture initiation is set as the time-axis origin and a 12-minute interval is presented.

It can be seen that the strains of both PVB and SG series will instantly reach a significant value
after fragmentation. For the PVB series, a peak can be observed after the hammer impact for most
measuring points. The strains decline rapidly at first, and then the decaying gradually slows down
until reaching a relatively constant strain value. It is also observed that the strains €13 of LP06c-
PVB-3 (Fig. 13 (f)) and LPO6b-PVB-3 (Fig. 13 (e)), e11 of LP12a-PVB-3 (Fig. 15 (d)) still follow a
minor declining trend until the end of the recorded period. By contrast, most strains in SG series
will enter the plateau stage as soon as the fracture without noticeable decaying, except for the
marginal values &1 and &;. This difference can be ascribed to the different mechanical properties of
the PVB and SG interlayers. Standard PVB usually shows relatively soft, ductile and viscoelastic
properties. SG is a much ‘stiffer’ material and can offer better adhesion to glass [51-53]. Because of
this, the constraint of PVB to fragments expansion would decline with time, which indicates that
the in-plane expansion would gradually turn into in-plane deformation of the fractured glass layer.
Thus, strain responses collected on the intact glass layer would decline gradually with time. As for
the SG series, SG can constrain the expansion immediately after fracture and transfer this effect to
the intact glass layer, thus a strain decaying is less likely to happen. Such a high decaying rate is not
consistent across all positions, a similar pattern to the PVB series can be observed in the marginal
strains &1 and &1 in the SG series. This is due to the relatively weaker constraints provided by SG
and the intact glass layer when closer to the edge. Nevertheless, this is insignificant in the PVB
series, since the constraint effect of PVB itself is weak. It should be mentioned that the variations
in strain are more pronounced in the initial 4 to 5 minutes, with the magnitudes staying relatively

constant thereafter.
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Fig. 13 Typical in-plane expansion results of the LP06 series: (a) LP06a-SG-3; (b) LP06b-SG-2;
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Fig. 15 Typical in-plane expansion results of the LP12 series: (a) LP12a-SG-1; (b) LP12b-SG-3;
(c) LP12¢-SG-2; (d) LP12a-PVB-3; (e) LP12¢-PVB-1

Another interesting phenomenon observed in the in-plane expansion curves is the sudden
change of strain values during the stable state. This variation is more evident for the SG LG plates
with low and mid surface compressive stress levels, whilst the high surface compressive stress level
series do not present evident fluctuation. As shown in Fig. 13(a), the recorded values of &21 and &3
have sudden drops at 7 min and then remain nearly constant. Similar changes can also be observed
in e12 and &3 in Fig. 14(a), €21 and &2, in Fig. 14(b), as well as €12 in Fig. 15(b). In the case of &x in
Fig. 13(b), the strains present drops more than once. By contrast, the curves of the high surface
compressive stress level series (e.g., Fig. 13(c), Fig. 14(c) and Fig. 15(c)) are smooth without any
sudden drops. As for the PVB series, none of the specimens is observed with apparent strain drops,
with the exception of LP06a-PVB-2 in Fig. 13(d).

A probable reason for this fluctuation might be attributed to the expansion-induced secondary
crack branching after fragmentation. As explained before, the secondary cracks, mainly driven by
the release of strain energy, are generated later than the primary cracks [46, 54]. In addition to this
delaying feature, the generation of secondary cracks is also time-dependent. The studies conducted
by Takahashi [55] and Aratani et al. [S6] show that the occurrence of secondary cracks will
continuously increase in the first 100 s after fragmentation initiation. The time-dependent
characteristic of secondary crack growth was also recorded in [24] by calculating the fragment

density within 15 mins after fragmentation. In tested specimens, the expansion-induced by
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secondary cracks is transferred to the intact glass layer, generating a sudden drop in strain value
with a feature of decaying and time dependence. Moreover, as explained before, this observation is
also dependent on the interlayer mechanical property. As a stiffer material, SG can transfer this
expansion effectively, while PVB is more likely to absorb this effect. Overall, as can be seen from
Fig. 13 to Fig. 15, the effect of secondary crack on the strain magnitude is limited compared with
that of primary cracks. As most strain values become nearly constant 5 mins after fragmentation,

the 5-min state is defined as the stable expansion state of specimens in the following investigation.

