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ABSTRACT 
Terrorist bombing and accidental explosion threats have brought to light the need for 

better analysis and design of occupied facilities for personal protection. Understanding 

glass window performance subjected to blast loadings have attracted a lot of attentions 

over the past years, because glass window has relatively low strength among building 

structural components therefore it is considered particularly vulnerable under impact 

and blast loadings. Post-event investigations of explosion incidents have also found the 

failure of glass windows and the associated flying glass fragments as one of the major 

threats to residents.  

      This thesis presents a study into the analysis and design of blast and impact resistant 

window systems. Architectural annealed glass material properties are tested and used to 

form dynamic material model for glass. Dynamic material properties of two types of 

popularly used interlayers for laminated glass, namely Polyvinyl Butyral (PVB) and 

SentryGlas®Plus (SGP by DuPont®), are also tested and the corresponding dynamic 

material models developed. Numerical and experimental studies are performed to 

investigate the behaviour of monolithic glass and laminated glass windows.  

      Glass is a brittle material. Most previous studies used a linear elastic material model 

with glass compressive and tensile strengths from static tests. However, as is known 

material strength normally depends on loading rate. Simply adopting glass static 

material strength will greatly underestimate glass capacity especially under blast and 

impact loading where material deformation rates are high. In this study, Split Hopkinson 

Pressure Bar (SHPB) tests are carried out on architectural annealed glass. Both the 

dynamic compressive strength and tensile strength are derived from tests at various 

strain rates. The dynamic increase factors (DIFs) are determined. The glass fracture 

process is also investigated together with glass fragments to explain the testing results.  

      Currently integrated dynamic material model for architectural glass is very limited. 

With the dynamic material testing results on annealed glass and previous testing data 

reported by other researchers, the popularly used Johnson Holmquist ceramic (JH2) 

model is modified to simulate architectural annealed glass. The material constants for 

strength model, strain rate effect, equation of state and damage model are determined 

with laboratory testing data. The modified model for glass material is verified with a 

SHPB compressive test on glass specimen, a field blasting test, and a debris impact test. 
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The simulations find the modified model give accurate representations of glass material 

performance under blast and impact loads.  

      Blasting tests and observations of glass window responses in explosion events have 

proved that laminated glass is effective in mitigating the glass fragment risk. However, 

there are only limited studies available about dynamic properties of interlayer materials 

for laminated glass although these materials are commonly used in laminated glass 

windows. Some preliminary tests found commonly used interlayer materials such as 

PVB and SGP become brittle under high speed tension. This makes application of static 

material properties in modelling its performance under dynamic loading overestimate 

interlayer ductility and consequentially may over predict laminated glass capability. To 

achieve accurate analysis and design of laminated glass windows, a systematic study of 

dynamic material properties of PVB and SGP is performed. Direct tensile tests are 

carried out on a wide strain rate range from quasi-static state to a strain rate about 

2000s-1. The testing results together with available testing data in the literature are 

summarized and used to formulate dynamic stress-strain curves of PVB and SGP at 

various strain rates. The results can be used in numerical model to improve the accuracy 

of numerical predictions.  

      With the derived glass and interlayer dynamic material properties, a detailed three 

dimensional laminated glass window model is developed. The failure mode of 

laminated glass under debris impact and air blast load is investigated through numerical 

simulation. Extensive numerical simulations are carried out to investigate the laminated 

glass vulnerability to debris impact and blast loading. Frangibility curves of laminated 

glass in face of debris impact are generated. Parametric study is also performed to study 

the laminated glass blast resistant capacity. Empirical formulae to determine pressure 

and impulse asymptotes are derived for easy assessment of the blast resistant capacity of 

laminated glass windows. 

      Full-scale field blasting test are conducted on monolithic tempered glass windows 

and laminated glass windows. The response of monolithic panes is monitored with 

mechanical linear variable differential transducer (LVDT) and high-speed camera, and 

is used to evaluate the accuracy of the current design standards. The fragment 

characteristics of tempered glass panes both in front and behind the windows are 

examined in details, including fragment mass, spatial density, fragment size and shape, 
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ejecting velocity and throwing distance. The failure pattern of monolithic pane is 

discussed with pane deflection contour. It is found that pane failure pattern and negative 

blast reflected pressures both affect the glass fragment properties. Laboratory airbag 

impact tests are also carried out to investigate laminated pane response to shock loading. 

The recorded pane responses together with the field blasting tests are used to check the 

accuracy of design standards and SDOF methods.  

      Field blasting tests find the primary failure mode of laminated glass window to be 

joint failure along window boundaries, which is different from most previous studies 

where flexural bending dominants. The problems of laminated glass failure at 

boundaries, as well as the influences of window frame constrain effect and the interlayer 

anchorage on the overall response of laminated glass panels are less examined in 

previous researches. Following the field test, numerical studies are carried out to 

examine the influences of boundary conditions and interlayer anchorages of laminated 

glass windows on their responses. The results demonstrate that properly designed 

window frame and interlayer anchorage will increase the survivability of laminated 

glass windows under blast loading. A new sliding boundary is proposed to improve the 

blast resistant capacity of laminated glass windows. 

      In summary, the thesis performs laboratory tests to investigate the dynamic material 

properties of architectural annealed glass and interlayer materials. A modified glass 

dynamic material model and dynamic material properties of PVB and SGB interlayer 

are derived from the testing data. Laminated glass window response to blast and impact 

loads are studied with numerical method and experimental tests. P-I curves are 

generated through numerical simulations for easy assessment of window blast resistant 

capacity. Frangibility curves of laminated glass against debris impact are derived 

through numerical simulations. The fragment characteristics of monolithic tempered 

glass windows are studied for examination of glass fragment threats. The results also 

demonstrate that the current design approaches based on equivalent static or SDOF 

analysis do not necessarily lead to accurate predictions of glass window responses 

subjected to blast loads.  
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CHAPTER 1.  INTRODUCTION 

1.1 BACKGROUND 

Terrorist bombing and accidental gas explosions may cause significant structural and 

architectural failure. Because of the relatively weaker strength as compared to the other 

structural components, glass windows are most vulnerable to blast loadings in a 

building system. For example, an accidental gas explosion owing to a broken natural 

gas line in Texas in 1986 broke window glass lites over a radius of 800m. The 1995 

Oklahoma City terrorist bombing attack caused progressive collapse of the building 

near the explosion centre, but broke windows about 1000m away. The 2004 Jakarta, 

Indonesia terrorist bombing did not cause structural collapse, but shattered windows in 

buildings 500m from the explosion centre. Recently, in 2011 Oslo bombing attack in 

Norway, a car bomb was detonated in front of Oslo executive government building. The 

blast wave shattered glass windows on almost all floors as well as other buildings on the 

other sides of the square. 

      The post-event investigation of the 1995 Oklahoma City bombing attack found that 

198 people in building within a radius of 970m suffered direct glass-related injuries 

such as lacerations and abrasions from glass shards, and 265 suffered certain degree of 

hearing impairment owing to blast pressure penetrating into the rooms from broken 

windows. Similarly, the 2004 terrorist bombing attack on the Australian Embassy in 

Indonesia killed 9 people including the suicide bomber, and injured more than 150. 

Most of them were inside the buildings and were injured by glass shards from fractured 

windows. In the 2011 Norway attacks, 8 people were killed in the explosion and at least 

209 out of 325 injuries were due to blast related debris. Therefore, it is very important to 

properly design or strengthen glass windows and curtain walls to be blast-resistant for 

human protection.  

      Recently, various efforts, including field blasting test, analytical derivation and 

numerical simulation of the glass window performance under blast loading have been 

reported. Some design guidelines and computer codes have also been developed to 

assist the blast resistant window design and analysis. However, all those studies were 

mainly case-by-case based, and the results were applicable only to the particular 
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window systems (dimensions, support conditions, anchoring systems, type of glass, and 

type of strengthening measures, etc.). It is not known the reliability of extrapolating 

those results to window systems of different conditions. As pointed out by Norville and 

Conrath [1] that ‗no general guideline for blast-resistant glazing design is available yet, 

the current blast-resistant glazing design remains a trial and error process‘. Therefore, 

for each design, blast validation tests are usually carried out. Since blast validation test 

is very costly and often not possible, developing a reliable method to design new and to 

assess the performance of existing window systems will be extremely useful.  

1.1.1 Current blast-resistant window systems 

      Different techniques and materials are available to provide blast resistance of glass 

windows. These include applying high-strength synthetic films made of polymer 

materials such as Kevlar or polyethylene to the glass, replacing low-strength annealed 

glass by thermally tempered high-strength glass, or by laminated glass with two or more 

glass plies bounded by Polyvinyl Butyral (PVB) interlayer of different thicknesses. 

Usually, the mullions, frames and anchorage of the window system should also be 

strengthened together with window glasses. Besides strengthening the window system, 

additional protective measures such as the cable catch systems, catch bars, blast 

curtains, blast drapes, rigid and flexible metal screens, and even a new window behind 

the existing window can also be installed to block shards from broken windows flying 

into the room. Lin et al. [2] conducted an intensive review of these window 

strengthening solutions. Concept of energy dissipation is also proposed recently in 

chamber window and cable damper system. The efficiency of all these strengthening 

techniques has been proven by their respective developers, mainly by field blasting test. 

However, performance of the respective strengthening techniques applied to windows 

other than those tested are not clear. As pointed out by Herrle and Bryant [3], most 

previous studies were conducted only for project-specific window systems and 

strengthening techniques. For example, the blast-resistant window systems with 

laminated glass, special pointer holders and vertical tension cables developed by Seele 

were tested by Hondrich Detonation Laboratories in Switzerland. The performance of 

Golden Glass developed by China Golden Glass Technologies Ltd was tested by MYY 

Ltd in Israel and by ABS Consulting in USA. The application of polymeric film in 

strengthening window systems was tested in USA. Similarly, Baker Engineering and 
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Risk Consultants, Inc. conducted 26 tests for US Department of State (DOS) to study 

the effectiveness of some retrofit catch systems. Because all these tests were conducted 

for the specific window systems and strengthening measures, extrapolating the results 

obtained in those tests to other window systems may not give reliable design and 

assessment of blast-resistant windows. Therefore, analysis and design methods for 

general window systems are needed.  

1.1.2 Current design approaches 

      There are two popular approaches to design blast-resistant window systems. One is 

based on the US Department of Defence UFC standard [4] and the other is the ASTM 

standard [5]. Both design standards assume 6.76mm nominal thickness laminated glass 

with two nominal 3mm glass plies bounded together by a 0.76mm PVB interlayer. The 

UFC standard further specifies that 6.89kPa should be used as the design load for 

window frame. Both standards are restricted to the 6.76mm laminated glass. They may 

not be applicable to design of window systems with other types of glasses and with 

different strengthening measures. UFC 3-340-02 [6] provides a method to calculate 

glass window responses to blast loadings. But it was reported that the calculated 

response of tempered glass is inconsistent with the testing results and other analytical 

solutions [7]. Therefore, generalized design guidelines for blast-resistant window 

systems are needed.  

1.1.3 Current analytical approaches 

      Literatures on analysis of a blast-resistant window system are very limited. A few 

analytical studies of window system response to blast loads employed simplified small 

deformation or large deformation plate theory. The window glass was modelled as a 

simply supported plate with linear elastic material properties. In a recent study of a 

laminated glass panel with two glass plies bounded by a PVB interlayer subjected to 

blast loading, glass was modelled as linear elastic and PVB was modelled as either 

linear elastic or viscoelastic. Based on the plate theory, the authors further extended the 

study to failure analysis of window glass to blast loadings [8-10]. 

1.1.4 Current numerical approaches 

      A few numerical simulations of window system response to blast loadings have also 

been reported. Most of these simulations simplified the window structure to a SDOF 
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system. The equivalent mass, stiffness and force of the SDOF system were obtained 

either by analytical solutions or based on testing data. A damage criterion was usually 

determined from testing data. For example, TNO Defence of the Netherlands is in the 

process of development of numerical approaches and tools based on an SDOF model to 

predict responses of window system [7]. A software tool ‗Blast-RF‘ has been developed 

based on an SDOF model to estimate the window glazing hazard to blast loading. 

Detailed numerical modellings of monolithic glass and laminated glass to blast loadings 

have also been reported in the literature [11, 12]. The commercial software LS-DYNA 

has been often used in these studies [13, 14]. The glass was usually modelled by shell or 

plate elements with linear elastic and brittle failure property, the PVB interlayer was 

modelled by solid elements with either linear elastic, hyperelastic or viscoelastic 

material properties. A smeared numerical model of laminated glass has also been 

reported, in which the laminated glass stress-strain relation was obtained by static test 

[14].  Some computer programs such as the US GSA program WINGARD, and US DoS 

Program WINLAC, are available to US GSA and US Government agencies to analyse 

window structure response to blast loadings. It should be highlighted that none of these 

computer codes can provide reliable estimations of the failure and fragmentation 

process of window glass. As reviewed by Hao et al. [15], all the existing numerical 

approaches have inherited difficulties in predicting structural fragmentations. This is 

because the SDOF-based models can only predict the overall window responses. The 

finite element method employs an erosion criterion to erode away elements to avoid 

element tangling. The erosion technique is a numerical manipulation. It violates mass 

and energy conservation. The meshless method and discrete element method avoid 

erosion in simulation, but the particle size in meshless model and weaker planes in 

discrete element model pre-determine the fragment size. Therefore, these methods 

cannot give reliable predictions of the fragment size, launching velocity and launching 

distance. Therefore, a method that can reliably and efficiently predicts window glass 

failure and fragmentation is needed.  

1.1.5 Dynamic testing and material model for window materials 

      Because of a lack of dynamic properties of window materials, most previous 

numerical studies used static material properties. Recently, a few laboratory tests to 

determine dynamic window material properties have been reported. For example, 
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impact tests, with the impact velocity up to 10m/s, on a simply supported laminated 

glass plate were carried out in US Air Force Research Laboratory to determine its 

dynamic properties [16]. Split Hopkinson Pressure Bar (SHPB) tests on glass specimens 

under uniaxial compression and combined compression and shear were conducted to 

study dynamic glass material properties [17]. Uniaxial tensile tests on PVB materials 

with the pull velocity in a range of 1m/s to 8m/s and the temperature between 5°C and 

35°C were carried out to study the strain rate effect on PVB material [18]. It was found 

that the static material properties used in many previous numerical and analytical 

models of PVB in laminated glass did not reproduce the PVB behaviors under dynamic 

loadings. It was suggested that substantial additional testing are needed to fully 

document PVB dynamic material properties for reliable design of laminated glass 

windows. A few dynamic tensile tests of polymer material properties have also been 

conducted using SHPB [19], and both static and dynamic polymer material models are 

available [20, 21]. However, reliable dynamic constitutive models with the strain rate 

effect for laminated glass and other type of glass are not available in the literature.  

1.2 AIMS 

The study aims to perform numerical and experimental studies to develop reliable 

analysis and design methods for impact and blast-resistant window systems. The 

primary works and objectives include: 

 Performing laboratory tests to determine the dynamic material properties of 

annealed glass;  

 Modifying available material model for glass, and developing new dynamic 

material model for glass material for reliable modelling glass window response 

under shock and impact; 

 Conducting static and dynamic experiments to investigate mechanical properties 

of popularly used interlayer materials for laminated glass; 

 Developing a detailed numerical approach to predict window failure and 

fragmentation process; 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

1.6 

 Carrying out laboratory impact tests of various window systems to determine 

failure modes, failure criteria and evaluate the accuracy of available design 

standards; 

 Performing numerical analysis of the structural responses of window systems, 

and deriving pressure-impulse (P-I) curves corresponding to different failure 

modes for various window systems; 

 Conducting field blasting tests to verify the numerical models in predicting the 

performance of blast-resistant window systems; and 

 Discovering possible blast and impact mitigation methods for glass window 

systems. 

1.3 SIGNIFICANCE AND INNOVATION 

1.3.1 Significance 

More than 80% human casualties in an explosion events are caused by flying glass 

shards from fractured windows. Window failure also allows shock wave propagating 

into the rooms to cause hearing impairment or in extreme case even lung damage. 

Therefore, it is very important to design window systems to be blast-resistant for human 

protection. As reviewed above there is no general method to predict the performance of 

window systems and fragmentations, and no reliable dynamic material models for blast-

resistant window materials. The proposed research intends to provide some answers to 

these problems. It will advance the knowledge of performance of blast-resistant 

windows and greatly improve the current trial and error design process. It will also 

result in enormous savings for conducting field blasting test for new or modified 

window system designs. The results obtained in this study will have immediate 

applications in strengthening existing and designing new protective windows. This will 

directly contribute to the integrated effort for a secure world.  

1.3.2 Innovation 

The following innovations in this research can be claimed: 

 Dynamic constitutive model of blast-resistant glass are derived. The model is 

crucial for reliable numerical simulations of glass and window failure under 

shock and impact loads; 
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 The static and dynamic material properties of PVB and SGP are investigated. 

The dynamic behaviors of the above interlayer materials are essential for 

properly analyzing the laminated glass window responses under shock and 

impact loads; 

 The study develops a new detailed numerical model for analyzing window 

failure and evaluating window blast-resistant capability; 

 The air blast pressure and the fragment impact are both considered in the 

analysis. With the understanding on glass window response to blast wave, 

studies were extended to investigate the performance of laminated glass 

windows to windborne debris impact; 

 P-I curves for different window systems are developed for quick assessment of 

window performance under blast loadings; and  

 A knowledge-based design guide of blast-resistant windows is derived, and new 

mitigation measure is proposed. 

1.4 THESIS STRUCTURES 

This thesis comprises twelve chapters. The eleven chapters following this introductory 

chapter are arranged as follows: 

      Chapter 2 presents laboratory tests to investigate the static and dynamic material 

properties of annealed float glass. Both compressive and tensile strength of glass 

material under static and dynamic states are studied. Glass ultimate strengths and 

Young‘s modulus at various strain rates are obtained from testing data. Dynamic 

increase factors (DIFs) are derived for architectural annealed glass material. 

      In Chapter 3, further dynamic tests are performed on annealed glass at higher strain 

rates. Modification on the popularly used Johnson Holmquist ceramic (JH2) model is 

carried out with the author‘s testing results and available testing data on annealed glass 

reported by other researchers in the literature. The modified glass material model is then 

verified through modelling a SHPB test, a glass window response to blast loading, and a 

debris impact test on laminated glass. 

      Chapter 4 and Chapter 5 perform experimental studies on popular interlayer 

materials - PVB and SGP, respectively. Both the static and dynamic material properties 
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of PVB and SGP are investigated through uniaxial direct tensile tests. The stress-strain 

curves at various strain rates are derived. The dynamic responses of PVB and SGP are 

found to differ considerably with their static behaviours. The derived dynamic material 

properties of PVB and SGP are to be used for modelling the responses of laminated 

glass under shock and impact loads.  

      Chapter 6 and Chapter 7 develop a detailed three dimensional numerical model of 

laminated glass window with dynamic material properties for both glass and interlayer 

materials. The model is calibrated with laboratory debris impact test results in Chapter 6 

and field blasting test in Chapter 7. The verified model is then used to predict the 

vulnerability of laminated glass window under debris impact. Vulnerability curves are 

derived in Chapter 6. The failure modes of laminated glass windows under the action of 

air blast load are presented and discussed in Chapter 7. Parametric study is performed 

and P-I curves is derived and reported. 

      In Chapter 8 and Chapter 9, full-scale field blasting test is conducted on monolithic 

tempered glass. The response and fragmentation process of monolithic glazing pane is 

monitored and analysed in Chapter 8, with the pane failure modes analysed using 

deflection contour and images from high-speed filming. The fragment characteristics of 

tempered glass, including fragment size, launching velocity, and launching distance are 

reported and analysed in Chapter 9. 

      Chapter 10 describes the laboratory airbag impact test and full-scale field blasting 

test performed on laminated glass windows. The testing results are used to evaluate the 

accuracy of available design standards, SDOF models, and recent numerical models of 

laminated glass windows. Improvements on the current design methods are proposed 

and discussed towards more accurate analysis and design of blast and impact resistant 

windows. 

      In Chapter 11, the response of laminated glass windows under air blast loading is 

further analysed in details. Based on field blasting test observation, it is found that joint 

failure along window frame is a major failure mode for laminated glass windows. The 

influences of window boundary and pane embedment depth are studied with field 

testing results, and detailed numerical modelling. The effectiveness of interlayer 
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anchors is then examined and discussed. A new concept of sliding boundary for 

laminated glass window is proposed. 

      Chapter 12 summarizes the main outcomes of this research, along with suggestions 

for future studies. 
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CHAPTER 2.  LABORATORY TEST ON DYNAMIC 
MATERIAL PROPERTIES OF ANNEALED FLOAT GLASS 

2.1 ABSTRACT 

In this study, laboratory tests were conducted to investigate the dynamic material 

properties of annealed float glass, which is widely used in building applications. The 

influence of strain rate effect on glass strength and Young‘s modulus is studied. Quasi-

static tests were performed first to determine the glass static strength and Young‘s 

modulus; then dynamic compressive tests were carried out at the strain rates from 98s-1 

to 376s-1 using a modified Split Hopkinson Pressure Bar. Tensile tests were performed 

in the strain rate range of 35s-1 to 990s-1 through splitting-tensile test (Brazilian test). 

Test results reveal that the compressive and tensile strengths of annealed glass are very 

sensitive to strain rate. Dynamic increment on glass compressive strength is found more 

significant than its tensile strength, a phenomenon different from other brittle materials 

such as concrete. The Young‘s modulus is found relatively insensitive to strain rate in 

the testing range, and is slightly larger in compressive tests than in tensile tests. Based 

on the test data compressive and tensile dynamic increase factors (DIF) of annealed 

glass with respect to strain rate are formulated. The glass fracture process is also 

investigated in this paper based on the images taken by high-speed camera during the 

tests. The fracture images and glass fragments are discussed and used to explain the 

testing results. 

2.2 INTRODUCTION 

Glass windows have been widely used in buildings for architectural purposes. 

However, due to its relatively weaker strength compared to other structural 

members, glass windows are most vulnerable especially to shock and impact loads. 

For instance, window glass in a radius of 800 meters was shattered in the 1986 

Texas gas explosion [1]. The 1995 Oklahoma City terrorist bombing caused window 

broken in 1000 meters away from ground zero [2]. Enormous casualties were 

claimed because of flying glass shards from fractured windows. The post event 

investigation of the 1995 Oklahoma City bombing attack found 198 people inside 
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buildings suffered direct glass related injuries such as lacerations and abrasions from 

glass shards [2]. Similarly, the 2004 terrorist bombing attack on the Australian 

Embassy in Jakarta Indonesia claimed 9 lives and 150 injuries. Most of them were 

inside the building and injured from fractured windows. Debris impact on glass 

windows in windstorms is another concern. A number of post-event investigations of 

severe windstorms including tornadoes, hurricanes, thunderstorms and frontal 

passages have been conducted since 1970‘s [3]. The vulnerability of glass windows 

to debris impact is regarded one of the two major factors contributing to the wide 

scale housing damage [4]. Therefore, it is very important and necessary to properly 

design or strengthen glass windows and curtain walls to resist blast and impact loads 

for human and structure protection. 

     Commonly used glass includes annealed glass, heat-strengthened glass, 

toughened glass, and laminated glass. Annealed glass, which is also known as 

annealed float glass, is the first product of float process. The glass is heated in a 

melting furnace above a transition point. Then glass sheet is carried on rollers 

through temperature controlled annealing ovens so as to relieve its internal stress. 

Annealed glass can be cut, machined, drilled, edged and polished. Also because it is 

comparatively cheap, annealed glass is widely adopted as structural glazing or is 

further produced into other glass. However, annealed glass tends to break into large 

jagged shards, which therefore is very dangerous if shattered. Heat-strengthened 

glass is produced by heating and quickly cooling annealed glass. Compressive stress 

is generated in the outer surfaces through this process. Hence, it is generally twice as 

strong as annealed glass of the same configuration. However, heat strengthened 

glass will break into sharp pieces and cause injuries. Tempered glass is a type of 

safety glass because it shatters into many small round dices resulting in low level of 

laceration danger. Tempered glass is produced through a similar process as heat -

strengthened glass by heating annealed glass to a higher temperature around 700C 

and then rapidly cooling down. This process locks the outer surface of glass in 

compression and the inner core in a state of tension, which increases glass 

mechanical resistance. The strength of tempered glass is approximately four to five 

times stronger than annealed glass. Laminated glass is a desirable mitigation retrofit 

for windows against shock and impact loads. It is normally made of two or more 
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layers of glass permanently bonded together by one or multiple layers of interlayers. 

The super plastic interlayer can hold the broken glass together after breakage, and 

dissipate the imposed energy through its deformation. Annealed glass is commonly 

used as the glass plies for laminated glass. Heat-strengthened and fully tempered 

glass can also be incorporated into laminated glass to increase its impact resistance 

capacity. However, laminated glass made of fully tempered glass ply has poorer post 

blast performance as laminated glass fabricated with fully tempered glass has a 

tendency to leave the supporting glazing frame after fracture whereas laminated 

glass with annealed glass is more likely to remain in the frame [5]. Therefore, 

normal annealed glass is preferable to toughened glass in laminated glass.  

     A number of researches have been conducted to evaluate the response and 

performance of different kinds of glass windows subjected to blast loads and debris 

impact [6-16]. Because of the very limited studies and thus a general lack of the 

dynamic properties of glass material, most previous works adopted static glass 

material properties in the prediction of dynamic responses of glass structures. 

However, it is widely agreed that material exhibits increased strength under dynamic 

loading. Simply using static glass material properties may lead to inaccurate 

predictions of glass structure responses. Based on the assumption that flaws in glass 

take time to grow into cracks, Brown [17] used theoretical formulation and 

concluded that strain rate effect can increase glass strength up to three times. 

Holmquist et al. [18] conducted dynamic compressive test on float glass using Split 

Hopkinson Pressure Bar (SHPB) to verify the dynamic increment effect on glass 

strength. The test results were used to construct an integrated glass dynamic material 

model- Johnson Holmquist Ceramic constitutive model (JH2). Both strain rate effect 

and material damage are considered in this model. However, JH2 model was derived 

from laboratory tests on float glass at only two strain rates, i.e., 10-3s-1 and 250s-1 for 

compression and single flyer plate tests for tension. Since glass dynamic strength 

increment is not necessarily linear with strain rate, testing data at only two strain 

rates are not enough to accurately describe the strain rate effect on dynamic glass 

strength. Hence, more tests are needed to derive dynamic strength increments of 

annealed float glass at different strain rates.  
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      Recently, Peroni et al. [19] conducted SHPB tests on commercial glass which is 

similar to that used in laminated glass structures to determine the strain rate effects 

on glass strength. Through comparing static compressive strength and dynamic 

strength at strain rate about 1100s-1, it is concluded that glass is not very sensitive to 

strain rate. However, dynamic Young‘s modulus of glass material is generally 

smaller than the static one, implying failure of the glass increases under dynamic 

loading. Because of the brittle behavior and low strength of glass material, dynamic 

equilibrium is very difficult to be satisfied in SHPB test and must be carefully 

checked. Split-tensile test was also performed by Peroni et al. [19] to investigate the 

glass tensile strength. Significant dynamic increment in tensile strength was 

observed. However, because no strain gauge was attached to the cylinder specimen, 

there was no glass strain or strain rate recorded. Therefore no dynamic tensile 

strength increment with respect to strain rate is given in the study. Also similar to 

Holmquist et al.‘s work [18], Peroni et al. [19] only conducted tests at around two 

strain rates. Therefore, more dynamic tests are deemed necessary to better 

understand the dynamic glass material properties.  

      The purpose of this study is to investigate the dynamic material properties of 

commonly used annealed float glass. SHPB tests on cylindrical glass specimens of 

size 15mmx15mm were conducted by using a modified Split Hopkinson Pressure 

Bar to determine the dynamic compressive strength. Brazilian tests on the same size 

glass specimens were conducted to assess the dynamic tensile strength. Strain 

gauges were glued to the tensile specimens to record material strain and derive 

testing strain rate and material modulus. High-speed camera was installed to monitor 

the failure process of the glass specimens. With reference to the static compressive 

strength, tensile strength and Young‘s modulus, strain rate effects on dynamic 

material properties are derived from the test data. Empirical formulas of dynamic 

increase factor (DIF) for both compressive and tensile strength of anneal float glass 

with respect to strain rate are derived and presented in this paper.  
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2.3 TESTING EQUIPMENT 

2.3.1 Theory and assumptions 

Split Hopkinson Pressure Bar normally consists of a striker bar, an incident bar, a 

transmitter bar and an absorption bar (stopper bar). The specimen is sandwiched 

between the incident bar and the transmitter bar. In a single test, the striker bar is 

launched at a certain velocity and hits the front surface of the incident bar. The 

impact generates a stress wave in the incident bar, which propagates towards the 

specimen. By adjusting the velocity of the striker bar the amplitude of the stress 

wave can be justified. In order to achieve the required stress level in the specimen, 

the cross sectional area of the specimen must often be kept smaller than the bar [20]. 

When the stress wave arrives at the interface between the incident bar and the 

specimen, due to the impedance mismatch, the wave is reflected into the incident bar 

while the rest continues through the specimen. Part of this wave propagates into the 

transmitter bar (Figure 2–1). The rest part of the wave is reflected at the interface 

between the specimen and the transmitter bar, which travels within the specimen 

back and forth for several times striking a balance until the specimen fails.  

 

Figure 2–1 One-dimensional wave propagation in SHPB 

There are three fundamental assumptions in SHPB test: 

 The bars remain elastic throughout the test, and stress wave propagation can 

be modeled by one-dimensional wave theory;  

 Specimen deforms homogeneously without premature failure before reaching 

stress equilibrium;  

 Inertial effect and end friction are minimized.  

      Once the above assumptions are satisfied, according to the one-dimensional 

wave theory, the amplitude of the transmitted stress wave is a measure of the stress 

level in the specimen. In direct compression test the amplitude of the reflected stress 

is proportional to the strain rate in the specimen. By integrating strain rate, the strain 
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of the specimen can be determined. Therefore, the stress σ, strain rate  ̇ and strain  

in compression test can be expressed as 

 ( )  
      ( )

  
 (2-1) 

 ̇( )   
     ( )

  
 (2-2) 

 ( )  ∫ ̇
 

 

( )   (2-3) 

where Ae and Ee are the cross sectional area and Young‘s modulus of the elastic 

bars; t and r are the transmitted and reflected strains in the elastic bars; ce is the 

longitudinal bar wave velocity determined by √     , where e is the material 

density of the bar; As and Ls are the cross sectional area and length of the specimen.  

      Similarly, the stress wave in the transmitter bar can also be used to assess the 

stress experienced by the specimen in split-tensile test. However, due to the nature 

of split-tensile test, the tensile strain and associated strain rate experienced by the 

glass cylinder cannot be evaluated through the elastic bars directly. Instead, strain 

gauge is normally used to measure the strain rate and specimen strain.  

2.3.2 Instrument 

      In this study, dynamic compression and split-tension tests were carried out on 

the SHPB shown in Figure 2–2 in the Split Hopkinson Pressure Bar lab at the School 

of Resource and Safety Engineering, Central South University, China. Figure 2–3 

illustrates the SHPB equipment and data recording system used in the current work. 

50mm diameter high strength steel rods were chosen as incident and transmitter 

bars. The lengths of the elastic bars are both 2000mm. The density and Young‘s 

modulus are 7800kg/m3 and 240GPa, respectively. Stain gauges were glued to the 

centers of the incident and transmitter bars. High-speed camera was placed to 

monitor the deformation and fracture process of glass specimens. The sampling 

frequency was set to 350,000fps to capture the glass cracking progress. Camera was 

externally triggered when the stress wave arrived at the center point of the incident 

bar. It is to be noted that due to difference in diameters, the glass specimens were 

carefully positioned and checked to ensure alignment with the centroid of the elastic 
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bars. During each test, the glass specimen was covered by a transparent plexiglass 

box to stop the ejecting glass fragments.  

 

Figure 2–2 Split Hopkinson Pressure Bar 

 

 

Figure 2–3 SHPB and monitoring unit setup 
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Figure 2–4 Idealised profiles of striker bar and waveform 

      To overcome the inherent disadvantages such as strong oscillation and 

dispersion of the incident stress associated with conventional SHPB in testing brittle 

material, traditional striker bar was modified into a spindle projectile so as to control 

the incident pulse in a half sine shape (shown in Figure 2–4) [21]. Because of the 

very brittle material property of annealed glass and especially low tensile strength in 

split-tensile test, 2mm thick copper disk was placed at the impact end of the incident 

bar (Figure 2–5). The pulse shaper is designed to further modify the half-sine 

incident wave without any steep and abrupt increment so as to prevent premature 

failure of glass [22]. It is to be pointed out that the copper pulse shapers deform 

irregularly under impact, it is therefore difficult to evaluate the strain rate of the 

specimen purely through impact velocity or vessel pressure. Strain gauges have to be 

used in split-tensile tests. A sufficient number of tests with different combination of 

vessel pressures and launching distances have to be conducted to get desired strain 

rates.  

 

Figure 2–5 Copper pulse shaper 
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2.3.3 Glass specimens 

      Annealed float glass for architecture windows and curtain walls was selected as 

testing glass material. Normally manufactured 15mm thick annealed glass ply was 

grinded into 15mm diameter cylinders (Figure 2–6). For SHPB tests, the top and 

bottom surfaces of the specimen should be perfectly flat and parallel. These are 

checked by laser scanner and properly controlled during the manufacturing process. 

