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ABSTRACT

In this paper, iso-damage criteria for framed PVB-laminated glass panel subjected to blast load are
investigated. The iso-damage criteria are presented in the form of pressure-impulse (P-I) diagrams, and a
methodology for the generation of the P-I diagrams for laminated glass is developed based on numerical
simulation studies and the energy method. Three damage levels are classified in accordance with the
conditions identified in GSA/ISC, namely (I) glass crack limit, (II) PVB rupture limit, and (IIT) overall
detachment with a specific velocity after PVB ruptures. Based on nonlinear finite element analysis, the
governing failure modes of the glass panel in both impulsive and quasi-static regions for each damage level
are identified and the corresponding deflection functions are determined. Especially, a simplified PVB
tensile bar model is proposed to describe the local tensile failure of PVB laminated glass corresponding to
damage level III under impulsive loading. On the above basis, the pressure and impulse asymptotes of
framed PVB-laminated glass for different damage levels are derived using the energy balance principle. The
proposed method is validated through comparison with published experimental data and further numerical
results. This method can provide a reference for engineering design and hazard estimation of framed PVB-

laminated glass against blast loading and can be extended to laminated glazing with other interlayers.

Keywords: Framed glass window; PVB-laminated glass; blast loading; P-I diagram; failure modes;

analytical method
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NOMENCLATURE

: gr b Er values of impulse asymptote and overpressure asymptote for damage level £,
respectively
k | damage level, k=1, 11, I1I...
o, B | shape parameters for the dynamic region of P-I curve
a, b | length and width of the glass panel, with a>b
he | thickness of single glass ply
h; | thickness of PVB interlayer
E, | elastic modulus of glass
E; | elastic modulus of PVB
E" | equivalent modulus of cracked laminated glass panel
v, | Poisson’s ratio of glass
vi | Poisson’s ratio of PVB
m" | equivalent mass of pre-crack laminated glass panel
D" | equivalent bending stiffness of pre-crack laminated glass panel
&x, &), Pxy | Strain components
oy | failure stress of glass material
gr | failure tensile strain of the cracked laminated glass
c1, ¢2 | undetermined parameters in the deflection function
y* | deflection function for damage level k
w | deflection at the panel centre
WI; deflection at the panel centre of the final state of damage level &
p | peak overpressure of a specific blast load
i | impulse of positive phase of a specific blast load
ts | equivalent positive load duration of a specific blast load
Dy | width of damage region
C | total length of damage region
M : equivalent mass of the equivalent model for damage level k&
K : equivalent stiffness of the equivalent model for damage level &
F’ek equivalent load of the equivalent model for damage level &
W* | the external work for damage level k
o; | maximum principal stress within the uncracked glass panel
VOk initial kinetic energy of laminated glass panel for damage level &
V. | residual kinetic energy
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o | initial velocity at the panel centre for damage level £

v | ejection velocity at the centre of the detached laminated glass

U | internal strain energy of the laminated glass panel for damage level &

A | ratio of residual kinetic energy to total energy at glass failure moment

Ae | critical residual kinetic energy ratio for local tensile failure mode

v | critical ejection velocity for local tensile failure mode

& | linear transition index

1. INTRODUCTION

As the envelope of a building, glass windows are immediately exposed to blast loading in the event of an
explosion. Normal glass windows would offer very little resistance against blast due to the brittle nature of
glass materials, and high speed glass debris can cause severe injures (Norville et al. 1999). To mitigate the
hazard of glass fragment ejection, laminated glass is widely used in public and high-rise buildings as a kind
of safety glass. Laminated glass is generally composed of multiple sheets of glass bonded together by
interlayers. As such, when the glass fractures, the glass fragments will be retained on the interlayer.
Moreover, the interlayer can still dissipate blast energy through large deformations, therefore it can
effectively protect indoor occupants.

To assist blast resistant design for glass windows, several test standards (GSA-TS01 2003; ISO
16933 2007; ISO 16934 2007; BS EN 13541 2012) and design guidelines (ASTM-E1300 2012; UFC 4-010-
01 2013) have been developed. For example, the GSA-TS01 (2003) standard is mainly concerned about
estimating the performance of window systems subjected to blast loads. Hazard levels are categorized in this
standard according to the responding conditions of the window system, as indicated in Figure 1. These
conditions are specified based upon the state of the glass window and the location of fragments and debris
relative to the original location of the window. For condition 1 there should be no visible damage, and for
condition 2 the glazing can crack but is retained by the frame and only dusting or very small fragments near
sill or on floor should occur. Condition 3a to 5 are classified according to different invasion distances and

corresponding hazard levels. The UFC 4-010-01 (2013) standard specifies the minimum thickness of
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laminated glass to provide a minimum level of protection against blast threat. A more generalized design
approach has been introduced in the ASTM-E1300 (2012) standard. Design charts for determining the load
resistance of different types of glass windows are provided, and can be used for the blast resistant design
together with ASTM-F2248 (2012), which specifies a 3-second duration equivalent design load. It should be
noted that the load resistance provided in ASTM-E1300 (2012) is associated with a breakage probability up
to 8 lites per 1000, therefore the design goal of this standard corresponds to condition 1 in GSA/ISC (2003),
which is the glass crack limit. As laminated glass can still offer great resistance after glass fractures, the blast
resistance capacity of laminated glass is apparently underestimated if the post-crack stage is not taken into
account.

The pressure—impulse (P-I) diagram provides another useful tool for preliminary blast resistant
design and hazard assessment. It was firstly developed to evaluate building damage in bomb attacks in the
UK (Jarrett D.E. 1968; Cormie et al. 2009), and was then extended to structural component damage (Biggs
1964; Li and Meng 2002; Cormie et al. 2009) and human injuries (Baker 1983; Merrifield R. 1993;

Hetherington and Smith 1994). Figure 2 shows the primary features of a P-I diagram, in which i and p¥

are the critical impulse and the critical overpressure for a given failure level k respectively. Three typical
regions, corresponding to impulsive loading, dynamic loading and quasi-static loading, respectively, are
classified in a P-I diagram.

A range of research studies, including analytical derivation and numerical simulation, have been
devoted to develop P-I curves with different damage levels for laminated glass. For example, a SDOF model
is developed by Cormie et al. (2009), in which the pre-crack and post-crack resistance functions are derived
with the classic large deformation plate theory and the membrane analysis, respectively. Using the combined
resistance function together with the equivalent load-mass transformation factor, time history analyses can
be carried out with the equivalent SDOF model for design blast loadings. Then the P-I curves corresponding
to specific failure criteria can be generated. Hooper et al. (2012) employed numerical analysis and
established P-I curves for a 7.52mm-thick 1.5mx1.2m laminated glass. The P-I curves obtained were
compared with the predictions using the above-mentioned SDOF model. The results show considerable error

in the values of the impulse asymptote for the glass crack limit, and this error was attributed to the non-
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uniformity of the pressure distribution in the impulse region that was not properly considered in the SDOF
model. Zhang et al. (2013) derived empirical formulae based on numerical parametric calculations to predict
the pressure and impulse asymptotes as functions of interlayer thickness, glass thickness and panel
dimension for the PVB rupture limit. Good agreement was achieved when comparing the results with those
from Cormie et al. (2009) and Hooper et al. (2012).

In spite of the above progresses on developing P—I diagrams for laminated glass in the recent years,
several issues remain to be addressed, and in particular:

1) The commonly used SDOF method assumes a deflection shape based only upon the first mode of
vibration. This assumption is known to apply in cases of quasi-static loading (Cormie et al. 2009), but under
blast loading higher modes of vibration may be excited, resulting in a different deflection mode and stress
distribution (Shi et al. 2008; Spiller et al. 2016). Therefore, the current SDOF method may not always yield
reliable predictions, especially for failure modes like punching shear (local failure mode).