3.3 Out-of-plane expansion

The out-of-plane expansion-induced deformation of LG plates can be determined by the
recorded position state by the chromatic confocal scanner. The initial imperfection of the tested
plates after installation to the acrylic panel was measured before performing the fragmentation. This
initial imperfection 41 commonly includes the initial geometrical imperfection of LG plate Agass,
misalignment from the installation of LG plate dinstan and geometrical imperfection of the guiding
rail At

A=A glass T instal T rail (5

The second position state was measured 5 mins after fragmentation, and denoted by 4, (Eq.
(6)). It is obvious that Agiass, dinstatl and Arii will remain the same, while the expansion-induced
deformation Ao and fracture disturbance Afacwure are introduced in A,. Since the specimens are
restrained by bolts on the four corners and the fracture process is instantaneous with a relatively
minor disturbance, the fracture disturbance is not taken into account:

A7 glass T instati T rai 4o (6)
As a result, the out-of-plane expansion 4o can be determined by the recorded 4; and 4,. This can
avoid the discussion on geometrical imperfections of the guiding rail, which can be determined by
the mirror measurement method [35].

The out-of-plane expansion-induced deformation shows high consistency within each series.
A typical curve of each series is selected for comparison as shown in Fig. 16, Fig. 17 and Fig. 18. It
can be seen that the out-of-plane results coincide with the framework of small deformation, and the

results vary with interlayer, glass thickness and surface compressive stress. Among all the results,
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the minimum out-of-plane expansion-induced deformation is 0.22 mm, from LP12a-PVB-1 as
shown in Fig. 18(b). In contrast, the maximum value, 2.62 mm in LP06¢c-SG-1 (Fig. 16(a)), is more
than ten times the minimum value. It should be noticed that all out-of-plane results are with half
sinusoid shapes, which are more regular than the initial imperfection of glass members [35]. Besides,
the maximum out-of-plane expansion-induced deformation of each specimen, denoted by Ao, max,
consistently situates at the specimen centre. The results also suggest that once a LG member is
fractured into the asymmetric mode, without appropriate boundary restraints the member might
show a half-sinusoid expansion-induced shape similar to its first eigenmode. This can significantly

increase the buckling risk of LG members during the post-fracture state.
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Fig. 16 Typical out-of-plane expansion results of the LP06 series: (a) SG LG plates; (b) PVB
LG plates
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Fig. 17 Typical out-of-plane expansion results of the LP0S series: (a) SG LG plates; (b) PVB
LG plates
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Fig. 18 Typical out-of-plane expansion results of the LP12 series: (a) SG LG plates; (b) PVB
LG plates

3.4 Parametric analysis

As described in Section 3.2, most LG plates’ strains remain stable 5 mins after fragmentation.
Thus, the in-plane and out-of-plane results at 5 mins are used to identify the expansion behaviour
of LG plates with various factors, i.e., interlayer type and elastic strain energy. However, marginal
strains &11 and &> are neglected due to the interference by the strong reflection of stress waves at the
boundaries, which leads to highly intense and irregular secondary cracks [57]. The collected
marginal strain data varies with a wide magnitude interval and shows limited uniformity in most
cases, which is unfavourable to seeking insights. For this reason, only strain values &12, €13, €22 and
&3 and maximum out-of-plane expansion-induced deformation Ao, max at 5 mins are selected to
analyse the associated influence on the in-plane and out-of-plane expansion of LG plates. The
typical expansion responses of LP06, LPO8 and LP12 series are shown in Fig. 19, Fig. 20 and Fig.