The density of annealed glass is 2500kg/m3; Poisson‘s ratio is 0.23; nominal 

compressive strength is about 200~300MPa; tensile strength is around 10~30MPa, 

and Young‘s modulus varies from 50GPa to 80GPa.  

 

Figure 2–6 Glass specimens 

2.4 COMPRESSION TESTS  

2.4.1 Static test 

Static compression test was performed at the University of Western Australia (Figure 

2–7) on a Baldwin static test machine. During the test, the head displacement rate 

was controlled at 0.12mm/min resulting in a strain rate of 1.33x10-4s-1 on the 

specimen. Load cell was installed to precisely measure compressive load. 

Considering the Young‘s modulus of glass material and the stiffness of the 

compression arm, using crosshead displacement to measure glass cylinder 

deformation will give very inaccurate estimation. Therefore a pair of strain gauges, 

designated as SG1 and SG2, was glued to the standing surface of the glass cylinders 

on the opposite side of the specimen, and the resulting strain data from the two 

strain gauges are averaged and used to derive the static stress-strain relation of the 
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glass material. It should be noted that as glass cylinder cracks, the strain gauges are 

very likely to be chipped off. Therefore it is difficult to measure the post-failure 

strains. Three specimens were tested in this study and the measured stress-strain 

relations are shown in Figure 2–8. 

 

Figure 2–7 Baldwin static loading machine 

      Table 2–1 lists the compression test results. With reference to Figure 2–8, it can 

be seen that the three tested specimens have consistent ultimate compressive 

strength but varying stiffness and failure strain. The averaged failure strain is about 

0.004 with a coefficient of variation of 10% and compressive modulus is around 

66GPa with a coefficient of variation about 7%. The glass specimens display an 

almost linear elastic stress-strain relation with very brittle failure when their ultimate 

compressive strength is reached. 

Table 2–1 Static compressive test data 

No. 
Compressive 

strength  

(MPa) 
Strain1 Strain2 

Average 
Strain 

Average E  

(GPa) 

1 248.28 0.0031 0.0039 0.0035 71.83 

2 252.00 0.0035 0.0044 0.0039 64.55 

3 268.12 0.0036 0.0056 0.0046 61.07 

Standard dev. 8.61 0.0002 0.0007 0.0004 4.48 

Average 256.13 0.0034 0.0046 0.0040 65.82 
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Figure 2–8 Stress strain relation of static compression tests 

2.4.2 Dynamic test 

      A group of 36 dynamic compression tests were conducted on the annealed glass 

specimens using the modified SHPB. The vessel pressure of the striker bar varied 

from 0.4MPa to 1.0MPa, and the releasing distance was also adjusted to achieve 

different levels of impact.  

 

Figure 2–9 Typical stress waves recorded on the incident and transmitter bars 

      Figure 2–9 shows typical stress waves recorded from the incident bar and 

transmitter bar. As can be seen, the modified SHPB gives smooth half-sine stress waves 

without abrupt increase. Dynamic equilibrium is carefully checked as depicted in Figure 

2–10. The stress-strain curves at four strain rates are shown in Figure 2–11. It can be 

observed that under dynamic loads annealed glass experiences very brittle failure. The 
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initial modulus at different strain rates are approximately the same. The modulus 

reduces slightly as the specimen approaches its ultimate strength, when damage can be 

observed in glass specimens. After reaching the ultimate compressive strength, annealed 

glass capacity drops abruptly.  

 

Figure 2–10 Dynamic equilibrium 

 

Figure 2–11 Compressive stress-strain curves at various strain rates 

      With the aid of high-speed camera, the crack to rupture process of glass specimens 

was recorded. As shown in Figure 2–12, the incident stress wave strikes the specimen 

from right hand side. For the case with 0.4MPa impact pressure shown in Figure 2–12, 

the specimen remained intact when stress wave arrived. After the stress wave traveled 

back and forth several times, cracks initiated from both ends of the specimen at 15.37s. 

Cracks began to develop and extend at 21.08s, while more cracks were formed at 
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69.65s and 78.22s. As cracks penetrated through the entire specimen, the outer layer 

of glass began to be chipped off. The specimen ruptured at 149.65s when most 

longitudinal cracks propagated throughout the whole glass specimen. In comparison, 

Figure 2–13 shows the failure process of glass specimen when impacted at 1.0MPa 

pressure. As shown the specimen was not damaged until cracks formed from the right 

hand side boundary as a result of wave superposition of incident wave and reflected 

wave at 8.66s. Several major cracks extended quickly through the specimen (15.32s), 

and then a number of thorough cracks were formed (28.66s and 33.32s) which 

separated the glass cylinder into a number of small columns. The specimen finally 

ruptured (95.32s) as these small columns were smashed.  

    
t=0.00s t=15.37s t=21.08s t=69.65s 

    
t=78.22s t=98.22s t=149.65s t=278.49s 

Figure 2–12 Specimen fracture image sequence at 0.4MPa ejecting pressure 

      By comparing the high-speed camera images in the above two figures, as well as the 

stress-strain curves shown in Figure 2–11, the strain rate effect is obvious. The ultimate 

compressive strength obtained from the tests is plotted against strain rates in Figure 2–

14. Despite some scattering, probably because of the random flaws in each specimen, 

the increasing trend of glass strength is obvious with strain rate. With reference to the 

averaged static compressive strength, the dynamic increase factor (DIF) of annealed 

glass is obtained and plotted against strain rate in Figure 2–15. As can be seen, at strain 

rate 100s-1 glass compressive strength is amplified by over 30%. At 400s-1 the glass 

compressive strength increases by two times.  
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t=0.00s t=8.66s t=15.32s t=28.66s 

    
t=33.32s t=55.32s t=68.66s t=95.32s 

Figure 2–13 Specimen fracture image sequence at 1.0MPa pressure 

 

Figure 2–14 Compressive strength vs strain rate 

      The significant strain rate effect on annealed glass compressive strength can be 

explained by evaluating the glass fragments from quasi-static tests and dynamic tests at 

different strain rates (Figure 2–16). It can be observed that in static compression glass 

cylinder split into several columns due to lateral expansion. This is expected as glass 

tensile strength is a lot lower than its compressive strength. Under longitudinal 

compression, the Poisson‘s ratio resulted in the lateral stress which caused the glass 

cylinder to split laterally. The glass specimen reached its ultimate compressive strength 

as these glass columns failed under increased compression force. In relatively low speed 

dynamic compression (strain rate 132.9s-1), glass cylinder cracked into many smaller 

columns. Specimen ultimate capacity was reached when most of these columns were 
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crushed. As strain rate increased to 190.8s-1, more number of smaller glass columns 

were formed. The majority of the cracked glass was shattered into small glass debris 

while some were even smashed into fine glass fragments. When strain rate reached 

376.1s-1, the whole glass cylinder was totally smashed into very fine gradients. Through 

comparison, it can be found that glass cracks laterally under static compressive loads 

and low speed impacts. The failure processes of glass under static loads and dynamic 

loads are different. Under quasi-static compression, glass specimen cracks into a few 

large pieces. The ultimate strength is reached when the damaged glass specimen 

fracture under continuous compressive load. In dynamic loading, glass fails when 

cracked specimen is crushed. As strain rate increases, glass shatters into fine fragments. 

In other words, the formation of fine fragments with more failure surfaces at high strain 

rates absorbs more energy from loading source. Therefore, the corresponding glass 

compressive strength is enhanced. 

 

Figure 2–15 Compressive DIF vs strain rate 

      The relationship between compressive DIF and strain rate can be expressed by the 

following empirical relations  

                   ( ̇)       when        ̇      (2-4) 

                    ( ̇)      when      ̇ (2-5) 

where  ̇  is strain rate. It should be noted that due to the limitation of the SHPB 

equipment and the relative low glass strength, all the compressive experiment strain 

rates fell in the range between 100s-1 and 400s-1. Due to a lack of data in strain rate 
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range of 10-5s-1 to 100s-1, it is assumed that DIF in this range is also proportional to 

strain rate with a logarithmic linear relation. The kink is located at 100s-1 strain rate as 

shown in Figure 2–15.  

  
a) Quasi-static b) 0.4MPa (strain rate 132.9s-1) 

  
c) 0.5MPa (strain rate 190.8s-1) d) 0.8MPa (strain rate 376.1s-1) 

Figure 2–16 Compressive glass fragments at various strain rates 

      Data from previous studies on glass dynamic compressive strength are compared 

with the current test results. Glass compressive strength at two strain rates from JH2 

model [18] and those from Peroni et al.‘s recent experiment [19] are normalized with its 

own static strengths. The resulting DIFs are plotted into Figure 2–15. As can be seen, 

Peroni et al. obtained their glass strength at strain rate around 1000s-1 [19]. The DIFs are 

a lot smaller than those in the current work. This is probably because of the different 

glass materials tested. Peroni et al. [19] tested ‗high purity optical glass‘. Both its static 

and dynamic compressive strengths are well above 1000MPa. The nominal compressive 

strength of most annealed float glass is around 248MPa from a 25mm cube test. 

Therefore, it is believed that the glass adopted by Peroni et al. was most likely to be 

toughened glass. In JH2 model, Holmquist et al. conducted dynamic test on float glass 
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in 1990‘s. However, the compressive strength from Holmquist et al.‘s experiments [18] 

also yielded rather low DIF. The static and dynamic compressive strength tested in JH2 

are noticeably higher than the current annealed glass strength. This can be attributed to 

the difference of chemical compositions used in the float glass (Table 2–2). Similar to 

other materials, the chemical compositions and percentages play a vital role in the 

material physical properties. Because of environmental consideration, nowadays less 

sand (SiO2) is mixed into glass raw composites. The low SiO2 percentage does not 

significantly change the optical properties of annealed glass but it leads to low glass 

strength.  

 

Figure 2–17 Young's modulus vs strain rate 

       Figure 2–17 shows the Young‘s modulus of the tested annealed glass in the 

dynamic compression test. It is obvious that the annealed glass modulus in compressive 

test shows no appreciable influence from strain rate effect. Comparing with glass static 

modulus, no dynamic increment effect can be found, either.  

Table 2–2 Annealed glass chemical composition 

 Percentage of Chemical Composition 

JH2 model  
SiO2 Na2O CaO MgO Al2O3 K2O Fe2O3 

73.7% 10.6% 9.4% 3.1% 1.8% 1.1% 0.2% 

Current study  
SiO2 Na2CO3 Cullet CaMg(CO3)2 CaCO3 Other 

51% 16% 15% 13% 4% 1% 
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2.5 SPLIT-TENSILE TESTS  

2.5.1 Static test 

Split-tensile test (Brazilian test) is conducted to investigate the tensile strength of glass. 

The 15mm length and 15mm diameter annealed glass cylinder is loaded compressively 

in its diametric direction. The compressive load induces a uniformed tensile stress field 

in most cross section perpendicular to the loading direction (Figure 2–18). Because the 

tensile strength of annealed glass is a lot weaker than its compressive strength, the glass 

specimen cracks along its central line due to lateral tensile stress. The glass tensile 

strength can therefore be calculated as 

  
   

     
 (2-6) 

where σ is the tensile strength of glass specimen; P is the maximum compression force; 

b and D are the depth and diameter of the specimen.  

 

Figure 2–18 Split-tensile test and stress field 

      To better distribute compressive loads and avoid premature cracks, previous 

researchers introduced paper bearing strips [19]. However, the distributed compressive 

loads instead of point load violate the basic assumption used to calculate tensile stress at 

the centre of specimen. Moreover, introducing soft paper inserts into SHPB equipment 

is likely to disperse transmitted stress wave, which will largely influence the low 

amplitude stress wave to be recorded. Therefore, no paper insert was introduced in this 

study. Another concern is the validation of split-tensile test. It is a general practice to 

place two small hard inserts between the loading platen and cylinder so as to optimize 

point contact. In the current work preliminary test was conducted by comparing the 
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split-tensile test results with and without loading through two narrow Tungsten carbon 

strips. As compared in Table 2–3, tests without strips give more consistent compression 

loads. This is because the unavoidable difficulty in aligning the two narrow strips with 

the tiny glass cylinder in the direction of compression. Also considering the rigid 

stiffness of glass material and its low tensile strength, glass cylinder splits at small 

deformation under compression. Hence, no strip is placed in the following split-tensile 

tests either. 

Table 2–3 Comparison of split-tensile test with and without strip 

No. 
P (kN) 

With strip Without strip 

1 6.80 6.44 

2 9.50 6.99 

3 10.80 7.00 

Standard var. 2.04 0.32 

Average 9.03 6.81 

      Three static split-tensile test results are listed in Table 2–4. Strain gauges were 

attached to the front surfaces of the glass cylinders to record splitting strain. As shown 

in Figure 2–19, annealed glass experiences very brittle failure in tension. Its static 

ultimate tensile stress and strain are about 19.27MPa and 0.00033, respectively. Figure 

2–20 shows the cracked split glass specimens from static tests. All three specimens were 

reasonably split from their central.  

Table 2–4 Static split-tensile test results 

No. P (kN) Stress (MPa) Strain E (GPa) 

1 6.43 18.21 0.00031 59.43 

2 6.99 19.78 0.00036 54.98 

3 7.00 19.82 0.00034 59.04 

Average 6.81 19.27 0.00033 57.82 

Standard dev. 0.32 0.92 0.00027 2.47 
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Figure 2–19 Stress strain relation of static split-tensile tests 

   
Specimen 1 Specimen 2 Specimen 3 

Figure 2–20 Split glass specimens in static tests 

2.5.2 Dynamic test 

      Dynamic split-tensile tests were conducted on a series of annealed glass specimens 

using the modified SHPB device described above. Figure 2–21 shows the typical stress 

waves recorded from the incident and transmitter bars on split-tensile test. Due to the 

low split-tensile strength of annealed glass and the small dimension of testing cylinders, 

the stress amplitude measured on the transmitter bar is rather small. To achieve dynamic 

equilibrium before glass specimen fracture, the modified striker bar and the pulse shaper 

are crucial. Equilibriums on both elastic bars were carefully checked on each test 

(Figure 2–22). By varying the impact pressure and striker bar releasing distance, the 

split-tensile tests were managed to be tested in a wide range of strain rates.  
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Figure 2–21 Typical stress waves recorded from the incident and transmitter bars on split-tensile 
test 

 

Figure 2–22 Dynamic equilibrium on split-tensile test 

      Figure 2-23 shows the stress-strain curves at several typical strain rates. As shown, 

annealed glass material has an almost linear elastic stress strain relation under dynamic 

tensile loads until brittle failure. Strain rate effect is obvious and tensile strength 

increases with strain rate. The measured split-tensile strength of all the 30 specimens in 

dynamic tests are plotted against the strain rates in Figure 2-24. A clear trend of 

increasing tensile strength with respect to strain rate can be observed. The dynamic 

tensile strengths are normalized by the averaged static tensile strength. The resulted 

DIFs are plotted with their strain rates in Figure 2-25. As can be seen, comparing with 

static condition, annealed glass strength increases by about 20%  at strain rate 35/s; the 

increment is 30% when strain rate is around 300/s. The glass tensile strength is doubled 

when the strain rate is 900/s. 
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Figure 2–23 Stress-strain relations at different strain rates 

      It is interesting to find that the dynamic compressive strength increment is more 

significant than tensile strength increment at the same strain rate. This is different from 

other brittle materials such as concrete that generally the tensile strength increment is 

more substantial than its compressive strength. To explain this observation, the 

specimen fracture process in dynamic split tests recorded by high-speed camera is 

examined. Figure 2–26 and Figure 2–27 depict glass fracture process at low and high 

speed impacts with strain rate 205s-1 and 644s-1, respectively. As shown, during the test, 

the specimens were sandwiched between incident bar and transmitter bar. The cylinder 

deformed slightly in the 2nd images (at 22.64s for  ̇=205s-1 and 18.45s for  ̇=644s-1) 

when stress wave traveled through the specimen. Lateral cracks initiated from the 

central of the glass cylinder in the 3rd images (at 34.07s and 27.02s respectively). 

Cracks quickly developed and penetrated through the longitudinal planes of the 

cylinder. Then the glass cylinder was split in half. Comparing the two series of fracture 

images, it can be observed that the entire processes were very similar. But tensile cracks 

initiated quicker in high speed impact due to higher stress level. In low speed impact, 

the glass cylinder was split into two hemispherical glass pieces. In high speed impact, 

the two hemispherical glass fragments were further shattered into smaller debris. The 

resulted glass fragments are shown in Figure 2–28. Through comparison it can be found 

that insignificant difference on glass fragments can be observed between high strain rate 

and low strain rate dynamic split tensile tests. Comparing with dynamic compressive 

tests less number of glass fragments were resulted from high speed impact in dynamic 

tensile tests, which means less energy was dissipated by the smashing of glass. 
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Therefore for annealed glass material, the compressive strength increment is more 

substantial than the tensile strength increment. 

      Based on testing data, the empirical relations between annealed glass tensile DIFs 

and strain rates are derived as 

                   ( ̇)      when        ̇      (2-7) 

                   ( ̇)       when      ̇ (2-8) 

where  ̇ is strain rate. 

 

Figure 2–24 Tensile strength vs strain rate 

 

Figure 2–25 Tensile DIF vs strain rate 

      Figure 2–29 shows the Young‘s modulus obtained in dynamic tensile tests. The 

Young‘s modulus of annealed glass remains almost a constant with strain rates, which 
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means that annealed glass tensile modulus is not sensitive to strain rate either. 

Comparing the Young‘s modulus of annealed glass in both compressive test and split 

tensile test, it can be found that its compressive modulus is slightly larger than its tensile 

modulus. This is probably because the closure of micro-cracks existing in glass 

specimens during compression. The specimens were therefore compacted into denser 

cylinders under the compressive loads. 

       
t=0s t=22.64s t=34.07s t=51.21s 

      
t=68.35s t=102.64s t=145.49s t=248.34s 

Figure 2–26 Specimen split images under low speed impact ( ̇=205s-1) 

    
t=0s t=18.45s t=27.02s t=41.30s 

    
t=75.59s t=129.87s t=227.01s t=404.14s 

Figure 2–27 Specimen split images under high speed impact ( ̇=644s-1) 
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Low speed impact ( ̇=205s-1) High speed impact ( ̇=644s-1) 

Figure 2–28 Split tensile glass fragments at low and high speed impact 

 

Figure 2–29 Tensile Young's modulus vs strain rate 

2.6 CONCLUSIONS 

In this study, laboratory tests were conducted to investigate the dynamic material 

properties of annealed float glass. Dynamic compressive tests and split tensile tests were 

performed using modified SHPB equipment. Compression tests results indicate that 

glass compressive strength is significantly influenced by strain rate. The glass 

compressive strength is enhanced mainly because of the smashing of glass specimens at 

high strain rate. Brazilian test results show that the dynamic tensile strength of annealed 

glass also increases with strain rate. However the increment is less substantial than its 

compressive strength. Empirical formulae of DIFs for compressive and tensile strength 

with respect to strain rate are derived from the testing data, which can be used to better 

model dynamic glass strength. Test results also show that the Young‘s modulus of 
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annealed glass is not strain rate sensitive. However, due to the closure of micro-cracks 

in glass specimens its compressive modulus is slightly higher than its tensile modulus.  
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CHAPTER 3.  DYNAMIC MATERIAL MODEL OF 
ANNEALED SODA-LIME GLASS 

3.1 ABSTRACT 

Glass is an omnipresent material which is widely used as façade in buildings. Damage 

of glass windows and the associated glass fragments induced by impact and blast loads 

impose great threats to people in the vicinity. Much effort has been directed towards 

understanding glass material properties, and modeling of glass window responses to 

impact and blast loads. For reliable predictions of glass structure performances under 

dynamic loadings, an accurate dynamic constitutive model of annealed float glass, 

which is commonly used for glass windows, is therefore needed. In current practice, the 

Johnson-Holmquist Ceramic (JH2) model is most commonly used in simulating glass 

plate responses to impact and blast loads. In this study, the accuracy of the JH2 model in 

modeling annealed float glass material, especially at high strain rate is examined in 

detail. Static compressive tests and dynamic compressive tests using Split Hopkinson 

Pressure Bar (SHPB) are carried out on soda-lime glass specimens sampled from 

commercially used annealed float glass panes. These testing results are used together 

with the authors‘ previous testing data and data reported by other researchers in the 

literature to determine the constitutive constants for the JH2 model, including Equation 

of State (EOS), strength criterion and strain-rate effect. The JH2 model with new 

material constants is then programmed in commercial code LS-DYNA. To validate the 

model, it is used to simulate a SHPB compressive test on a 15mm by 15mm (diameter 

by length) glass specimen, a field blasting test on a laminated glass window of 1.5m by 

1.2m in dimension, and a full-scale laboratory windborne debris impact test on a 

laminated glass window. The simulation results demonstrate that the JH2 model with 

the new material constants for annealed glass gives good predictions of glass material 

and glass window responses to impact and blast loads. 

3.2 INTRODUCTION 

Annealed soda-lime glass is an omnipresent construction material that has been widely 

used for windows and façade in buildings. Due to its relatively low strength and 
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brittleness, glass is very fragile especially in face of extreme loads, such as shock and 

impact loads. Under impact and blast loads the fractured annealed glass, which is jagged 

and flying at high velocity, could cause enormous casualties. Post-event investigations 

on terrorist bombing attacks, accidental explosions and cyclone induced debris impact 

have cited the fractured glass façade and windows as a major threat to the safety of 

structures and residents. For instance, in the Norway attacks in 2011, the shock wave 

from the car bomb shattered almost all the windows of the Oslo executive government 

building. 209 victims out of the total 325 injuries were associated with glass laceration 

[1]. Similarly, after the 1974 cyclone Tracy, the post-event investigation concluded that 

one of the most remarkable factors contributing to the wide-scale overturning and 

damage of houses was the overwhelming internal pressure following the windward 

window failure due to windborne debris impact [2]. A number of studies have been 

carried out to analyze the responses of glass windows under such extreme loading 

conditions [3-8], and to seek respective retrofit techniques [3, 9]. Nevertheless, there is 

still a lack of integrated and systematic study on annealed glass dynamic material 

properties and development of dynamic material models to simulate glass window 

response. Consequently, many previous studies could only adopt static material model, 

which left the accuracy of results in doubt [5, 6]. Therefore, to better analyze and design 

glass windows for personnel and property protection, it is necessary to more thoroughly 

understand glass dynamic material properties, which will lead to better analysis and 

prediction of glass window behavior against impact and blast loads. 

      Glass is an idealized isotropic and brittle material. However, variations in its 

chemical compositions and manufacturing processes lead to diversified glass material 

characteristics and properties. Glass is produced by heating a mixture of raw minerals 

above a transition point. The molten glass is then floated on top of molten tin after 

which it is slowly cooled without quenched in the annealing lehr. Soda-lime glass 

commonly used for structural glass windows is mainly made of SiO2 (about 50~75% 

mass proportions). Comparatively, borosilicate glass with higher SiO2 ratio is normally 

stronger and has better temperature shock resistance, which is often chosen for reagent. 

Manufacturing processes also lead to various glass strengths and fracture characteristics. 

For instance, the standard float process produces annealed glass, which is very low in 

strength and breaks into large jagged shards with sharp ends. By heating and quickly 
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cooling annealed glass yields heat strengthened glass, which leads to higher strength. 

Uniformly heating annealed glass to a temperature of up to 700°C and immediately 

cooling it produces fully tempered glass, which has very high strength as a result of the 

pre-stress introduced to glass during the tempering process. Tempered glass is generally 

four to five times stronger than annealed glass. It also shatters into numerous fine 

pieces, which is comparatively less threatening. Despite the advantages of heat 

strengthened and tempered glass, due to its low cost annealed soda-lime glass has been 

ubiquitously used for structural glass windows. Considering the overwhelming usage in 

building structures and serious consequences that always lead to mass injuries, the 

current study focuses on the investigation of annealed soda-lime glass. 

      Recently, many researches have been directed towards fully unveiling the dynamic 

behaviors of different types of glass. For instance, the dynamic deformation and fracture 

behavior of borosilicate glass with confined or unconfined stresses were investigated 

intensively [10-14]. Strain-rate effect and surface condition influences on the 

borosilicate glass strength were evaluated experimentally [15]. Similarly, for soda-lime 

glass, the fracture process and densification behavior under shock load were 

investigated thoroughly through plate impact tests [16-19]. The dynamic increment 

effect on uniaxial compressive strength and split-tensile strength (determined by 

splitting a cylinder across the diameter, also known as the Brazilian test) of soda-lime 

glass were recently studied [20, 21]. The studies demonstrated that glass behaves very 

differently under dynamic and static loadings. Like other construction materials such as 

concrete and steel, glass is also strain-rate sensitive. Its ultimate strength is amplified 

when the deformation rate is significant. Bulk damage could be triggered by high 

intensity stress under dynamic loading, where the influence of glass surface flaw is less 

prominent because there is limited time for cracks to find the relatively weaker sections 

to develop [21]. Both the compressive and tensile dynamic increase factors (DIF), 

which are the ratio of dynamic ultimate strength to the corresponding static ultimate 

strength, are determined with respect to the strain rates the tested glass specimen 

experienced. Using a modified SHPB device, Zhang et al. [21] performed dynamic 

compressive tests on annealed glass at the strain rates from 98s-1 to 376s-1. A bi-linear 

relation between glass compressive DIF and strain rate was found. In the same study, 

tensile tests carried out through split-tensile test found a similar trend on the tensile DIF 
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vs. strain rate relationship. It should be noted that in determining the glass material 

constants of JH2 model, compressive tests were conducted at two strain rates only, 

while split-tensile tests were only performed at static state [22]. The lack of dynamic 

tensile tests was mainly because the results were used to model glass ballistic 

performance, where glass tensile strength was considered less crucial. However, when 

modeling thin glass pane response to lateral loads, glass tensile strength will strongly 

influence glass pane behavior. A better strength model for glass in the tensile region is 

deemed necessary. With more and more thorough studies on annealed glass dynamic 

compressive and tensile strengths at various strain rates, modification and determination 

of updated constants of JH2 model for annealed glass can be achieved to better model 

the glass behavior, especially for glass windows subjected to impulsive lateral loads.  

     Most previous researches on soda-lime glass showed that the glass is capable of 

bearing over 1.0GPa uniaxial compressive stress [20, 22]. The split-tensile strength of 

float glass in JH2 model is also well over 100MPa [22]. These results were found 

inconsistent with some recent testing results on annealed soda-lime glass [21]. The 

discrepancy is believed to be attributed to the differences in sample surface conditions. 

As pointed out by Nie et al. [15] that glass strengths exceeding 1.0GPa were produced 

by submersing the specimens in acid fluid to blunt out surface cracks. This could be 

suitable for transparent armor for military purpose but is not a process in producing 

construction glass panes. Therefore, existing material constants for annealed soda-lime 

glass overestimates the material strengths of glass commonly used for windows. To 

better predict the glass window responses, modifications of material constants are 

therefore required for JH2 model.  

      Based on the experimental tests, some glass dynamic material models have been 

developed. These models could be categorized into three levels: micro-level (molecular) 

model [23]; explicit crack model [24]; and macro-level (continuum) model. Considering 

computational efficiency, the first two categories are less suitable for studying full-scale 

glass windows. Therefore they are not elaborated herein. Based on glass flaw 

distribution, Grujicic et al. [25] formulated a continuum level glass model for ballistic 

impact. The idea of shielding zone was introduced as glass damage propagates. 

However, this model is less suitable in simulating thin glass pane under lateral loads. 

Johnson-Holmquist Ceramic (JH2) model [22] for float glass is another macro level 
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model, which was developed in the early 1990‘s. JH2 model is a well-defined material 

model which considers strain-rate effect, material damage and also confinement effect. 

It has been popularly used in simulating glass response to shock and impact loads [3, 

26]. Modifications of the original JH2 model have been made over the years to improve 

the adaptability for different types of brittle materials. For instance, by conducting 

laboratory and ballistic experiments, Holmquist et al. [27] determined the material 

constants explicitly for aluminum nitride (AlN). The original JH2 model was later 

modified with the capability of phase change so as to better model the behavior of AlN 

[28]. For glass material, Holmquist and Johnson [29] related material strength to its 

location (in the interior, on the surface or adjacent to failed material) and surface 

condition. They also included thermal softening, damage softening, and time-dependent 

softening, and etcetera into the modified model. These new features were illustrated to 

provide better predictions of glass response under ballistic impact. Nevertheless, these 

improvements are not necessarily crucial to model the behavior of architectural glass 

windows under relatively low-speed impact and blast loading. The complexity of the 

above modification requires more computational resources. Considering the fact that the 

original JH2 model is well understood and overwhelmingly used, and has also been 

implemented in many commercial codes, such as LS-DYNA, conducting laboratory 

tests on low strength architectural annealed glass and determining new material 

constants for JH2 model for better prediction of architectural annealed glass window 

responses to impact and blast loading is important.  

      In this study, compressive SHPB tests are further carried out on glass specimens 

sampled directly from commercially used window glass sheets. Experimental data 

together with those obtained in the previous tests [21] and available testing data 

reported by other researchers in the literature are used to derive material constants for 

JH2 model. To validate the accuracy of the model with the updated material constants, it 

is used to simulate a compressive SHPB test on a 15mm×15mm glass specimen, a field 

test of glass windows subjected to blast load, and a full-scale laboratory test on glass 

windows subjected to windborne debris impact. Numerical simulation results are 

compared with the testing data. The comparisons demonstrate that the JH2 model with 

the newly determined constants for architectural annealed glass gives reliable 

predictions of glass responses to impact and blast loads.  
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3.3 EXPERIMENTAL INVESTIGATIONS ON GLASS 
MATERIAL PROPERTIES 

Recent laboratory tests on annealed soda-lime glass specimens, which were sampled 

directly from as-received commercial glass sheet without any post-processing treatment, 

reported significant differences in glass static and dynamic ultimate strengths for both 

tension and compression [21] from those used to determine JH2 model constants for 

float glass [22]. A significant variation was also reported on glass dynamic increase 

factor (DIF). Owing to the equipment limitation, the previous laboratory tests were only 

able to reach a strain rate up to about 800s-1. To determine glass material behaviour in 

higher strain rate range, and also to further verify the observed data and discrepancy 

with those in reference [22], further static and dynamic compressive tests were carried 

out in this study using a smaller diameter Split Hopkinson Pressure Bar device. For 

consistency, same glass specimens were used in the current tests as in [21]. 

  

Figure 3–1 Glass compression specimens Figure 3–2 INSTRON quasi-static 
compressive testing machine 

3.3.1 Quasi-static test 

      The glass specimens were provided by Australian glass supplier Viridian®. As 

described in reference [21], 15mm thick annealed glass sheet (soda-lime) for general 

window purposes were cut into square pieces, and then ground into 15mm diameter 

glass cylinders as shown in Figure 3-1. No special surface treatment was performed to 

glass specimens. Quasi-static compression tests were firstly performed using INSTRON 

hydraulic testing machine (Figure 3-2). The compression speed of the machine 

crosshead was controlled at 0.12mm/min, which led to a strain rate of 1.33e-4s-1 on the 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

3.45 

glass specimens. The top and bottom surfaces of the glass specimens were lubricated to 

reduce friction effect. The specimens were compressed till failure. Load cell was used to 

measure the applied compressive load. A strain gauge was mounted to the vertical 

surface of each specimen to track the axial strain. Stress-strain curves of three 

specimens tested are shown in Figure 3-3. It can be observed that under quasi-static 

compression, annealed glass has almost a linear stress-strain relation until fracture. The 

ultimate compressive strengths were reached when brittle failure occurred. Table 3-1 

lists the ultimate true compressive strength and Young‘s modulus. It is worth noting that 

the averaged static true compressive strength is about 237MPa, which is consistent with 

the testing results in reference [21], but lower than those used for determination of JH2 

constants. Therefore, modification on material strength constants in JH2 model is 

necessary before applying it to analyze annealed glass panel responses to impact and 

blast loads. 

0.000 0.001 0.002 0.003 0.004 0.005

50

100

150

200

250

300

 

 

Tr
ue

 s
tre

ss
 (M

Pa
)

True strain

 specimen 1
 specimen 2
 specimen 3

 

Figure 3–3 True stress-strain curves of glass under static compression 

Table 3–1 Static compressive test results 

Specimen 
No. 

Maximum 
True strength 

(MPa) 

E  
(GPa) 

1 223.0 53.2 
2 237.1 56.4 
3 250.0 60.2 

Mean 236.7 56.6 
Std. Dev. 13.50 3.5 
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Table 3–2 SHPB compressive test results 

Specimen  
No. 