2) Published studies mainly consider a glass crack limit and a PVB rupture limit when developing P-1
curves for laminated glass, which correspond to condition 1 and 2 in GSA/ISC (2003) standard. P-I curves
corresponding to condition 3a-5 specified in GSA/ISC (2003) are also needed for more diverse design
requirements and solutions.

This paper is concerned with the development of P-I curves for different damage levels of framed
PVB-laminated glass subjected to blast loading. Three typical damage levels corresponding to different
conditions in GSA/ISC are classified, namely a) glass crack limit, b) PVB rupture limit, and c) overall
detachment with a specific velocity after PVB ruptures. For laminated glass, most of glass fragments can be
retained by the interlayer after glass fracture, while some may fly inside and can correspond to condition 3a-
5 in GSA/ISC (2003). It should be noted that the above case is not the main concern of this paper. On the
other hand, due to the differences in glass-frame connection in practical engineering, the effectiveness of
clamping cannot be guaranteed. Under blast loading, the cracked laminated glass can develop horizontal
deflections due to large vertical deformation (geometric non-linearity), and consequently the cracked
laminated glass panel may be pulled out in one big piece without PVB rupture if it is not properly glued to

the frame. In this study, the laminated glass is assumed to be fully gripped within the frame with silicone
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cushion, and pull-out failure is not considered.

Based on numerical analysis, the failure modes and deflection functions for the critical states of the
above-mentioned three different damage levels are analysed and determined. A simplified PVB tensile bar
model is proposed to describe the punching-type failure of PVB laminated glass corresponding to damage
level III under impulsive loading. The width of the damage region, which is a key parameter in the PVB
tensile bar model, is analysed numerically, and an empirical formula is derived for this parameter based on
numerical parametric analysis. Then energy method is adopted to theoretically derive the pressure asymptote
and impulse asymptote of P-I curves, while the dynamic region of P-I curves is established in an empirical
manner based on numerical analysis results. The generated P-I curves are compared with published
experimental results, numerical results and the empirical predictions from other researchers to validate the
proposed method for building P-I curves. The proposed method enables the development of P-I curves for
quick estimation of the damage state and invading distance for an existing design, as well as for a new

design to meet a required level of protection.

2. FINITE ELEMENT MODEL FOR NUMERICAL INVESTIGATIONS

In this section, a 3D-solid FE model is developed for simulating laminated glass subjected to blast loading
using LS-DYNA. It should be noted that various FE-models, such as layered model, smear model, 3D-solid
model have been developed for simulating the behaviour of laminated glass subjected to blast loading
(Timmel et al. 2007; Weggel and Zapata 2008; Larcher et al. 2012; Zhang et al. 2013; Nawar et al. 2015;
Pelfrene et al. 2016). As is pointed out by Larcher et al. (2012), 3D-solid model is capable of providing the
most detailed results although it is computationally more time-consuming. In this respect, a 3D-solid
modelling approach is employed for FE analysis in the present study. The model is validated against
published experimental data and then used for further numerical analyses on the failure modes as presented

in Section 3.

2.1 Boundaries and elements
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Figure 3a shows the geometry of the FE model. The glass panel is of typical laminated glazing with
thickness of 7.52mm (3+1.52+3mm). The plane size of the glass panel is 1500mm x1200mm.The laminated
panel is fully gripped within the steel frame with 50mm embedment on all four sides, and the thickness of
steel plate is Smm. According to engineering practice, a 2mm-thick silicone cushion is inserted between the
frame and the glass panel. The nodes on the outer surface of the frame are restrained in all directions to
simulate a fix boundary condition. It should be noted that the assumed boundary condition is only suitable
for stiff supporting systems. The model does not cover cases where a soft supporting system is utilized, as in
those cases the deflection of the sub-structure may develop and subsequently influence the dynamic
response and failure modes of the laminated glass panels. To simulate the adhesion of silicone cushion, the
nodes at the silicone-frame interface and silicone-glass interface are merged together (i.e. shared nodes)
respectively. The debonding of silicone sealant is not considered, but in principle failure of bond can still be
captured through the failure of silicone material.

In the FE model, the inner and outer glass plies are each meshed with 3 elements across the thickness
to simulate their separate bending effect, while the middle PVB interlayer is meshed into just one layer
along the thickness, as shown in Figure 3b. An 8-node solid element (Solid164) with one-point integration is
adopted for all parts of the framed glass. It should be mentioned that while the single-integration scheme is
well suited for the explicit dynamic analysis adopted in this study and can significantly save computing
time, the zero-energy mode (“hourglass”) could be introduced by this scheme, resulting in unrealistic
simulation results. To mitigate such an effect, an appropriate hourglass control is needed. In this study, a
viscosity type (node velocity-based) hourglass force vector is introduced to inhibit the hourglass deformation
during numerical calculation. The adopted hourglass control mode is especially suitable for high strain rate
problems such as under blast loading (LS-DYNA Keyword user's manual 2007). On the other hand, the
meshing size can also influence the simulation result. Based on a preliminary mesh convergence study, an
element size of Smm in both X and Y directions is found to provide a stabilised outcome, in that further
reduction of the mesh size would only introduce a negligible improvement of the numerical results but lead

to a substantial increase in the computing time.
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2.2 Material models

The material properties employed in the FE analysis are listed in Table 1. Glass is a kind of elastic
brittle material, therefore, the material type “ELASTIC” is adopted for glass (Weggel and Zapata 2008; Ge
2012; Larcher et al. 2012; Nawar et al. 2015; Chen et al. 2016; Pelfrene et al. 2016) with a stress failure
criterion. The corresponding elastic modulus, Poisson’s ratio and mass density of glass are taken as E =
72GPa, v = 0.22 and p = 2560 kg/m’ respectively.

The PVB material considered in this study is typical architectural adoptive PVB. A strain rate
dependent elastic-plastic material model is adopted for PVB interlayer considering that it behaves
elastoplastically when subjected to high strain rate tensile load (Bennison et al. 2005; Iwasaki et al. 2007;
Chen et al. 2015; Zhang et al. 2015). The strain rate dependent yield stress and initial Young’s modulus for

PVB given by Zhang et al. (2013) are adopted:

Oiq =2.167(£)"” MPa

E. . =30.591(£)*>" MPa

initial
A constant plastic modulus of 11MPa is adopted for PVB (Zhang et al. 2013).

The silicone sealant used in structural glass applications is typically an uncompressible hyper elastic
material with low modulus of elasticity, limited tensile/shear resistance and large ultimate strain (Larcher et
al. 2016). Several material models have been adopted for silicone sealant in numerical modelling. Under low
strain rate, silicone sealant exhibits the same material property as rubber, which can be considered as a
hyper-elastic material (Pelfrene et al. 2016). Under high strain rate, the silicone sealant also shows “elastic—
plastic” behaviour and can be considered as an elastoplastic material (Hidallana-Gamage et al. 2014). There
are also studies adopting linear elastic material to simplify the numerical modelling scheme (Weggel and
Zapata 2008; Larcher et al. 2012; Weggel et al. 2013; Nawar et al. 2015), while still producing satisfactory
results. In this study, an elastic material model is used for silicone sealant with a Young’s modulus of 3.5

MPa (Larcher et al. 2012), and the corresponding Poisson’s ratio and mass density are taken as v = 0.495

and p = 1000 kg/m? respectively.
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2.3 Simulation of material failure

To simulate glass crack and PVB rupture, the erosion technique in LS-DYNA is utilized. The erosion
limit for glass is defined by the principal stress, such that an element will be deleted when its first principal
stress reaches 80MPa (Hooper et al. 2012). It should be noted that the strain rate effect can be important for
the fracture of brittle material like annealed glass due to the fact that the growths of micro-crack need time.
Results from dynamic split tensile tests show that the tensile strength increase significantly when the strain
rate is very high (over 300s™") (Zhang et al. 2012). Nevertheless, as will be discussed later, the strength of the
glass is only important in the level I damage case, i.e. the glass crack limit, for which the governing mode
would be global bending and hence should not involve high strain rate. Therefore, the strain rate effect on
the glass material is ignored, and a constant failure stress of 80MPa is employed. For PVB interlayer, the
erosion is triggered by rupture using the strain failure criterion. Some available data obtained from uniaxial
tensile tests have been summarized by Zhang et al. (2015), and it can be found that the engineering failure
strain mainly vary in the range of 1.5~2.8, and it shows a slight decrease with respect to the rise of strain
rate. By taking the average value of experimental data, the failure strain (converted into true strain) of PVB
is taken as 1.2 uniformly for different strain rates. The true failure strain of silicone is taken as 1.6 (Larcher
et al. 2016). Since this study mainly focuses on the dynamic behaviour of the laminated glass panel, the
failure of steel frame is not considered.