21, respectively.
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Fig. 21 The comparison of expansion behaviour of the LP12 series

3.4.1 Effect of interlayer type

It can be seen from Fig. 19 to Fig. 21 that the interlayer type has a significant impact on both
in-plane and out-of-plane expansion of specimens with the same elastic strain energy. Overall, the
out-of-plane responses of the SG series are approximately twofold to that of the PVB series. In terms
of in-plane responses in the x-direction, the responses of SG series are at least 1.5 times than that of
the PVB series. This disparity is even more significant in the y-direction. For the PVB series, the
value of &2, is relatively small, especially for LPO8 and LP12 series, and cases like LP12c-PVB (Fig.
21) even show a positive strain. In contrast, all absolute stain values in the y-direction for the SG
series are above 40 um/m. When comparing the maximum in-plane response of each specimen, a
variation of more than two-fold due to interlayer type difference can be observed.

Fig. 22 provides a more detailed comparison of LP0G6 series, illustrating the effects of interlayer
type on the average expansion responses. The darker lower part of each bar represents the expansion
responses of PVB specimens, whilst the lighter upper part indicates the increments of average
expansion responses from PVB specimens to SG specimens. The average expansion responses of
SG and PVB specimens are displayed above the upper and lower part of each bar, respectively. As
can be seen in Fig. 22, differences in in-plane responses between PVB specimens and SG specimens
are significant. Particularly noteworthy is the increase in &, of LP06¢ series, showing that the strain

of SG specimens is 25 times greater than that of PVB specimens. Even in the case of the smallest
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discrepancy (13 of LP06¢ Series), the increasing ratio from PVB specimens to SG specimens still
reaches 35.21 %. The observed disparities in in-plane expansion may also be attributed to the higher
elastic modulus and adhesive strength of SG compared with PVB. SG interlayer’s stiff properties
can effectively transfer the fractured glass layer’s expansion to the intact glass layer, instead of
absorbing the expansion. On the other hand, specimens under asymmetric fracture mode can
maintain higher integrity due to the stiffer properties of SG. The SG interlayer can better constrain
the in-plane expansion of the fractured glass layer so that the in-plane expansion will be further
transformed into the overall out-of-plane deformation of the specimen. Such increments can also be
observed in Fig. 22, as the increasing ratios of Ao, max from PVB specimens to SG specimens are

218 %, 140 % and 161 % for LP06a, LP06b and LP06c, respectively.
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Fig. 22 Effects of interlayer type on the expansion behaviour (LP06 series)

Therefore, it can be inferred that with a higher elastic modulus of interlayer and adhesive
strength, the expansion of LG members under asymmetric fracture mode will be greater. Although
SG LG members are commonly used as high-performance members in glass structures [58, 59],
their greater expansion during the post-fracture stage might increase the risk of further failure, such

as buckling due to out-of-plane expansion, compared with PVB LG members.
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3.4.2 Effect of elastic strain energy

As explained before, the main drive of the expansion behaviour is the release of stored elastic
strain energy at fracture. The fractured glass layer’s elastic strain energy per surface area Up can
indirectly represent the amount of energy introduced to the present LG structure. According to the
equivalent temperature differences (ETD) model [30], when each fragment is considered as a
cylinder and neglecting the fracture behaviour along the thickness, the fracture strain e (with £=70
GPa, v=0.23), which represents the free expansion of a single fragment, can be calculated according

to Eq. (7):

_v-l[ h(SEa2b1)+1 ] .
= 7 ajsec 2201 -a, | o (7

where 7 is the thickness of the glass layer, and o5 is the glass layer’s surface compressive stress. £
and v are the Young’s modulus and Poisson ratio of the TTG, respectively. ai, b1 and a are constant
parameters with values a;=0.862, b;=1.686 and a,=61.05 J/m?. Through dividing the expansion
coefficient o, the equivalent temperature difference can be estimated.