True  
strain rate  

(s-1) 

Maximum True 
strength  
(MPa) 

1 619 718 
2 644 560 
3 675 703 
4 936 842 
5 953 874 
6 813 825 
7 1464 968 
8 1465 959 
9 1369 1003 
10 1314 990 

 
Figure 3–4 SHPB device used in the current study 

3.3.2 Dynamic test 

Experimental procedure and results 

      Dynamic compressive tests were conducted on SHPB instrument with a 20mm 

diameter incident and transmitter bars (Figure 3-4). The bars are made of maraging 

steel. Bar density and Young‘s modulus are 8100kg/m3 and 210GPa, respectively. As a 

result of larger specimen diameter to bar diameter ratio, higher strain rates were 

achieved in this new set of dynamic tests as compared to those reported in [21]. Strain 

gauges were mounted to the middle of the incident bar and the transmitter bar to track 

the stress waves. A strain gauge was glued to the surface of the specimen to measure the 

φ20mm bar 
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strain. Figure 3-5 shows the typical stress wave signals recorded on the incident and 

transmitter bars. A 2mm thick copper pulse shaper was placed on the impact surface of 

the incident bar in order to shape the incident pulse. Stress equilibrium is carefully 

checked for each test. Results from 10 tests, which satisfy equilibrium, are identified 

and used in the present study. They have strain rates in the range between 619s-1 and 

1465s-1. Together with the previous testing data, a wider strain-rate range is covered for 

modelling glass dynamic material strength. Figure 3-6 shows the typical true stress-

strain curves of glass at various strain rates.  
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Figure 3–5 Typical incident and transmitted waves recorded in the high strain rate compression 

tests 
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Figure 3–6 Typical true stress-strain curves from dynamic compressive tests 
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a) Compressive dynamic increase factors vs. true strain rates 
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b) Tensile dynamic increase factors vs. true strain rates in reference [21] 

Figure 3–7 Glass compressive and tensile dynamic increase factors vs. true strain rates 

Analysis and discussion 

      The newly tested glass dynamic true compressive strengths (Table 3-2) are 

normalized against the averaged static true compressive strength, so as to derive the 

compressive DIFs. Together with the DIF data reported in reference [21] and the testing 

data used for the original JH2 model [22], the compressive DIFs are plotted versus 

strain rates in Figure 3-7a. As can be observed, the new testing data show a consistent 

trend as those reported before, which reinforce the empirical formula derived in 
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reference [21]. As shown glass compressive DIF grows slowly as strain rate increases in 

quasi-static and low strain rate region, but increases quickly when strain rate is above 

100s-1. A very significant difference can be found between the DIF data used in the 

original JH2 model and the newly tested data. The difference could be attributed to two 

reasons: firstly, the chemical compositions of the two kinds of float glass differ. The 

amount of SiO2 plays a vital role in the material properties, especially glass compressive 

and tensile strengths. The float glass tested by Holmquist et al. [22] comprises about 

74% of SiO2, whereas due to environmental consideration, less sand is mixed into glass 

raw composites nowadays which leads to a low percentage of SiO2 (about 51%). With 

lower SiO2 percentage, the architectural annealed glass has lower strength and exhibits a 

different DIF vs. strain rate relationship. Secondly, surface treatments on the glass 

specimens could be different. As described above, the glass cylinders herein was ground 

from float glass sheet without acid blunt or fine surface polishing, while the surface 

condition of the glass specimen in reference [22] was not specifically stated. Since the 

glass in reference [22] was tested in ballistic impact and its compressive strength was 

over 1GPa, it is believed that the glass was probably used for military armour and had 

gone through surface treatment. With testing data at only two strain rates, i.e. quasi-

static (10-3s-1) and 250s-1, the DIF relation with respect to strain rate in the original JH2 

model is therefore linear, which is very different from what is derived from the recent 

testing data. Moreover, it can be noted that at strain rate 250s-1, the DIF of the current 

data is higher than that used in the original JH2 model. This comparison demonstrates 

again the need to revise the strain rate and material strength constants in the original 

JH2 model for float glass used for common glass windows.  

3.4 DETERMINATION OF MATERIAL CONSTANTS 

The JH2 model was proposed by Johnson and Holmquist [30] to simulate the ballistic 

performance of ceramic materials. This model consists of a strength model, a damage 

model, a model for strain-rate effect, and an equation of state. Assessment and 

determination of material constants for annealed soda-lime glass are performed in this 

section. 
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3.4.1 Strength model  

      The strength model of JH2 considers both the intact strength and material strength at 

fracture. A damage scalar is introduced to represent the transition from the intact to the 

fractured state. The normalized equivalent strength is calculated by 

        ( 
 
   

 
 ) (3-1) 

where     is the normalized intact strength,     is the normalized fractured strength, and 

D is the damage scalar (     ). All the normalized stresses have the general form 

of           , where      is the equivalent stress at Hugoniot Elastic Limit (HEL), 

and   is the actual equivalent stress with the general form of  
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      The normalized intact strength and fractured strength with strain rate effect are 

given by 

     ( 
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and 
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where A, B, C, M, N and T are material constants;    stands for the normalized pressure 

(P*=P/PHEL), where P is the actual pressure and PHEL is the pressure at HEL. Similarly, 

T* is the normalized maximum tensile hydrostatic pressure (T*=T/PHEL).  ̇  is the actual 

strain rate over the reference strain rate ( ̇   ̇  ̇  ,where  ̇  1.0 s-1). The equivalent 

strain rate is expressed as  
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      In developing the original JH2 model, Holmquist et al. conducted static split 

tension, static and dynamic uniaxial compression tests to determine glass intact strength 

constants [22]. Following Holmquist et al.‘s approach, testing results obtained in the 

present study together with the previous testing data reported in reference [21] on 
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annealed glass are plotted in Figure 3-8. It is to mention that in the original JH2 model, 

the equivalent strength and the corresponding pressure need to be respectively 

normalized by σHEL and PHEL at HEL, the compressive stress and pressure under 

uniaxial strain where the shock wave exceeds material elastic limit. Normally HEL is 

obtained through plate impact test. No plate impact test was performed by the authors 

on architectural float glass at HEL. Since the current work concentrates on architectural 

annealed glass and glass material strength is influenced by many factors, such as surface 

condition and treatment, chemical composition etc., to avoid misinterpretation of 

previous testing results on HEL for various glass material, a pseudo HEL is introduced 

herein, which is taken as the maximum uniaxial strength and the associated pressure 

value in SHPB tests. In Figure 3-8, all glass testing data are normalized against the 

pseudo HEL.  
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Figure 3–8 Glass strength model with testing data from current study and reference [21]  

      It is difficult to get the maximum hydrostatic tensile pressure T directly through 

experiment. In developing the original JH2 model, Holmquist et al. used the averaged 

glass tensile strength from static split-tensile tests as T. Comparing testing data in the 

tensile region it is obvious that the original JH2 model overestimates the glass tensile 

strength. Therefore, in the present study the glass hydrostatic tensile pressure is assumed 

to be two thirds of the averaged glass tensile strengths. It is to be noted that the JH2 

model was initially developed to simulate ceramic material response to ballistic impacts. 

The glass behaviour in tensile zone is therefore not well described although the model 
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has been very popularly used in simulating glass structure responses under blast and 

impact loads. Nonetheless, it should be noted that tri-axial tensile testing data, 

especially those under dynamic tri-axial tension is not available yet. The adoption of 2/3 

of the averaged uniaxial tensile strength for hydrostatic tensile pressure in this study, or 

using the averaged tensile strength in the Holmquist et al.‘s work [22], is based on 

assumption only. Further modification might be necessary to derive more accurate glass 

strength under tri-axial tension should such testing data becomes available.  

      Figure 3-9 compares the intact strength curves of the original JH2 model and the 

modified JH2 model at reference strain rate  ̇  1.0s-1. As can be seen, glass intact 

strength of the original JH2 model is a lot higher than that derived from the testing data 

on samples from window glass in both the compressive and tensile regions. Obviously 

the original JH2 model over-predicts the strength of annealed glass commonly used for 

windows in building structures. 
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Figure 3–9 Comparison of strength models between original and modified JH2 constants 

3.4.2 Damage model 

      The damage owing to glass fracture in the JH2 model is defined by 

  ∑      
  (3-6) 

where     is the plastic strain during a cycle of integration, and     is the plastic strain 

to fracture under constant pressure P,  



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

3.53 

  
    ( 

    )   (3-7) 

where D1 and D2 are material constants. 

      It is difficult to quantify glass damage and the material constants at fracture. Despite 

some experimental investigations in the literature on soda-lime glass fracture 

mechanism [11], it is still hard to interpret the testing data, such as damage level, and 

derive glass strength reduction or damage constants explicitly. In the original JH2 

model, iterative processes were used to determine glass fracture strength and damage 

constants, where numerical computations with varied strength at fracture and damage 

constants were performed until glass behaviour matched experimental results. The 

present study adopts Holmquist et al.‘s material constants for fracture and damage. This 

is because although the glass intact strength is dependent on the glass surface treatment, 

the surface treatment is believed not to alter the glass material damage and fracture 

process. Therefore the damage model in the original JH2 model is still adopted here.  

3.4.3 Strain rate effect 

      Figure 3-7 depicts dynamic increment effect on glass compressive and tensile 

strengths with respect to deformation rate. As noticed in Eq. (3-3) and (3-4), the JH2 

model employs a logarithmic relation of DIF with strain rate to account for the dynamic 

amplification on both the intact and fractured strengths. In the original model, the strain 

rate constant C was determined using compressive tests at two strain rates only (quasi-

static and  ̇=250s-1). With more experimental results covering a wider strain rate range 

as described above, the strain rate effect on annealed glass is refined and re-determined 

here for more accurate modelling of glass behaviour.  

      Figure 3-10 illustrates the method to determine the strain-rate constant C, which 

follows the procedure for float glass [22] and AlN [27]. The glass strengths at various 

strain rates from experimental tests are plotted using solid symbols. To not mess up the 

plot, only the strengths at five typical strain rates are shown in Figure 3-10. As shown, 

all these data fall on the straight line with stress-pressure ratio 3:1 since no additional 

confining pressure exists. Straight lines are drawn from the hydro tensile pressure T 

through these testing data. By definition the variation of slopes stands for strain-rate 

effect. In the JH2 model, material strength is both strain rate and pressure sensitive (as 
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depicted in Eq. 3-3 and Eq. 3-4). Therefore, to quantify the strain-rate effect, glass 

material strengths at different strain rates must be normalized to a constant pressure 

Pconst.=79MPa as shown in Figure 3-10. These normalized glass strengths (open 

symbols) can then be incorporated with the corresponding strain rates. Similar to Figure 

3-7, a bi-linear relation between equivalent stress and strain rate can be observed, where 

strain-rate effect is less significant when  ̇≤100s-1 as compared with the data when 

 ̇>100s-1. To fit in the format of the JH2 model, C=0.035 is obtained by averaging the 

strain-rate constants in the two regions. As shown in Figure 3-10, the variation induced 

by combining these two strain-rate constants is quite small (maximum variation less 

than 3%). This strain-rate constant will be used in the JH2 model to represent the 

dynamic strength increment with strain rate. Nevertheless, it should be noted that to 

account for the bi-linear DIF-strain rate relation, a more sophisticated strain rate model 

is needed. This will be a possible topic of further study in the future. 
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Figure 3–10 Strain rate sensitivity and determination of the constant for the strain rate effect model 
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       The previous tests also found the glass tensile strength is highly strain-rate 

dependent [21] as shown in Figure 3-7b, but the strain-rate effect on glass tensile 

strength is not considered in the original JH2 model. The original JH2 model adopted 

the averaged static tensile strength from split-tensile tests as cut-off pressure. In the 

present work, the dynamic amplification effect on glass material tensile strength is 

modelled by modifying the hydro tensile pressure according to the tensile DIF as 

described above at the corresponding strain rate.  
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Figure 3–11 Testing data for determination of material constants for Equation of state 

3.4.4 Equation of state (EOS) 

      The equation of state for glass under compression is expressed as 

         
     

     (3-8) 

where K1, K2, K3 are constants, and K1 is the material bulk modulus. =/0-1, in which 

 is the current density and 0 is the initial density.  

  
  

  
 (3-9) 

     ( )    (    ) (3-10) 
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      In Eq. (3-8) the hydrostatic pressure is simply the first term before fracture happens; 

as damage initiates and accumulates, bulking tends to begin, which leads to the 

increment of pressure ΔP. The pressure increment is determined from energy 

consideration. The difference of internal elastic energy of deviator stress ΔU (Eq. 3-9 

and Eq. 3-10) is converted to potential internal energy. The pressure increment can be 

solved as  

                √(           )         (3-11) 

      The original EOS was derived by data fitting the pressure volume relationships from 

plate impact tests on three float glass specimens [22]. More experiments have been 

reported over the years on annealed soda-lime glass behaviour under shock loading in 

different pressure regions [17, 31, 32]. These testing data together with the original JH2 

data are plotted in Figure 3-11. In the current study, the bulk modulus K1 is calculated 

by 

   
 

 (    )
 (3-12) 

where the Young‘s modulus E is 70GPa, which is averaged from the static compressive 

test data; is the Poisson‘s ratio which is assumed to be 0.23. With the bulk modulus 

K1 determined, the coefficients K2 and K3 in the EOS equation (3-8) are then 

determined through best fitting the testing data in Figure 3-11. As shown the modified 

equation of state better matches the testing data on float glass pressure with respect to 

the material density. It can also be noted that although different surface conditions of 

glass specimens may influence glass ultimate compressive and tensile strengths, it 

would barely affect the material internal structure. In other words, surface treatment 

does not significantly affect the EOS of the glass material. 

      In summary, all the material constants derived are given in Table 3-3. These 

constants together with the DIF relations will be used to model the soda-lime glass 

material properties.  
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Table 3–3 Material constants for annealed soda-lime glass 

Density (kg/m3) 2530 
Strength Constants  

A 0.75 
B 0.2 
C 0.035 
M 1.0 
N 0.72 

Tensile strength (MPa) 27.8 
Pseudo HEL (MPa) 1003 

Normalized fracture strength 0.5 
HEL strength (MPa) 334 
Shear modulus (GPa) 26.9 

Damage Constants  
D1 0.043 
D2 0.85 

Equation of State  
K1 (GPa) 43.2 
K2 (GPa) -67.2 
K3 (GPa) 153.2 

Bulk 1.0 

3.5 VALIDATION OF MATERIAL MODEL 

To validate the above model in predicting the dynamic responses of annealed soda-lime 

glass material and glass window pane, the model is programmed and linked to 

commercial program LS-DYNA [33] and used to predict three tests, namely a SHPB 

test on a glass specimen, a field blasting test on a glass window, and a full-scale 

laboratory test on a glass window under windborne debris impact. The tests, numerical 

simulations and comparisons are presented in detail in the following section. 

3.5.1 SHPB test 

      The SHPB test described above was replicated numerically to validate the accuracy 

of the glass material model (Figure 3-12a). The incident and transmitter bars are 

1200mm in length and 20mm in diameter. Both pressure bars are constructed with 

maraging steel, and are simulated with elastic material model. Typical material 

parameters in the simulation are Young‘s modulus 210GPa, material density 
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8100kg/m3, and Poisson‘s ratio 0.3. The glass specimen of dimension 15mm×15mm 

(diameterⅹlength), same as those tested is modelled. The JH2 model with material 

constants listed in Table 3-3 as well as the original material constants provided in 

reference [22] are used in the simulation to model glass material. Both pressure bars and 

glass specimen are modelled with three dimensional (3D) solid elements. Glass cylinder 

and steel bars near the contact areas with the glass specimen are meshed with denser 

elements. The mesh size convergence study is conducted. The convergence study finds 

that the element mesh size of 0.5mm×0.5mm×1.5mm for steel bars and 

0.5mm×0.5mm×0.5mm for glass and bars near the contact regions give converged 

simulation of the SHPB tests. Further reducing the element size does not significantly 

improve the simulation results, but greatly increases the computation time. Therefore 

these mesh sizes are used in the subsequent simulations. 

AUTOMATIC_SURFACE_TO_SURFACE contact in LS-DYNA is used to model the 

ideal smooth contact between glass specimen and incident and transmitter bars. Since 

the simulation focuses on the behaviour of glass response, a stress impulse recorded on 

incident bar in the laboratory test is applied as a stress boundary (Figure 3-12b) to the 

incident bar without modelling the strike bar to simplify the numerical simulation. 

      Figure 3-13 illustrates the stress time histories recorded in the incident and 

transmitter bars. For comparison, bar stresses from numerical simulations with both the 

modified and the original JH2 material constants are presented. As can be seen, the 

reflected and transmitted stresses from the modified model match reasonably well with 

those from experimental test. As shown, the transmitted stress obtained with the 

modified model drops quickly after its peak stress, while the stress recorded in the 

experimental test decreases gradually. The difference can be attributed to the friction 

existing between glass specimen and steel bars, which affects the damaged glass 

strength in the experimental test. Since the level of friction is hard to be predicted, it is 

not considered in the numerical computation. Both the original and modified models 

accurately predict the incident wave, but the original JH2 model greatly under predicts 

the reflected wave and over predicts the transmitted wave, because the original JH2 

model overestimates annealed soda-lime glass compressive strength. The modified 

model gives better simulation of the SHPB test. 
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b) Recorded stress impulse in the test 

Figure 3–12 Schematic numerical model of SHPB test 
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Figure 3–13 Comparison of stress waves in compressive SHPB test  
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Figure 3–14 Comparison of true stress-strain curves from experimental test and numerical 

simulations 

      Figure 3-14 plots the true stress vs. true strain curves of the glass specimens. Glass 

strain in the experiment was measured using strain gauge glued on the specimen. It can 

be found that the numerical result with the modified JH2 constants reasonably simulates 

the glass behaviour. The simulated glass ultimate compressive strength and the 

corresponding strain closely match those in the laboratory test. An ultimate true 

compressive strength of 703MPa is measured in the SHPB test, while a marginally 

higher value of 708MPa is predicted in the numerical simulation. On the contrary, the 

original JH2 model predicts higher maximum glass compressive strength (about 

1190MPa) and higher strain. These comparisons demonstrate that the modified JH2 

model better predicts the annealed soda-lime glass material behaviour in SHPB tests 

than the original model, which overestimates float glass strength. 

3.5.2 Blast test 

      The numerical model is also used to simulate responses of laminated glass windows 

to air blast load. A 3D model of laminated glass panel is developed to replicate Hooper 

et al.‘s free field blasting test [34]. As shown in Figure 3-15a, the window is 1.5mⅹ

1.2m with all sides fully clamped using steel strips. The laminated glass is 7.52mm 

thick, i.e. two layers of 3mm annealed glass laminating a 1.52mm PVB interlayer. Only 

one quarter of glass panel with steel frame is modelled due to symmetry. The frame is 

made of 20mm wide, 6mm thick mild steel strips. Elastic material model is adopted for 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

3.61 

steel frame with density 7800kg/m3, Young‘s modulus 208GPa and Poisson‘s ratio 0.3. 

The laminated glass is meshed with 2-element each layer through its thickness. In-plane 

mesh size is checked for numerical convergence, which yields 3mm×3mm×1.5mm 

mesh for glass and 3mm×3mm×0.76mm mesh for PVB. The steel strip is meshed with 6 

elements in the width direction, 2 elements in the thickness direction, and 3mm element 

size in its length direction. Both the modified and the original JH2 models are used for 

glass material separately in the simulations to demonstrate the improvement in 

simulation accuracy. The interlayer material PVB is modelled using a strain-rate 

dependent elastic-plastic material model described in reference [4]. The accuracy of this 

model was examined exclusively; hence it is not elaborated here. Erosion is used to 

model glass crack, and to allow for the rupture of interlayer. Erosion criterion is 0.03 of 

the maximum principal strain of glass. This criterion is selected considering the fact that 

glass material is very brittle under tension. When thin plate like glass windows is 

subjected to transverse loads, tensile failure is predominant rather than shear failure. 

PVB element is subjected to erosion when the maximum principal strain reaches 2.0 

according to the experimental study on PVB ultimate tensile capacity. All eroded 

elements lose load-carrying capacity but are retained so as to maintain mass and energy 

conservations. AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK model is used 

to simulate adhesion contact between glass ply and PVB interlayer, where 10MPa shear 

strength and 10MPa tensile strength are used. In the test described in reference [34], 

15kg TNT equivalent charge was detonated at 13m stand-off distance. Recorded blast 

pressure is shown in Figure 3-15b together with the fitted blast loading time history that 

is applied to the outer glass ply in this study. The negative phase is also considered in 

the simulation. 

      The recorded and simulated displacement histories at the centre of glass panel are 

compared in Figure 3-16. As shown the numerical simulation with the modified JH2 

model for glass reasonably reproduces the experimental test of the glass window. The 

original JH2 model predicts a very small mid span deflection (48mm), which is because 

it overestimates the glass material strengths. Relatively large displacement is induced in 

the glass panel because after glass damage, its deformation is governed by PVB layer 

with relatively low stiffness. The maximum displacement of the numerical simulation 

(184mm) is slightly higher than that of the experimental test (173mm). This could be 
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attributed to the uncertainties of the PVB material model and the test conditions. The 

comparisons indicate that the modified JH2 model gives a reasonable prediction of glass 

window damage to blast loads. 

  

a) Laminated glass model 
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b) Pressure time history in [34] and blast load applied in numerical simulation 

Figure 3–15 Schematic laminated glass model and blast load used 
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Figure 3–16 Comparison of deflection histories obtained from numerical simulations with 

Hooper's experiment [34] 

3.5.3 Windborne debris impact 

      Laboratory test on windborne wood debris impact against laminated glass reported 

in reference [3] is numerically simulated to further demonstrate the accuracy of the 

modified model (Figure 3-17). A 7.88mm laminated glass window (3mm glass, 1.88mm 

PVB interlayer and 3mm glass) is built using 3D solid elements with verified mesh 

sizes (3mm×3mm×1.5mm for glass and 3mm×3mm×0.94mm for PVB). The window 

frame of 15mm×6mm (width ⅹ thickness) aluminium strips are modelled using 

3mm×3mm×3mm solid elements to constrain glass pane. Without any sign of 

aluminium material yielding in the laboratory tests after impacting, elastic material 

model is chosen for aluminium frame with density 2700kg/m3, Young‘s modulus 

70GPa and Poisson‘s ratio 0.3. A 4kg hard pine projectile with an impact area of 

100mm×50mm is launched at a speed of 15m/s targeting at the centre of the laminated 

glass window. The wood density and Young‘s modulus are 500kg/m3 and 9GPa 

respectively. The wood block is meshed into 5mm×5mm×5mm solid elements. PVB 

material model and adhesion between interlayer and glass are the same as described 

above in section 4.2. Only one quarter model is generated owing to symmetry to save 

computer memory and reduce computational time. The original and modified JH2 

models are used for float glass pane to evaluate their accuracy in simulating the 

response of laminated glass window subjected to windborne debris impact. 
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Figure 3–17 Model of debris impact on laminated glass 

      Glass window behaves differently under windborne debris impact (as depicted in 

Figure 3-18) compared to that under blast loading. Glass experiences very concentrated 

impact energy at the location where the wood projectile impacts. Glass at the impact 

region is shattered or even smashed under the impact. Damage extends through glass 

panel. The damaged glass pane is held by the PVB interlayer, and is pushed by the 

travelling projectile until all kinetic energy is dissipated through breakage of glass pane 

and deformation of interlayer. Glass cracks are formed and developed as the pane 

deforms. Unlike the situation under blast loading, glass shatters into finer fragments 

near the impact zone and cracks get less and less dense as they extend towards the 

boundary. Figure 3-18 compares the damage processes of outer glass panes in numerical 

simulations with the original and modified JH2 models. It can be observed that at the 

time when the wood projectile strikes at the panes (t=0.3ms) the original JH2 model 

predicts very limited glass damage due to the overestimated glass strength, while the 

damage contour of the modified glass model shows severe glass damage at the impact 

surface. As the projectile pushes glass pane inwards, glass damage extends radially 

towards window boundaries. In contrast, the original JH2 model only predicts a couple 

of severe cracks initiated next to the projectile impact location, which are resulted from 

flexural and shear deformations. These cracks spread outwards but are associated with 

few minor glass damages. Comparing the numerical simulations with laboratory tested 

glass pane in Figure 3-19, it can be found that the numerical simulation with the 

modified glass material model manages to capture the crush of glass at the debris impact 

zone, as well as glass damage in the outer glass pane. In comparison, the original JH2 
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model could not give accurate estimation of glass window behaviour under debris 

impact. 

  
t=0.3ms t=0.3ms 

  
t=3ms t=3ms 

  
t=5ms t=5ms 

  
t=12ms t=7ms 

  
t=28ms 
 

t=17ms 
a) Modified JH2 model b) Original JH2 model 

 

Figure 3–18 Comparison of glass damage processes  
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Figure 3–19 Damaged glass pane in laboratory test 
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Figure 3–20 Windows mid-point deflection time history 

      The mid-point deflection of the glass window in the experiment was monitored by a 

high-speed camera, which was post-processed with a tracking algorithm to form the 

deflection time history (shown in Figure 3-20). The glass window central deflection 

histories predicted are presented in the figure as well. As comparison indicates, the 

simulated maximum pane deflection using the original JH2 model (58mm) differs 

significantly from the maximum pane deflection in the laboratory test (118mm). This is 

mainly because the glass material strength was overestimated. As shown above in 

Figure 3-18, very limited glass was damaged under compression in the outer pane. The 

strong window pane rebounds quickly after it reaches its maximum deflection at about 

6ms. The maximum deflection from numerical simulation with the modified JH2 model 

(132mm) matches closely with that in the laboratory test. The numerical result is 

Glass crush 

200mm 
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slightly larger than the experimental data. The difference could be attributed to two 

possible reasons, namely the difference in boundary conditions and the idealized wood 

projectile model. In the laboratory test, a very thin layer of silicone glue was squeezed 

in the gap between the aluminium frame and glass pane to avoid pre-test damage of 

glass during transportation and installation. This is not modelled in numerical 

simulation and direct contact between glass and frame is assumed. Secondly, the 

idealized wood projectile model could also lead to some error in the predicted window 

deflection. Wood is a complicated material, which is anisotropic and porous. In the 

current simulation, considering the hard pine used in the laboratory test, an elastic 

material model is adopted for wood to simplify the modelling and simulation effort. 

This might result in overestimation of the interaction between wood projectile and glass 

windows, which consequently leads to the overestimated glass pane deflection. 

Nevertheless, through comparisons on glass damage, pane cracking and pane 

displacement with laboratory test results, numerical simulation conducted with the 

modified JH2 material model for glass gives good predictions of laminated glass 

response in windborne debris impact. 

3.6 CONCLUSIONS 

This paper presents material constants for the popular brittle material model - JH2 

model for annealed soda-lime glass used in architectural windows. New quasi-static 

compressive tests and dynamic compressive tests with SHPB device were performed to 

investigate the annealed glass properties at high strain rates. Together with previous 

material testing data, material constants for JH2 model for annealed soda-line glass 

were derived. The accuracy of the modified JH2 model for glass material was verified 

with a SHPB compressive test, a field blasting test, and a laboratory impact test on 

laminated glass windows. The accuracy of the modified model and the original JH2 

model in simulating glass responses to dynamic loads were checked through numerical 

simulations. The results indicated that the modified JH2 model was capable of 

representing annealed soda-lime glass properties and giving reasonable predictions of 

glass window responses to shock and impact loads. 
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CHAPTER 4.  THE MECHANICAL PROPERTIES OF 
POLYVINYL BUTYRAL (PVB) AT HIGH STRAIN RATES 

4.1 ABSTRACT 

Polyvinyl Butyral (PVB) has been largely used as an interlayer material for 

laminated glass to mitigate the hazard from shattered glass fragments, due to its 

excellent ductility and adhesive property with glass pane. With increasing threats 

from terrorist bombing and debris impact, the application of PVB laminated safety 

glass has been extended from quasi-static loading to impact and blast loading 

regimes, which has led to the requirement for a better understanding of PVB 

material properties at high strain rates. In this study, the mechanical properties of 

PVB are investigated experimentally over a wide range of strain rates. Firstly, quasi -

static tensile tests is performed using conventional hydraulic machine at strain rates 

of 0.008~0.317s-1. Then high-speed tensile test is carried out using a high-speed 

servo-hydraulic testing machine at strain rates from 8.7s -1 to 1360s-1. It is found that 

under quasi-static tensile loading, PVB behaves as a hyperelastic material and 

material property is influenced by loading rate. Under dynamic loading the response 

of PVB is characterized by a time-dependent nonlinear elastic behavior. The 

ductility of PVB reduces as strain rate increases. The testing results are consistent 

with available testing data on PVB material at various strain rates. Analysis is made 

on the testing data to form strain-rate dependent stress-strain curves of PVB under 

tension. 

4.2 INTRODUCTION 

PVB, short for Polyvinyl Butyral, is a polymer material with outstanding mechanical 

properties and excellent optical clarity, which has been primarily used as an 

interlayer material for laminated glass in the field of construction and automobiles. 

In the manufacture of laminated glass, normally two glass panes are bonded by a 

transparent polymer interlayer. Due to the low shear stiffness, before glass crack the 

composite pane carries lateral loads mainly through the two glass plies (Figure 4-

1a). After glass breaks, the interlayer comes into effect. It holds the shattered glass 
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splinters together and prevents them from flying into the occupied area. Post-glass 

breakage, the glass ply only bears the compressive force, while the PVB interlayer 

bridging between the shattered glass fragments carries the tensile force (Figure 4-

1b). Although analysis and design of laminated glass against conventional quasi-

static and low-rate dynamic loading such as wind is well developed, the behavior of 

a laminated pane under high-rate dynamic loading such as blast and impact is 

relatively less understood. Despite many researches onto the response of laminated 

pane under such loadings being reported recently [1-4], the mechanical behavior of 

PVB interlayer at high-strain rates still needs be investigated for better predictions 

of the laminated glass window responses subjected to blast and impact loads. 

  
a) Pre-glass ply breakage b) Post-glass ply breakage 

Figure 4–1 Load carrying diagram of laminated glass 

      The mechanical behavior of PVB has been proven to be complicated. It is highly 

nonlinear, time-dependent, and being capable of undergoing substantial extension. 

The compressive behavior of PVB under quasi-static and dynamic loadings was 

exclusively studied [5, 6]. The stress-strain curves at strain rates from 4ⅹ10-4s-1 to 

4ⅹ10-2s-1 for quasi-static state and at strain rates from 700s-1 to 4500s-1 were 

obtained using conventional testing machine and Split Hopkinson Pressure Bar 

(SHPB) technique, respectively. Time-dependent viscoelastic characteristics were 

observed for PVB under impact. A two-stage behavior, i.e. ‗compaction stage‘ and 

‗hardening stage‘, was introduced to describe the response of PVB under dynamic 

compression. Through comparison with Ogden model, it was found that Mooney-

Rivlin model well describes PVB compressive behavior [5].  

      The behavior of PVB under tension is more to the interest of studying PVB 

laminated glass windows, as PVB interlayer is quite thin and only takes tensile force 

in the composite. The small-strain behavior of PVB has been investigated 

intensively to analyze the pre-glass crack response of laminated pane under quasi-
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static loading such as wind pressure. A viscoelastic model is generally introduced 

for PVB material with a generalized Maxwell series to account for the time-

dependent shear modulus [7, 8]. Dynamic mechanical analysis found that PVB has a 

rubbery modulus of the order of 1MPa and a glassy tensile modulus in the order of 

1GPa [9]. The influence of temperature variation is considered by using the 

Williams-Landel-Ferry equation to shift the shear modulus of different temperatures. 

Transition between a rubbery material to a glass-like material occurs at a 

temperature of 5°C to 40°C [9]. 

      The mechanical behavior of PVB at large strain has been studied through 

laboratory testing at both the quasi-static and dynamic states. For the quasi-static 

region, Iwasaki et al. [10] tested 0.76mm thick PVB specimen and derived stress-

strain curves at strain rates from 0.0067s-1 to 0.2s-1. Bennison et al. [11] obtained 

stress-strain curves of PVB at strain rate 0.07s-1 and 0.7s-1. Liu et al. [6] investigated 

PVB tensile properties at strain rates of 0.004s-1, 0.02s-1, 0.04s-1, and 0.08s-1. The 

above tests all found that PVB shows viscoelastic material property under low-speed 

tension, and the response is influenced by loading speed. Dynamic tensile tests 

found the dynamic profile of PVB differs significantly from its quasi-static behavior. 

Iwasaki et al. [10] presented the stress-strain curve of PVB at a strain rate of 118s -1. 

It depicts that under dynamic loading PVB exhibits elasto-plastic material property 

with a steep initial rise in stress followed by a decrease in stress increment. A few 

dynamic tensile tests have been reported lately on PVB material at various strain 

rates. For instance, using a servo-hydraulic testing machine Bennison et al. [11] 

tested PVB tensile strength at strain rates of 8s -1 and 89s-1. With an Imateck impact 

test machine, Morison [12] carried out drop weight tests and obtained PVB tensile 

profile at strain rates from 33.5s-1 to 278s-1. Hooper et al. [9] also reported their 

testing data on PVB at strain rates from 2s -1 up to 400s-1. The dynamic testing 

results found PVB tensile response is characterized with time-dependence. The 

initial modulus, yield stress, and failure stress will be amplified at increased strain 

rates. However, as strain rate increases PVB becomes less ductile with diminishing 

failure strain. The influence of temperature has also been investigated. Morison 

extended his drop weight tests on PVB at room temperature to another two 

temperatures, i.e. 5°C and 35°C. It was found that at room temperature despite PVB 
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exhibits elasto-plastic behavior which is analogous to yield in metal, the response 

remains viscoelastic as the additional deformation in the specimen is gradually 

recoverable once unloaded. At lower temperature, PVB still behaves elasto-

plastically but associated with smaller hardening stiffness. At elevated temperature, 

the stress-strain curve is much closer to linear viscoelastic.  

      With more and more applications of PVB laminated glass into retrofits against 

shock and impact loading where the strain rate that material experiences is high, a 

thorough investigation of PVB mechanical properties at a wider strain rate range, 

especially at high-strain rates beyond the current available testing data is needed. In 

this study, we carry out uniaxial tensile tests on PVB material at a wide range of 

strain rates. Firstly, low-speed tensile test is performed on 0.76mm thick PVB 

specimens to investigate its quasi-static behaviors at strain rates of 0.008s-1 to 

0.317s-1. Then, high-speed tensile test is carried out using a high-speed servo-

hydraulic testing machine to study PVB dynamic response at strain rates from 8.6s -1 

to 1360s-1. The testing data are analyzed. They are used together with previous 

testing results obtained by other researchers on PVB to derive a strain-rate-

dependent stress-strain relationship for PVB. 