It should be noted that, in spite of its effectiveness, the above modelling method with erosion may
not precisely capture the details of the fracture of glass and may result in “unrealistic” glass crack patterns.
Understandably the predicted crack pattern thus also depends on the meshing when using element deletion.
Nevertheless, the influence of meshing topology has been found to be insignificant on the overall response
of a four-side clamped laminated glass when subjected to blast loading (Pelfrene et al. 2016). Therefore the
modelling approach is considered as appropriate concerning the global dynamic response and the failure

modes of laminated glass panel, which form the basis of proposing the analytical model of the P-I curves.
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2.4 Simplified blast loading

A simplified triangular decay overpressure time history is adopted in the current analysis and assumed to be
uniformly distributed on the panel. In a typical blast load scenario, the blast overpressure rapidly rises to the
peak positive pressure, and then gradually reduces until it reaches the peak negative pressure, and finally it
returns back to the ambient pressure slowly, as shown in Figure 4. Based on impulse equivalence, a
triangular decay function is obtained by equating the triangle area to the original positive impulse. In this
study the negative phase of blast loading is ignored.

It should be noted that some previous studies show that the negative phase may have a significant
influence in situations where the rebound occurs during the negative phase (Krauthammer and Altenberg
2000; Wei and Dharani 2005, 2006), leading possibly to pull-out failure under the combined effect of the
elastic recovery force and the negative phase of the loading. On the other hand, further study shows that the
influence of negative phase on the peak response varies with structure properties and is negligibly small for
a stiff system (Teich and Gebbeken 2010). Besides, as is pointed out by Hidallana-Gamage et al. (2017), the
negative phase has a negligible impact on the centre deflection, energy absorption and the support reactions
of laminated glass panels with rigid supports. In this study, and the upper and bottom surfaces of the steel
frame are restrained in all directions to simulate a fixed boundary condition, as such the effect of the
negative phase would be insignificant and is ignored.

On the other hand, a simplified uniformly distributed overpressure is adopted in both theoretical
analysis and numerical simulation as a generic representation in this study. It should be noted that the blast
loading may be non-uniformly distributed for close range explosions due to the variation in blast shock wave
propagation distances and incident angles at different location over the panel. However, a very-close range
explosion may lead to the destruction of structural members, in which case the failure of glazing is not a
primary concern. Therefore a uniform blast pressure is considered suitable for the general analysis of glass

panels in the present study.

2.5 Validation of the numerical model
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In order to validate the FE model described above, numerical simulations have been conducted for the blast
tests reported by Hooper et al. (2012), in which eight 1500mm x 1200mm x 7.52mm laminated glass
specimens (two layers of 3 mm float glass and a 1.52 mm PVB interlayer) were tested. The reflected
pressure was measured using a pressure sensor located at the centre of the window. The deflection profile
and the failure process of the panel were monitored using the high-speed 3D digital image correlation
technique.

Two of Hooper’s tests are simulated for validation of the present FE model, and the recorded blast
loadings (positive phase) are listed in Table 2. Figure 5 shows the comparison of the deflection profiles from
the tests and the FE simulations. For the test case with 15kg TNT at 13m, the maximum deflection at the
panel centre is 173mm from the test and 167mm from the numerical result, giving a difference of only 3.5%.
The overall deflection profiles predicted by current FE model agree well with the experimental profiles at
different steps of the response. For the other test with 15kg TNT at 10m, the deflection profiles from the test
and the numerical simulation also show good agreement until the central displacement reaches a large
deflection of about 150mm. At t = 9ms, the maximum deflection from the test result is 180mm, and the FE
prediction is 160 mm, giving a difference of 12.2%. After that the experimental deflections become much
larger than the FE results. As can be observed in the figure, the difference should be mainly attributed to the
deviations close to the edge. In Hooper’s test (2012), the laminated glass was bonded on all four edges to a
steel sub-frame with a 6-mm thick single-sided silicone joint and a nominal bonding depth of just 20 mm.
Therefore considerable deformation developed in the silicone joint and even failed in the case with 15kg
TNT at 13m (after t = 9ms), allowing large displacements at the edges. However, in the present analysis,
both sides of the laminated glass are bonded with the frame through silicone cushion and a larger bonding
depth of 50mm is adopted to simulate the clamped boundary condition. The deflection of laminated glass at
the frame edges is negligibly small, and no silicone failure occurs in the numerical simulation. Since
difference exists in the boundary conditions of the current FE model with Hooper's tests, the model is not
directly validated. Nevertheless, the above comparisons demonstrate that the current FE model can produce

satisfactory predictions of the dynamic response of laminated glass panel under blast loading for a stiff and
11
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well clamped system.

3. ANALYSIS OF FAILURE MODES OF LAMINATED GLASS

The validated FE model described in Section 2 is employed to analyze the failure modes of representative
laminated glass subjected to different blast loadings and establish the deflection functions for the critical
states of three different damage levels. These deflection functions can provide the basis for establishing the

asymptotes in the P-I diagrams.

3.1 FAILURE MODE AND DEFLECTION FUNCTION IN IMPULSE REGION

An impulsive loading is featured by a very high peak overpressure and a very short load duration (74)
comparing with the natural period of the structure (7). It is generally understood that when the duration of
the load is less than one-tenth of the natural period of the structure (the glass panel herein), i.e., t/7<0.1, the
response level will be dominated mainly by the impulse rather than the peak load or duration separately
(Cormie et al. 2009). For this reason, and considering that in the blast resistance design for glazing the peak
overpressure is relatively small comparing with those for main structural members, in the current numerical
study a constant peak overpressure of 1000kPa is adopted for impulsive loading. The magnitude of the
loading as measured by the impulse varies with the load duration. As the natural period of the representative
PVB-laminated window is approximately 24ms, the load durations are varied within 2ms (#.<2ms) to ensure
an impulsive loading condition.

Observations from preliminary numerical analysis indicate that for different damage levels the
governing deflection mode of the glass panel is different even within the impulsive loading region. As
shown in Figure 6, in general the governing mode changes from global failure to local failure with the
increase of the impulse (from 25kPa-ms to 700kPa-ms herein). This phenomenon is crucial for the
theoretical formulation, therefore the governing modes of response and failure in the impulsive load region

will be examined in detail in following subsections.

12
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3.1.1 Damage level I

The threshold for damage level I for impulse region, i.e. fracture of glass, is i = 25kpa-ms, which effectively
defines the impulse asymptote for this damage level. In this case, cracks initially occur along the boundaries,
and subsequent cracks develop around the centre of the glass panel as a result of global bending
deformation. Figure 7 shows the development of the deflection profiles from the numerical results. As can
be seen, at the beginning, the deformation of the laminated glass mainly concentrates near the boundaries
due to impulsive load. As the impulse is not large enough to cause a direct punching-style shear failure, the
response of the panel develops into a global deformation stage, resulting in flexural failure at t = 2.5 ms.