Combining Eq. (2) and Eq. (7), we can obtain the relationship between the fracture strain &,

glass thickness ¢ and elastic strain energy per surface area Up:

1-v 5U0 Clzbl
o {?X ; [alsech<70)+l—a1]as (8)

The relationship is shown in Fig. 23, covering a glass thickness range from 4 mm to 15 mm

and a glass surface compressive stress range from 24 MPa to 120 MPa. The discussed glass surface
compressive stress range aims to meet the surface compressive stress provisions on heat-
strengthened glass (24-60 MPa) and fully tempered glass (>90 MPa) of Chinese standard GB
15763.2 [33] and GB/T 17841 [60]. It can be seen that all lines show the same increasing trend, i.e.,
TTG with higher elastic strain energy can yield greater fracture strain. This trend indicates that when
the TTG is not restrained, greater free expansion would be observed for a monolithic TTG member

with higher elastic strain energy.
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However, for current LG plates under asymmetric fracture mode, the free expansion of the
fractured glass layer was restrained by both interlayer and intact glass layer. In addition, due to these
restraints, the fractured glass layer would have a certain degree of in-plane stiffness, which also
plays an important role in resisting the free expansion. Hence, the observed expansion behaviour of
LG plates can be described as a state of equilibrium between the free expansion from the fractured
glass layer and the counterforce from the interlayer, intact and fractured glass layer. Although the
resistance from the interlayer and the intact glass layer could be considered constant in cases with
similar interlayer type and glass thickness, the resistance from the fractured glass layer could be
influenced by fragment size due to the variations in elastic strain energy. Recent experimental
studies on the uniaxial tensile tests of fractured LG specimens [14, 27, 61] indicate that the stiffness
of the fractured glass declines with smaller fragment size. However, in the case of expansion
analysis at the post-fracture stage, limited research efforts have been dedicated to quantifying the
stiffness degradation of fractured glass layer.

It can be concluded that the variations in elastic strain energy of the fractured glass layer have
significant effects on the free expansion, as well as the resistance against free expansion. It is
important to investigate the resulting expansion behaviours via varying elastic strain energy of the
fractured glass layer. The relationship between the fractured glass layer’s elastic strain energy per
surface area Uy and average expansion responses is plotted in Fig. 24. To eliminate the stiffness

difference of the interlayer and intact glass layer, interlayer type and glass thickness are set to be the
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1 same for each subfigure. Although the available number of specimens for each subfigure is limited,

2 the trend of the expansion responses can still be estimated.
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Fig. 24 Effects of elastic strain energy on the expansion behaviour: (a) LP06-SG series; (b)
LP06-PVB series; (c) LP08-SG series; (d) LPO8-PVB series; () LP12-SG series; (f) LP12-PVB
series

For the SG series, it can be found that a larger elastic strain energy generally raises all in-plane
expansion responses. However, the increasing ratio of expansion responses with elastic strain energy

O

10 is not constant, it differs according to response types. In Fig. 24(c), as Uy increases from 85.1 J/m?

11 to 125.8 J/m?, the strain &> demonstrates the highest rise, reaching a ratio of 98.1 %, whereas the
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strain £12 shows the lowest rise, with a ratio of approximately half of &2, at 52.9%. A more complex
trend can be observed in the effect of Uy on the expansion responses of PVB series. In the case of
LP06-PVB series (Fig. 24(b)), expansion responses such as €12 and €13 grow in a similar manner to
LP06-SG series (Fig. 24(a)), while &3 and &2, tend to increase at first and then decrease with rising
elastic strain energy. For the LP08-PVB series (Fig. 24(d)) and LP12-PVB series (Fig. 24(f)),
augments in Up are found to increase the expansion responses, except for 3 in Fig. 24(d). A
decrease of 20.4 % is observed in ¢13 in Fig. 24(d) when Uj rises from 125.8 J/m? to 189.3 J/m?. It
should also be noted that although elastic strain energy increments lead to drops in certain in-plane
expansion responses, the maximum in-plane expansion response for both SG series and PVB series
generally shows an increasing trend in most cases.