4.3 THEORY AND METHODOLOGY 

4.3.1 Testing systems 

Experimental techniques commonly used to determine material tensile properties at 

different strain rates include conventional screw driven load frame, servo-hydraulic 

machine, pendulum or drop weight impact system, high-speed servo-hydraulic 

machine, and Split-Hopkinson Pressure Bar system. The conventional testing 

systems including the screw driven load frame and conventional servo-hydraulic 

machine can normally test material tensile strength at a strain rate up to 1s-1. Split-

Hopkinson Pressure Bar (SHPB) is commonly used to determine material strength at 

high strain rates ( ̇≥100s-1). In determining the material tensile properties, the tensile 

SHPB usually requires the testing specimen to be firmly glued on both ends 

respectively to the incident and transmitter bars to ensure the tensile stress wave can 

travel through the specimen before it fractures. It is therefore not ideal to test 

polymer materials like PVB, as the glue could significantly alter material properties. 
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The pendulum or drop weight impact system and the high-speed servo-hydraulic 

machine have been widely used to determine material strength at strain rate above 

1s-1. Dog-bond shaped specimens similar to those used for quasi-static tests are most 

commonly adopted for the dynamic tensile tests. Due to inherit difficulties, the 

strain rates that can be achieved by a drop weight impact machine is usually limited 

to below 100s-1. Moreover, during a test the velocity of the actuator is interacted 

with the response of the specimen. It is difficult for the drop weigh impacter to 

maintain a constant velocity. In this study, servo-hydraulic and high-speed servo-

hydraulic machines are used to perform the low-speed and high-speed tensile tests. 

The testing setups and machine information are described in details in section three 

and four. 

4.3.2 Testing requirements for high-speed tests 

      To ensure the validity of testing data for a material test, it is critical to assure the 

specimen is under the state of stress equilibrium. For low-speed tests, the specimens 

are in quasi-static equilibrium as comparing with the loading duration there is more 

than sufficient time for elastic wave to travel back and forth many times inside the 

specimen. For high-speed tests, to achieve the state of stress equilibrium is much 

more difficult since the loading time can be much shorter. In a dynamic test, a state 

of dynamic equilibrium is usually pursued, where a minimum number of elastic 

waves are required to propagate through the specimen. To estimate the time for one 

stress wave to travel a round trip in the specimen the following relation can be 

utilized 

  
  

 
 (4-1) 

where L is the specimen length between the clamping grips; and c is the elastic 

stress wave velocity in the specimen material. The one-dimensional longitudinal 

wave velocity in an isotropic material can be estimated by the relation  

  √
 

 
 (4-2) 

where  is the density of the material, and E is the Young‘s modulus. 
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      To reach dynamic stress equilibrium, a SHPB test normally requires at least 

three reverberations of the loading wave in the specimen [13, 14]. Based on dynamic 

tensile tests using a high-speed servo-hydraulic machine on different plastic 

materials, it has been found the criterion for a valid SHPB test is also applicable to 

dynamic direct tensile test [15]. The daft standard of the Society of Automotive 

Engineers on high strain-rate tensile test for automotive plastics requires at least 10 

elastic reflected waves propagating through the specimen from the time of loading to 

the time of yield. There is no quantitative criterion in the open literature yet defining 

the exact number of reflected stress wave in the specimen to achieve dynamic 

equilibrium for a uniaxial tensile test. 

4.4 LOW-SPEED TESTS 

4.4.1 Test setup 

      PVB specimens for the low-speed tests were made from 0.76mm thick PVB 

sheets using the punch as shown in Figure 4-2. The specimen is in a dog-bone shape 

with a central testing gauge of 40mm in length. Plastic tabs are attached to the tails 

of the specimen to ensure the thin PVB film will not slip from the clamping jaw. It is 

worth noting that due to the very low thickness of the specimen, in the preliminary 

testing even with the added plastic tabs the specimen would still slip. Worse still, 

any fixing glue applied directly onto the PVB specimen would alter the material 

property and make it brittle. After some trials, an additional layer of soft cloth (as 

shown in Figure 4-2) is introduced between the plastic tab and specimen. 

Satisfactory clamping was achieved in this manner and good testing results were 

obtained. 

      The low-speed test was performed in two stages. In the first stage, uniaxial 

tensile test was carried out on a Baldwin universal testing system with additional 

clamping device to fix the specimens, and an external load cell to measure the 

applied force (Figure 4-3a). The Baldwin machine is a servo-hydraulic system where 

the actuator velocity is controlled manually with applied oil pressure. 8 PVB 

specimens were tested on this machine with measured strain rates varying from 

0.008s-1 to 0.043s-1. In the second stage, an Instron hydraulic testing machine UTS-

5982 as shown in Figure 4-3b is utilized. The actuator of the machine can maintain a 
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computer controlled constant pulling speed of 50nm/min to 1016mm/min with a 

maximum stroke length of 1430mm. The applied force and the deformation of the 

PVB specimen were monitored using an inbuilt load cell and extensometer on top of 

the upper clamp. Another 15 specimens were tested on the Instron machine at four 

crosshead velocities, i.e. 50mm/min, 250mm/min, 500mm/min, and 800mm/min, 

corresponding to nominal strain rates of 0.0198s -1, 0.0992s-1, 0.1984s-1, and 0.3175 

s-1. The room temperature during the test was around 23°C±5°C. 

 

 
Figure 4–2 Illustration of specimen geometry for low-speed test 

  
a) Baldwin machine b) Instron machine 

Figure 4–3 Baldwin and Intron hydraulic machine for low-speed test 
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Figure 4–4 Sample strain-rate time history for low-speed test derived from crosshead displacement 
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Figure 4–5 Stress-strain curves of low-speed tensile tests at different strain rates 
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Table 4–1 Summary of low-speed testing results 
Specimen 

No. 
Testing 
machine 

Eng. strain 
rate (s-1) 

Eng. failures 
strain 

Eng. failure 
stress (MPa) 

G04 Baldwin 0.008 2.805 24.022 
G10 Baldwin 0.009 2.543 21.260 
G05 Baldwin 0.016 2.637 32.849 
G06 Baldwin 0.020 2.610 30.722 
G15 Baldwin 0.038 2.500 31.596 
G16 Baldwin 0.039 2.506 31.828 
G12 Baldwin 0.040 2.420 28.140 
G11 Baldwin 0.043 2.420 27.907 
G20 INSTRON 0.020 2.805 24.022 
G21 INSTRON 0.020 2.454 27.163 
G35 INSTRON 0.099 2.512 33.408 
G36 INSTRON 0.099 2.322 27.528 
G37 INSTRON 0.099 1.974 20.341 
G38 INSTRON 0.099 2.362 29.710 
G25 INSTRON 0.198 2.223 34.311 
G40 INSTRON 0.198 2.223 33.348 
G26 INSTRON 0.198 2.282 33.138 
G34 INSTRON 0.198 2.262 31.558 
G27 INSTRON 0.317 1.747 25.308 
G31 INSTRON 0.317 1.874 27.499 
G32 INSTRON 0.317 1.747 23.348 
G33 INSTRON 0.317 1.766 23.944 
G28 INSTRON 0.317 2.004 31.787 

4.4.2 Results 

      The machine crosshead displacement is used to evaluate the elongation of the 

specimen. Specimen strain is determined by using the elongation dividing its 

original length. The strain rate that specimen experienced is derived by 

differentiating strain time history. Figure 4-4 shows a sample strain-rate time history 

derived from the machine crosshead displacement (specimen G04). As can be 

observed, the machine quickly reaches the designed testing velocity and the 

specimen is pulled at a constant velocity until the specimen fractured as indicated. 

Engineering stress-strain curves obtained from the low-speed tensile tests are shown 

in Figure 4-5. As shown, under low-speed tension PVB displays viscoelastic 

property. The stress increases with strain in an exponential form. The stress 
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increases gradually with the strain in the beginning, and then grows steeper as strain 

increases. The behavior of PVB under low-speed tensile loading shows strain-rate 

dependence. As show in Figure 4-5, the inclination of the stress-strain curves 

becomes steep as the tensile speed increases. The failure strains of PVB at low-

speed test are generally over 200%. But as pulling speed increases, PVB becomes 

brittle and the failure strains become smaller. For instance, when the strain rate was 

0.02s-1, the specimen failed with an ultimate strain of 245%. As strain rate increased 

to 0.317s-1, the failure strain dropped to 175%. The testing results on PVB specimen 

under low-speed tension are summarized in Table 4-1. 

4.5 HIGH-SPEED DYNAMIC TESTS 

The high-speed tensile test was carried out at the Tianjin University and Curtin 

University Joint Research Center. The room temperature during the test was about 

30°C±3°C. A high-speed servo-hydraulic test machine was utilized with an actuator 

pulling speeds ranging from 0.1m/s to 20m/s. The tests discovered the dynamic 

material properties of PVB at strain rates ranging from approximately 8.6s -1 to 

1360s-1. 

4.5.1 Test setup 

      An Intron VHS testing system (VHS 160-20) is utilized to carry out the high-

speed test. The machine is comprised of a fast jaw grip which accelerates upwards in 

the direction of tension (Figure 4-6a). As soon as the jaw reaches the designed 

testing velocity, a wedge will be knocked out to release the sprung grip to grab the 

upper clamping bar and pull it up at the designed testing velocity till failure. The 

actuator of the machine can maintain a constant velocity from 1mm/s to 1m/s under 

closed loop control, and a maximum velocity of 25m/s under open loop control. 

Specially designed lightweight clamps as shown in Figure 4-6b are designed and 

made to fix the specimens. The upper clamp comprises of a 350mm long arm which 

is riveted to a 60mm by 60mm alloy tab. The fast jaw travels freely along this arm 

and grab it when it reaches the designed testing velocity. 4 plastic bolts are used to 

fasten another alloy tab to clamp the tail of the PVB specimen firmly. The lower 

clamp has the same structure but with a shorter alloy arm to be fixed into the bottom 

grip head. The clamps are made of magnesium alloy (AZ31B). The density of the 
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alloy is 1770kg/m3. To minimize the influence of inertia effect, the clamps are only 

1mm thick. The yield strength of alloy is about 200MPa under uniaxial tension, and 

the Young‘s modulus is 44.8GPa. The high strength and large modulus compared to 

those of PVB assure the clamping bars will not yield nor result in large elongation 

during the test. 

 
a) Image of high-speed test setup 

 

b) Illustration of clamps 

Figure 4–6 High-speed testing system and clamping devices 

      The PVB specimens for the high-speed tensile tests were sampled from 0.76mm 
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layers of 0.76mm PVB sheets were stacked together, heated to about 70°C and then 

pressed by a roller to squeeze out the air or any blister. The process follows the 

manufacture procedure of producing laminated glass panes. In such a manner, 

6.08mm 0.05mm thick PVB sheets were made. Using a die cut, the 6.08mm thick 

PVB sheets were machined into the geometry as shown in Figure 4-7. The 10mm 

central testing gauge was marked with thin black lines with a permanent marker to 

enable optical strain measurement with high-speed camera. The dog-bone shape 

specimen has two long tails to be clamped by the alloy tabs. To avoid slippage of 

specimen being pulled out of the clamping tabs, two additional plastic tabs were 

added to the tails of the PVB specimens. 

 
Figure 4–7 Illustration of specimen geometry 

      A linear variable differential transducer (LVDT) embedded in the fast jaw was 

used to track the movement of the actuator. A one-dimensional accelerometer 

mounted on the fast jaw was used to monitor the acceleration. A piezo load cell 

fixed below the bottom grip was utilized to measure the force transmitted. The 

signals of these transducers were connected to a data acquisition system with a 

sampling frequency of 65kHz. The deformation process of the PVB specimen was 

monitored by a high-speed camera (Phontron® Fastcam SA 1.1). The aperture of the 

lens was set to its widest opening, which is balanced with the exposure time. A 

2000w halogen light M-300G by Leiying® was used to provide lighting (Figure 4-

6a). The frame rate was set to 1000~8000fps restricted by the testing speed and 

camera cache. The camera was synchronized with a TTL pulse from the Instron 
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testing system. High-speed camera images were post-processed with an image 

tracking algorithm. The relative displacement time histories at the two black 

marking lines were used to determine the elongation of the specimen at its central 

testing region. The engineering strain was then calculated using the elongation 

divided by the original gauge length. The strain rate that each specimen experienced 

was derived through differentiating the strain history. 

 

t=0ms 

 

 

t=11ms 

 

 

t=41ms 

 

 

t=56ms 
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Figure 4–8 High-speed camera images of specimen F07 deformation to failure process  

4.5.2 Results 

      High-speed tensile testing results on PVB material are presented in this section. An 

example of the test on PVB specimen (F07) with an actuator speed of 1m/s is shown to 

demonstrate the specimen‘s deformation-to-failure process, and the strain rate history 
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derived from high-speed camera images. The load time history and the way how inertia 

force is deducted is demonstrated. Validation of dynamic equilibrium for high-speed 

tensile test is carried out. Then, the testing results of all the PVB specimens are 

presented. 

Failure process 

      The deformation-to-failure process of specimen F07 is shown in Figure 4-8. All the 

images have been flipped from vertical to horizontal direction and stacked for 

demonstration convenience. At t=0ms the actuator was accelerating towards the 

designed testing velocity. The specimen was at rest as the fast jaw was not in contact 

yet. At t=11ms, the PVB specimen began to be stretched. The specimen deformed 

quickly under the tensile force. As can be observed, due to the substantial deformation 

of the specimen, even the two thin black reference markers were stretched. At t=111ms, 

the specimen experienced great elongation. Fracture initiated from its centre which 

splitted the specimen into halves. The machine came to a rest after the specimen broke. 

 

Figure 4–9 Strain-rate time history of specimen F07 in high-speed tensile test 

      The high-speed camera images were post-processed. The displacement trajectories 

at the two black markers were traced and used to form the specimen elongation history 

at its central testing gauge. The strain was derived by using the elongation divided by its 

original length between the two markers, and the strain rate history is calculated by 

differentiating the strain time history. As shown in Figure 4-9, the strain rate rises 

quickly to about 60s-1 after the fast jaw gripped the clamping bar. A plateau is formed as 

the specimen was pulled at a constant 1m/s velocity. The specimen elongates at a 
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relatively constant strain rate of 60s-1 until fracture occurs which is indicated on the 

strain rate history when it suddenly ascends due to the rebound of deformed specimen. 

The measured strain rate is a lot lower than the nominal strain rate (  ̇  ≈100s-1, 

estimated with the actuator velocity 1m/s dividing the testing gauge length of 10mm). 

This is because of deformation of PVB material at the shoulders of the tested specimen. 

 

Figure 4–10 Load time histories of machine load, inertia force, and net force on material for 
specimen F07 

Load time history 

      The load time history recorded by the load cell for specimen F07 is shown in Figure 

4-10. The inertia force from the clamping devices is calculated by using the mass of 

clamps including both the alloy bars and the bolts times the recorded acceleration from 

the accelerometer. The calculated inertia force is deduced from the total force to derive 

the net force experienced by the PVB specimen. As shown in Figure 4-10, the 

contribution of inertia force is negligible because of the light weight of the specially 

designed clamping device. In this way, the influence of inertia from the clamping 

devices is deducted, and the pure PVB material response is obtained for the high-speed 

test. 
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      In high-rate test the condition of dynamic stress equilibrium should be properly 
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stress wave travel in round trips for a sufficient number of times in the specimen to 

achieve stress uniformity in the specimen. The wave speed in the PVB specimen can be 

estimated using Eq. (4-2). For the PVB material with Young‘s modulus 190MPa and 

density 1070g/cm3, the wave speed in the specimen is about 421m/s. For a 20mm 

testing gauge length (between clamps) it takes about 47µs for the stress wave to 

propagate through the specimen. For the above specimen F07, the stress wave can 

propagate through the specimen for 78 times in round trips before it reaches the yielding 

point (according to load time history it takes about 7.32ms), and about 1290 times 

before the specimen fractures (it takes about 121.29ms), which is more than sufficient to 

achieve stress equilibrium. Even at the maximum actuator pulling velocity of 20m/s 

performed in the present tests, it still takes about 0.21ms before it reached the yielding 

point, and about 4.11ms before the specimen fractures. The stress wave could travel 

within the specimen for more than twice before PVB yields, and about 44 times round 

trips before the specimen fractures. It is therefore confident that the condition of stress 

equilibrium is satisfied in the high-speed tensile tests for the current study, and the 

testing results measured are valid.  

 

Figure 4–11 Free vibration of the testing system after a specimen fractures 

      To ensure valid testing results are obtained from the dynamic test, the response of 

the testing system should also be carefully checked. If the natural period of the system is 

not shorter than the rising time of the applied force onto the specimen, the force 
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suddenly breaks is shown in Figure 4-11. It can be estimated that the natural oscillation 

period of the testing system is about 250µs. When the actuator was pulling at a velocity 

of 1m/s as shown above for specimen F07, the rising time of the tensile force to the 

point where the specimen initial yielded was approximately 6440µs, which was a lot 

longer than the natural period of the system. When the actuator pulling velocity 

increases to 8m/s the rising time is about 870 µs. As the actuator velocity approaches 

the maximum velocity of 20m/s in the present tests, the rising time for the applied force 

to reach the yield stress is about twice the natural period of the system, which is the 

practical limit for the load cell being able to track the material response [9]. 

Engineering stress versus engineering strain curves 

      Figure 4-12 shows the engineering stress vs. strain curves for the PVB specimens in 

the high-speed tests at actuator speeds varying from 0.1m/s to 20m/s. As can be 

observed, PVB material behaves very differently from that at quasi-static state. The 

stress shows a steep initial increase until a turning point from where the rise in stress 

slows down. The stress-strain curve depicts typical elasto-plastic like material property. 

However, the drop in modulus is not an actual sign that the material has yielded. Almost 

all the elongation of specimen was recovered after it fractured. Similar observations 

were also reported by previous researchers [9, 12]. It indicates that despite 

approximately an elasto-plastic model or a bilinear relationship with strain hardening 

can be used to describe the behavior of PVB under tension without unloading, the 

extension in PVB material is viscoelastic rather than plastic. If unloading behavior of 

PVB is to be considered, a bilinear viscoelastic model is preferable rather than an 

elasto-plastic model with hardening. It should be noted that due to testing difficulty 

there has not been any testing data reported in the literature yet on the unloading 

behavior of PVB at high strain rates. Therefore, the unloading path of PVB after 

dynamic tensile loading is still not properly understood. In this study, for easy 

demonstration of PVB mechanical behavior at high strain rate, a pseudo yield stress 

(σps,y) where material modulus change abruptly, and the corresponding strain - pseudo 

yield strain (εps,y) are defined. The stress at failure (σf), and the strain at failure (εf) are 

calculated at the time when the specimen fractures. Two modulus are considered, the 

initial modulus (Eini) which is defined as the gradient of a secant line through the pseudo 

yielding point and the origin on the engineering stress-strain curve, and the secondary 
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modulus (Esec) corresponding to the gradient between the pseudo yielding point and the 

ultimate failure point on the stress-strain curve. Table 4-2 summaries these testing 

results for the high-speed tensile test. 
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Figure 4–12 Stress-strain curves of PVB in high-speed tensile tests at different pulling speeds 
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Table 4–2 Summary of high-speed tensile testing results 

Specimen 
No. 

Actuator 
speed 

Eng.  
 ̇ 

Eng.  
σps,y 

Eng.  
εps,y 

Eini 
Eng.  

σf 
Eng.  

εf 
Esec 

 m/s s-1 MPa  MPa MPa  MPa 
F01 0.1 8.6 2.045 0.067 30.522  28.897 2.009 14.382 

F02 0.1 7.7 3.395 0.046 73.514 29.024 2.082 13.937 

F03 0.5 44.7 4.418 0.047 93.761 32.959 2.016 16.352 

F04 1 116.7 6.488 0.071 91.077 34.471 2.009 17.162 

F05 1 67.3 7.185 0.081 88.833 32.012 2.017 15.868 

F06 1 62.3 6.783 0.053 127.434 33.803 1.951 17.327 

F07 1 61.1 9.267 0.080 116.381 34.688 1.946 17.827 

F08 2 134.5 10.792 0.083 130.612 37.805 1.927 19.619 

F09 2 134.5 9.807 0.067 145.324 36.399 1.913 19.028 

F10 3 154.8 12.051 0.074 162.565 35.428 1.786 19.837 

F11 4 245.2 11.492 0.063 183.528 38.762 1.727 22.443 

F12 5 269.8 11.236 0.050 224.055 38.932 1.806 21.552 

F13 6 310.2 12.611 0.039 320.004 40.264 1.689 23.834 

F14 7 329.9 16.219 0.053 307.278 40.558 1.722 23.549 

F15 8 395.9 18.409 0.116 158.531 32.948 1.800 18.308 

F16 10 460.7 18.274 0.157 116.211 37.003 1.952 18.956 

F17 15 685.7 19.517 0.136 143.643 38.401 1.727 22.231 

F18 20 1360.0 16.025 0.134 119.745 39.649 1.873 21.166 

      The engineering stress-strain curves for PVB in Figure 4-12 show that the response 

of PVB is very strain-rate dependent. When the actuator speed is 0.1m/s, which 

corresponds to a strain rate of about 8s-1, the behavior of the PVB is similar to 

viscoelastic material with large nonlinear deformation till the point of failure. As strain 

rate increases, the initial modulus increases. The pseudo yield stress also increases with 

strain rate. When the strain rate increases from about 8s-1 to over 1300s-1, the initial 

modulus increases from about 70MPa to 120MPa, and the yield stress rises from about 

3MPa to over 16MPa. It can also be observed that PVB material becomes less ductile at 

increased strain rates. The failure strain reduces from over 200% to 140% when the 

strain rate increases from 8s-1 to 1300s-1. Oscillation was observed from the stress-strain 

curves as actuator speed increases above 6m/s, and becomes more apparent with the 

increase of the actuator speed. This is because of the relatively low strength of PVB 
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material and the vibration of the testing system. The period of oscillation matches with 

the natural period of the load cell and the clamping device. 

4.6 ANALYSIS AND DISCUSSION 

The testing results from both the low-speed and high-speed tensile tests are analyzed in 

the following section. Available testing data reported in the literature [9-12] are also 

included for the analysis. Discussions are made on the strain rate effect. Empirical 

formulae are derived from best fitting the testing results. 
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Figure 4–13 Illustration of strain rate effect on engineering stress-strain curves 

4.6.1 Strain rate effect 

      Figure 4-13 illustrates selected engineering stress-strain curves of PVB at various 

strain rates. As can be seen, loading speed has very significant influence on the 

behaviors of PVB material. At a strain rate of 0.019s-1, PVB behaves essentially 
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viscoelastic. As strain rate increases to 0.198s-1, PVB shows similar viscoelastic 

property but the initial stress rises quickly until a turning point. This phenomenon 

becomes more apparent when the strain rate increases to 0.317s-1. Under the tensile 

loading, the initial stress quickly jumps to about 1.5MPa, and the fast increase in stress 

slows down and then increases in an exponential form with strain. As strain rate further 

increases, the pseudo yielding point becomes more and more apparent. The 

corresponding yield stress also increases with the strain rate. As shown after the pseudo 

yielding point the nonlinear behavior becomes less noticeable. PVB displays a bilinear 

viscoelastic property. The transition from nonlinear viscoelastic at low strain rate to 

bilinear viscoelastic is gradual. As strain rate increases, the pseudo yielding point 

becomes more and more apparent with higher pseudo yield stress at higher strain rate. 

After the pseudo yielding point the behavior of PVB gradually transforms from 

exponential viscoelastic to almost linear viscoelastic. As can be seen, the response of 

PVB specimen at strain rate 7.7s-1 is still quite similar to those tested at low strain rates. 

4.6.2 Pseudo yield stress and yield strain versus strain rate 

      The pseudo yielding point on the stress-strain curve is important to model the 

bilinear behavior of PVB material. The pseudo yield stress and strain from the current 

tests (  ̇  0.198s-1) together with previous testing data reported in literature are 

summarized and plotted in Figure 4-14 and Figure 4-15 as a function of strain rate. The 

testing data from the current study show consistency with previous studies. As can be 

seen, the pseudo yield stress shows a clear trend of increase with strain rate. When the 

strain rate is about 0.198s-1, the yield stress is about 0.5MPa. As strain rate increases to 

about 8.6s-1, the yield stress is about 4MPa. As strain rate becomes higher, the increase 

in the yield stress becomes faster. When the strain rate reaches to 135s-1, the yield stress 

is about 10MPa. The yield stress rises to about 20MPa at strain rate 686s-1. The 

increasing yield stress can therefore be approximated by a bilinear trend line as 

                       (
 ̇

  ̇
)       ̇        

                        (
 ̇

  ̇
)       ̇        

(4-3) 
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where        is the pseudo yields stress and  ̇ is the strain rate.   ̇ is a reference strain 

rate of 1s-1. The constants can be determined through nonlinear regression as presented 

in Eq. (4-3).  
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Figure 4–14 Pseudo yield stress vs. strain rate 

      The pseudo yield strains of the current test fall in the range between 0.04 and 0.10. 

The yield strain appears to be steady in the tested strain rate range, which is also 

consistent with Bennison et al.‘s testing data [11]. The measured yield strain values 

from Morison [12] and Hooper et al. [9] vary significantly. This can be attributed to the 

difficulties when measuring the very soft material PVB at high strain rate, and also the 

difficulty in properly defining the pseudo yielding point and therefore the yield strain. 
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Figure 4–15 Yield strain vs. strain rate 
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Figure 4–16 Initial modulus vs strain rate 

4.6.3 Initial modulus versus strain rate 

      Figure 4-16 shows the tested initial modulus, Eini of PVB material with respected to 

the strain rate. As can be observed, the initial modulus determined from the current test 

varies between 7MPa and 320MPa, which follows an increasing trend with strain rate. 

Under tensile loading, the initial modulus is only about 7MPa at a strain rate of about 

0.198s-1. The initial modulus increases quickly as strain rate increases. At a strain rate of 

8s-1, the modulus is about 30MPa, which rises to around 110MPa when strain rate is 

over 70s-1. As strain rate approaches 1000s-1, the initial modulus increases to about 

300MPa. As pointed out by Bennison et al. [11] that by increasing the strain rate PVB 

shifts from a rubbery material, essentially above its glass transition temperature, to a 

glassy elasto-plastic like material, essentially below glass transition temperature. Except 

a couple of points provided by Morison [12], the derived initial modulus in the current 

work agrees with the other previous testing data. Significant variation can be noted 

between Morison‘s testing results themselves around a strain rate about 35s-1. This is 

very likely to be resulted from the difficulty involved in conducting high-speed tensile 

test on very soft material like PVB. These contradictory points are excluded. Through 

best fitting the testing results, a bilinear expression similar to that for the yield stress can 

be used to express the initial modulus 
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                       (
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  ̇
)       ̇        

                         (
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  ̇
)       ̇        

(4-4) 

where      is the initial modulus and  ̇ is the strain rate.   ̇ is a reference strain rate of 

1s-1. The constants in Eq. (4-4) are determined by nonlinear regression. 

4.6.4 Failure stress and strain versus strain rate 

      The engineering failure stress and strain include both the low-speed and the high-

speed testing data are summarized and plotted in Figure 4-16 and Figure 4-17. Quasi-

static tensile testing results recently reported by Liu et al. [6] are also included in the 

analysis for completeness. As shown in Figure 4-17, the failure stress of the current test 

shows obvious strain-rate dependency. The failure stress increases from about 24MPa at 

a strain rate of 0.008s-1 to about 30MPa at a strain rate of 8s-1. The dynamic increment 

effect becomes more apparent as strain rate increases beyond 10s-1. When PVB material 

deforms at a strain rate of 1360s-1, the failure stress increases to about 40MPa. The 

high-speed tensile testing results show good consistency with Iwasaki et al.‘s [10], 

Hooper et al.‘s [9] and Bennison et al.‘s [11] testing data. Variation in failure stress can 

be found on Morison‘s drop weight tests [12], which vary from about 20MPa to 30MPa 

at a strain rate of 30s-1. The reason leading to this variation is probably because of the 

interaction between the testing system and the specimen, as a result of which the strain 

rate that material actually experienced is not as what was estimated. Large variation can 

also be observed on the low-speed testing results in the current study. The failure 

stresses of the low-speed tests fall in the range between 20MPa and 35MPa. Despite the 

variation, an increasing trend can be observed with strain rate. A lot lower failure 

stresses can be found on Liu et al.‘s quasi-static testing results [6]. This is probably 

because of premature failure of PVB specimens. Considering the above variations, 

Morison and Liu et al.‘s testing data are not included when data fitting the following 

empirical formula for failure stress. A two-stage data-fit equation for the failure stress 

can be expressed as 
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where   ̇ is a reference strain rate   ̇ of 1s-1. 
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Figure 4–17 Engineering failure stress vs. strain rate 

      The failure strains measured in the current test are consistent with most of previous 

testing results [6, 9-11] at both the quasi-static and dynamic regions. The results 

provided by Morison [12] are however lower than the current testing data. This is likely 

due to the different testing technique utilized to measure the specimen displacement. In 

his dynamic tensile test, Morison adopts the machine actuator displacement to evaluate 

the specimen strain. Because of the deformation of specimen at shoulder, the strain at 

the central testing gauge is greatly underestimated. In contrast, in this study the 

specimen extension and strain are traced by optical device targeting at the central region 

of the specimen only. More accurate testing results are believed to be obtained in the 

current test. As shown in Figure 4-18, the failure strain decreases with the increased 

strain rate, indicating PVB material becomes less ductile as pulling speed increases. At 

a strain rate of about 0.01s-1, failure occurs when strain is nearly 300%. The failure 

strain reduces to about 220% at a strain rate of 0.2s-1. When the strain rate is above 

100s-1, the failure strain reduces to below 200%. At a strain rate of 700s-1, the failure 
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strain plummets to only 150%. An expression of Eq. (4-6) can be used to approximate 

the failure strain 

              (
 ̇

  ̇
) (4-6) 

where    and  ̇ represent the engineering failure strain and strain rate, mf is a constant, 

and     is the failure strain at the reference strain rate   ̇ of 1s-1. Nonlinear regression 

finds     to be 2.198 0.024, and mf=-0.1176 0.013. 
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Figure 4–18 Engineering failure strain vs strain rate 

      Figure 4-19 shows the derived secondary modulus at various strain rates. As shown 

the values of the secondary modulus vary in the range of 9MPa to 16MPa, and appear to 

be steady with respect to the strain rate. A slight decrease in secondary modulus with 

respect to the rise of strain rate can be found after data fitting. The derived secondary 

modulus is consistent with the scatters from the other researchers [9-12]. It is worth 

noting that different from the secant secondary modulus we use herein, considering the 

hyperelastic nonlinear deformation of PVB right from its pseudo yielding point, Hooper 

et al. [9] introduce the modulus E20 which corresponds to the gradient of the stress-

strain curve at 20% strain. As shown in Figure 4-19, the data of E20 from Hooper et al. 

is lower than the plastic modulus we defined above. Excluding the data of E20, the 

testing data are fitted to form the empirical formula of the plastic modulus of PVB as 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

4.97 

               (
 ̇

  ̇
) (4-7) 

where Esec and  ̇ stand for the secondary modulus and strain rate; me is a constant and E0 

is the secondary modulus at the reference strain rate   ̇  of 1s-1. The constants were 

determined using nonlinear regression and were found to be Eo = 13.971MPa   

     MPa, and me=-0.432MPa 0.223MPa. 
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Figure 4–19 Secondary moduli vs. strain rate 

4.7 CONCLUSIONS 

In this paper we present laboratory tests to study the dynamic material properties of 

polymer material PVB. Low-speed and high-speed uniaxial tensile tests were carried out 

on PVB specimens covering a wide strain rate range from 0.008s-1 to 1360s-1. The 

engineering stress-strain curves obtained show that PVB exhibits viscoelastic material 

property under quasi-static loading. As strain rate increases, it transfers into a bilinear 

viscoelastic material which appears to be similar to elasto-plastic material. The pseudo 

yield stress increases with strain rate from about 3MPa at a strain rate of 8s-1 to nearly 

20MPa at a strain rate of 1360s-1. As strain rate increases no significant increment was 

found on the corresponding yield strain. The increase in yield stress was mainly 

attributed to increment in initial modulus. It was also found that the engineering stress 

to failure varied from 24MPa at a strain rate of 0.008s-1 to about 40MPa at 1360s-1. The 

failure strain was found to vary between 280% at 0.008s-1 to about 140% at a strain rate 
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of 1360s-1 showing a decreasing trend over the tested strain rate range. The secondary 

modulus of PVB material for the dynamic test was found insensitive to strain rate, 

which vary in the range of 9MPa and 16MPa. The current testing results were analysed 

together with previous testing data on PVB. Empirical formulae are derived through 

best fitting the testing data. 
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CHAPTER 5.  THE MECHANICAL PROPERTIES OF 
IONOPLAST INTERLAYER MATERIAL AT HIGH STRAIN 

RATES 

5.1 ABSTRACT 

SGP (SentryGlas®Plus by DuPont®) is an Ionoplast material that has been introduced as 

interlayer material for laminated glass to improve its post-glass breakage behavior. Due 

to its sound mechanical performance, the applications of SGP laminated glass have been 

widely extended to the protection glass structures against extreme loads such as shock 

and impact. The material properties of SGP at high strain rates are therefore needed to 

properly analysis and design of such structures. In this study, the mechanical properties 

of Ionoplast material SGP are studied experimentally through direct tensile tests over a 

wide strain rate range. The low-speed tests are performed using conventional hydraulic 

machine at strain rates from 0.0056s-1 to 0.556s-1. The high strain-rate tests are carried 

out with a high-speed servo-hydraulic testing machine at strain rates from 

approximately 10s-1 to 2000s-1. It is found that SGP virtually exhibits elasto-plastic 

material properties in the strain rate range tested in this study. The testing results show 

that the behavior of SGP material is very strain-rate dependent. The yield strength 

increases with strain rate, but the material becomes more brittle with the increase in 

strain rate, with the ultimate strains over 400% under quasi-static loading, and 

decreasing to less than 200% at a strain rate around 2000s-1. The testing results indicate 

that simply applying the static material properties in predicting the SGP laminated glass 

structure responses subjected to blast and impact loads will substantially overestimate 

the ductility of the material and lead to inaccurate prediction of structure responses. The 

testing results obtained in the current study together with available testing data in the 

literature are summarized and used to formulate the dynamic stress-strain curves of SGP 

at various strain rates, which can be used in analysis and design of SGP structures 

against blast and impact loads. 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

5.102 

5.2 INTRODUCTION 

Because of the increased threats from windborne debris impacts on glass windows 

owing to the increased wind speed with climate change, and the increased threats of 

bombing attacks owing to the increased terrorism activities, protection of glass windows 

against impact and blast loads is critical for people protection since glass windows are 

the relatively weaker sections in a building structure, and glass fragments have been 

identified as the source for most casualties in such an event [1, 2]. Laminated glass 

windows have been proved effective for mitigating glass fragment threats as compared 

to the monolithic glass windows [2-7]. The most commonly used interlayer material for 

laminated glass, Polyvinyl Butyral (PVB), is soft, very ductile and exhibits viscoelastic 

material properties. After glass breakage, PVB interlayer will stick the shattered glass 

fragments together so as to preventing them from flying towards into the room, and 

continue to deform to dissipate the imposed energy. However, due to the limited 

stiffness and strength of PVB, laminated glass with PVB interlayer offers relatively 

poor residual load-carrying capacity after glass breakage [8]. Rupture of PVB under 

large blast and impact loads not only results in the complete collapse of the window 

structure, but also makes it no longer capable of sticking the glass fragments and 

preventing them from flying into the room. Therefore, materials stronger and more 

ductile than PVB that can be used as interlayer material in laminated glass are 

constantly sought.  