It is worth noting that for a loading with an impulse below the above threshold, for example i =
15kPa-ms (peak overpressure remains at p = 1000 kPa), the deflection path goes through a similar process
but no crack occurs in the early punching phase, and nor at the final bending stage. On the other hand, for a
loading with a larger impulse than the threshold, e.g. i = 40 kPa-ms, the glass fails at early deformation
stage. Figure 8 shows a comparison of the kinetic energy and internal strain energy time histories from
numerical results for these three loading cases. The time histories are cut off at the time when glass failure
occurs for each case, when the deflection shapes are also shown. As can be seen, when the imposed impulse
is larger than the threshold for the glass crack limit, the glass failure occurs earlier and the corresponding
deformation mainly concentrates along the edge while the deformation in the central region is negligible.
The kinetic energy at this moment remains high, which is 17.5 J comparing to the strain energy of 12 J. On
the other hand, for the threshold loading with i = 25 kPa-ms the glass survives the early shear phase and
eventually goes into global bending stage with flexural crack. At this moment, almost the entire energy of
the system is transformed into the internal strain energy, which is about 17.2 J. The above results indicate
that the required energy to activate punching failure mode would be larger than that of a global bending
failure mode. Therefore global bending is the governing mode for the glass crack threshold.

The deflection shape at glass failure threshold matches well the classical plate theory for a four-side

fixed plate (Timoshenko 1940), which can be expressed as:
13
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The above deflection function will be used in the later derivation of the impulse asymptote for

damage level I (glass crack limit).

3.1.2 Damage level II

Damage level II is marked by the initiation of the PVB rupture. In the numerical analysis for the impulsive
region, the threshold is identified by gradually increasing the impulse of the load while still keeping the peak
overpressure at 1000 kPa, and it is reached when the imposed impulse is 400 kPa-ms. The mode of failure
can be observed from Figure 6. Dense glass cracks are formed near the boundaries due to the initial shear
force. At the same time, cracks parallel to the boundary lines also appear in the panel central region as a
result of global bending deformation. Due to the cohesive effect of the PVB interlayer, the cracked
laminated glass panel still deflects as a whole. However, as the cracked glass cannot provide bending
stiffness, the whole panel acts more like a “membrane”. The bearing capacity is mainly provided by the
tension of the PVB membrane between glass fragments, and finally results in tensile failure of PVB.
Examining the deflection histories (Figure 9), it is observed that the cracked laminated glass gradually enters
into global deformation, and tensile failure of PVB interlayer occurs at t=13ms. Although the glass can
never be completely and uniformly fragmented, the final deflection profile at PVB rupture moment shows
satisfactory smoothness. Therefore for a theoretical analysis of damage level II (PVB rupture limit), it will
be reasonable to assume a deflection function as a rectangular membrane with all four-side fixed, which can

be expressed as (Timoshenko 1940):

w!'(X,y)=c cos X cos ZY
a b
W (%, y) = ¢, sin 22 cos TV )
a b
2y X

COS —
a

l//3“ (X, y)=¢, sin
where y" i)' and ' represent the displacement distribution for out-of-plane and two in-plane directions,

respectively. ciand ¢ are parameters to be determined, in which the same parameter c¢; is adopted for two in-
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plane directions for a simplified calculation.

3.1.3 Damage level 111

For the fractured laminated glass to break away with a certain velocity, i.e., in damage level III, further
increased impulse is required. From the previous cases with damage level I and 11, it can be expected that
failure would occur early in the early local deformation stage and the failure mode is likely to be dominated
by tearing of PVB interlayer near the boundaries. Figure 10 shows the failure process of the laminated glass
panel in this mode, and the corresponding blast loading is i = 700 kPa-ms and p = 1000 kPa. As can be seen,
under such strong impulsive loading, dense cracks of glass are formed near the boundaries and a “belt” of
damage zone develops along the boundary sides. Large tensile deformation is then developed in the damage
zone due to an almost total loss of stiffness after glass fracture, while the deformation in the central region
appears to be negligible. Gross PVB ruptures along the boundaries occur at t = 2.4 ms and finally the whole
laminated panel detaches from the supporting frame at a speed of about 25 m/s.

Similar patterns of failure are observed for other degrees of response in damage level III, i.e., with
different ejection velocities. The failure is associated with punching failure and it develops in a very rapid
manner which allows no time for the panel to develop global deformation. The final detachment of
laminated glass panel is mainly caused by the local tensile failure of PVB interlayer near the boundaries.
Under this condition, only a fraction of the impact energy is dissipated by the fracture of glass and PVB near
the boundary while the main part carries the kinetic energy corresponding to the ejection of the whole
detached panel. To describe this punching-type of failure, a simplified PVB tension bar model is proposed in
the present study, which will be detailed in Section 4.2.

It should be pointed out that a mixed failure mode exists between global tensile failure for impulsive
loading under damage level II and local tensile failure for impulsive loading under damage level III. As
illustrated in Figure 11, if the imposed impulse (i = 550 kPa-ms in this case) is not large enough to cause
initial local PVB tensile failure near the boundaries, the deformation mode will transform gradually from

local deformation to global deformation subsequently. Mixed failure occurs during the transition process.
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The extent to which mixed failure will occur is believed to rely on the imposed impulse and the resulting
ejection velocity, and a numerical parametric study will be carried out later in section 4.3 to draw a line

between local tensile failure and the mixed failure.

3.2 FAILURE MODE AND DEFLECTION FUNCTION IN QUASI-STATIC REGION

In the blast loading cases with large standoff distance, the overpressure is relatively small and decreases
slowly, resulting in long loading duration and hence a “quasi-static” loading effect. The response of a
laminated glass under quasi-static loading will exhibit a similar pattern as under static loading, as depicted in
Figure 12. When the imposed overpressure is close to the overpressure asymptote for damage level I (glass
crack limit), herein with p=10 kPa and /=10000 kPa-ms (note that the impulse value does not really matter in
the quasi-static region), the deflection mode is global bending which matches well the deflection shape
expressed in Equation 1. Therefore the deflection shape of the laminated glass for damage level I can be
assumed to follow the global bending deformation, and the failure mode is flexural failure.

For damage level II (PVB rupture limit), this is observed from the numerical analysis when the
overpressure of the imposed blast loading is p=30 kPa (the impulse is maintained at i=10000 kPa-ms in this
case). The damage of glass initiates near the boundaries, then cracking develops all over the panel as a result
of bending deformation. By the time when PVB rupture occurs, the deformation resembles a rectangular
membrane case in a similar way as the damage level II in the impulsive region described in Section 3.1.2.
Therefore for damage level II in the quasi-static region the deflection function can be assumed to also follow
the membrane deflection.

As the overpressure further increases to reach damage level III, herein with p=50 kPa and i=10000
kPa-ms, the observed failure mode does not show much difference from that of damage level II. This is due
to the fact that the overpressure is not large enough to cause a local tensile failure at the early stage of the
response, and the PVB interlayer develops large tensile deformation resulting in tensile failure finally.
However, as the laminated glass fails at a marked speed for damage level III, the required overpressure is

larger than that for damage level II such that the remaining kinetic energy after PVB ruptures is able to
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launch the debris. Therefore, the same deflection function can be adopted for laminated glass for damage

level I and III in the quasi-static region.
4. ANALYTICAL APPROACH FOR CALCULATION OF ASYMPTOTES OF P-I DIAGRAMS

Based on the failure modes and the deflection functions established in Section 3, the impulse asymptotes and
overpressure asymptotes for different damage levels can be formulated by means of the energy method. In
this section, the solutions for the overpressure and the impulse asymptotes for the three different damage
levels are presented.