The conclusions regarding the effects of elastic strain energy on out-of-plane expansion
responses for both SG and PVB specimens are relatively unified. Similar phenomena can be
observed that the increase in Uy leads to higher out-of-plane deformation Ao, max. However, the
sensitivity of 4o, max against elastic strain energy variations Uy differs. For the 6 mm LG plates, when
Uy increases from 77.9 J/m? to 110.5 J/m? (an increase of 41.9 %), the increments in Ao, max is 1.11
mm for SG series and 0.57 mm for PVB series. For the subsequent elastic strain energy increments
(from 110.5 J/m? to 141.2 J/m?, an increase of 27.7 %), the increments for both SG series and PVB
series become smaller, with values of 0.45 mm and 0.10 mm, respectively. Although the elastic
strain energy values may vary between SG series and PVB series for the cases of LPO8 and LP12,
it can still be found that specimens with SG interlayer are more sensitive to augments in Up
compared to those with PVB interlayer in terms of out-of-plane expansion. This can be draw from
comparing the slope of the 4o, max curves in two corresponding figures, e.g., Fig. 24(c) and Fig. 24(d).

Overall, an increasing elastic strain energy of the fractured glass layer affects both the
magnitude of free expansion and the stiffness against free expansion, generally leading to higher in-
plane and out-of-plane expansion responses in the present two-layer configuration of LG plates.
Significant variations exist in the sensitivity to elastic strain energy variations for specimens with

different interlayer types, glass thicknesses and elastic strain energy.
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4. Conclusions

The assessment on the post-fracture performance of structural glass members is a critical issue
for design, especially for LG members made of thermally tempered glass. The secondary effects
due to fragments expansion might increase the fracture or buckling risks of glass members. The
present study experimentally investigated the fragment morphology and expansion behaviours of
asymmetrically fractured thermally tempered LG plates with different polymeric interlayers and
elastic strain energy levels of glass.

A computer-vision-based method was adopted for the image processing of obtained fracture
morphology of asymmetrically fractured LG plates. Results show that fragment density has a strong
positive linear correlation with elastic strain energy. It is also found that elastic strain energy
variations can lead to morphological disparities for LG plates, primarily in terms of fragment shape
and uniformity. Two customized energy coefficients were introduced to analyse the fracture surface
energy. The findings suggest that fracture surface energy tends to increase with growing elastic
strain energy, whilst the transferring rate tends to increase first and then decrease. Detailed
comparisons and analyses were then conducted on the two energy coefficients between present LG
plates and MG plates. The results indicate that the trends of fragment density and energy coefficients
of LG plates with respect to elastic strain energy are consistent with those of MG plates, albeit with
variations in values. This is assumed to be attributed to the constraining effects of the intact glass
layer and interlayer, as well as the difference in crack initiation locations.

The expansion behaviours, characterized by strain variations on the intact glass and the overall
bending deformation, were then examined. It is observed that LG plates will exhibit rapid strain
variations on the intact glass layer at fracture, and then stabilize at constant strain values. Moreover,
half sinusoid expansion-induced deformation shapes can be observed among the tested LG plates.
The effects of interlayer type and elastic strain energy on expansion behaviours were identified by
parametric analysis. The results show that SG specimens have more than 2 times greater maximum
in-plane and out-of-plane responses compared with corresponding PVB specimens. The stiffer
interlayer, SG, can transfer the expansion of fractured glass effectively and instantly, while PVB is
more likely to absorb this effect and shows a decayed transfer of expansion. The differences in

mechanical properties between PVB and SG interlayers can lead to variations in expansion
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responses, including the occurrence of secondary cracking and the time required for strain
stabilization. Variations in the elastic strain energy of the fractured glass layer not only result in a
different free expansion magnitude, but also affect the stiffness against free expansion. Present study
indicates that specimens with a higher elastic strain energy generally show greater expansion
responses. However, it is also found that specimens with different interlayer type, glass thickness
and elastic strain energy have varying degrees of sensitivity towards changes in elastic strain energy.
This suggests that, in order to obtain a precise prediction of expansion-induced imperfections, a
more in-depth investigation may be required to quantify the expansion behaviour and stiffness
degradation at the post-fracture state.