      SentryGlas®Plus (SGP) by DuPont® is a well-known and commonly used Ionoplast 

material for the replacement of PVB interlayer. As an Ionoplast material, SGP primarily 

comprises of ethylene/methacrylic acid copolymers. It also contains small amounts of 

metal salts which improves its bonding performance to glass ply. SGP behaves elasto-

plastically under tensile loading. It is stated to offer up to five times the tearing strength 

and a hundred times the rigidity of conventional PVB material. As a result, SGP is more 

and more commonly used as the interlayer in laminated glass panels in protective 

designs of glass structures.  

      Understanding the mechanical properties of SGP material at different strain rates is 

of great importance for reliable analysis and design of glass structures because the 

laminated glass structure might be subjected to loads of different rates, ranging from 
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quasi-static to high-rate impact and blast loads. Belis et al. [8] conducted uniaxial 

tensile tests on 25 SGP specimens at five loading speeds in the quasi-static range. The 

testing results revealed an elasto-plastic behavior of SGP, which is also dependent on 

the loading speed. The yield stress is amplified when the loading speed increases. 

Similar observation was reported by Bennison et al. [9]. Using a servo-hydraulic testing 

machine, Bennison and his co-workers tested SGP specimens in the strain rate range 

from 0.1s-1 up to 125s-1. The yield stress was found to increase from about 31MPa to 

36MPa. It was also revealed that the ultimate strain of SGP decreased with the strain 

rate [9]. The dynamic material property of SGP at other strain rates especially at strain 

rates above 100s-1 has not been widely reported in the literature yet. 

      In this study, the mechanical properties of Ionoplast material SGP under the tensile 

loading at various strain rates are investigated experimentally. SGP specimens are firstly 

pulled at low speeds to study its behavior under quasi-static loading conditions. High-

speed servo-hydraulic machine is then employed to carry out high-speed tensile tests on 

SGP specimens. The responses of SGP material at strain rates from approximately 10s-1 

to 2000s-1 are investigated. The deformation-to-fracture behavior of SGP material is 

monitored by a high-speed camera. The stress-strain curves of SGP material are 

presented and analyzed. The results obtained in this study can be used to model SGP 

material behavior under different strain rates. 

5.3 THEORY AND METHODOLOGY 

5.3.1 Testing systems 

Experimental techniques commonly used to determine the material tensile properties at 

different strain rates include conventional screw driven load frame, servo-hydraulic 

machine, pendulum or drop weight impact machine, high-speed servo-hydraulic 

machine, and Split-Hopkinson Pressure Bar system. The conventional testing systems 

including the screw driven load frame and conventional servo-hydraulic machine can 

normally test material tensile strength at a strain rate up to 1s-1. Split-Hopkinson 

Pressure Bar (SHPB) is commonly used to determine the material strength at high strain 

rates (  ̇≥100s-1). To test the material tensile properties, the tensile SHPB usually 

requires the testing specimen to be firmly glued on both ends respectively to the 

incident and transmitter bars to ensure the tensile stress wave can travel through the 
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specimen before it fractures. It is therefore not suitable for polymer materials such as 

SGP, as the glue could significantly alter the material properties. The pendulum or drop 

weight impact system and the high-speed servo-hydraulic machine have been widely 

used to determine material strength at strain rate above 1s-1. Dumbbell shaped 

specimens similar to those used for quasi-static tests are most commonly adopted for the 

dynamic tensile tests. Due to the inherit difficulties, the strain rates that can be achieved 

by a drop weight impact machine is usually limited to 1~100s-1. Moreover, during a test 

the velocity of the actuator is also coupled with the response of the specimen. In other 

words, it is difficult for the drop weight impacter to maintain a constant testing velocity. 

In this study, servo-hydraulic and high-speed servo-hydraulic machines are used to 

perform the low-speed and high-speed tensile tests. The testing setups and machine 

information are described in details in section three and four.  

5.3.2 Testing requirements for high-speed tests 

      To ensure the validity of testing data for a material test, it is critical to assure the 

specimen is under the state of stress equilibrium. For low-speed tests, the specimens are 

in quasi-static equilibrium, because there is more than sufficient time for elastic waves 

to travel back and forth many times in the specimen in the loading duration. For high-

speed tests, to achieve the state of stress equilibrium is much more difficult since the 

loading time can be much shorter. In a dynamic test, a state of dynamic equilibrium is 

usually pursued, where a minimum number of elastic waves are required to propagate 

through the specimen. To estimate the time for one stress wave to travel a round trip in 

the specimen the following relation can be utilized 

  
  

 
 (5-1) 

where L is the specimen length between the clamping grips; and c is the elastic stress 

wave velocity in the specimen material. The one-dimensional longitudinal wave 

velocity in an isotropic material can be estimated by the relation  

  √
 

 
 (5-2) 

where  is the density of the material, and E is the Young‘s modulus. 
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      To reach dynamic stress equilibrium, a SHPB test normally requires at least three 

reverberations of the loading wave in the specimen [10, 11]. Based on the experience 

gained through dynamic tensile tests using a high-speed servo-hydraulic machine on 

four plastic materials (HDPE, PC-ABS, TPO and PP/glass) Xiao [12] found the 

criterion for a valid SHPB test is also applicable to dynamic direct tensile test. The draft 

standard of the Society of Automotive Engineers on high strain-rate tensile test of 

automotive plastics requires at least 10 elastic reflected waves propagating through the 

specimen from the time of loading to the time of yield [13]. There is no quantitative 

criterion in the open literature yet defining the exact number of reflected stress wave in 

the specimen to achieve dynamic equilibrium for a uniaxial tensile test.  

5.3.3 True stress for large deformation 

      In universal tensile test, due to the reduction in cross-sectional area, especially when 

the deformation level of the specimen is large, engineering stress is no longer an 

accurate measurement to describe the response of material. In such a circumstance, the 

true stress, which takes the changes of cross-sectional area into consideration, should be 

utilized. The true stress can be related to the engineering stress with the following 

expression 

       (      ) (5-3) 

where t is the specimen true stress, eng and eng are the engineering stress and 

engineering strain.  

      Eq. (5-3) is derived by assuming that the strain is uniform and the deformation of 

material occurs with a constant volume. The assumption is valid for materials with a 

Poisson‘s ratio approximately equals to 0.5. According to DuPont®, SGP has a 

Poisson‘s ratio in the range of 0.45~0.5 under room temperature of 20~30°C. The above 

equation to derive the true stress from engineering stress can therefore be used. 

5.4 LOW-SPEED TESTS 

5.4.1 Test setup 

The low-speed test was carried out in the mechanical laboratory at the University of 

Western Australia on an INSTRON hydraulic machine UTS-5982 (as shown in Figure 
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5-1). The actuator of the machine is capable of travelling up to a maximum stroke of 

1430mm at a constant speed ranging from 0.00005mm/min to 1016mm/min. An inbuilt 

load cell and extensometer were used to measure the force and elongation that the 

specimens experienced. The room temperature during the test was about 25°C 5°C. 

      Figure 5-2 illustrates the geometry of the SGP specimen for the low-speed test. The 

specimen has a dumbbell shape to assure homogenous deformation under tensile 

loading. The straight gauge has a length of 30mm and a width of 8mm. The specimens 

were machined from 2.28mm SGP sheet. Due to the stiffness of the interlayer material, 

laser cutter was used to shape the specimens to the designed dimension. 27 specimens 

were tested at six crosshead velocities, i.e. 10, 100, 250, 500, 750, and 1000mm/min, 

which correspond to nominal strain rates of 0.0056s-1, 0.056s-1, 0.139s-1, 0.278s-1, 

0.417s-1, and 0.556s-1 on specimens.  

       

Figure 5–1 INSTRON hydraulic machine for low-speed test 

 

Figure 5–2 Illustration of specimen geometry for low-speed test 
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5.4.2 Low Strain-rate Results 

      Figure 5–3 shows a typical stress-strain curve of a SGP specimen obtained in the 

low-speed test. As shown, the SGP specimen behaves essentially elasto-plastically 

under the uniaxial tensile loading. The material shows a steep increase in stress under 

the applied loading. After the stress reaches a peak value yield the load bearing capacity 

of the specimen drops. The strain corresponding to yield is defined as the yield strain, 

yield, and the modulus for the initial part is named as initial modulus, Einitial. As 

crosshead continues to move upward, the yielded SGP specimen elongates 

overwhelmingly while the stress does not show significant increase. The stress at 

failure, f, and the corresponding failure, f, are calculated at the instant of specimen 

fracture occurs.  

 

Figure 5–3 Typical engineering stress-strain curve for SGP material 

      Figure 5–4 shows the engineering stress-strain curves for the SGP specimens tested 

at six different tensile speeds. It can be observed that at low strain rates (0.0056~0.556 

s-1) SGP material behaves virtually the same with a steep rise in stress at the beginning, 

followed with a substantial plastic deformation before failure. Table 5–1 summarizes 

the testing results of the SGP specimen at both yielding and failure. The behaviors of 

SGP specimens show strain-rate dependence. Figure 5–5 shows the stress-strain curves 

of SGP specimens at different strain rates in the low-speed tensile tests. As shown, in 

general higher loading speeds correspond to higher yield stresses. When the strain rate 

is 0.0056s-1 the specimen yields at about 22.8MPa. As strain rates increases to 0.278s-1, 

the yield stress becomes 28.8MPa with a 26% increment. The strains at failure are in 
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general above 300%. But as strain rate increases, the failure strain tends to decrease. For 

instance, as shown in Figure 5–5 the specimen fractures at strain 427% when the strain 

rate is 0.0056s-1. In comparison, the strain at fracture reduces to about 300% at strain 

rate is 0.556s-1. 
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Figure 5–4 Engineering stress-strain curves from low-speed tensile tests at different strain rates 
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Table 5–1 Summary of low speed tensile testing results 

Specimen 
No. 

Actuator 
speed 

Eng. strain 
Rate 

Eng. 
yield 

Eng. 
yield Einitial 

Eng. 
failure 

Eng. 
failure 

 (mm/min) (s-1) (MPa)  (MPa) (MPa)  

B01 10 0.006 22.90 0.09 243.86 29.81 4.13 

B02 10 0.006 23.17 0.10 243.17 31.86 4.40 

B03 10 0.006 22.43 0.10 230.50 27.72 4.29 

C01 100 0.056 24.19 0.12 194.03 29.07 3.55 

C16 100 0.056 25.29 0.09 275.24 29.08 3.40 

C17 100 0.056 24.51 0.09 287.14 30.22 3.76 

C26 100 0.056 24.65 0.09 288.70 31.56 3.95 

C02 250 0.139 25.01 0.12 203.17 30.45 3.84 

C13 250 0.139 27.25 0.10 296.85 27.13 3.72 

C14 250 0.139 27.81 0.10 281.88 27.81 3.36 

C19 250 0.139 27.66 0.10 280.30 28.72 3.90 

C04 500 0.278 27.97 0.13 222.26 28.17 3.60 

C05 500 0.278 28.01 0.13 223.12 28.01 3.44 

C12 500 0.278 28.23 0.09 302.32 28.23 2.98 

C20 500 0.278 28.80 0.10 270.73 26.84 3.08 

C21 500 0.278 28.97 0.09 315.84 28.97 3.83 

C06 750 0.417 28.24 0.13 221.46 28.24 3.27 

C10 750 0.417 28.68 0.12 230.20 28.68 2.88 

C11 750 0.417 28.50 0.13 226.96 28.50 3.42 

C22 750 0.417 25.82 0.13 200.82 25.90 3.02 

C23 750 0.417 28.79 0.13 229.23 28.79 3.17 

C07 1000 0.556 30.38 0.14 213.97 25.51 3.25 

C08 1000 0.556 27.87 0.14 193.62 27.87 2.90 

C09 1000 0.556 31.45 0.11 278.11 27.83 3.02 

C24 1000 0.556 28.20 0.15 194.15 28.20 2.90 

C25 1000 0.556 29.27 0.10 314.61 25.21 3.03 

C27 1000 0.556 30.13 0.10 288.35 25.13 2.97 

C28 1000 0.556 29.66 0.11 189.57 27.53 2.96 
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Figure 5–5 Illustration of strain rate effect at low-speed tensile tests 

5.5 HIGH-SPEED DYNAMIC TESTS 

The high-speed tensile test was performed in the laboratory of Tianjin University and 

Curtin University Joint Research Center. The room temperature during the test was 

about 30°C  3°C. A high-speed servo-hydraulic test machine was used to investigate 

the behavior of SGP materials with an actuator constant pulling speeds ranging from 

0.1m/s to 20m/s. The dynamic material properties of SGP at strain rates ranging from 

approximately 10s-1 to 2000s-1 were obtained. 

5.5.1 Test setup 

      An INSTRON Very-High Strain-Rate Testing Machine (VHS 160-20) was used to 

perform the high-speed tensile test. The actuator of the machine can reach a constant 

testing velocity of up to 25m/s under open loop control, and 1mm/s to 1m/s constant 

velocity under closed loop control. The machine has a fast jaw grip, which travels and 

accelerates upwards in the direction of tension (Figure 5-6). Once it reaches the target 

testing velocity, a pre-set wedge is kicked out which releases the sprung grips to grab 

the specimen and pull it at the target velocity till the failure of specimen.  
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Figure 5–6 High-speed tensile test setup 

      A piezo load cell was fixed below the bottom static grip head to measure the force 

transmitted to the testing specimen. A linear variable differential transducer (LVDT) 

mounted on the fast jaw was used to measure the actuator stroke in real time. A one-

dimensional accelerometer was also mounted on the fast jaw to track the acceleration. 

The signals of these transducers were wired to a data acquisition system sampling at a 

frequency of 65000Hz. A high-speed camera (Fastcam SA1.1 by Photron®) was used to 

film the deformation-to-fracture process of the specimens. Images of the specimen 

deformation process from the high-speed camera were post-processed with an image 

tracking algorithm to derive the elongation of the specimens. The aperture of the lens 

selected for the high-speed camera was set to its widest opening, and the exposure time 

was balanced with the aperture. A 2000 watt halogen light (LEIYING® M-300G) was 

installed to provide lighting for high-speed filming. The high-speed camera was set to 

film at 1000~8000fps restricted by the camera capacity and lighting condition. The 

camera was synchronized using a TTL pulse generated by the INSTON testing machine. 

      The testing specimens were machined from 2.28mm SGP sheet using a laser cutter 

and then polished along the edges. The geometry of the specimen needs to satisfy the 
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following requirements: 1) the tensile region between the top and bottom clamps should 

be short enough to ensure the specimen fractures within the maximum stroke of the 

machine at highest testing speed; 2) the central testing gauge length should be 

sufficiently short to maximize the strain rate; 3) the radius of the shoulder should be 

large to avoid stress concentration; 4) the clamping region should be large enough to 

avoid specimen being pulled out from the taps; and 5) the area of the entire specimen 

should be minimized to reduce the weight so as to minimize the inertia effect. After 

examine all available testing standards [14-17] and recommendations [18], a few types 

of SGP specimens with different combinations of central gauge lengths, shoulder radii 

and tail lengths were made and then tried in preliminary testing. The geometry shown in 

Figure 5-7 was identified to give the most satisfactory testing data. The specimen was 

cut into dumbbell shape with a central testing gauge of 10mm in length. Two narrow 

black lines were drawn on each specimen as reference markers for the high-speed 

camera imaging. The engineering strain was calculated with the original testing gauge 

length between the reference markers, and the difference in length in the subsequent 

camera images. The radius of the specimen shoulder was modified after repeated tests, 

which showed that 9mm was able to avoid stress concentration and consequential 

premature failure. 15mm wide and approximately 45mm long tails were provided at the 

both ends for clamping the specimen.  

 

Figure 5–7 Illustration of specimen geometry in the high-speed tensile test 

      To reduce the inertia effect especially in the high-speed testing where the 

acceleration is large, lightweight clamps were specially designed and manufactured. The 

clamps were made of magnesium alloy (AZ31B). The density of magnesium alloy is 

1.77g/cm3. The yield strength under direct tension is 200MPa and the elastic modulus is 

44.8GPa, which ensure the clamping bars will not yield or experience large deformation 
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when it is pulled in the high-speed tensile test. Lightweight plastic bolts (as shown in 

Figure 5-8) made of PA-66 is utilized to fasten the alloy taps which firmly clamp the 

SGP specimen.  

 
Figure 5–8 Clamping devices for the high-speed tensile test 

5.5.2 High Strain-rate Results 

The testing results of the high-speed tensile tests are presented in the following section. 

Firstly, an example of high-speed test on SGP specimen D05 tested with an actuator 

speed of 0.5m/s is presented to depict the deformation-to-failure process of the 

specimen and the strain rate time history that the specimen experienced with the aid of 

high-speed camera images. Demonstration is then given to show the contribution of 

inertia force and how the net force on the specimen is derived with the total load time 

history recorded by the load cell. Validation of dynamic stress equilibrium is performed. 

The testing data of all SGP specimens pulled at various speeds are then presented. The 

strain rate effect on SGP material is shown with engineering stress-strain curves at 

different strain rates.  

Deformation to failure process 

      Figure 5-9 shows the high-speed camera images of the specimen deformation-to-

failure process under the high-speed tensile loading. At t=0ms when the test initiated, 

the pistol was accelerated to the target testing velocity. The specimen was at rest as the 

fast jaw had not gripped the clamping bar. At t=32ms, the SGP specimen began to be 

stretched under the tensile force from the upper clamp. The specimen deformed quickly 
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under tensile loading (t=40~87ms). At t=88ms, the specimen was greatly stretched with 

significant extension in length. Fracture initiated in the central region, which split the 

specimen into halves (t=89ms). The machine came to a rest after the specimen broke. It 

can be observed that after specimen breakage most of the extension of the stretched 

specimen recovered.  

    
t=0ms t=32ms t=40ms t=52ms 

    
t=67ms t=88ms t=89ms t=97ms 

Figure 5–9 High-speed camera images of specimen D05 deformation-to-failure process  

      The vertical displacement trajectories of the specimen at the two black markers were 

traced by high-speed camera, which were post-processed and divided by the initial 

length of the testing gauge between the markers to derive the strain of specimen. 

Derivation was then made on strain time history to determine the strain rate that the 

specimen experienced. Figure 5-10 shows the strain-rate time history for specimen D05. 

As can be seen, after the fast jaw grips the clamping bar which begins to pull the 

specimen upward, the strain rate of the specimen quickly increases to about 45s-1. A 

clear plateau can be found on the figure. At about 95ms, the strain rate suddenly ascends 

again, indicating fracture of the specimen. The averaged strain rate on the plateau is 

slightly lower than nominal strain rate 50s-1 (0.5m/s divided by 10mm marked central 

testing gauge length). This is mainly because of the extension of the material at the 

shoulder of the specimen. 
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Figure 5–10 Strain-rate time history of specimen D05 derived from high-speed imaging 

0.20 0.25 0.30 0.35 0.40

0.0

0.2

0.4

0.6

0.8

1.0

 

 

Lo
ad

 (k
N

)

time (s)

 Machine Load
 Inertia Force
 Actual force

 

Figure 5–11 Load time histories of machine load, inertia force, and actual force on material for 
specimen D05 

Load time history and inertia effect 

      The load time history recorded by the load cell for specimen D05 is shown Figure 5-

11. To deduce the influence of inertia effect from the clamping devices, the inertia force 

is estimated by using the mass of clamp (including both the magnesium alloy bar and 

the plastic bolts) times the acceleration time history recorded by the accelerometer. A 

net force on the specimen is therefore obtained after subtracting the derived inertia force 

from the total force recorded by the load cell. As can be seen in Figure 5-11, the 

contribution of inertia force is insignificant due to the light weight of the specially 

designed clamping device. Nonetheless, to obtain more accurate testing data, in this 
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study the inertia forces in all the tests are removed from the recorded loads acting on the 

specimens.  

Validation of high speed test 

      To obtain valid testing data from high-speed dynamic test, the response of the entire 

testing system, i.e. the natural period of the load cell, the grips and the clamps, should 

be properly checked. Comparing with the rising time of the applied force onto the 

specimen, if the natural period of the system is not short enough, the measured force 

might not represent the true load applied to the specimen owing to interactions. Figure 

5-12 presents a load time history measured after a specimen breaks with the above test 

setup. From the figure it can be estimated that the natural oscillation period of the 

testing system is about 240µs. When the actuator is pulling at a velocity of 0.5m/s as 

shown above for specimen D05, the rise time of the tensile force to the point where 

specimen yielded is approximately 7200µs, which is a lot longer than the natural period 

of the system. When the actuator pulling velocity increases to 10m/s, the rise time is 

about three times the natural period of the system.  When the actuator velocity reaches 

the maximum testing velocity of 20m/s in this study, the rise time for the applied force 

to reach the yield stress of specimen is approximately 520µs, which is the practical limit 

for the load cell being able to reliably track the material response [19]. Therefore in this 

study the testing velocity is limited to 20 m/s.  

      As mentioned in section two, in high-rate testing the condition of dynamic stress 

equilibrium should also be carefully checked to assure the measured data is valid. 

Moreover, during a high-speed test a sudden applied impulse can excite ringing of the 

testing system, which causes high amplitude stress oscillation and nonhomogeneous 

deformation in the specimen [12]. It is therefore important to ensure stress wave travel 

in round trips for a sufficient number of times in the specimen. The wave speed in the 

SGP material can be estimated using Eq. (5-2). If an averaged Young‘s modulus of 

248MPa resulted from the low-speed tensile tests in section three, and a material density 

of 950g/cm3 provided by DuPont® is used, the wave speed in the specimen is about 

511m/s. For a 20mm testing length (between clamps) it takes about 39µs for the stress 

wave to propagate through the specimen. For the above specimen D05, the fracture 

occurs at about 0.1 sec as shown in Figure 5-10, indicating the stress wave is able to 
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propagate through the specimen for over 2500 times. Even at the maximum actuator 

pulling velocity, i.e., 20m/s in this study, the stress wave could travel up and down 

within the specimen for more than six times. Therefore the condition of stress 

equilibrium is satisfied in the current tests, and the testing results measured are valid. 
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Figure 5–12 Free vibration of the testing system after a specimen fractures 

Engineering stress vs. strain curves 

      Figure 5-13 shows the engineering stress-strain curves for the SGP specimens tested 

at different actuator speeds, i.e. 0.1m/s, 0.5m/s, 1m/s, 2m/s, 3m/s, 5m/s, 7m/s, 10m/s, 

15m/s, and 20m/s. As can be seen, under high deformation rates SGP still behaves as an 

elasto-plastic material. When actuator speeds are relatively low (0.1~3m/s), SGP 

specimens respond very similarly to that under low-speed testing. There is a steep 

increase in stress at the beginning. After the stress reaches the peak value, it quickly 

plummets to a relative constant level, associated with a substantial plastic flow before 

ruptures. In comparison, when the actuator speeds are equal and higher than 5m/s, SGP 

gradually show glassy behavior. After SGP yields, there is no more apparent drop in 

stress, and the plastic flow region becomes shorter as loading rate increases. Table 5-2 

summarizes the testing results of SGP under high-speed uniaxial tensile loading. The 

yield stress, yield strain, initial modulus, failure stress, failure strain, as well as the 

actuator traveling speed, marker length, true strain rate derived from the high-speed 

camera images are listed. It can be found that the behavior of SGP is strain rate 

dependent in the high-strain rate range.  
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      Figure 5-14 shows the representative engineering stress-strain curves for SGP 

specimens tested at actuator speeds between 0.1m/s and 20m/s, which correspond to the 

strain rates between about 10s-1 and 2000s-1. Through comparison it can be found that 

the response of SGP material has strong strain rate dependence. At a strain rate around 

10s1 SGP material yields with a peak stress of about 29MPa. As strain rates increases, 

the yield stresses increase. For instance, the yield stress increases to about 47MPa when 

the strain rate is about 2000s-1. Moreover, as strain rate increases, SGP material 

becomes less ductile. At a strain rate of about 10s-1, SGP material breaks at an ultimate 

strain of about 350%. The failure strain reduces as strain rate increases. When the strain 

rate is 500s-1, the failure strain is only about 200%. It further drops to about 150% as 

material strain rate increases to about 2000s-1. It should be pointed out that the 

responses of SGP specimen at relatively high testing speeds (above 7m/s) were 

associated with strong oscillations. This was because of relatively low strength of the 

SGP material and the vibration of the grip at high pulling speeds. The period of 

oscillations matched the natural period of the load cell and the grip.  

  
a) Actuator speed 0.1m/s b) Actuator speed 0.5m/s 

  
c) Actuator speed 1m/s d) Actuator speed 2m/s 
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e) Actuator speed 3m/s f) Actuator speed 5m/s 

  
g) Actuator speed 7m/s h) Actuator speed 10m/s 

  
i) Actuator speed 15m/s j) Actuator speed 20m/s 

Figure 5–13 Stress-strain curves of SGP in high-speed tensile tests 
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Table 5–2 Summary of high speed tensile testing results 

Test 
No. 

Actuator 
speed 

Gauge 
length 

Eng.  
strain rate 

Eng. 
σyield 

Eng. 
εyield 

Einitial 
Eng. 
σfailure 

Eng. 
εfailure 

 (m/s) (mm) (s-1) (MPa)  (MPa) (MPa)  
D01 0.1 9.02 10.58 28.33 0.17 168.00 24.30 3.65 
D02 0.1 10.63 10.36 29.20 0.18 158.34 22.85 3.39 
D03 0.1 9.87 10.96 30.97 0.18 171.51 24.66 3.22 
D05 0.5 10.94 48.97 34.51 0.20 176.07 27.08 3.11 
D06 0.5 10.94 45.17 33.61 0.19 180.73 38.22 3.32 
D07 0.5 10.00 49.26 33.91 0.18 193.76 26.84 3.20 
D08 1 10.00 100.00 33.96 0.24 141.52 28.03 2.95 
D09 1 8.68 109.13 35.06 0.25 139.11 30.73 3.19 
D10 1 8.96 105.83 33.17 0.27 122.39 28.22 2.59 
D13 2 10.70 240.00 39.58 0.23 169.14 32.38 2.65 
D14 2 10.25 231.85 39.71 0.23 173.39 29.43 2.00 
D15 2 10.67 222.78 39.35 0.28 140.93 30.75 2.46 
D16 3 11.01 321.38 42.57 0.26 161.61 32.99 2.42 
D17 3 10.77 316.43 39.64 0.27 147.76 34.36 2.45 
D18 3 10.32 330.25 41.64 0.28 149.00 33.95 2.29 
D19 5 10.18 531.43 41.30 0.28 147.51 33.43 2.01 
D20 5 8.98 597.50 43.83 0.29 153.75 35.25 1.96 
D21 5 9.05 607.50 42.08 0.28 148.47 35.95 2.00 
D24 7 10.45 716.30 44.36 0.30 149.09 36.49 1.94 
D25 7 9.94 736.15 43.48 0.27 159.24 36.35 2.26 
D26 7 11.08 684.48 43.88 0.30 148.00 35.29 1.78 
D27 10 8.62 1169.56 45.38 0.28 160.70 41.95 1.56 
D28 10 10.70 962.86 45.46 0.30 151.32 38.39 1.80 
D29 10 10.50 1005.36 44.20 0.32 138.96 40.68 1.57 
D30 15 10.99 1188.28 45.84 0.32 141.48 42.10 1.58 
D31 15 10.61 1453.67 46.39 0.33 142.75 40.15 1.51 
D33 20 10.08 2076.92 46.82 0.34 137.08 43.22 1.30 
D34 20 10.34 1873.87 47.99 0.36 135.15 45.54 1.47 
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Figure 5–14 Illustration of the strain rate effect on SGP material 

5.6 ANALYSIS AND DISCUSSION 

5.6.1 Yield stress, yield strain and initial modulus vs. Strain rates 

      The engineering stresses and strains at yield from both the low-speed and high-

speed tests are presented in Figure 5-15 and Figure 5-16 as a function of strain rate. 

Previous testing data on SGP material by Bennison et al. [9] and Belis et al. [8] are also 

summarized and included for comparison and analysis. As can be seen, the yield stress 

shows a clear trend of increase with strain rate. At quasi-static state, the mean yield 

stress is approximately 22MPa. The mean yield stress increases gradually with strain 

rate. When the strain rate is about 1s-1 the mean yield stress increases to about 30MPa. 

When the strain rate rises to about 2000s-1, the mean yield stress increases to 47MPa. 

The yield stresses from the current test agree well with the previous testing data. The 

increasing yield stress can be approximated by a bilinear trend line with the following 

equation 

                    (
 ̇

  ̇
)       ̇         
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  ̇
)          ̇         

(5-4) 

where    and  ̇ are the yield stress and strain rate.   ̇ is a reference strain rate of 1s-1.  
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Figure 5–15 Engineering yield stress vs. strain rate 
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Figure 5–16 Engineering yield strain vs. strain rate 

      The strain at yielding also increases with strain rate similar to that of yield stress. As 

shown in Figure 5-16, the yielding strain is about 0.1 when the strain rate is about 10-2 
 

s-1. The yielding strain increases marginally as the strain rate increases to 1s-1. As the 

strain rate is greater than 10s-1, the yielding strain begins to rise quickly from about 0.17 

to about 0.34 when the strain rate is about 2000s-1. The yield strains and yield stresses 

from the current tests agree with the previous testing data. A bilinear trend line similar 

to yield stress can be used to express yield strain 
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where    and  ̇ are the yield strain and strain rate.   ̇ is a reference strain rate of 1s-1.  
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Figure 5–17 Initial modulus vs strain rate 

      Under uniaxial tensile loading, the stress of SGP material increases almost linearly 

with strain initially, and the stress-strain relationship becomes non-linear when the 

stress approaches the yield stress. In this study, however, the initial modulus, Einitial, is 

calculated as the secant modulus defined as the yield stress divided by the strain at 

yield. As shown in Figure 5-17, when the strain rate is below 1s-1, the calculated initial 

modulus varies between 190MPa and 320MPa. The initial modulus in this strain rate 

range shows little strain rate dependency. As explained by Bennison et al. from 

DuPont® that SGP is a polymer material with a glass transition temperature of 55°C. 

Below the glass transition temperature, the behaviors of SGP including initial stiffness 

are insensitive to strain rate [9]. When strain rate is higher than 10s-1, the modulus is 

generally below 200MPa and the values dwindle as strain rate increases. From the 

figure, it can be found that despite SGP material becomes more and more brittle as 

deformation rate increases, the initial modulus show a gradual decreasing trend as strain 

rate increases. The initial modulus Einitial can be expressed as 
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                   (
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  ̇
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where Eini and  ̇ are the initial modulus and the strain rate. mE is a constant, and Eini,0 is 

the initial modulus at the reference strain rate  ̇  of 1s-1. The constants were determined 

through nonlinear regression and were found to be Eini,0=223.939MP 4.389MPa and 

mE=-27.449MPa 2.357MPa. 

5.6.2 Failure stress and strain vs. Strain rates 

      Failure strains of SGP material at various strain rates are presented in Figure 5-18. 