For generality, the dimension of the laminated glass panel are assumed to be a X b x (2hg+ h;), where
a and b are the length and width of the laminated glass panel respectively (a>b), and A, and /; represent the
nominal thicknesses of the glass ply and the PVB interlayer respectively. The boundary condition for the
laminated glass panel is assumed as fixed due to the constraint of the frame. The air blast load is assumed to

act in the normal direction to the glass panel and uniformly distributed.
4.1 BASIC METHODOLOGY

Table 3 summarizes the relevant energy transformation for different loading types and damage levels. In
order to calculate each part of the energy, the equivalent SDOF parameters of the laminated glass panel are
firstly calculated, in which the displacement equivalence principle is adopted. Based on the assumed shape
function w*(X,Yy), the equivalent mass M, and load P. of the laminated glass panel can be obtained as

(Biggs 1964):

M. = [ mTy* (. y)T dxdy (3a)

Pl =[] py* (x, yxxdy (3b)

where m” is the equivalent mass per unit area of pre-crack laminated glass panel, which equals 2 pghy +ph

(Wei and Dharani 2006). p is the overpressure acting on the glass panel and k represents different damage
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levels. As mentioned in Section 3.1 and 3.2, under impulsive loading, the load duration is so short compared

with the natural period of the laminated glass panel that the imposed blast load can be considered as a pure

- - L . iab
impulse i. From impulse-momentum transfer, an initial velocity Vg ZW at the panel center can be
e

obtained, where iab equals to the total impulse acting over the slab, and M. is the equivalent mass (Equation

1 (iab)’
=

3a). Accordingly, the initial kinetic energy of the system can be found as VOk = In the quasi-static

region, the applied pressure is considered to be constant, so the work done by the pressure is W = Pek -W']f ,

where P is the equivalent load (Equation 3b), and Wl; represents the final deflection at panel centre for

different damage levels.

Based on the energy conservation principle and the governing failure mode discussed in Section 3,
the external work done by blast loading will fully transform into internal strain energy in the laminated glass
for damage level I and II since there is no residual kinetic energy. For damage level 111, the external work

will partly transform into the internal strain energy, and partly transform into residual kinetic energy. The
residual kinetic energy can be calculated as V, = % M."v?, in which v. is the residual velocity at the panel

centre that can be determined according to a specific design hazard level. Once the internal strain energy for
different damage level is determined based on specified failure criteria, the imposed impulse or overpressure
can be calculated based on energy conservation principle. It should be noted that there exists fracture energy
due to glass cracking for damage level II and III. However, this part of energy is relatively small comparing
to the internal strain energy in the cracked laminated glass at PVB rupture moment (Cormie et al. 2009), and
it is even smaller in the total energy taking into account the residual kinetic energy for damage level 111, so it
is neglected. The determination of the internal energy in the laminated glass for different damage levels will

be detailed in the following section.
4.1.1 Damage level I (Impulse region and quasi-static region)

According to the analysis in Section 3.1.1 and 3.2, the same deflection function expressed with Equation (1)
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can be adopted for the glass crack limit in both quasi-static and impulse regions. Therefore the internal strain
energy is the same for these two conditions.

In the pre-crack stage, the internal strain energy of the laminated glass is mainly the bending strain
energy stored in the two glass plies. Based on the small-deflection theory of bending and the assumed
deflection function, the stresses in the glass panel can be calculated using the stress-strain relations. By
equating the maximum principal stress in the glass panel to the failure strength of glass oy, the failure

displacement wrcan be obtained as:

| 1-v¢  a’’

T g (@ b

(4)

For pre-crack laminated glass panel, the equivalent properties for the whole panel can be written as:

E,h, +Eh, Poisson’s. rat V_vghg+vihi
hg—l—hi , Foisson's ratio vV = h +h

g 1

Young’s modulus E = (Laura and Rossit 2001; Wei and

Dharani 2006). Since the equivalent Young’s modulus of the laminate is dominated by the glass stiffness,
and meanwhile the governing mode for glass crack limit is global bending, which should not involve very
high strain rate, the strain rate effect of the PVB would only have a small influence for the pre-crack stage
analysis in current study. Therefore E; is taken as a constant of 50MPa for dynamic modulus (corresponding
to a strain rate of about 10s! (Zhang et al. 2015)) in the calculation for pre-crack stage to consider the strain

rate effect implicitly. The other material parameters for glass and PVB are assumed to have the same values

as listed in Table 1. At the onset of glass crack, the internal strain energy U, can be obtained by:

Ul =KW ©

where K| is the equivalent stiffness and it can be obtained by:

e l[Ev ey v o T L [ G y) B (y) B (%)
Ki=]fD {[ Y } 201 v){ a8y 0y }}dxdv (6)

in which D" is the equivalent parameter of pre-crack laminated glass panel that equals to

26, ., 30,

3(1-v;)

3h§hi 2E.h?
+ 1+ L

97y 2 31—V (Wei and Dharani 2006), and y'(x, ) is the assumed deflection
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function expressed by Equation (1).
4.1.2 Damage level II (Impulse region and quasi-static region)

For the PVB rupture limit, it may reasonably be assumed that glass has fully cracked and the membrane
effect of PVB interlayer plays a dominant role in the post-crack response stage since the post-crack panel
exhibits no bending stiffness. To understand the property of cracked laminated glass, high speed tensile tests
have been carried out by Hooper et al. (2012). With the cracked laminated glass regarded as a homogeneous
material, a post-crack model has been developed and the stress-strain relationships obtained from the tests
are shown in Figure 13. In order to simplify the calculation, an equivalent linear elastic stress-strain

relationship, as shown in Figure 14, is adopted based on the assumption of equivalent internal strain

energy at the time of failure. The obtained equivalent modulus E; can be used in the subsequent

calculations.

According to the analysis in Section 3.1.2 and 3.2, the deflection function in Equation 2 is suitable
for PVB rupture limit in both quasi-static and impulse regions. Therefore the internal strain energy is the
same for these two conditions. Based on the membrane theory and the assumed deflection function
(Equation 2), the total strain energy, which is only contributed by the tensile strain energy of cracked

laminated glass, can be given by:

E'h

1
i~ Z(T\/f) H [6; +&, +2ve,6, + 5 (1-V,)y, ldxdy ™

in which the strain components are given by:

g 2V Y) Loy (X Y)p (8a)
OX 2 OX
_ oy 6y) | 10w 6y (8b)

& =
’ oy 2y

oy, (%), 0y (%Y) |, 0wy (%, Y) 0y (%, )
oy OX OX oy

(8c)
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According to the principle of minimum potential energy, the partial differential of the potential energy
function with respect to ¢1 and ¢» (undetermined parameters in the Equation 2) should equal zero. Then the

relationship between c¢1 and ¢2 can be given by:

_ 2958+ b)[4(@’ +b%) -3ab+v)]
27 ab[88.74(a +b*)(9 —v) + 128ab(1 + V)] "

©)

The maximum principal strain which occurs at the panel centre can be calculated by Equation (2) and

] ] 27C ) ) . ) .
Equation (8), and the result is &,,, = Tz By equating the maximum principal strain ¢, to the failure

tensile strain of the cracked laminated glass ¢, (&, =0.2 is adopted in current study, obtained from uniaxial

Through-Cracked-Tensile test (Hooper et al. 2012)), the parameters ¢1 and ¢> can be determined by Equation
(9) for PVB rupture limit. Consequently the total strain energy for PVB rupture limit U can be calculated

by Equation (7).
4.1.3 Damage level III (Quasi-static region)