The experimental investigations bridge current data gaps on the expansion behaviours of
thermally tempered LG members, especially on the out-of-plane expansion-induced deformation.
The presented conclusions provide insights into the post-fracture design of thermally tempered LG
members considering their fragments expansion behaviours. This study lays a foundation for
expansion prediction through numerical modelling based on fracture morphology reconstruction [12,
43-45]. These models can be further refined by considering factors such as size effect, multi-layered

geometries, fracture mode and interlayer thickness.
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6 Appendix

7 Table A1 Summary of fracture morphology in SG series

Series Specimen  Fragment Fragment density Total crack Coefficient ¢  Coefficient i
number numbers A6 (102mm?)  length Lc (mm)  (10°-mm?) (mm/MPa?)

1 1365 0.76 29956 1.797 5.08

LP06a-SG 2 1958 1.09 34604 2.076 5.86
3 1484 0.82 31624 1.897 5.36
1 5095 2.83 56890 3.413 6.80

LP06b-SG 2 5220 2.90 57902 3.474 6.92
3 5069 2.82 56873 3.412 6.79
1 7810 4.34 68716 4.123 6.43

LP06¢c-SG 2 7154 3.97 66545 3.993 6.22
3 7775 4.32 68657 4.119 6.42
1 1278 0.71 31642 2.531 6.55

LP08a-SG 2 939 0.52 25897 2.072 5.36
3 1186 0.66 30411 2.433 6.29
1 3840 2.13 49794 3.984 6.96

LP08b-SG 2 3478 1.93 47609 3.809 6.66
3 3536 1.96 47244 3.780 6.61
1 3976 2.21 50176 4.014 6.70

LP08¢c-SG 2 4440 2.47 52624 4.210 7.03
3 3774 2.10 49647 3.972 6.63
1 989 0.55 26440 3.173 7.15

LP12a-SG

2 904 0.50 25784 3.094 6.98
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3 792 0.44 26096 3.132 7.06

1 1989 1.11 37129 4.455 7.35
LP12b-SG 2 1910 1.06 34869 4.184 6.90
3 1755 0.98 35562 4.267 7.04
1 5149 2.86 56139 6.737 7.73
LP12¢-SG 2 4456 2.48 53373 6.405 7.35
3 4728 2.63 54307 6.517 7.48
|
2 Table A2 Summary of fracture morphology in PVB series
Series Specimen  Fragment Fragment density Total crack Coefficient ¢  Coefficient i
number numbers AG (mm2) length Lc (mm)  (105-mm?) (mm/MPa?)
1 2196 1.22 38765 2.326 6.57
LP06a-PVB 2 1963 1.09 35919 2.155 6.09
3 1422 0.79 30927 1.856 5.24
1 5313 2.95 59802 3.588 7.14
LP0O6b-PVB 2 4940 2.74 55821 3.349 6.67
3 5024 2.79 56056 3.363 6.70
1 7334 4.07 68106 4.086 6.37
LP06¢c-PVB 2 8328 4.63 72615 4.357 6.79
3 9856 5.48 77556 4.653 7.25
1 3792 2.11 49665 3.973 6.95
LP08b-PVB 2 3376 1.88 47314 3.785 6.62
3 3479 1.93 47859 3.829 6.69
1 6921 3.85 65632 5.251 6.10
LP08c-PVB 2 7760 431 69140 5.531 6.43
3 6791 3.77 64361 5.149 5.99
1 1059 0.59 26974 3.237 7.30
LP12a-PVB 2 974 0.54 28806 3.457 7.79
3 996 0.55 27487 3.298 7.44

LP12¢c-PVB 1 5121 2.85 57177 6.861 6.44
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4949 2.75 57106 6.853 6.44

5160 2.87 56616 6.794 6.38
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