The failure strain of SGP material shows highly strain rate dependency. The quasi-static 

tensile tests carried out in the current study found the failure strains of the three 

specimens were all over 400%. As strain rate increases, the ductility of SGP material 

decreases. The failure strains of the SGP specimens involved in the low-speed tests fall 

in the range between 400% and 300% with a steady decreasing trend with strain rate. As 

strain rate increases to over 100s-1, SGP material becomes more and more brittle. The 

failure strain plummets as strain rate rises. At a strain rate of 100s-1, the mean failure 

strain is about 290%, and at 2000s-1 the mean failure strain reduces to below 150%. The 

failure strains can be fitted with a two-stage power equation as 

                   (
 ̇

  ̇
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  ̇
)       ̇         

(5-6) 

where   ̇ is a reference strain rate of 1s-1. 
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Figure 5–18 Failure strain vs. strain rate 
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Figure 5–19 True stress at failure vs strain rate 

      The true stress at failure instead of the engineering stress at failure is utilized for 

analysis. This is because the SGP specimens generally break at failure strains over 

100% at high strain rates or even approaching 400% at low strain rates. Due to the 

significant elongations in length, the cross-sectional areas of specimens change greatly. 

Engineering stress at failure is therefore not an accurate measure to evaluate the stress 

differences between SGP specimens failed with different ultimate strains at various 

strain rates. The material true stress at failure is calculated using Eq. (5-3) and shown in 

Figure 5-19. As shown, the true stresses at failure in the current test decrease slightly in 

the low strain rate range. The failure stress reduces from approximately 150MPa at 

strain rate 0.0056s-1 to about 100MPa when strain rate is 0.556s-1. The failure stresses 

remain almost a constant of about 110~120MPa when strain rate is between 10 to 

2000s-1. Similar observations were also obtained in the low strain-rate range by Belis et 

al. in their tests [8]. Variation can be observed between the current testing data and 

Bennison et al.‘s results [9] when strain rate is above 1s-1. Since there is only one 

standalone testing data at each strain rate provided, and there is a lack of detail 

information about the testing setup such as specimen dimension, clamping method and 

etc. in reference [9], it is therefore difficult to evaluate the possible reasons for this 

variation. As previously mentioned by Xiao, because of the difficulties involved in 
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high-speed tensile tests, such as system ringing, the influence of inertia effect, and etc., 

a round robin test involving 12 participating labs on five representative plastic materials 

found that the quality of testing data varied [12]. More high-speed tensile tests covering 

a wider strain rate range can be carried out to further validate the mechanical properties 

of SGP material. An expression similar to that for the failure strain can be utilized to 

describe the true stress at failure 

                  (
 ̇

  ̇
) 

(5-8) 

where     and  ̇ are the true failure stress and the strain rate. mtf is a constant, and       

is the failure stress at the reference strain rate   ̇ of 1s-1. The constants were determined 

through nonlinear regression and were found to be      =126.207MP      MPa and 

mtf=-6.857MPa 1.115MPa. 

5.6.3 Failure pattern and plastic deformation 

      The stress-strain curves for SGP material indicate a typical elasto-plastic behavior in 

both the low-speed and high-speed tensile tests. Figure 5-20 shows the failure patterns 

of the SGP specimens tested at various tensile speeds. At quasi-static state 

corresponding to a material strain rate about 0.0056s-1, substantial residual deformation 

was observed on the fractured specimen with a residual deformation of 263%. However, 

the maximum strain measured on the specimen B01 at failure is 413%. Even if the 

elastic strain of 9% at yielding is removed from the total achieved strain of 413%, the 

residual strain should still be 404%, substantially higher than 263%. This indicates 

approximately 35% of the maximum strain on the SGP specimen was recovered 

although it was associated with the plastic flow. This phenomenon is more apparent as 

strain rate increases. As shown in Figure 5-20a, when the SGP specimen was pulled at 

1000mm/min (approx.  ̇=0.556s-1), most of the extension was recovered. A permanent 

elongation of about 12mm was measured on the fractured specimen, which indicates 

only 40% plastic strain although 296% maximum strain was measured when the 

specimen C28 was pulled to fracture. Similarly, as shown in Figure 5-9 of the high-

speed camera images, when pulled at 0.5m/s actuator speed (approximate  ̇=50s-1), the 

specimen experienced significant deformation. However, almost all this elongation was 

recovered after specimen breakage. Figure 5-20b shows the fractured specimens 
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involved in the high-speed testing at various speeds. Hardly any permanent extension 

can be found on any of these specimens, indicating the large deformation or flow is 

associated with the material viscous response, rather than plastic deformation when the 

loading rate is high.  

 

a) Actuator speed 1000mm/min (SGP C28) 

 
b) Actuator speed 0.1~20m/sec 

Figure 5–20 Failure patterns of SGP specimens 

5.7 CONCLUSION 

This paper presents laboratory investigations on the dynamic material properties of 

Ionoplast material SGP. Uniaxial tensile tests were performed covering a wide strain 

rate range from quasi-static state to a strain rate up to 2000s-1. The stress-strain curves 
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show that SGP material exhibits an elasto-plastic behavior, which is also strain rate 

dependent. It was found that the yield stress varied from 22MPa at a strain rate of 

0.0056s-1 to 47MPa at strain rate about 2000s-1. The corresponding yield strain was 

found to increase slightly over strain rate. The initial modulus of SGP was derived and 

found in the range of 200MPa to 300MPa in low strain rate region and reducing to about 

150MPa in high strain rate range. The tests also found that SGP material became less 

ductile as strain rate increased. The failure strain reduced from about 400% at quasi-

static state to about 150% at a strain rate of 2000s-1. The true stress at failure was found 

to vary between 90MPa and 170MPa. A slight decreasing trend was observed on the 

true stress in the low strain rate range, and the failure stress remains steady at a strain 

rate above 10s-1. Evaluation on the fractured specimens found the deformation was 

greatly recovered after specimens broke. The amounts of recovered deformation 

increase with the strain rate. The specimens tested under high-speed tensile loading 

retained literally no plastic deformations after specimen fractured. The observation 

indicated that SGP material showed viscous behavior under uniaxial tension. 
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CHAPTER 6.  LABORATORY TEST AND NUMERICAL 
SIMULATION OF LAMINATED GLASS WINDOW 

VULNERABILITY TO DEBRIS IMPACT 

6.1 ABSTRACT 

This paper presents results of laboratory tests and numerical simulations on the 

vulnerability of laminated glass windows subjected to windborne wooden block impact. 

Wooden debris weighing 2kg, 4kg and 8kg with a velocity of 9m/s to 35m/s impacting 

on the glass windows is considered in this study. Performances of typical windows of 

sizes 2000mm1100mm and 1200mm600mm with 3mm thick float glass plies 

laminated by 1.52mm, 1.88mm, 2.28mm and 2.66mm PVB interlayer are evaluated. It 

has been found that interlayer thickness plays a dominating role in the penetration 

resistance capacity of the laminated glass windows subjected to windborne debris 

impact. The vulnerability curves of laminated glass windows with various thicknesses 

and dimensions are generated. A predictive method based on laboratory observation is 

also developed to estimate glass fragments induced by debris impact. The fragment 

mass and launching speed are estimated with respect to the impact debris mass and 

velocity. 

6.2 INTRODUCTION 

Glazing windows have to fulfill several responsibilities, apart from architectural 

purposes. Due to its relatively weak strength compared with other structural 

components, glass windows are most vulnerable to extreme loads, e.g. windborne debris 

impact.  

      Structure openings as a result of damaged glass windows can lead to significant 

threat to building envelopes especially in cyclone regions. Post investigations of severe 

windstorms since the 1970‘s including tornadoes, hurricanes, thunderstorms and frontal 

passages, have cited windborne debris as the most important source of damage to 

building envelope [1]. After the 1974 Tropical Cyclone Tracy devastating the Australian 

city Darwin, Walker [2] pointed out that one of the two major factors contributing to the 
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wide scale damage to housing was internal pressure of building following failure of 

windward windows due to windborne debris. Minor [3] describes the failure of glass 

windows led to an increase in pressure inside the building and produce the failure of the 

principal structural frame by actually doubling the wind pressure applied to structure. 

Based on investigations of the impact of tornadoes, Minor et al. [4] found that timber 

from wooden frame houses is the most prevalent type of windborne debris in residential 

areas. In addition, in the cyclone region, large trucks broken by strong wind are another 

major source of windborne debris. 

     Following the post storm investigations and analyses, a series of design codes and 

standards have been introduced to give specifications for window design against impact 

loading from windborne debris in cyclone areas. For instance, US Defense Civil 

Preparedness Agency (DCPA) suggests the selection of a 50mm100mm timber 

weighing 7 kg as a representative object for use in defining impact criteria for tornado 

shelters in schools and residences [5]. After the 1974 Tropical Cyclone Tracy, the 

Darwin Area Building Manual [6] published in 1976 required a 4 kg 50mm100mm 

timber as a design missile. US Department of Energy (DoE) Standard 1020-92 [7] 

specifies debris impact criteria for nuclear materials handling facilities in performance 

categories 3 and 4 (‗moderate‘ and ‘high risk‘). The criteria for straight winds also 

include a 50mm100mm timber plank weighing 7 kg at an impact speed of 24m/s. Both 

Australian Standards AS1170.2:2002 [8] and the Standard Building Code (SBC) in the 

United States in 1983 [9] require windows or external protective devices to resist a 4kg 

50100mm wood block with a velocity of 15m/s. The debris impact speed has been 

further increased in AS1170.2:2011 [10] from 15m/s to a velocity equal to 0.4 times the 

design wind speed for horizontal trajectory and 0.1 times the design wind speed for 

vertical trajectory, which means the velocity of debris can be more than 40m/s in 

extreme cases. 

     Besides debris penetration, another crucial consequence of fractured glazing 

windows is occupant casualties. Flying glass shards from fractured windows can be 

fatal to the building occupants. Very few investigations have yet been conducted to 

study the number of casualties by glass shards due to debris impact in cyclone events. 

However, the hazards of ejecting glass shards from debris impact can be very similar to 
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that of glass windows subjected to blast load. Post event investigations show that 

fragments from fractured glass windows are responsible for most of casualties in blast 

events. For example, in the 2004 Indonesia terrorist bombing attack, 9 people were 

killed and over 150 were injured, most of whom were inside buildings and were injured 

by glass shards from fractured windows. Therefore, it is of great importance to analyze 

the flying glass fragments for proper evaluation of hazards and hence design of glass 

windows against windborne debris impact for human protection. 

     Various mitigation techniques and materials are available to provide impact resistant 

glass windows. Lin et al. [11] conducted an intensive review on window retrofit 

solutions, which includes applying security films, reinforcing mullions and frames, 

introducing catch systems, and replacing window glass. Among all these methods, using 

laminated glass is one of the most popular and straightforward approaches. Common 

laminated glass consists of two glass plies, adhering together by a polymer interlayer. 

Several types of laminated glass have been manufactured, with different types of glass 

materials, e.g. float glass, tempered glass, and with various interlayers, such as 

Polyvinyl Butyryl (PVB) and SentryGlasPlus (SGP). The main purpose of laminated 

glass is to prevent glass shards from flying away and causing injuries, with the 

interlayer holding the glass shards and stopping shattered glass flying into the room. 

Nevertheless, the claimed effectiveness of interlayer in gluing glass shards is still under 

debating. Delamination between glass and PVB interlayer was observed by Hooper et 

al. [12] in his experimental study on laminated glass to blast load. Walley et al. [13] 

have also systematically investigated the formation of spall of polycarbonate laminated 

glass subjected to high speed impact. Another benefit of an interlay is that a large 

amount of energy can be absorbed through the breakage of glass plies and the large 

deformation of interlayer. The performance of laminated glass is determined by many 

factors, such as laminate mass, post breakage stiffness, interlayer-glass adhesion and 

interlayer tearing energy [14]. However, the strength of laminated glass is difficult to be 

defined because it also depends on temperature and duration of loads [15]. Hence, to 

accurately analyze glass window response subjected to impact loads, further study on 

laminated glass properties is required. 

      Methods to study glazing window vulnerabilities and to determine mitigation 

measure effectiveness are evolving based on laboratory testing, analytical solutions and 
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numerical simulation. Quite a few experimental studies have been conducted on the 

impact resistance capacity of various glass windows. The breakage characteristics of 

glass together with factors that influence glass resistance capacity have been discussed. 

Beacon [16] tested glass specimens of two thicknesses subjected to steel ball impact, 

and concluded that missile size is a significant factor for the breakage of glass. With 

over 200 glass samples tested, Harris found that missile mass was the most important 

damage factor [17]. With respect to timber impact, Bole [18] conducted tests on 

annealed glass, heat strengthened glass, and tempered glass, and concluded that despite 

the same kinetic energy, missiles of different mass lead to different results. Following 

Bole‘s study, Masters et al. [19] conducted laboratory tests to determine the 

vulnerability of residential window glass to lightweight windborne debris. Impact 

momentum was regarded to be the crucial factor governing the breakage of glass, and 

the threshold momentum of double-strength annealed glass to wooden shingle and 

dowel impacts was quantified. A number of experiments on the impact resistance of 

laminated glass have also been conducted. However, most of these tests were only to 

verify the specific commercial products or to study statistically the vulnerability of glass 

windows with particular dimension and glass thickness [19]. No general guideline on 

laminated glass resistance to windborne debris impact considering both debris size, 

mass, traveling velocity, and glass dimension are available. Also, due to the nature of 

impact testing, it is quite difficult and expensive to generate vulnerability curves for 

laminated glass windows.  

      Analytical solutions and numerical simulations have also been performed to study 

glass window response to impact loadings. Based on dynamic non-linear finite element 

method, Dharani et al. [20-22] developed an analytical model of laminated glass to 

predict the probability of damage when subjected to low-velocity small hard missile 

impacts. It is found that the probability of damage in outer glass ply strongly depends 

on the impact velocity and weakly on glass ply thickness. The thickness of PVB 

interlayer has little influence on the damage of outer glass ply. Miscellaneous modeling 

methods have been adopted in numerical studies. Oda and Zang [23] used discrete 

element method (DEM) to analyze the fracture of laminated glass to steel ball impact, 

and evaluate its penetration potential. Zang et al. [24] introduced SPH/FEM coupling 

method to simulate high velocity impact process of windshield, which well represents 
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splash performance of glass. Timmel et al. [25] set up layered laminated glass model to 

simulate windshield impact. It is found that in short time dynamics, the elastic 

behaviour for small deformations of the composite is determined by the glass. For large 

deformation, the PVB interlayer plays a dominant role, because the brittle glass cannot 

withstand large strains.  

      To sum up, there are two general shortcomings in previous numerical simulations. 

Firstly, materials behave very differently from their static state. Almost all these studies 

adopted static material properties, or used dynamic material properties for the interlayer 

only. This assumption could lead to inaccurate estimation, especially when the material 

strain rate is high. Therefore, it is necessary to conduct numerical simulations with 

appropriate material dynamic properties for both glass and interlayer. Secondly, most 

previous numerical studies focused on the simulation of steel ball impact on laminated 

glass or automobile roof crash only. Hardly any systematic studies have been conducted 

on windborne timber debris impact on laminated glass windows yet. However, as 

required by many design codes and standards, glass windows in cyclone regions need to 

survive timber impact at a speed of up to 35m/s or in extreme cases over 40m/s. At such 

an impact velocity, experimental tests can be very dangerous and expensive. Hence, it is 

of great value to conduct numerical simulations to study glass window performance 

when subjected to high speed windborne debris impact.  

     As noted above, flying glass debris and fragments are potential threat to human 

inside buildings when windows are subjected to windborne debris impact. In a paper by 

Hao et al. [26], it was pointed out that all the existing numerical approaches have 

inherited difficulties in predicting structural fragmentation. This is because the single 

degree of freedom (SDOF) based models can only predict the overall window 

responses. The meshless method [24] and discrete element method (DEM) [27] avoid 

erosion in simulation, but the particle size in meshless model and weaker planes in 

discrete element model pre-determine the fragment size. Therefore, these methods 

cannot give reliable predictions of fragment size, launching velocity and launching 

distance. Hao et al. developed an innovative method based on damage mechanics and 

fracture mechanics to predict masonry wall fragments [26]. It overcomes the problems 

in current numerical approaches. However, it is limited to brittle materials such as 

window glasses. Other researchers used finite element method (FEM) [25, 28-30], 
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which employs an erosion criterion to erode away elements to avoid element tangling. 

The erosion technique is a numerical manipulation in finite element simulation. It 

violates energy and mass conservation. However, most researchers have claimed good 

results by using continuum FE models with erosion technique. In this paper, finite 

element model with erosion technique is also used to predict window responses to 

windborne debris impacts.  

     The purpose of this paper is to study laminated glass performance under high speed 

windborne debris impact. Firstly experimental tests were conducted with various 

thicknesses laminated glass windows subjected to a 4kg wood block impacting at a 

velocity of 15m/s. Responses of the glazing windows were recorded during the tests and 

their performances in terms of the back glass pane maximum strain, glass pane 

maximum dynamic deflections, and glass pane cracking shapes are analyzed. Then, a 

finite element model with dynamic material properties is developed to simulate window 

system responses to this impact load with the commercial software LS-DYNA [31]. The 

numerical model is calibrated with the laboratory test results. Using the calibrated 

numerical model, responses of a series of laminated glass windows to debris impact are 

simulated. Models considered in this study include windows of two typical dimensions 

i.e. 2000mm1100mm and 1200mm600mm, with 3mm thick float glass and various 

thicknesses of PVB interlayers subjected to impact of wood block weighing 2kg, 4kg 

and 8kg, traveling at a speed from 9m/s up to 35m/s. Based on the numerical results, the 

influence of interlayer thickness is analyzed. Typical laminated glass window 

vulnerability curves are generated. Moreover, based on the laboratory observations, 

relations between the launching speed and ejection mass of glass fragments and the 

debris impact speed and debris weight are studied. 

6.3 LABORATORY TESTING 

In order to validate the reliability of numerical model that will be described in the next 

section, a series of tests of laminated glass windows subjected to wooden debris impact 

were conducted. The test results will be used as bench mark to validate the numerical 

model. The laboratory impact tests are described in this section.  



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

6.137 

6.3.1 Methodology 

     Variables that influence laminated glass windows performance include glass pane 

thickness, interlayer thickness, window size, boundary conditions, as well as the impact 

debris mass, traveling velocity, momentum and energy. The current tests focus on study 

the effect of laminate thickness, glass thickness and window frame size on window 

performance. The laminated glass window performances are examined based on its 

capacity to resist the wood block penetration, glass pane cracking shape, back pane 

glass strain, and the maximum window deflection. 

  

Figure 6–1 Impact testing apparatus 

Testing apparatus 

     Figure 6-1 shows the impact testing apparatus used in this study. It consists of a two-

spring actuated catapult to launch the impact mass on the specimen at a desired velocity, 

a high-speed camera to record the impact velocity and damage process of the tested 

specimen, a steel frame to support the catapult, and a supporting steel frame to mount 

the specimen. In each test, the 4kg wood mass with an impacting surface of dimension 

100mm50mm and an impacting velocity of 15m/s is launched from the spring actuated 

catapult. Calibration of the velocity is achieved by using the high-speed camera. The 

test specimens are located 200mm in front of the catapult barrel. It should be noted that 

the impact velocity can be varied by adjusting the pulling distance of the springs or the 

distance between the catapult barrel and specimen. In this study, however, a constant 

impact velocity of 15m/s was used for easy comparison of the capacities of the tested 

specimens.  

     To measure the strain at the centre of the tested glass panels during impact, a strain 

gauge was glued to the centre of the back layer of each glass specimen. Another high-

Glass specimen 

Wooden projectile 

Wooden projectile 

Glass specimen 
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speed camera was installed on one side of the frame to measure the deflection of the 

laminated glass and also to capture the flying fragmented glass shards. 

General specification 

     The schematic view of the test model is shown in Figure 6-2. Laminated glass panels 

of dimension 2000mm×1100mm and 1200mm×600mm (exclude boundary) were fixed 

on four edges to the supporting steel frame. The laminated glass is made up of a PVB 

interlayer, sandwiched by two pieces of float glass. To study the influence of thickness 

on window response, three specimens with different thicknesses were tested. To 

evaluate window size effect on window penetration vulnerability, a fourth specimen of 

1200mm×600mm was tested (strain and deflection not recorded). The dimensions of the 

four tested specimens are listed in Table 6-1. 

 

Figure 6–2 Schematic impact test view 

6.3.2 Testing results 

     Experimental results are summarized in Table 6-1, which includes the maximum 

strains at centre of the back glass layer and the maximum panel dynamic deflections (or 

panel penetration state). By comparing the strains of back glass panels of the first three 

specimens, it can be found that the strain decreases with the increase of total panel 

thickness. For the standard 7.52mm laminated glass, the central strain is 0.00154. As 

window thickness increases, the cross section moment of inertia increases. Under the 

same impact load, i.e. same impact speed and impact mass, the thickest panel (13.52mm 

of specimen 3) experienced the smallest strain (0.00089).  
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Table 6–1 Specimen configuration and laboratory impact results 

Specimen 
No. 

Dimension 
(mm) 

tglass 

(mm) 
tPVB 

(mm) 

Impact 
speed 
(m/s) 

Maximum 
back glass 

strain 

Maximum 
deflection 

(mm) 

Penetr-
ation 
Status 

1 2000×1100 3 1.52 15 0.00154 180 Yes 

2 2000×1100 3 1.88 15 0.00107 130 No 

3 2000×1100 6 1.52 15 0.00089 60 No 

4 1200×600 3 1.52 15 - - No 

     The influence of window thickness on panel deflection and performance is 

significant. By increasing the glass ply thickness, the overall deflection is reduced 

greatly. For specimen 1 with a 3mm thick glass ply, panel central deflection was 

approximately 180mm before penetration. In contrast, with a 6mm glass ply and the 

same thickness interlayer, central deflection was only 60mm. Therefore, it can be 

concluded that the thickness of glass ply strongly influences the laminated glass panel 

deflection. The effect of interlayer thickness can be examined through comparison 

between specimen 1 and specimen 2 with the same glass ply but different PVB 

interlayer thickness. As can be noted the performance of laminated glass window is also 

very sensitive to interlayer thickness. With a 1.52mm interlayer, the window panel was 

penetrated by the wood block (Figure 6-3a), while with a slightly thicker (1.88mm) 

interlayer, penetration was effectively prevented (Figure 6-3b). This can be attributed to 

the property of the hyperelastic interlayer, which is able to endure significant 

deformation before fracture so as to prevent penetration. Window panel size also 

influences its performance. Through comparison of specimen 1 and specimen 4, it can 

be found that the 2000mm×1100mm laminated glass window was penetrated by the 

impacting wood block, while the smaller size window with identical laminated glass 

survived penetration under the same debris impact. This test observation is expected 

because smaller plates experience lower stress and deflection. It can also be noticed in 

Figure 6-3a and c that glass ply in specimen 4 broke into more numbers of finer cracks 

as compared to that in specimen 1. This is because structure of the smaller window is 

relatively stiffer than the larger one. Therefore the window experiences more brittle 

damages, which results in dissipation of impact energy.  
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a) Specimen 1 b) Specimen 2 

 
c) Specimen 4 

Figure 6–3 Windows penetration resistance performance 

     During the test, a significant number of glass fragments were observed from the 

spalling of the back layer glass ply (Figure 6-4b) with a velocity of approximately 

30m/s (tracked by high speed camera). Another observation is the debonding of broken 

glass shards from the adhesive interlayer. In specimen 2 and specimen 3, some large 

pieces of broken shards from the back glass layer were torn out around the impact 

region (Figure 6-4a). This is because of the tensile adhesive strength between the glass 

panels and interlayer is relatively low. During the impact process, with the propagation 

of stress waves in the perpendicular direction of the laminated glass plane, the tensile 

adhesive strength rather than the shear strength governs adhesion between the glass and 

interlayer. Therefore, special attention needs to be paid when using laminated glass 

against high speed impact. It is also necessary to correctly model the interfacial 

adhesion during numerical simulation in order to derive reliable numerical results. 
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a) Debonding of specimen 2 b) Shard of specimen 3 

Figure 6–4 Glass ply debonding from PVB and debris 

6.4 NUMERICAL SIMULATIONS 

6.4.1 Methodology 

Finite element model 

Using computer code LS-DYNA [31], the above laboratory tests were numerically 

simulated to validate the reliability of the developed computer model. The accuracy of 

the numerical model was checked by comparing the numerical and test results. Due to 

symmetry, only one quarter of the window panel is considered in the numerical model 

(Figure 6-2 and Figure 6-5). Two sides of the window boundaries are fully fixed and the 

other two are symmetric boundaries. Solid elements with mesh size of 

5mm×5mm×3mm (or 6mm) and 5mm×5mm×1.52mm (or 1.88mm, 2.28mm and 

2.66mm) for the glass and interlayer respectively are used. The contacting layer of 

wood block is meshed to the same size of glass ply, which helps to improve the 

simulation precision. The rest of the wood is meshed with gradually increased element 

sizes. The erosion technique is used to imitate glass cracking and interlayer penetration. 

However, the erosion criterion has to be carefully chosen so as to give reliable 

estimations.  

      To simulate the debonding phenomenon between glass and interlayer, the surface to 

surface tie break, which is a type of contact in LS-DYNA, is used to model the adhesive 

contact between the glass and interlayer. The contact holds the glass and interlayer 

together until a prescribed failure defined below is reached, 

1cm 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

6.142 

(
|  |

    
)

 

 (
|  |

    
)

 

   (6-1) 

where    and    are normal and shear stresses at the interface, and NFLS and SFLS are 

the corresponding tensile and shear strength of bonding. The bonding strength of the 

interface adopted in this study is based on Froli and Lani‘s work [32], where the tensile 

strength is 5MPa and the shear strength is 10MPa. 

  
a) Plan view b) Side view 

Figure 6–5 Numerical model for laminated glass setup 

6.4.2 Material model 

Float glass 

      The failure of glass is very brittle. Most previous numerical studies used static linear 

elastic material models. However, as the failure strength of glass strongly depends on 

loading rate, simply adopting static material strength will greatly underestimate glass 

capacity, especially under windborne debris impact where strain rates are reasonably 

high.  

      Studies on glass dynamic material properties have been reported. With theoretical 

formulation, Brown [33] estimated that the dynamic glass strength can be increased by 

up to three times of its static strength. This strain rate effect on glass was then validated 

experimentally by other researchers. For instance, Holmquist et al. [34] carried out 

dynamic test on float glass with Split Hopkinson Pressure Bar (SHPB) and constructed 

an integrated glass dynamic material model. Peroni et al. [35] conducted SHPB tests to 

investigate dynamic increase effect on glass compressive and tensile strength. The 

behaviour of glass at different ranges of pressure levels was also studied [36-38]. 

Bourne and his co-workers [39] conducted plate-impact tests on three different 
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composite glasses to investigate failure wave in shocked glass. Based on failure wave 

phenomenon, Feng [40] introduced his glass failure formation and propagation theory.  

      In the current study, Johnson Holmquist Ceramic constitutive model (JH2) [34] is 

adopted for float glass. JH2 model is one of the most widely used models for brittle 

materials, which considers both strain rate effect and material damage. The strength of 

material is described by a function of intact strength, fractured strength, strain rate, and 

damage as follows 

        ( 
 
   

 
 ) (6-2) 

where     is the normalized intact strength,     is the normalized fracture strength, and 

D is damage (     ). All the normalized stresses have the general form of 

       
   , where      is the equivalent stress at Hugoniot Elastic Limit (HEL). 

The normalized intact strength and fractured stress are given by 

     ( 
    ) (      ̇ ) (6-3) 

and 

     ( 
 ) (      ̇ ) (6-4) 

where A, B, C, M, and N are material constants.    stands for the normalized pressure. 

 ̇  is the actual strain rate over the reference strain rate (1.0s-1). 

The damage for fracture is accumulated and expressed as 

  ∑      
  (6-5) 

where     is plastic strain during integration and     is plastic strain to fracture under 

constant pressure P. 

The hydrostatic pressure is determined by  

         
     

     

 
(6-6) 
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where K1, K2, K3 are constants, and =/0-1, in which  is the current density and 0 

the initial density. 

     The accuracy of JH2 model in simulating ballistic impact on ceramics has been 

proved acceptable [41]. However, due to a lack of experimental data, the validation of 

JH2 model to simulate dynamic glass damage still needs further study. The JH2 model 

was lately integrated by Holmquist and Johnson to provide glass strength dependent on 

location and condition [42]. However, without further supporting data from 

experimental study, the integrated features do not necessarily improve its accuracy. 

Also considering the complexity of the integrated JH2 model tends to lower the 

computational efficiency; the original JH2 model is adopted in this study. Table 6-2 lists 

the glass material properties used in the study [34].  

Table 6–2 Glass material properties 

Density (kg/m3) 2530 

Strength Constants  
A 0.93 
B 0.2 
C 0.003 
M 1.0 
N 0.77 

Tensile strength (GPa) 0.15 
HEL (GPa) 5.95 

Normalized fracture strength 0.5 
HEL strength (GPa) 4.5 

Shear modulus (GPa) 30.4 

Damage Constants  
D1 0.043 
D2 0.85 

Equation of State  
K1 (GPa) 45.4 
K2 (GPa) -138.0 
K3 (GPa) 290.0 

Bulk 1.0 
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PVB interlayer 

      Previous studies have shown that the mechanical behaviour of PVB is strain rate 

sensitive [43, 44]. When loaded slowly, it is more viscoelastic. When subjected to high 

speed tension, however, PVB behaves elastoplastic and even brittle. Also, as a polymer 

material, PVB fails at strains up to 200~300%, indicating the need of hyperelastic 

material law. In addition, with Poisson‘s ratio nearly 0.5, very careful formulation is 

required in the numerical simulation. 

Table 6–3 PVB material properties 

Density (kg/m3) 1100 
Poisson ratio 0.495 

Yield modulus (MPa) 11 

     Figure 6-6 describes the stress-strain diagram of PVB with respect to strain rates [43, 

44]. For the current study with high speed impact, the material property at high strain 

rate region is more to our interest, where PVB behaves like elastoplastic material. 

Hence, a strain rate dependent elastic plastic material model (MAT_ STRAIN_ RATE_ 

DEPENDENT_ PLASTICITY) is used for the PVB interlayer. Table 6-3 gives the PVB 

material properties [45], which are used in the present study. 
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Figure 6–6 Comparison of PVB stress-strain relations used in the current study with test data 
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      To model PVB dynamic material behaviour, yield stress, failure stress, initial 

Young‘s modulus, and yield modulus at different strain rates obtained in [43, 44] are 

collected. The best fitted equation for yield stress of PVB with respect to strain rate is 

expressed as 

             ( ̇)
       MPa (6-7) 

Similarly, the failure stress of PVB as a function of strain rate can be expressed as 

               ( ̇)
     MPa (6-8) 

The initial Young‘s modulus for different strain rates are also best fitted to the data in 

[43, 44].  

               ( ̇)
      MPa (6-9) 

      An average yield modulus of 11MPa is adopted for the current study. Using the 

above fitted equations, the stress-strain relations of PVB at various strain rates are 

constructed, and compared in  Figure 6-6 with the experimental results obtained in [43, 

44]. As shown, the fitted equations can reliably model the stress-strain relations of PVB 

at different strain rates. These fitted strain-rate dependent PVB relations are 

programmed and linked to LS-DYNA and used in this study. It should be noted that 

owing to the lack of data, the available stress-strain relations are only within the strain 

rate range from 0.7s-1 to 89s-1. Under windborne debris impact, the strain rate of PVB 

could be in an order of about 100s-1. In this study, extrapolation is made to derive the 

stress-strain relation of PVB up to strain rate 500s-1 as shown in Figure 6-6. It is 

believed that this strain rate range well covers the possible deformation rate of PVB 

material under windborne debris impact. It should be noted that, however, the accuracy 

of this extrapolation is not verified owing to the lack of experimental data. Further 

experimental tests of PVB material behaviour at high strain rates is deemed necessary.  

Wood debris 

      The wood projectile was constructed using solid elements with a cross-sectional 

area of 100mm50mm. As the hard pine projectile used in the test experienced no 

obvious permanent deformation, the wood projectile is modelled as linear elastic in the 
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numerical simulation in this study. The wood density and Young‘s modulus are 

500kg/m3 and 9GPa, respectively; and the length of the 4kg wood block is 1.6m.  

6.4.3 Calibration 

     To ensure the accuracy of numerical simulation, calibration has been conducted with 

respect to the first three specimens tested in the laboratory. Figure 6-7 shows the 

comparison of the recorded and numerically simulated tensile strain time histories for 

specimen 1 and specimen 2. As can be seen the numerical simulation reliably predicts 

the maximum strain and duration, but the strain time histories are quite different. 

Experimental tests recorded a gradual increase of the strain to the maximum value, 

whereas the numerical simulation shows a sharp increase at early stage, then a more 

steady increase in the strain to the failure. This is because of the JH2 [34] material 

model used for float glass. JH2 model predicts a very brittle failure of the front layer of 

glass, which results in a sharp increase in the strain measured at the back layer. 

Moreover, the strain rate effect of glass is not fully considered in the present study, 

again because of the lack of material properties. To overcome these discrepancies, 

further studies of material properties and an improved material model of glass are 

deemed necessary. Nevertheless, the present numerical model successfully predicts the 

peak strains, which is the most important parameter for safety assessment of glass 

window subjected to impact loads. Table 6-4 compares the numerical simulation results 

with the test results. As can be noted the numerically simulated strain of specimen 1 

matches well that of laboratory data with a difference of only about 1.5%. The 

differences of the maximum strains for specimen 2 and specimen 3 between numerical 

and test results are also small, around 5% and 5.2%, respectively.  

Table 6–4 Comparison of numerical simulation and testing results 

Speci-
men 

No. 