Damage level III corresponds to the condition that the whole panel detaches from the supporting frame and
launches with a certain velocity v, after PVB has ruptured. It should be noted that strictly speaking this
condition is not applicable for quasi-static region because in this region static equilibrium between the
external force and the internal resistance is presumed, so there will be no kinetic energy remaining.
Nevertheless, a fictitious overpressure asymptote for damage level III is proposed in this section for the
completion of the P-I curve. Since the same deflection function applies for damage level II and damage level
IIT in the quasi-static region, the internal energy for damage level III would be exactly the same as damage

level 11.
4.2 DAMAGE LEVEL III IN IMPULSE REGION

As discussed in Section 3, damage level III in the impulse region involves local tensile failure mode in a
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“belt” region along the boundary lines (Figure 10). The strain energy in this failure mode needs to be
evaluated taking into consideration of the particular failure mode. In this section, a simplified PVB tension
bar model is proposed for this purpose. The key parameter defining the model is the width of damage “belt”
region D;, and an empirical formula is derived to predict this parameter based on the numerical parametric
results. The dependency of the ejection velocity on the failure mode is investigated numerically. Based on
the numerical results, the critical ejection velocity defining the boundary between local tensile failure and

the mixed failure is determined.
4.2.1 Simplified model for local tensile failure mode

The local tensile failure mode for the laminated glass may be simplified into a tension bar model as shown
in Figure 15. Based on the numerical observations, after glass fracture, the glass in the clamped region
(within the frame) remains intact and is able to transfer the tensile force in PVB to the frame. Therefore, a
PVB tension bar is formed between the clamped end and the central “undeformed” region (Figure 10). The
length of the tension bar equals to the width of damage belt region (Ds) while the total “width” of the tension

bar equals to the perimeter of the belt (C),
C=2[(a-2D,)+(b-2D,)|=2(a+b-4D,) (10)

The displacement, wy, can be calculated through the geometric relationship (see Figure 15) as:

wi' =D, - \[l(e; +17 ~1] (1)

where ¢ris the failure strain of cracked laminated glass. Consequently the tensile stain energy of the cracked

laminated glass throughout the damage “belt” zone can be obtained as:

UM =Ch,/D2 +w" Ee? (12)

where E;" is the modulus of cracked laminated glass, which has been discussed in detail in Section 4.1.2.

To calculate the residual kinetic energy after overall detachment, the equivalent mass corresponding

to the assumed deformation mode for damage level III is calculated using Equation (3a), and is given by
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M :(2pghg+pihi)[ab—g(a+b)Ds+2D§] (13)

i, ,2

Accordingly, the residual kinetic energy can be calculated as V, :%Me v, , in which v, is the ejection

velocity of the core region of panel that may be assigned according to a specific design hazard level.
4.2.2 Determination of the width of damage belt zone (Dy)

To determine this parameter, a detailed parametric study is carried out to investigate the influence of various
parameters, including the panel dimension, interlayer thickness, glass thickness and the velocity at which the
broken laminated glass is ejected. The general setting of the FE model is the same as introduced in Section
2. The panel dimensions adopted in the parametric study basically cover the scope of practical applications.
Based on the numerical results, empirical formula is proposed for the evaluation of the width of damage belt

zone (D).
(a) Influence of panel dimension

Five representative dimensions are considered in the numerical parametric analysis, as listed in Table 4. The
first three (labelled 1-1, 1-2 and 1-3) have the same area but with different aspect ratios, the remaining two
(1-4 and 1-5) are in the same aspect ratio as case 1-1 but with different areas. All the specimens have the
same thickness of 7.52mm (3+1.52+3mm) and the boundary condition is four-side fixed. The imposed loads
are proportional to total panel mass so that the ejection velocity is kept the same.

For a rectangular panel, Dy is taken as the average of the belt zone widths in x- and y-directions Ds.
and Dy, , which are determined by the horizontal length between boundary and the first point with the
rotation angle smaller than 10° along the deflection profiles of central lines. As can be observed in Table 4,
in fact the widths in both directions do not differ significantly, therefore it is reasonable to use an average
value for Dj.

The variations of D; for panels of different dimensions are shown in Table 4 and Figure 16. As can be
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seen, the variations of D; for different cases are basically within +10%, indicating that Dy is insensitive to the

panel dimensions.

(b) Influence of the ratio of PVB interlayer thickness to glass thickness

Previous research has shown that PVB that bridges between glass cracks plays a very important role
in the post-crack behaviour of laminated glass, and the bridging effect is highly dependent on the stiffness
ratio between PVB interlayer and the glass.

For this analysis, 4 typical interlayer thicknesses, ranging from 0.38mm to 2.28mm, and 4 typical
glass thicknesses, ranging from 3mm to 12mm, are considered (Table 5). To simplify the comparison, a
uniform panel dimension of 1000mm x 800mm is employed. It is noted that, two pairs of cases, namely case
2-1 and case 3-3, and case 2-2 and case 3-1, are designed specifically to share the same /i/h, ratio, but the
absolute thickness of the PVB interlayer and the glass layers are different.

As can be seen from the results in Table 5 and Figure 17, Dy increases with the PVB thickness. This
is because the bridging effect of the PVB between glass fragments is reinforced with the increase of the PVB
thickness, especially in the damage zone where only the PVB interlayer offers resistance after glass cracks.
When the thickness of PVB interlayer increases, the stiffness proportion of PVB interlayer in total laminated
glazing increases, while that of glass layer decreases. The change of the relative stiffness makes glass layer
relatively more ‘weak’, and more glass will crack before PVB ruptures, leading to a further development of
damage zone near boundaries. As the damage zone expands, more PVB interlayer is involved in load
bearing, which also results in a larger bearing capacity. On the other hand, D tends to decrease as the glass
thickness increases, as shown in Table 5 and Figure 18. This is because the increase of the glass thickness
weakens the relative bridging effect of the PVB. Once the PVB in the damage zone fails, the stress transfer
between the boundaries and the remaining (central) part of the panel will be terminated, as a result the
damage zone cannot develop any further.

Based on the above discussion, the bridge effect of PVB interlayer on Dy can be related to the

thickness ratio Ai/hg in the following empirical formula. The suitability of this parameter can also be proved
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through comparison between case 2-1 and case 3-3. The panels of these two cases are different in both
interlayer thickness and glass thickness, but they share the same 4i/h, ratio (0.0633). It can be seen that the
Dy values of the two cases are basically the same (variation=3.33%), suggesting that the function of PVB-
bridge is mainly affected by the stiffness ratio between PVB and glass, rather than by #4; or A, separately. The
same phenomenon can be observed when comparing case 2-2 and case 3-1; with the same hi/hg ratio
(0.1267) and the variation is only 2.94%. Therefore, it is believed that the parameter hi/h; is more

representative in reflecting the change of D; than individual 4; or As.

(c) Relationship to ejection velocity

Ejection velocity is another important factor that correlates with the width of damage zone, Ds. For this
examination, a laminated glass panel of 1000mm x 800mm x 7.52mm (3+1.52+3mm) is subjected to
different levels of blast loadings with different impulse values, as listed in Table 6. The achieved ejection
velocities of the detached panel for different loadings are also listed in Table 6 and shown in Figure 19. As
can be seen, D; decreases as ejection velocity increases with increase of the load impulse. In fact the local
tensile failure mode becomes increasingly dominant as more impact energy is imposed, resulting in the
decrease in Ds.

Attention is drawn to the fact that the ratio of residual kinetic energy to the total energy at the onset

of PVB rupture, expressed as 1=V, / (U +V)), increases with the imposed impulse, which in turn affects the

failure mode. As is shown in Figure 20, 1=0 (at i=377kPa-ms) represents the critical state of damage level II,
where the imposed blast energy fully transforms into the internal energy of cracked laminated glass and
therefore there is no residual kinetic energy. In this case, the failure mode is global tensile failure, as
discussed in Section 3.1.3. With increasing the imposed impulse to 650kPa-ms, the residual velocity of the
laminated panel at PVB rupture moment is about 25 m/s, and local PVB tensile failure can be observed from
FE analysis.

It can therefore be postulated that a true local tensile failure, for which the proposed PVB tensile bar

model is applicable, would be guaranteed only if A is large enough, otherwise the failure mode could be a
25



610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

combination of global tensile failure and local tensile failure. Based on the above parametric analysis on the
influence of ejection velocity, a critical residual kinetic energy ratio A.~0.7 is suggested as the lower limit to

ensure the occurrence of a local tensile failure mode for damage level III. The corresponding critical ejection

2Uilllic
Vee —\/m (14)

velocity v, 1s given by:

(d) Empirical formula for D,

Based on the above analyses, D, is mainly influenced by the ratio of interlayer thickness to glass thickness,
hilhg, and the ejection velocity, v,.. Through a regression analysis, the following empirical formula is

proposed to predict D; for any residual velocity v, exceeding the critical residual velocity vic:

D, = 0.20(:—i+o.70)e'°-°1‘”r Vo>V (15)

9

Figure 21 shows the results using the above formula as compared to the original FE results. A close match is
observed. It should be noted that for an ejection speed below the critical ejection velocity given by Equation

(14), a mixed mode of failure is expected and is discussed in the following sub-section.
4.2.3 Simplified method for mix failure mode

When the ejection velocity is relatively small, the failure mode is a mixed mode combining global tensile
failure and local tensile failure. Due to the complexity of such a mixed failure mode, it is difficult to come
up with a uniform deflection function. Therefore, a transition index ¢ is introduced herein to describe the

failure mode transition between global tensile failure and local tensile failure:

cf:\\//—’,OSVrSVCr (16)
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If the ejection speed is 0 (& =0), the condition falls to the PVB rupture limit, which is global tensile
failure. The corresponding critical impulse i) can be determined according to Section 4.1.2. When the
ejection velocity reaches the critical ejection velocity V,, (&£ =1), local tensile failure dominates, and the
corresponding critical impulse i (V,,) can be determined based on the simplified PVB tension bar model.

The critical impulse corresponding to an ejection velocity between 0 and V., may be determined using a
linear interpolation, which is given by

i (v,) = &liy (V) i3], 0<v, < v, (17)

Based on Equation (10) to (15), the critical ejection velocity and corresponding critical impulse for

damage level II can be calculated, which are 28.5m/s and 706.9kPa-ms for laminated glass panel of

dimension 1000mm x 800mm x 7.52mm, respectively. Through an interpolation by Equation (17), the
critical impulse corresponding to an ejection velocity between 0 and V., are determined. Figure 22 shows a

comparison between FE analysis results and the predictions by Equation (17), good agreement is observed.
5. RESULTS OF P-I DIAGRAMS AND VALIDATION

In this section, the above proposed methodology for constructing P-I curves is implemented and validated
through comparison against published experimental results and numerical results. A typical laminated glass
panel with a dimension of 1500mmx1200mx7.52mm is chosen as an example, and for damage level III

ejection velocities of 10, 30 and 50m/s are considered.
5.1 Generation of P-I diagrams

The P-I curve can be expressed is in a general form as follows (Shi et al. 2008; Zhang et al. 2013):

ik
|

(p- pckr)(i—ickr)=a(p7°kr+§)ﬂ (18)
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where I, p, are the critical impulse and critical overpressure for a given damage level k, respectively; a

and f are shape parameters which determine the shape of the curve in the dynamic zone between the impulse
and quasi-static asymptotes.

The impulse and overpressure asymptotes of P-I curve for different damage levels can be obtained
using the analytical approach described in Section 4. Glass is considered as a brittle elastic material, and the
material properties and failure criteria are taken as the same as those adopted in the numerical model (Table
1). The material properties for cracked laminated glass have been introduced in section 4.1.2. The calculated
impulse and overpressure asymptotes for different damage levels are summarized in Table 7.

For the dynamic zone of the P-I curves, the shape parameters (o and f) are determined through
numerical analysis. Different combinations of pressure and impulse are applied in the numerical model to
simulate the behaviour of laminated glass panel subjected to different blast loading. Thereafter, the
corresponding behaviour, such as damage state of glass panel and ejection speed, is extracted through
numerical post-processing, and the boundaries between the predefined damage levels are identified. Based
on a regression analysis, the shape parameters of P-I curve under different damage levels can be obtained,
and the fitted curves are shown with solid lines in Figure 23. The obtained shape parameters for different
damage levels are listed in Table 7.

As can be seen in Table 7, o and f is around 1.6 and 1.5, respectively, and the variation of both
parameters are within 10%. It is therefore believed that a and f are relatively insensitive to the change of
damage level, which is consistent with previous observations (Shi et al. 2008; Zhang et al. 2013). Hence, in
the present study, o and f are considered as constants by taking an average value of @ and f from the above
simulated cases respectively, i.e. « = 1.68 and f = 1.50. As shown in Figure 23, the P-I curves generated
using constant a and S (represented by dotted line) also show good agreement with numerical results, which

demonstrates the effectiveness of adopting constant shape parameters.

5.2 Verification of the analytical predictions

The experimental cases reported by Hooper et al. (2012) and Zhang et al. (2015) are adopted for validation.
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The structural and loading parameters for these cases are listed in Table 8. As can be seen in Figure 24, due
to the limitation of the tests, most of the obtained blast loads were in the dynamic region and below damage
level II (PVB rupture). The threshold of this damage level obtained from test results are in good agreement
with the P-I curves in the dynamic region as generated using the present approach. This demonstrates that
the proposed dynamic region shape parameters are suitable for the prediction of the dynamic response of
laminated glass panels.

Due to limited availability of physical experiments, additional FE analyses have been conducted in
both impulse and quasi-static regions to further validate the theoretical results of the impulse asymptotes and
overpressure asymptotes of the P-I curves for different damage levels.

A series of numerical test points are set around the impulse and overpressure asymptotes obtained by
the proposed theoretical method. The damage states of the laminated glass from the numerical simulations
were extracted and classified into different damage levels. The asymptotes based on numerical results are
determined by taking the average between the two close points that corresponds to different damage levels
in the impulse region and the quasi-static region, respectively.

As can be seen from Figure 25 and Table 9, the results from the numerical simulation are generally in
good agreement with the P-I curves generated using the proposed method, with differences mostly within
15%. The largest discrepancy exists with the impulse asymptote for damage level 1. The impulse asymptote
is 28 kPa'ms from the numerical result and it is 24.3kPa-ms from the theoretical prediction, yielding a
difference of -15.36%. It can be explained that the boundary condition is assumed to be totally fixed in the
theoretical model, whereas in the numerical model the glass panel is supported by a steel frame with cushion
layers. With the assumption of a fixed boundary, the theoretical method gives an upper bound condition in
terms of the stiffness of the boundaries, which will result in an overestimate of the internal stress and
therefore an underestimate of the bearing capacity of the panel.

Further comparison is made between the current method and the P-I diagrams developed by other
researchers, as shown in Figure 26. Hooper et al. (2012) has proposed P-I curves for the glass windows of
dimension 1500mmx1200mx7.52mm (3+1.52+3mm) through numerical calculations. These curves match

well with the present theoretical results for damage level I and damage level II. Zhang et al. (2013) proposed
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an empirical formulae for predicting the impulse asymptote and overpressure asymptote for damage level 11
(PVB rupture limit) through numerical calculations and suggested shape parameters a = 2.4 and f = 1.2. The
generated curve matches well with the current study.