Maximum Strain  Deflection  

Testing  Numerical  Difference  
Testing 
(mm) 

Numerical 
(mm) 

Difference 

1 0.00154 0.00152 1.45%  Penetrated Penetrated - 

2 0.00107 0.00101 5.01%  130 142 8.45% 

3 0.00089 0.00094 5.22%  60 67 10.45% 
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     Numerical simulation also gives good predictions of the glass panel maximum 

deflection (Table 6-4). For specimen 1, numerical simulation successfully predicts 

penetration of the wood block. For specimen 2 and specimen 3, the error of the 

predicted maximum deflection is about 8.5% and 10.5%, respectively. These errors can 

be attributed to unavoidable numerical errors, inaccurate material properties and 

material models, and idealised boundary condition. For example, the dynamic tensile 

property of PVB has not yet been fully understood, and dynamic material properties of 

glass are not sufficient and really available. The accuracy of JH2 model on modelling 

glass material damage has not fully tested yet. Nonetheless, the numerical model gives 

reasonably accurate predictions of the laboratory tests. 

 
Figure 6–7 Comparison of laboratory and numerical strain time histories 

     Simulation of crack initiation and propagation with the finite element method is a 

great challenge. The current study adopts erosion technique. As shown in Figure 6-8, 

crack initiates from the centre of the glass panel, and extends circularly as stress wave 

spreads. The outer most crack starts from the top boundary by the superposition of 

incoming and reflected stress waves. The comparison of cracking patterns of back glass 

layer between numerical simulation and laboratory test observation is shown in Figure 

6-9. As shown, cracks spread to almost the same position, and the size of cracks from 

simulation is slightly larger than those of testing. By comparison of cracks of specimen 

1 and specimen 2, the number of cracks and the area covered in specimen 2 are much 

larger than that in specimen 1. This phenomenon is consistent with the laboratory 

testing observations. Flying glass debris was also observed as shown in Figure 6-10. In 
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numerical simulation, the predicted debris velocity history shows a maximum speed of 

56.2m/s. 

  
t=2ms  

  
t=4.5ms  

  
t=12ms  

  
t=20ms   

a) Cracking Process b) Stress Distribution 

Figure 6–8 Glass cracking process and stress distribution of specimen 2 

5 45MPa 
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a) Glass cracking paten of specimen 1 b) Glass cracking paten of specimen 2 

Figure 6–9 Comparison of crack patterns between numerical simulation and testing observation 

  
a) High speed camera captured glass debris b) Numerical simulated glass debris 

 
c) Ejected glass debris veloctiy time history from numerical simulation 

Figure 6–10 Glass fragments from numerical simulation and lab testing and fragments launching 
velocity 
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     Through comparison of results between numerical simulation and laboratory tests, it 

can be concluded that the numerical model reasonably simulates the dynamic response 

of laminated glass windows in the debris impact testing. Reliable panel deflection and 

glass pane strain can be obtained through numerical simulation. Laminated glass 

performance against debris penetration can be evaluated, and flying glass fragments can 

also be well estimated. 

6.4.4 Numerical results and analysis 

Numerical simulation cases 

     The desired outcome of this numerical analysis is to quantify the penetration 

resistance of the laminated glass window panels against the windborne debris impact 

with respect to the debris mass and impact velocity. It is expected that the penetration 

vulnerability of laminated glass to wood debris impact is determined by impact 

momentum or impact energy, which is based on previous study on the vulnerability of 

residential window glass [19]. Hence, a series of impact response simulations are 

carried out with typical wood debris weighing 2kg, 4kg, and 8kg. The wood debris 

impact velocity varies from 9m/s, which is relative low in cyclone prone region, to 

35m/s (cut-off), which is about the highest traveling speed that large windborne debris 

can achieve in cyclone areas (assuming 87.5m/s as the maximum wind speed, and wood 

block traveling at 40% of the wind speed according to reference [10]). As to laminated 

glass, based on the laboratory test observations reported above, the thickness of 

interlayer is one of the most important factors governing the penetration resistance of 

laminated glass. Therefore, laminated glass models with 3mm float glass pane and 

1.52mm, 1.88mm, 2.28mm, and 2.66mm thick PVB interlayers are considered to 

quantify the influence of interlayer thickness. Two most commonly used window sizes, 

i.e. 2000mm×1100mm and 1200mm×600mm, are considered in the current study to 

examine the influence of specimen size on window responses. 

Window vulnerability 

      Table 6-5 and Table 6-6 summarize the numerical results with respect to the 

momentum and kinetic energy thresholds of penetration for wood debris impact, in 

which ‗N‘ represents no penetration and ‗P‘ penetration. The following observations can 

be made:  
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Table 6–5 Impact penetration momentum for 2000mm1100mm laminated glass 

PVB  
thick-
ness 
(mm) 

Momentum 
(kg m/s) 40 60 60 70 80 100 120 120 

Velocity 
(m/s) 20 15 30 35 20 25 15 30 

Mass 
(kg) 2 4 2 2 4 4 8 4 

1.52 N P P P P P P P 
1.88 N N P P P P P P 
2.28 N N N P N P P P 
2.66 N N N N N N N P 

Table 6–6 Penetration with impact kinetic energy for 2000mm1100mm laminated glass 

PVB  
thick-ness  

(mm) 

Kinetic 
energy (J) 400 450 625 800 900 900 1225 1250 1600 

Velocity 
(m/s) 10 15 25 20 30 15 35 25 20 

Mass 
(kg) 8 4 2 4 2 8 2 4 8 

1.52 N P P P P P P P P 
1.88 N N N P P P P P P 
2.28 N N N N N N P P P 
2.66 N N N N N N N N P 

      Generally speaking, the momentum and kinetic energy of debris needed for 

penetrating the laminated glass increase with the interlayer thickness, except for one 

case with a 2.28mm interlayer. For this laminated glass penetration is simulated when 

the momentum is 70 kg m/s, but penetration does not occur by increasing the 

momentum to 80kg m/s. This can be attributed to the way how impact energy is 

dissipated in laminated glass. The impact energy from windborne debris is partially 

consumed by the breakage of glass panes, partially by the deformation and penetration 

of interlayer, and the rest by the window pane vibration. As discussed above, with the 

same impact speed and debris mass, the glass pane with more number and finer cracks 

survived the impact penetration indicating significant impact energy is dissipated 

through the formation of glass cracks. Moreover, penetration occurs when the 

deformation of PVB reaches its ultimate capacity. PVB is a highly strain rate sensitive 

material so that the faster it is loaded, the less ductile it is. Hence, when the window 

pane is impacted at the same momentum, the pane is more vulnerable to penetration by 

debris with a smaller mass but higher speed. The three parts of impact energy 
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dissipation are highly coupled. Therefore, using the impact momentum or kinetic energy 

does not necessarily always lead to consistent evaluations of laminated glass penetration 

resistance capacity, as evidenced in Table 6-5 and Table 6-6. 

 
Figure 6–11 2000mmⅹ1100mm laminated glass penetration vulnerability curve 

     In general, smaller debris with higher impact velocity is more likely to penetrate the 

glass than larger debris with a lower impact velocity with the same momentum and 

impact energy. As can be noted in Table 6-5, at 60kgm/s, the 1.88mm laminated glass 

window prevented the penetration of the 4kg wood block traveling at 15m/s, but failed 

to block the 2kg wood block impacting at 30m/s. Similarly the 2.66mm laminate glass 

pane failed to prevent penetration of the 4kg wood debris impacting at 30m/s, but 

survived the 8kg wood debris traveling at 15m/s. Therefore, it can be concluded that 

neither impact momentum nor impact kinetic energy is an ideal parameter to determine 

the penetration potential of laminated glass windows subjected to debris impact. Instead 

both the debris mass and impact velocity play important roles in the penetration of 

laminated glass windows under windborne debris impact. 

     Based on the above discussions, a penetration vulnerability curve is defined in this 

study according to the impact mass and velocity. Table 6-7 lists the simulation results. 

The corresponding laminated glass penetration vulnerability curves are illustrated in 

Figure 6-11. These curves separate the occurrence of penetrations of a given glass 

window. On the left and below the curve, no penetration occurs while penetration 

occurs when the combination of the impact mass and velocity is on the right and above 

the respective curve. They clearly show that windborne debris of larger mass travelling 
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at a higher speed is more likely to penetrate a glass window, as expected. As can also be 

noted, this definition gives more consistent assessment of the laminated glass window 

capacities for prevention of the debris penetration than the definition based on the 

impact energy and momentum [18, 19]. The simulation results for the 1200mm600mm 

laminated glass are given in Table 6-8, and the corresponding vulnerability curves are 

shown in Figure 6-12. Similar observations on the 1200600 mm windows can also be 

made. 

Table 6–7 2000mm1100mm laminated glass penetration performance 

Glass 
thickness 

PVB 
thickness 

 
Mass 

Velocity 2kg 4kg 8kg 

3mm 1.52mm 10m/s N N N 
13m/s N N P 
15m/s N P P 
17m/s N P P 
20m/s N P P 
25m/s P P P 
27m/s P P P 
30m/s P P P 
35m/s P P P 

3mm 1.88mm 10m/s N N N 
13m/s N N N 
15m/s N N P 
17m/s N P P 
20m/s N P P 
25m/s N P P 
27m/s N P P 
30m/s P P P 
35m/s P P P 

3mm 2.28mm 10m/s N N N 
13m/s N N N 
15m/s N N N 
17m/s N N P 
20m/s N N P 
25m/s N P P 
27m/s N P P 
30m/s N P P 
35m/s P P P 

3mm 2.66mm 10m/s N N N 
13m/s N N N 
15m/s N N N 
17m/s N N N 
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20m/s N N P 
25m/s N N P 
27m/s N P P 
30m/s N P P 
35m/s N P P 

Table 6–8 1200mm600mm laminated glass penetration performance 

Glass 
thickness 

PVB 
thickness 

Mass 
Velocity 2kg 4kg 8kg 

3mm 1.52mm 9m/s N N N 
10m/s N N P 
12m/s N N P 
14m/s N N P 
15m/s N N P 
17m/s N P P 
20m/s N P P 
22m/s N P P 
25m/s N P P 
26m/s P P P 
27m/s P P P 
29m/s P P P 
30m/s P P P 
35/m/s P P P 

3mm 1.88mm 9m/s N N N 
10m/s N N N 
12m/s N N P 
14m/s N N P 
15m/s N N P 
17m/s N N P 
20m/s N P P 
22m/s N P P 
25m/s N P P 
26m/s N P P 
27m/s P P P 
29m/s P P P 
30m/s P P P 
35/m/s P P P 

3mm 2.28mm 9m/s N N N 
10m/s N N N 
12m/s N N N 
14m/s N N P 
15m/s N N P 
17m/s N N P 
20m/s N N P 
22m/s N P P 
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25m/s N P P 
26m/s N P P 
27m/s N P P 
29m/s N P P 
30m/s P P P 
35/m/s P P P 

3mm 2.66mm 9m/s N N N 
10m/s N N N 
12m/s N N N 
14m/s N N N 
15m/s N N P 
17m/s N N P 
20m/s N N P 
22m/s N N P 
25m/s N P P 
26m/s N P P 
27m/s N P P 
29m/s N P P 
30m/s N P P 
35/m/s P P P 

 

Figure 6–12 1200mmⅹ600mm laminated glass penetration vulnerability curve 

      To quantify the effectiveness of interlayer on penetration prevention, impact 

velocities that result in penetration of glass windows with different interlayer 

thicknesses are normalized by the corresponding velocity of the window with 1.52mm 

interlayer. Figure 6-13 and Figure 6-14 respectively illustrate the normalized velocity 

against the interlayer thickness for two window dimensions and three debris masses 

considered in this study. As can be observed, merely increasing the interlayer thickness 

can be very effective in decreasing the laminated glass penetration vulnerability. By 
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increasing the interlayer thickness from 1.52 mm to 2.66 mm, the anti-penetration 

capacity of the 20001200mm laminated glass is improved by 75% against 2kg wood 

debris impact. The effectiveness is pronounced when the windows subject to impact of 

larger debris. Increasing the interlayer thickness from 1.52 mm to 2.66 mm increases the 

capacity of the window to prevent 4 kg debris penetration by about 70%, and 8 kg 

debris penetration by about 100%. In other words, the impact velocity of 8 kg debris 

needs be doubled to penetrate the window with a 2.66 mm PVB interlayer than that with 

a 1.52 mm PVB layer. Similar observations can also be drawn in Figure 6-14 for a 

smaller window. However, comparing Figure 6-13 and Figure 6-14, it can be found that 

increasing the interlayer thickness is generally more effective for larger windows in 

reducing the window penetration vulnerability. This is because more impact energy is 

dissipated by deformation of a larger interlayer when the same debris impacts a larger 

dimension window.  

 
Figure 6–13 Influence of interlayer thickness on penetration capacity of the 20001100mm 

laminated glass 

 
Figure 6–14 Influence of interlayer thickness on penetration capacity of the 1200600mm 

laminated glass 
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a) Glass fragments on ground b) Small glass fragments observed after impact test 

 
c) Glass fragment captured by high speed camera 

Figure 6–15 Glass fragments observed in laboratory test 

Glass fragments 

     Although debris penetration is the primary concern in the design codes for structural 

safety consideration as discussed above [2, 5, 7-10, 46-48], glass fragments generated 

by windborne debris impact also impose significant threats to occupants of the building 

structure. Glass fragments are generated even without debris penetration owing to brittle 

failure of the back glass panel and debonding of the cracked glass fragments from PVB. 

These glass fragments may fly into the room at relatively high speeds as observed in the 

laboratory test in this study shown in Figure 6-10. Therefore, prediction of glass 

fragments and launching velocity is important in evaluation of glass window 

performance against windborne impact for human protection. A number of criteria are 

available to assess the fragments threats to people inside a room. For example, US-GSA 

[49] has categorized hazard levels based on fragment trajectory distance when glazing 

and window systems are subjected to dynamic overpressure loadings. It divides hazards 

levels based on the fragment flying distance into the room. As observed in the 

laboratory tests and discussed above, a large amount of glass fragments were observed 
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in the impact tests even in the case that penetration did not occur. There has not been 

any open literature that predicts glass fragment from high speed windborne debris 

impact yet. 

     In the laboratory tests, it was found that most relatively large fragments were held by 

the laminate interlayer. The majority of flying glass fragments captured by high speed 

camera and collected afterward on the ground (Figure 6-15) is small size debris forming 

along cracks of back or both glass panes depending on the occurrence of penetration. 

Therefore modelling debonding failure of the glass pane from the PVB layer is critical 

for predicting glass debris flying into the room. As discussed above, it is very difficult 

to predict fragment size distribution [26]. In this study, only the total fragmented 

volume and the maximum ejection velocity are predicted. The total fragment volume is 

calculated in the numerical model by adding up the eroded areas and the losing pieces 

debonded from the PVB layer. By tracing the velocity history of these elements, the 

ejection velocity can also be found. 

 

Figure 6–16 Maximum fragment ejecting velocity 

 

Figure 6–17 Mean fragment ejecting velocity 
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     Figure 6-18 shows the ratio of fragment mass to the total glass pane mass with 

respect to various impact velocities and different wood block masses for the 1.88mm 

laminated glass. The 8kg wood block impacting at 15m/s generates the most fragments 

among all the cases considered. It is interesting to note that the total fragment volume 

decreases with the impact velocity when the debris mass is 8kg. For the 4kg wood 

debris impact, the total fragment volume increases with the impact velocity from 15m/s 

to 20m/s, then decreases with the impact velocity. Whereas the total fragment volume 

increases with impact velocity from 15 m/s to 30 m/s, and then decreases with the 

impact velocity when the debris mass is 2 kg. This is because of the penetration of the 

impact debris. The total glass fragment volume increases with the debris mass and 

impact velocity when penetration does not occur. For a constant debris mass, the total 

fragmented volume reaches the maximum when the impact velocity is large enough to 

just cause penetration. Further increase in the impact velocity results in a decrease in the 

total fragment volume. This observation is consistent with energy conservation because 

higher impact energy yields higher fragment ejection velocity, penetration absorbs more 

impact energy through the formation of interlayer rupture, and the penetrated debris also 

has a certain amount of remaining kinetic energy. Therefore the total fragment volume 

is less.  

 

Figure 6–18 Fragment mass ratio to total glass pane mass 

      With the predicted glass fragment mass and launching velocity, the fragment 

launching distance can be easily estimated and the threat level against the GSA criteria 

[49] can be determined. However, these are beyond the scope of the current study.  
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6.5 CONCLUSIONS 

In this paper, laboratory tests and numerical simulations have been conducted to 

evaluate the vulnerability of PVB laminated float glass to windborne wood debris 

impact. Four typical laminated glass windows were tested with 4 kg wood debris impact 

at 15m/s. Glass windows performances were recorded and analysed. The test results are 

used to calibrate the numerical model of laminated glass window subjected to wood 

debris impact. It is demonstrated that the developed numerical model reliably simulates 

the window deflection, maximum strain, debris penetration and glass cracking shape. 

The calibrated numerical model is then used to perform intensive parametric 

simulations to study the influences of various window and debris parameters on the 

window performance against wood debris impact. It is found that the debris mass and 

velocity, window dimension and especially PVB interlayer thickness all affect the 

window performance. Increasing the PVB interlayer thickness is very effective in 

increasing the window capacity to prevent debris penetration. The impact energy or 

momentum may not lead to a consistent prediction of window capacity against 

penetration. Based on numerical data, window vulnerability curves against wind borne 

wood debris impact and glass fragment masses and launching velocities are generated. 

These results can be used in assessment of window performance and safety against 

wood debris impact. 
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CHAPTER 7.  PARAMETRIC STUDY OF LAMINATED 
GLASS WINDOW RESPONSE TO BLAST LOADS 

7.1 ABSTRACT 

In this study, numerical simulations are performed to construct the Pressure-Impulse (P-

I) diagrams for PVB laminated float glass windows to provide correlations between 

dynamic responses of laminated glass window and blast loadings. Numerical model of 

laminated glass window response to blast loads is developed using LS-DYNA. 

Dynamic material properties of both the PVB and float glass are considered. The 

accuracy of the model to simulate laminated glass window response to blast loads is 

verified by comparing the numerical results with field blasting test results available in 

the literature. Dynamic response of laminated glass with different window parameters 

are then calculated using the developed numerical model. The failure of interlayer 

laminate is used to define the total failure of glazing windows. Parametric studies are 

performed to examine the influence of window dimension, interlayer thickness, glass 

thickness, and boundary conditions on the P-I diagrams. The empirical formulae are 

derived based on numerical results to predict the impulse and pressure asymptote of P-I 

diagrams. These empirical formulae can be straightforwardly used to construct P-I 

diagrams for assessment of blast loading resistance capacities of laminated glass 

windows. 

7.2 INTRODUCTION 

Terrorist bombing and accidental explosion have posed significant threats to structures 

and residents. With relatively weaker strength compared with other structural members, 

glazing windows are most vulnerable to air blast waves. For example, an accidental gas 

explosion owing to a broken natural gas line in Texas in 1986 smashed window glass 

over a radius of 800 meters [1]. The Jakarta terrorist bombing attack on the Australian 

Embassy in Indonesia in 2004 did not cause any structural collapse, but shattered 

windows in buildings 500 meters from the explosion centre. Significant numbers of 

casualties and injuries due to flying glass shards from fractured windows or shock wave 

that travels into room after window failure have been claimed. In the Jakarta terrorist 
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bombing, 9 people including the suicide bomber were killed, and over 150 were injured. 

Most of those victims were inside the buildings and injured by glass shards from 

fractured windows. A post event investigation of the 1995 Oklahoma City bombing 

attack found that 198 people in buildings within a radius of 970m suffered direct glass-

related injuries such as lacerations and abrasions from flying glass shards, and 265 

people suffered certain degrees of hearing impairment owing to blast pressure entering 

into rooms from broken windows [2]. Recently in the 2011 Norway attacks, a car bomb 

was detonated in front of Oslo executive government building. The shock wave of blast 

blew out windows on almost all floors as well as other buildings on other sides of the 

square. 8 people were killed in the explosion and at least 209 out of 325 injuries were 

due to blast related debris [3]. Therefore, it is very important to properly analyze and 

design glass windows against blast wave for human protection.  

      Different techniques and materials are available to provide blast resistant glass 

windows [4, 5]. Lin et al. [6] conducted an intensive review on these blast mitigation 

retrofit solutions. Of various mitigations techniques, laminated glass is one of the most 

effective and commonly used measures. It consists of two or more layers of glass panels 

sandwiching one or multiple layers of polymer sheeting. Several different types of 

laminated glass have been manufactured with different combinations of glass types, 

such as float glass and tempered glass, and interlayers, i.e. Polyvinyl Butyryl (PVB) and 

SentryGlassPlus (SGP). The strategy of laminated glass is to dissipate blast energy 

through the breakage of glass plies and the large deformation of polymer interlayer. The 

interlayer may also stop glass shards from flying away if the glass is glued tightly to the 

interlayer.  

      Some design guidelines have been developed to assist the blast resistant window 

analysis and design, such as the US DoD UFC standard [7] and the ASTM Standard [8]. 

Both design standards assume 6.75 mm nominal thickness laminated glass with two 

nominal 3mm glass plies bonded by a 0.75mm PVB interlayer. The UFC standard [7] 

further specifies a 6.89kPa pressure as the design load. Since the glass thickness and 

blast pressure are specified, the design guides may not be applicable to windows with 

other glass thickness, different glass types and boundary conditions. Therefore, a more 

generalized analysis and design guide for blast resistant windows is needed.  
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      Various efforts, including analytical derivation, field blasting test or laboratory test, 

and numerical simulation of laminated glass window performance to blast loading have 

been reported. For example, based on energy balance approach, Wei and Dharani 

derived an analytical model of laminated glass to predict the probability of failure of 

laminated glass panel to blast loading, and also to study the effect of negative phase of 

blast wave [9-11]. Quite a few field blasting tests and shock tube tests have also been 

conducted. However, because all these tests were conducted only for the approval of 

specific window systems and strengthening measures, most results are applicable only 

to the specific window and glass types, and are confidential. Recently, more tests on 

laminated glass have been reported in the literature. Larcher et al. [12] tested 14.28mm 

laminated glass (two layers of 6mm heat strengthened glass and a 2.28mm PVB layer) 

using shock tube. The results were used to validate their numerical model. Hooper and 

his co-workers [13] conducted a full scale open-air blast test on PVB laminated glass. 

With high-speed digital image correlation technique, deflection and shape 

measurements of deforming panel were obtained. Nevertheless, due to the nature of 

blast test, it is very expensive and hence not affordable to conduct a large number of 

blast tests to parametrically study the performance of laminated glass panels. Simply 

extrapolating the results obtained in those tests to other window systems may not give 

reliable design and assessment of blast resistant capacities of windows. Therefore, 

numerical methods, validated by experimental tests, have been widely adopted by 

researchers.  

      Miscellaneous modeling methods have been used in numerical simulations. Sun et 

al. [14] built a laminated glass model with shell elements for two glass plies and solid 

elements with hyperelastic material for interlayer. Timmel et al. [15] built a layered 

laminated glass model to simulate the post failure behavior of windshield to impact. 

Oda and Zang [16] used discrete element method (DEM) to analyze the fracture of 

laminated glass to steel ball impact. Zang et al. [17] introduced a smoothed particle 

hydrodynamics (SPH) and finite element (FEM) coupled method to represent splash 

performance of glass. Some detailed three dimensional (3D) models with solid elements 

have also been used [12, 18, 19]. For example, through comparison of different 

numerical modeling methods with experimental results, Larcher et al. [12] found that 

3D solid element model gives the best and detailed results, the layered model could 
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yield reasonable results, and the smeared model is only applicable for modeling small 

displacement of panel. Some other investigations by simplifying the windows into 

single degree of freedom (SDOF) system have also been reported [20]. The equivalent 

mass, stiffness and force of SDOF system were obtained based on testing data. The 

SDOF model can only predict the overall displacement response of the window. It is 

difficult to predict the failure process and crack pattern of the window to blast loads. 

      Most of the previous numerical simulations adopted static material properties, or 

only introduced dynamic material properties to the interlayer. As is well known material 

under dynamic loading conditions behaves very differently from its static state. Using 

static material properties in simulation of glass window response to blast loads could 

lead to inaccurate estimation especially when the material strain rate is high. Therefore, 

it is important to setup numerical model with appropriate dynamic material properties 

for both glass and PVB interlayer for accurate predictions of glass window responses to 

blast loads. Zhang et al. [21] built a detailed laminated glass model with dynamic 

material properties to simulate glass window response to windborne debris impact. 

Numerical results agreed well with laboratory tests. This study extends the latter work 

[18] to simulate responses and damage of laminated glass windows to blast loads.   

      In this paper, responses of PVB laminated float glass window to blast loading are 

calculated. A detailed finite element model with dynamic material properties is 

developed using the commercial software LS-DYNA [22]. The accuracy of the model is 

verified by comparing the numerical simulation results with the test results available in 

literature [23]. Parametric studies are then performed to examine the influence of 

interlayer thickness, glass ply thickness and window dimension on the blast resistant 

capacity of glass windows. Based on numerical results, P-I diagrams of glass window 

failure are constructed. The empirical formulae are also derived based on numerical 

results to estimate the pressure and impulse asymptotes for easy construction of P-I 

diagrams. The constructed P-I diagrams can be used to assess the vulnerability of 

laminated glass windows to blast loads. 
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7.3 NUMERICAL MODEL 

7.3.1 Window description 

In the current study, rectangular glass windows normally designed for structural glazing 

are analyzed. The details of the window system is shown in Figure 7-1 where L, B, dg 

and dPVB are window length, window width, glass thickness and PVB interlayer 

thickness, respectively. The window dimension, glass thickness and layer thickness vary 

from simulation to simulation in parametric study which will be described in later 

section. The window is supposed to be attached to frames through prescribed 

boundaries, where the frames are assumed to be rigid in the present study. Due to 

symmetry, only one quarter of the laminate glass window is modeled to save 

computational time.  

 

Figure 7–1 Numerical model of laminated glass 

7.3.2 Numerical model setup 

      According to Larcher et al. [12], 3D solid model can give a detailed response of 

laminated glass under blast load. In the current work, using the computer code LS-

DYNA, solid continuum elements with mesh size of 5mm5mm3mm for glass and 

5mm5mm1.52mm (or 1.88mm and 2.28mm depending on the PVB interlayer 

thickness) for interlayer are adopted to model the laminated glass window. Convergence 

study is carried out by halving the mesh size. It is found that the panel deflection varies 

negligibly as element size is any smaller than 5mm. Further reduce mesh size only has 
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insignificant influence on numerical results but leads to a substantial increase in 

computational time. For both glass and interlayer, 8 nodes SOLID164 element with full 

integration is used to overcome the lack of elements through the thickness direction. 

Erosion technique is introduced in the simulation to model glass cracking and interlayer 

damage. However, it is to be noted that erosion technique is a numerical manipulation in 

finite element method. It is used in the study to simulate glass crack damage to avoid 

mesh tangling. The mass of deleted elements is retained in the simulation so as to 

maintain mass conservation. Despite erosion violates energy conservation, many 

researchers have demonstrated that good results by using continuum finite element 

model with erosion can be obtained [14, 15, 18, 21, 24]. In this study, erosion is also 

adopted to avoid simulation overflow owing to mesh tangling. However, to minimize 

premature deletion of elements, an erosion criterion has to be carefully chosen for 

reliable simulations of window damage to blast loads.  

7.3.3 Material model 

Float glass 

      The failure of glass is very brittle. Some researchers believe that its failure heavily 

depends on the distribution of flaws on the surface. Hence, the tensile strength of glass 

is assumed to follow a Weibull distribution [25, 26]. Since flaws take time to extend, the 

strain rate effect of glass is very significant. Other researchers treated glass as a brittle 

material by introducing a damage scalar [27]. The strain rate effect of glass is regarded 

as either a material property or a structural confinement effect. Because strain rate effect 

on glass material properties is not well understood yet, most studies of glass window 

response to blast loads adopt static glass material properties [12]. As discussed above, 

simply adopting static material properties of glass may greatly underestimate glass 

capacity, especially under blast loading where glass material deforms extremely fast. 

Recently, much effort has been directed to systemically investigation of various types of 

glass dynamic material properties [28, 29]. Some glass material models have also been 

introduced [27, 30, 31]. Nevertheless, considering the lack of sufficient validations of 

other glass material models, the integrated and widely adopted Johnson Holmquist 

Ceramic constitutive model (JH2) provided by Holmquist et al. [27] on float glass is 

used in the current study.  
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      JH2 model considers both strain rate effect and material damage. The strength of 

glass is depicted by a function as follows 

        ( 
 
   

 
 ) (7-1) 

where     is the normalized intact strength,     is the normalized fracture strength, and 

D is a damage scalar (     ). All the normalized stresses have the general form of 

       
   , where      is the equivalent stress at Hugoniot Elastic Limit (HEL). 

The normalized intact strength and fractured strength are given by 

     ( 
    ) (      ̇ ) (7-2) 

and 

     ( 
 ) (      ̇ ) (7-3) 

where A, B, C, M, and N are material constants;    stands for the normalized pressure; 

 ̇  is the actual strain rate over the reference strain rate (1.0s-1). 

The damage for fracture is accumulated and expressed as 

  ∑      
  (7-4) 

where     is the plastic strain during integration and     is the plastic strain to fracture 

under constant pressure P. JH2 model includes plastic strain to define material damage 

and fracture. Experimental investigation indicates that glass exhibits linear elastic 

behaviour under static compression. Recently studies on glass dynamic compressive 

strength using Split Hopkinson Pressure Bar (SHPB) tests show slightly modulus 

degradation before glass fracture [28, 29]. This plasticity nevertheless is very 

insignificant. Modification of JH2 model for glass should be made in future work for 

better simulation. This work emphasis on glass panel response under blast loads, where 

tensile strength dominates glass failure. Glass compressive plasticity is less important. 

Since there is no better glass dynamic material model available, JH2 model is used here 

in the study.  
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The hydrostatic pressure is determined by  

         
     

     (7-5) 

where K1, K2, K3 are constants, and =/0-1, in which  is the current density and 0 

the initial density. P is pressure increment.  
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Figure 7–2 Stress vs. strain-rate relation of glass 

      JH2 model is a widely adopted material model for brittle materials. Its accuracy in 

modelling ballistic impact on ceramics has been proved [32]. It has also been used by 

Zhang et al. [21] in simulating glass window response to debris impact. JH2 model was 

derived from laboratory tests on float glass with strain rates from 10-3s-1 to 250s-1. 

Under blast loading window material may experience strain rate up to 1000s-1 or higher. 

Hence adjustment on JH2 model needs be performed before it is applied to glass under 

blast loads. Using the newly obtained experiment results by Peroni et al. [28] from 

SHPB tests with a maximum strain rate around 1000s-1 together with those used to 

derive JH2 model [27], a refined strain rate effect relation can be derived to give better 

prediction of glass to blast loads. As shown in Figure 7-2, the original JH2 model 

predicts slightly lower glass strength in quasi-static and low strain rate region as 

compared to that obtained in this study by combining the testing data reported in [28] 

with the original JH2 data. The constants in JH2 model are revised accordingly in the 

present study to better fit the experiment results. For instance, the strain rate constant 
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C=0.003, strength constants A and N of 0.93 and 0.77 respectively in the original JH2 

model are modified in this study. Table 7-1 lists the glass material properties used in the 

study.  

Table 7–1 Glass material properties 

Density (kg/m3) 2530 
Strength Constants  

A 0.95 
B 0.2 
C 0.01 
M 1.0 
N 0.64 

Tensile strength (GPa) 0.15 
HEL (GPa) 5.95 

Normalized fracture strength 0.5 
HEL strength (GPa) 4.5 

Shear modulus (GPa) 30.4 
Damage Constants  

D1 0.043 
D2 0.85 

Equation of State  
K1 (GPa) 45.4 
K2 (GPa) -138.0 
K3 (GPa) 290.0 

Bulk 1.0 

PVB interlayer 

      Laboratory tests on PVB material properties indicate that the mechanical behavior 

of PVB is strain rate sensitive. When loaded slowly, it is more viscoelastic; when it is 

subjected to high strain rate tensile load, PVB behaves elastoplastic or even brittle. 

Moreover, as a polymer material, PVB fails at strains up to 200%~300%, which 

requires the use of hyperelastic material law to model. Table 7-2 gives the material 

properties of PVB [12] adopted in this study. As shown, the Poisson‘s ratio is nearly 

0.5, indicating the need of very careful formulation in the numerical simulation.  

      In the current study, the PVB laminated glass window is subjected to blast loading 

where PVB experiences very fast deformation. Hence the material properties at high 

strain rate region are the primary interest, where it behaves like elastoplastic material. 
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Figure 7-3 depicts the stress-strain diagram of PVB at different strain rates from 

laboratory tests in [33, 34]. Since material behaves differently at different strain rates, 

PVB fails at different strengths when subjected to different blast loads. Simply adopt 

PVB material property at a certain strain rate may not give reliable estimation of its 

performance. Hence, a strain rate dependent elastic plastic material model is derived 

from available testing data and used for PVB interlayer in this paper. It is to be noted 

that available experimental results on PVB dynamic properties lack of unloading 

behaviour. In this study, we considered only the blast pressure that causes the window 

damage and the largest deformation, negative phase blast loading and window 

rebounding response is not modelled. Therefore the PVB properties under unloading 

condition are not critical in the present work. 