Summarising the above comparisons, the analytical method proposed in the present study is shown to
be capable of producing satisfactory predictions covering comprehensively the impulse and overpressure

asymptotes for different damage levels.

6. CONCLUSIONS

In this paper, a methodology for generating P-I diagrams is developed for framed PVB-laminated glass
panel considering 3 typical damage levels, namely a) glass crack limit, b) PVB rupture limit and c) the panel
detaching with a specified velocity. The overpressure asymptote and the impulse asymptote are derived
analytically based on energy method, whereas the segment of the curve in dynamic region is established
using an empirical approach based on numerical simulation results.

The deflection functions required in the producing of the P-I diagrams have been established
according to the governing failure modes of the laminated glass panel subjected to different blast loading
identified from numerical simulations. It is found that for the glass crack limit and PVB rupture limit, global
deformation mode (bending or membrane) is dominant in both impulse and quasi-static regions. Local
tensile failure mode is dominant for Damage level III in impulse region. A simplified PVB tensile bar model
is proposed to describe this punching-type failure and an empirical formula for determining the damage
region width Dy is derived based on numerical parametric study.

The P-I curves generated using the proposed approach are validated against published experiment
results and further finite element simulations for different damage levels. The proposed method can be
applied for different glass panel dimensions and therefore provide a means for quick estimation of the

damage state and prediction of invading distance. It can also be extended for other types of interlayers.
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Tables Click here to download Table Tables.docx *

Table 1: Material properties adopted in the finite element model

Material Density Elastic modulus Poisson’s Material model Material No. Failure
(kg/m?) (N/m?) ratio in Ls-dyna criterion
. First principle
Float glass 2.56e3 7.2e10 0.22 Elastic Mat 001 stress=80MPa
PVB 1.1e3 Rate dependent 0.495 Rate depep dant Mat 019 First pr111c1ple
plasticity strain=1.2
Steel frame 7.86e3 2.1ell 0.288 Plastic kinematic Mat 003 —_—
Silicon 1e3 3.5¢6 0.495 Elastic Mat 001 [irstprinciple
cushion - strain=1.6

Note: “—represents no failure criterion is defined.



Table 2: Blast loadings from the tests (Hooper et al. 2012)

Equivalent TNT charge Standoff distance Reflected pressure Reflected impulse
Test No.
(kg) (m) (kPa) (kPa-ms)
1 15 13 140 284
2 15 10 180 391




Table 3. Energy transformation relationships for different loading types and damage levels

. Damage .
Loading type Energy composition
level
I Strain energy of glass plies U il
. Initial kinetic ) ) I
Impulsive II |:> Strain energy of cracked laminated glass Ui
loading energy VOk - - —
Strain energy of cracked Residual kinetic
11
laminated glass U i'” energy Vr
I Strain energy of glass plies U il
. . Work done by the . . I
Quasi-static I Strain energy of cracked laminated glass U,
loadin, A ::
8 pressure Strain energy of cracked Residual kinetic
111
laminated glass U," energy V,

Note: k represents the corresponding levels, which equals I, IT or III.




Table 4. Effect of panel dimension on the width of damage zone (Ds)

. Ejection
Numerical ) Average
a (m) b (m) a/b hg(mm) | hj(mm) velocity Dsa (m) Dsp (m)
test No. Ds (m)
(m/s)
1-1 1.0 0.8 1.25 35.81 0.1000 0.0875 0.0938
1-2 1.2 0.675 1.78 36.42 0.1050 0.1050 0.1050
1-3 1.6 0.5 32 2x3 1.52 35.03 0.1050 0.0900 0.0975
1-4 2.0 1.6 1.25 35.62 0.0900 0.0900 0.0900
1-5 3.0 2.4 1.25 35.80 0.0900 0.1050 0.0975




Table 5. Effect of PVB interlayer thickness and glass thickness on the width of damage zone (Ds)

Numerical a (m) b (m) he (mm) |y (mm) hvhg Ejection Den () Dy (m) Average
test No. velocity (m/s) Ds (m)
2-1 0.38 0.0633 36.07 0.0800 0.0700 0.0750
2-2 0.76 0.1267 34.05 0.0800 0.0900 0.0850
2-3 23 1.52 0.2533 35.81 0.1000 0.0875 0.0938
2-4 1.0 0.8 2.28 0.3800 36.21 0.1200 0.1050 0.1125
3-1 2x6 0.1267 36.64 0.0900 0.0850 0.0875
3-2 2x8 1.52 0.0950 36.04 0.0800 0.0700 0.0750
3-3 2x12 0.0633 35.72 0.0750 0.0700 0.0725




Table 6. Effect of ejection velocity on the width of damage zone (Ds)

. Ejection
Numerical . ) Average
a(m) | b(m) | hg(mm) | hj(mm) i (kPa-ms) velocity Dsa (m) Dsp (m)
test No. Ds (m)
(m/s)
4-1 800 35.81 0.1000 0.0875 0.0938
4-2 600 15.12 0.1800 0.1500 0.1650
4-3 1000 57.65 0.0600 0.0600 0.0600
4-4 1200 78.24 0.0500 0.0450 0.0475
1.0 0.8 2x3 1.52

4-5 600 15.12 — — —
4-6 500 11.47 — — —
4-7 450 5.94 — — —
4-8 400 2.04 — — —

Note: “—"represents mix failure occurs instead of significant punching failure, so that damage zone cannot be identified.




Table 7: Parameters for generating P-I curves

Analytical result
Damage level o p
Per (kPa) icr (kPa-ms)
I 8.01 24.26 1.67 1.44
11 26.50 442.83 1.62 1.51
1, (v/=10m/s) 41.25 530.14 1.66 1.49
Iy (vi=30m/s) 62.27 692.62 1.73 1.52
I (vi=50m/s) 89.06 878.84 1.64 1.48
Average value 1.68 1.50




Table 8: Blast loadings from published experimental results

. . . ) Reflected Reflected
Size Thickness TNT charge Standoff distance Scaled distance .
(m?) (mm) (ke) (m) (m/kg 1 /3) overpressure impulse
m mm m
s s (kPa) (kPa-ms)
10 10 4.64 121.1 395
10 9 4.18 168.6 476.1
1.5x1.2  3+1.5243 10 12.3 5.71 82.2 413.3
15 10 4.05 180 391

30 14 4.51 132 413




Table 9: Comparison between the asymptotes obtained from analytical results and FEA results

FEA result Analytical result
Damage level
Pcr (kPa) icr (kPamS) Pcr (kPa) icr (l(Pa'mS)

I 9 28 8.01 (-11.11%) 24.26 (-15.36%)

11 28 400 26.50 (-5.36%) 442.83 (10.71%)
I, (vi=10m/s) 45 550 41.25 (-9.09%) 530.14 (-3.6%)
Iy (vi=30m/s) 70 650 62.27 (-11.04%) 692.62 (6.46%)
e (vi=50m/s) 80 800 89.06 (11.33%) 878.84 (9.86%)

Note: Values in parentheses are corresponding error between simplified analytical model predictions and FEA results.
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Figure 24. Comparison between proposed P-I diagrams with experimental results from other researchers



Fig.25 Click here to download Figure Fig.25.pdf =

10000 =
O No failure *
- ﬂ a  Glass crack *
1000 E H o PVB rupture *
- v\ x  vr=10m/s *
= I \ *x  vr=30m/s *
§ 100 § \E\L-ﬁx: + vr=50m/s * -
= i Xy —— Glass crack limit
C ~—gon | L o
L PVB rupture limit
10 + ~—— ABA vr=10m/s
F vr=30m/s
| | * represents numerical results vr=50m/s
10 100 1000 10000 100000
i (kPa'ms)
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Figure 26. Comparison between the generated P-I curves and predictions from other researchers
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