Table 7–2 PVB material properties 

Density 1100 kg/m3 

Poisson ratio 0.495 

Yield modulus 11 MPa 

      Yield stress, failure stress, initial Young‘s modulus, and plastic modulus of PVB at 

different strain rates are collected from experiment data reported in [33, 34]. The best 

fitted equations with respect to strain rates for these quantities are derived as:  

For yield stress 

            ( ̇)
     MPa (7-6) 

For initial Young‘s modulus  

               ( ̇)
     MPa (7-7) 

For failure stress  

               ( ̇)
     MPa (7-8) 

      The plastic modulus of PVB used in this study is taken as 11MPa (Table 7-2), which 

is the average value of experimental data. Figure 7-3 shows the comparison of the 

stress-strain relationships of PVB at various strain rates from the above data-fitted 
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equations and the experimental results. As can be seen, the data-fitted equations well 

depict the stress-strain relations of PVB at different strain rates. It should be noted that 

due to the absent of data at high strain rate region, the stress-strain relations are only 

valid for strain rates between 0.7s-1 and 89s-1. The stress-strain relations of PVB 

material at strain rate higher than 89s-1 are extrapolated with a cut-off strain rate of 

500s-1 in this study. The fitted stress-strain relations are programmed and implanted into 

LS-DYNA code to conduct the numerical simulations.  
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Figure 7–3 Comparison of fitted PVB stress-strain relations used in the current study with test data 

7.3.4 Contact 

     A special consideration for laminated glass is the adhesive bond properties between 

glass and interlayer. The bonding mechanism of PVB to glass surface is very complex. 

As pointed out by Keller and Mortelmans, with minor variations in PVB condition, and 

quality and treatment of glass may cause significant changes in adhesion [35]. Other 

factors such as autoclave temperature and pressure, time of process, and storage 

humidity of PVB can also influence the adhesion properties [36].  

      The major adhesive properties of laminated glass for the current study are adhesive 

tensile strength and shear strength. Froli and Lani [37] conducted compression and 

shear tests, and found that the shear bonding strength between PVB and glass is around 

10MPa, and that of tensile strength varies from 5MPa to 10MPa. No literature has 
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reported adhesive properties in laminated glass when subjected to dynamic loading yet. 

In this study, owing to a lack of data a lower level of tensile adhesive strength of 5MPa 

and shear strength of 10MPa are adapted for dynamic bonding strength in the 

simulations. 

      In the numerical model of laminated glass, to simulate potential debonding 

phenomenon between glass and interlayer, AUTOMATIC_SURFACE_TO_SURFACE 

_TIEBREAK, which is a type of contact in LS-DYNA, is used to simulate the adhesive 

contact between glass and PVB interlayer. The contact holds the glass and interlayer 

elements together until a prescribed failure criterion defined by Eq. (7-9) is achieved,  

(
|  |

    
)

 

 (
|  |

    
)

 

   (7-9) 

where    and    are the normal and shear stresses at interface, and NFLS and SFLS are 

the corresponding tensile and shear bonding strength. 

7.3.5 Idealization of blast loading 

      The blast load is idealized as a triangular pressure time history as shown in Figure 7-

4. It is to be mentioned that there are different opinions on the effect of negative under-

pressure onto laminated glass. Some researchers [10, 38] believe that the negative phase 

of a blast loading has a significant influence on the dynamic response of laminated 

glazing. On the other hand, through an analytical closed form solution, Teich and 

Gebbeken [39] derived that the influence of negative phase on the peak deflection 

differs. For a stiff system, this influence is negligibly small. As to be discussed in the 

next section, due to window dimension and window frame adopted, the frequency of the 

laminated glass windows studied in this paper is relatively high. Hence, the effect of 

negative under-pressure is insignificant. Therefore the negative pulse as shown by the 

dashed line in Figure 7-4 is neglected in the present study to save computational time. In 

the simulation, a group of blast loads with different peak pressure and impulse 

combinations are uniformly applied to the outer glass ply (Figure 7-1). It should be 

pointed out that the uniform blast loading distribution assumption is only valid when the 

explosion centre is not very close to the glass panel, or else adjustment has to be made 
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to consider the non-uniform blast load distribution owing to different shock wave 

incident angles for better predictions. 

  

Figure 7–4 Blast load curve Figure 7–5 Dimension of laminated glass provided in [23] 

Table 7–3 Comparison of numerical results with experimental results [23] 

 
Deflection (mm)  Time to Maximum Deflection (ms) 

Numerical Test Var.  Numerical Test Var. 

Weak impulse 9.12 10.30 -11.52%  6.00 6.76 -11.29% 

Strong impulse 13.88 14.58 -4.79%  4.00 3.84 4.11% 

7.4 VERIFICATION OF NUMERICAL MODEL 

To verify the accuracy of the numerical model for laminated glass windows built-up in 

the above section, numerical simulations are carried out to simulate the experiment tests 

reported by Kranzer et al. [23]. Kranzer and his co-workers carried out free field 

blasting tests on a 7.52mm (3mm float glass and 1.52mm PVB interlayer) laminated 

glass window. The window is 1110mm in length and 900mm in width with a 50mm 

boundary edge on all four sides fixed into window frames (as shown in Figure 7-5). The 

window was firstly subjected to a weak loading (Figure 7-6) where no damage was 

observed. Then a strong blast loading with high over pressure and short duration (Figure 

7-7) was applied to the window. The pressure time histories were measured through 

sensors at the side of the structure on the rigid frame, which is close enough to those 

expected at the centre of glass panel. The panel deflection data was obtained directly at 

the centre of glass window with a laser sensor. 
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Figure 7–6 Pressure-time history of weak blast load from [20] 

 

Figure 7–7 Pressure-time history of strong blast load from [23] 

      Table 7-3 compares the simulation results obtained in the current study and the 

experimental results in [23]. The maximum panel deflections and time taken for the 

panel to reach the maximum deflection are summarized. Figure 7-8 and Figure 7-9 show 

the comparisons of response-time histories for the both cases. As can be seen the 

response curves of numerical model well reproduce the behaviour of laminated glass 

window in the field blasting tests. The maximum deflection under strong loading is 

13.884mm in numerical simulation, while that in field blasting test is 14.583mm with a 

discrepancy of only 4.793%, indicating good accuracy of numerical model. The 

maximum deflection under weak loading is 9.116mm in the present analysis and 

10.303mm in [23] with a variation of 11.521%. The difference can be attributed to 

unavoidable numerical errors owing to inaccurate material model and parameters, and 

idealised boundary conditions. For example, the dynamic material property of float 
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glass has not been fully understood; and the fully fixed boundary condition used in the 

numerical simulation is not exactly the same as that of experiment conditions. 

Nevertheless, through the above comparisons, it can be concluded that the numerical 

model gives reasonable predictions of laminated glass response to blast loads. 

 

Figure 7–8 Comparison of response of laminated glass to strong impulse 

 

Figure 7–9 Comparison of response of laminated glass to weak impulse 

7.5 DEVELOPMENT OF P-I DIAGRAMS 

A series of numerical simulations are carried out with the verified numerical model to 

simulate the performance of laminated glass with different dimensions, different 

combinations of glass and PVB interlayer thicknesses, and different boundary 

conditions under blast loads.  
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7.5.1 Failure criterion 

      The failure process of laminated glass is very complex [12]. The glass plies are 

brittle and fragile to blast loads. After the breakage of glass plies, the PVB interlayer 

continues to deform greatly to dissipate the blast energy. Comparable to FRP 

strengthened RC walls [40], window panel may fail with shear or bending dominant 

mode under different over-pressure and duration. Hence, the commonly used damage 

criterion based on the ratio of the maximum deflection to span length might not give 

satisfactory assessment for shear failure. Considering the fact that interlayer is holding 

broken glass shards and withstanding blast waves, and once interlayer fracture occurs, 

crack quickly spreads out to cause the total failure of the laminated glass panel. 

Breakage of interlayer is defined as the failure criterion in this study to develop the P-I 

diagrams.  

 

Figure 7–10 Failure modes of laminated glass 

7.5.2 Failure modes 

      A typical laminated glass is used as an example to illustrate the failure modes to 

blast loadings. The laminated glass size considered is 2000mm in length and 1100mm 

in width. Two pieces of 3mm thick float glass laminating a 1.52mm PVB interlayer is 

considered. Three major failure modes are observed in the numerical simulations as 

shown in Figure 7-10. Under impulsive loading, when the peak overpressure is very 
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high and the loading duration is short, the damage of laminated glass window initiates 

near the boundaries, indicating significant shear force induced failure. As peak pressure 

decreases and loading duration increases, flexural failure of laminated glass begins to 

develop. As can be seen when the laminated glass is loaded with a 60kPa blast load and 

470kPa ms impulse, the cracks start at the centre of the laminated glass, indicating 

flexural failure due to bending deformation. Meanwhile, cracks are also observed in the 

direction vertical to the flexural cracks near the short side boundaries as a result of the 

combination of shear stress and flexural bending stress. In the quasi-static range, failure 

of the laminated glass occurs at the centre of the window panel primarily due to large 

flexural deformation. Therefore, in this study a unified P-I diagram of laminated glass 

which combines both bending failure and shear failure modes are resulted. 

 

a) Delamination at the edge 

 

b) Delamination at the impact region in [24] 

Figure 7–11 Comparison of glass delamination under blast and impact loads 
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      Fragments flying into the room from shattered glass plies are of great concerns 

when analysis and design of glass window systems against blast loading and impact. 

For instance, the General Standards Administration (GSA) [41] has specified levels of 

safety based on the projectile distance of glazing fragments flying into the occupied 

space. Additional protective systems such as catching system which is normally a 

hyperplastic membrane fixed behind the window have been introduced to retain these 

flying glass shards. With respect to the sources of these fragments, apart from entire 

laminated glass panels that have been sheared off along its boundaries and thrown into 

the room, concerns have been mainly paid to the potential danger of glass shards 

delaminated from the polymer interlayer.  

      In this study, it has been found that unlike the situation in debris impact onto 

laminated glass where a number of glass fragments delaminated from PVB interlayer at 

the impact region as shown in Figure 7-11b, numerical simulation does not generate 

flying glass fragment from the inner glass ply in the middle of the glass window. On the 

contrary, delamination is widely spotted between the outer glass ply and the PVB 

interlayer near the boundaries (Figure 7-11a). Similar phenomenon has also been 

reported by Hooper and his co-workers [13] in their field blasting tests. The difference 

is because when subjected to debris impact, the impact energy concentrates at the 

impact region and impact generates a stress wave in the glass window; as a result of this 

concentrated energy and stress wave, delamination happens between the glass shards on 

the inner ply and PVB interlayer if the bonding strength between glass and PVB layer is 

less than the generated tensile stress owing to wave reflection. When subjected to 

uniform blast pressure on glass window, the window response and damage is governed 

by the overall structural response modes as shown in Figure 7-11, instead of the 

localized failure due to debris impact. As a result, debonding failure of the glass from 

the PVB layer is less likely to occur because global failure might occur before the 

debonding failure. That is why in many tests the laminated glass windows fly out from 

its frame as a whole piece although intensive glass fragments are generated, the 

fractured glass pieces are still bonded to the PVB layer [13]. Therefore, according to the 

numerical simulation and field blasting test observations, small pieces of glass 

fragments delaminated from the inner glass ply of a laminated glass window may not be 

a major threat. However, it should be noted that this observation is based on the glass 
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window model experiencing overall structural failure at the boundaries. If the improved 

design that makes the window boundary sufficiently strong to resist the blast loads, 

debonding failure of glass fragments from the PVB interlayer may occur and impose 

significant threats to occupants inside the room. Further study of this possible failure 

mode and fragments hazards is deemed necessary.  

 

Figure 7–12 P-I diagrams of 2000mm1100mm and 1200mm600mm laminated glass with fixed 
boundaries 

 

Figure 7–13 P-I diagrams of 2000mm1100mm laminated glass with fixed and pinned boundaries 
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7.5.3 P-I diagrams 

      Figure 7-12 shows the P-I diagrams of laminated glass windows in two typical 

dimensions, i.e. 2000mm1100mm and 1200mm600mm. All four edges of laminated 

glass windows are fully fixed. The glass plies are 3mm and 6mm thick. Three 

commonly used laminate thicknesses 1.52mm, 1.88mm and 2.28mm are chosen to study 

the effect of interlayer to window performance. The failure is defined as the rupture of 

PVB layer. As shown, increasing PVB layer thickness generally increases the window 

blast load resistance capacities, as expected. Reducing the width of the glass dimension, 

however, has no prominent influence on the blast loading resistance capacity of the 

window in the impulsive loading range, but significantly increases the resistance in the 

quasi-static loading range. This is because, as demonstrate in Figure 7-10, in impulsive 

loading range the window suffered primary brittle shear failure, while in the quasi-static 

range it fails primarily by flexural bending. Reducing the width of the window panel has 

insignificant effect on its shear-resistance capacity, but increases its flexural capacity 

owing to the reduced span length. More discussions on these observations will be given 

in the next section. Figure 7-13 shows the P-I diagrams of 2000mm1100mm window 

with pinned and fixed boundaries respectively (3mm glass and various PVB 

thicknesses) to study the influence of boundary conditions. As shown pinned boundary 

results in higher window resistance capacity in the quasi-static range as compared to the 

fixed boundary conditions, but the blast loading resistance capacities in the impulsive 

range are almost independent of the boundary conditions, again because of the brittle 

shear failure of the window panel in this range.  

      Based on the above P-I diagrams, like the case for RC columns and RC slabs [40, 

42], the P-I diagrams of laminated glass window failure can be expressed as 

(    )(    )   (
  
 
 
  
 
)  (7-10) 

where Po and Io are the pressure asymptote and impulse asymptote, respectively; A and 

β are constants related to the properties and configurations of laminated glass windows. 

A and β for the P-I diagrams of 2000mm1100mm windows with fixed boundaries are 

listed in Table 7-4. It can be found that A is around 2.4 and β is approximately 1.2, and 
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they are relatively insensitive to the changes of PVB thickness. To reduce the number of 

parameters, in this study A and β are taken as constants, and Eq. (7-10) can then be 

expressed as  

(    )(    )     (
  
 
 
  
 
)    (7-11) 

      Figure 7-14 compares the P-I diagrams plotted using Eq. (7-11) and the numerical 

data. As shown, Eq. (7-11) reasonably represents the P-I diagrams of the laminated 

glass windows from numerical simulation results. 

      Eq. (7-11) has also been data fitted to laminated glass windows with pinned 

boundary and windows of smaller size. As shown in Figure 7-15 and Figure 7-16, the 

predicted P-I curves using Eq. (7-11) also reasonably fit the P-I diagrams of laminated 

glass windows of different boundary conditions and sizes obtained from numerical 

simulations.  

 

Figure 7–14 Comparison of numerical data and fitted curves for 2000mm1100mm windows with 
fixed boundaries 
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Figure 7–15 Comparison of numerical data and fitted curves for 1200mm600mm windows with 

fixed boundaries 

 

Figure 7–16 Comparison of numerical data and fitted curves for 2000mm1100mm windows with 

pinned boundaries 

Table 7–4 Value of parameters in Eq. (7-10) 

Dimension 

(mmmm) 

Glass thickness  

(mm) 
PVB thickness 

(mm) 
Boundary 
condition 

 β 

20001100 3 1.52 Fixed 2.492 1.214 

20001100 3 1.88 Fixed 2.426 1.204 

20001100 3 2.28 Fixed 2.306 1.186 

10

100

1000

100 1000 10000

Pr
es

su
re

 (k
Pa

) 

Impulse (kPa ms) 

1.52mm Eq. (11)
1.88mm Eq. (11)
2.28mm Eq. (11)
1.52mm Numerical data
1.88mm Numercial data
2.28mm Numerical data

10

100

1000

100 1000 10000

Pr
es

su
re

 (k
Pa

) 

Impulse (kPa ms) 

1.52mm Eq. (11)
1.88mm Eq. (11)
2.28mm Eq. (11)
1.52mm Numerical data
1.88mm Numerical data
2.28mm Numercial data



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

7.187 

7.6 PARAMETRIC STUDIES 

Parametric studies are carried out to derive the general P-I diagrams of laminated glass. 

The numerical simulation results are then used to develop empirical formulae for easy 

construction of P-I curves of laminated glass. The effects of window dimension, 

interlayer thickness, glass thickness, boundary condition, and glass strength on the P-I 

diagram of laminated glass are investigated. 

7.6.1 Window dimension 

      The dimension of windows varies substantially. Different size glazing is designed to 

suit different buildings. To analyze window size effect, two representative window 

sizes, i.e. 2000mm in length and 1100mm in width, and 1200mm in length and 600mm 

in width, are chosen in the current study. The thickness of glass is 3mm and PVB 

interlayer thickness varies. The window boundaries are all fully fixed. As shown in 

Table 7-5 and Figure 7-12, the smaller size windows can resist a stronger quasi-static 

blast load. This is expected, as discussed above, because under the same blast pressure 

over its span, a smaller panel experiences lower flexural deformation. Hence, the 

smaller size window panel can survive a stronger blast load in the quasi-static region 

where flexural failure governs. However, size effect is insignificant on window blast 

load resistance capacity in the impulsive loading range. This is because both window 

mass and applied blast load are proportional to panel span length. When subjected to the 

same blast pressure, a larger size window with longer span experiences larger blast load 

but it also has more mass to resist the blast load. In the impulsive loading range, because 

of the very fast action of blast load and brittle failure of the glass panel, the blast load is 

mainly resisted by structural inertial resistance. The elastic resistance is insignificant 

because the glass panel has no time to deform yet before failure occurs. Since both the 

window mass and blast load proportionally increase with the window dimension, the 

impulsive loading resistance capacity of the window is therefore insensitive to the 

window width.  

Table 7–5 Effect of window dimension on pressure and impulse asymptotes 

Dimension (mmmm) PVB thickness (mm) Po (kPa) Io (kPa ms) 

20001100 1.52 25 450 

1200600 1.52 30 455  



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

7.188 

7.6.2 Interlayer thickness 

      As demonstrated above, the interlayer thickness is one of the most important factors 

governing the performance of laminated glass. The impulse and pressure asymptotes of 

2000mm1100mm laminated glass with fixed boundaries are listed in  Table 7-6 to 

illustrate the effect of interlayer thickness. Figure 7-12 and Figure 7-13 also depict the 

effect of interlayer thickness on P-I diagrams of laminated glass with various window 

parameters. As shown, when PVB thickness increases, both the pressure and impulse 

asymptotes of the P-I curves increase, which means a laminated glass panel with a 

thicker interlayer can withstand a stronger blast load in both impulsive and quasi-static 

regions. This can be attributed to the hyperelastic material property of PVB, which can 

deform substantially under both tension and shear. A large amount of blast energy can 

be therefore dissipated through the interlayer deformation.  

Table 7–6 Effect of interlayer thickness on impulse and pressure asymptotes 

PVB thickness (mm) Po (kPa) Io (kPa ms) 

1.52 25 450 

1.88 28 480 

2.28 35 540 

7.6.3 Glass thickness 

      Glass thickness is another important factor to improve the glass window blast 

resistant capacity. Responses of laminated glass of 2000mm1100mm in dimension 

with fully fixed boundaries are studied. The laminated glass is made respectively of 

3mm float glass and 6mm float glass with a 1.52mm thick PVB interlayer. Table 7-7 

gives the pressure and impulse asymptotes of the two glass windows. As shown in 

Figure 7-17, by increasing the glass ply thickness the window blast resistant capacity 

can be effectively increased. The increment in quasi-static region can be mainly 

attributed to the increase of panel flexural stiffness as panel depth increases, and that in 

impulsive region is primarily due to the increase of panel mass, which enhances the 

inertial resistance of the window against shock waves.  
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Table 7–7 Effect of glass thickness on impulse and pressure asymptotes 

Glass thickness (mm) Po (kPa) Io (kPa ms) 

3 25 450 

6 30 580 

 

Figure 7–17 P-I diagrams of windows with different glass thickness 

7.6.4 Boundary condition 

      The effect of boundary condition is investigated by comparing the P-I diagrams for 

laminated glass with fully fixed boundary and pinned boundary, i.e. boundaries are 

restrained on all degrees of freedom and boundaries restrained only on transitional 

degrees of freedom. The pressure and impulse asymptotes of 2000mm1100mm 

laminated glass with various thicknesses of PVB interlayers are given in Table 7-8. It 

can be found that by changing the boundary from fully fixed to pinned condition, the 

pressure asymptotes can be increased by around 15%, but the impulse asymptotes 

remain unchanged. As depicted in Figure 7-13, it can be observed that the effect of 

boundary condition is only valid in the dynamic and quasi-static regions. This 

phenomenon is probably because the flexibility of pinned boundary leads to a larger 

natural vibration period of the windows, which makes the ratio of td/Tn smaller such that 

dynamic de-amplification effect is actually resulted. Using plate theory, the stiffness 

ratio of fully fixed panel over pinned-boundary panel is 3.68, implying the nature 
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vibration period of panel with pinned boundary is 1.92 times larger than that of fully 

fixed panel. Therefore, under similar duration blast load, the window with pinned 

boundary is more likely to experience de-amplification. In the impulsive region, as the 

laminated glass panel suffers primarily brittle shear failure, adjustment of boundary 

conditions hardly changes the shear stress taken by the glass panels.  

Table 7–8 Effect of boundary conditions on impulse and pressure asymptotes 

PVB thickness 
(mm) 

Boundary condition 

Fixed   Pinned 

Po (kPa) Io (kPa ms)  Po (kPa) Io (kPa ms) 

1.52 25 450  28 450 

1.88 28 480  33 480 

2.28 35 540  40 540 

7.6.5 Glass strength 

      Glass strength is a very important factor that influences the performance of 

windows. However, the strength of glass varies significantly owing to production 

process and also the micro flaws in the glass panel. In this study, glass tensile strength 

of 60MPa, 90MPa and 120MPa are considered to examine the influence of glass 

strength on pressure impulse diagrams of the 2000mm1100mm window panel with 

7.52mm laminated glass. The numerical results are given in Table 7-9. As expected 

increasing glass strength will increase both the pressure and the impulse asymptotes. 

This is because glass strength contributes to both flexural strength and shear strength of 

the laminated glass windows. 

Table 7–9 Effect of glass strength on impulse and pressure asymptotes 

Glass strength (MPa) Po (kPa) Io (kPa ms) 

60 25 450 

90 30 465 

120 35 480 
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7.7 EMPIRICAL FORMULAE GENERATION 

7.7.1 Derivation of empirical formulae 

Based on the above numerical simulation results, empirical formulae are developed to 

predict the pressure and impulse asymptotes for the P-I diagrams of laminated glass. 

The boundary condition is assumed to be fully fixed, which is more common in real 

practice. The variables in the regression model include the PVB interlayer thickness 

dPVB (mm), glass thickness dg (mm), window length L (mm), and glass strength ft,glass 

(MPa). The derived empirical formulae for the pressure asymptote and impulse 

asymptote are given below, in which Po is in kPa and Io is in kPa ms, 

                                                 (7-12) 

                                                     (7-13) 

Table 7–10 Comparison of impulse and pressure asymptotes obtained from numerical simulations 
and empirical form 

Dimension 2000mmx1100mm 

PVB thickness 1.52 (mm) 
 

1.88 (mm) 
 

2.28 (mm) 

  Po(kPa) Io(kPa ms) 
 

Po(kPa) Io(kPa ms) 
 

Po(kPa) Io(kPa ms) 

Numerical  25.000 450.000 
 

28.000 480.000 
 

35.000 540.000 

Empirical 24.469 446.079 
 

29.194 488.696 
 

34.443 536.048 

Variation -2.123% -0.871%   4.263% 1.812%   -1.591% -2.123% 

  

Dimension 1200mmx600mm 

PVB thickness 1.52 (mm) 
 

1.88 (mm) 
 

2.28 (mm) 

  Po(kPa) Io(kPa ms) 
 

Po(kPa) Io(kPa ms) 
 

Po(kPa) Io(kPa ms) 

Numerical  30.000 455.000 
 

35.000 490.000 
 

40.000 545.000 

Empirical 30.101 452.479 
 

34.825 495.096 
 

40.074 542.448 

Variation 0.335% -0.554%   -0.500% 1.040%   0.186% -2.123% 

* Glass is 3mm thick float glass and window boundaries are fully fixed. 

      Table 7-10compares the impulse and pressure asymptotes obtained from Eq. (7-12) 

and Eq. (7-13) with the results from numerical simulations. As shown, the empirical 
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formulae give good predictions of pressure and impulse asymptotes, which can be used 

together with Eq. (7-11) to construct the P-I diagrams of laminated glass. 

7.7.2 Comparison of P-I curves with other models 

     Other researchers have also developed P-I diagrams of laminated glass window 

damage to blast loads. Comparison is conducted between the proposed empirical 

formulae developed in this study with those derived from SDOF model given by 

Cormie et al. [43] and ISO-damage model provided by Hooper et al. [13].  

 

Figure 7–18 Comparison of P-I diagrams with other models  

      A window of dimension 1500mm1200mm with 7.52mm laminated glass, i.e. 3mm 

glass and 1.52mm PVB, is considered. The pressure-impulse diagram can be easily 

derived using Eq. (7-11) by substituting the impulse and pressure asymptotes estimated 

with Eq. (7-12) and Eq. (7-13). Figure 7-18 provides the P-I curves from SDOF 

model, ISO-damage curve and the empirical formula proposed in the current study. As 

shown, failure of laminated glass agrees well in the quasi-static region between the three 

models. However, results vary in the impulsive region, where the proposed empirical 

formulae in this study and the ISO-damage curve predict a higher impulse. This 

difference can be mainly attributed to the different failure criterion used for the glass 

window panels. The SDOF model assumed a maximum in plane strain of 9% as the 

failure criterion, while the ISO-damage curve and the current model adopt various 
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allowable strain criteria at different strain levels and different strain rates respectively. 

The empirical formulae developed in this study give slightly higher impulse asymptote 

as compared with the ISO-damage curve. Nevertheless, the two approaches give very 

similar predictions of glass window failure to blast loads. Since the current numerical 

model adopts very detailed dynamic material properties of both glass and PVB, and is 

verified against strong and weak field blasting test results, it is believed that the P-I 

diagrams generated by the proposed empirical formulae in this study give accurate 

predictions of the glass window failure under blast loading conditions. The developed 

empirical formulae can be used straightforwardly to derive P-I diagrams of glass 

windows of different parameters.  

7.8 CONCLUSIONS 

In this paper, a numerical model of PVB laminated float glass window is developed in 

LS-DYNA. The numerical model is validated with field blasting test data available in 

literature. The verified model is then used to conduct numerical simulations to study the 

response of laminated glass windows to blast loads. Failure modes of laminated glass 

windows subjected to blast loads of different overpressures and duration are analyzed. 

The effects of interlayer thickness, glass thickness, boundary condition, and window 

dimension are discussed. The P-I diagrams of laminated glass with various parameters 

are generated. Based on the numerical simulation results, empirical formulae are 

derived to estimate the pressure and impulse asymptotes as functions of interlayer 

thickness, glass thickness and window dimension, which can then be used to easily 

construct the P-I diagrams. The P-I diagram constructed according to the proposed 

empirical formulae is compared with those from SDOF model and ISO-damage curve. 

It is shown that the proposed empirical formulae give reliable predictions of pressure-

impulse diagrams of laminated glass windows. 
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CHAPTER 8.  EXPERIMENTAL INVESTIGATION ON 
MONOLITHIC TEMPERED GLASS WINDOW 

RESPONSES TO BLAST LOADS 

8.1 ABSTRACT 

Monolithic glass is one of the most commonly and widely used materials for structural 

glazing in buildings. Due to its relatively low strength and brittle nature, monolithic 

glass window is often the most fragile part of a structure when subjected to air blast 

wave. The breakage of glass window under explosion always leads to enormous injuries 

and fatalities as a result of ejecting glass sharps flying at high speed towards people in 

the occupied area. For better protection of building occupants, it is necessary to fully 

understand monolithic glass responses under blast pressure. In this study, a series of 

full-scale field blasting tests were carried out to investigate monolithic glass window 

responses to blast loads. Typical windows with tempered glass panels and steel strip 

boundaries were mounted onto a reinforced concrete (RC) frame purposely constructed 

to support the window specimens for the tests. TNT explosives of different weights 

were detonated at different stand-off distances in front of the window. Window 

responses were monitored with high-speed cameras and linear variable displacement 

transducer (LVDT). Pressure sensors were used to measure the reflected pressure. Glass 

window failure patterns and associated glass fragments were recorded and analyzed. 

The tested window performances were compared with the predicted results based on 

ASTM and UFC standards, as well as previous testing results. Based on the testing data, 

criteria for tempered glass crack and fracture under blast loadings were formulated. 

8.2 INTRODUCTION 

The perception of terrorist bombing and accidental explosion threats has brought to light 

the need for better analysis and more reliable design of occupied facilities. Building 

façade and glass windows have attracted much attention over the past years, because 

they are considered particularly vulnerable in face of air blast wave. Post-event 

investigations on explosion incidents have cited structural glazing as one of the major 

threats to residents [1]. For example, in the Norway bombing attack in 2011 it was 
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reported that almost all the windows of the Oslo government building were shattered by 

the air blast wave from the car bomb [2]. Upon the failure of façade, secondary effect, 

i.e. sharp glass fragments propelling towards residents are posing even more serious 

threats. For instance, in the Norway attack, over two thirds of the total 325 injuries and 

casualties were claimed to be related to glass laceration and penetration [2]. 

      Recently, much effort has been directed towards understanding and modeling of 

retrofits such as using laminated glass against shock and impact loads [3, 4]. However, 

there is still a lack of sufficient investigates in open literatures on the response of 

monolithic glass under blast pressure. Considering the history and development of 

architecture, monolithic glazing has been ubiquitously used as structure façade and 

windows for decades. It is therefore more crucial and important to fully understand the 

behavior and fracture characteristics of monolithic glass at the scene of explosion 

events.  

      Monolithic glass windows normally adopt annealed float glass or tempered glass. 

The latter is manufactured by heating annealed glass to a transition point in furnace and 

then cooled down rapidly. The thermal process pre-stresses annealed glass, resulting in 

the tempered glass having four to five times higher strength than annealed glass. Beside 

its high strength, tempered glass shatters into fine and small oval-shaped cubicles. This 

feature mitigates the danger of sharp-edged glass splinters. As a result, tempered glass is 

also considered as safety glass, which is therefore popularly used for windows of 

important and public structures. The current study focuses on the performance of single 

layer tempered glass windows under blast effects. 

      Generally, three approaches can be used to predict glass window responses to blast 

loads, i.e. analytical, numerical and experimental approaches. Analytical study on 

predicting glass pane response to blast load generally employs single-degree-of-freedom 

system (SDOF) [5-7]. The difficulty in these analyses arises from accurately depicting 

glass pane static resistance function. Based on the assumption that glass pane could 

deform several times of its thickness until failure occurs, non-linear large deflection 

theory [8] was widely employed by considering both flexural bending and membrane 

effect of glass plate. The load deflection relationship derived by Timoshenko [8] was 

incorporated with Poisson‘s ratio =0.23 for glass and was continuously modified with 
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experimental testing results. Basically modification was made on the contribution of 

membrane effect depending on the level of in-plane movement of the panel. Numerical 

methods have also been used to assist the assessment of glass behavior. Moore [9] 

conducted finite element analysis on different combinations of pane sizes and glass 

thicknesses. The non-dimensional load-deflection curves for simply supported glass 

panes, as well as load-stress relationships, were derived. Moore‘s resistance curves were 

then adopted by Meyers [5] into his SDOF analysis for glass responses under blast load. 

The failure of glass pane was defined by a deflection criterion which would lead to a 

maximum tensile stress over 110MPa, or the deflection exceeds 10 times glass pane 

thickness. 

      To guide and assist design of glass windows against blast loading for civilian 

structures, two standards, UFC 3-340-02 [10] and ASTM E1300 [11] (with aid of F2248 

[12]), facilitate analysis of glazing vulnerability to air blast wave. The UFC standard 

simplifies monolithic glass window into SDOF system, which basically follows 

Meyers‘s method [5]. The only difference is that UFC standard conservatively assumes 

there is no damping in the window system, which leads to more conservative estimation 

of monolithic pane blast resistant capability especially in quasi-static region. UFC 

standard also provides a special section outlining the design requirements for blast 

resistant monolithic tempered glass windows. Design charts with different combinations 

of glass dimensions and thicknesses are available for determination of tempered glass 

capability. The ASTM standard provides similar design charts for the design of 

monolithic tempered glass. It specifies an equivalent 3-second duration design loading 

for blast resistant glass and applies glass type factor for normalizing tempered glass to 

annealed glass.  

      Experimental studies on monolithic glass dated back to World War II [13]. Despite a 

large amount of experiments conducted over the years on blast related tests on windows, 

the number of experimental results published in open literature is surprisingly limited. 

This is mainly because many testing data are classified due to security concerns. Only a 

couple of field blast and shocktube tests conducted on thermally tempered glass were 

distributed for public release [14, 15]. For instance, Meyers et al. [14] reported their 

shocktube testing results on monolithic tempered glass panes of square and rectangular 

shapes. In the test, the pressure duration was reported to be over 150ms which is beyond 
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the scope of general blast loading. Weissman et al. [15] evaluated blast resistant 

capacity of glass windows with wood and aluminum frames. Empirical design criteria 

were derived which provide the maximum overpressure capacity of a glass pane 

mounted in rigid frames. It should be noted that except the peak reflected pressures and 

glass failure states there were not much details provided in these literatures such as 

pressure time history, glass pane response history etc. A lot of commercial blast tests 

have also been carried out.  But these tests are only to validate particular mitigation 

products and methodologies or to evaluate their efficiencies. There is in general still a 

lack of testing data on the performance of monolithic tempered glass available for 

public access.  

      In this study, full-scale field blasting tests were conducted on monolithic tempered 

glass windows. 14 window specimens made of monolithic glass pane and steel 

boundary frame were prepared and mounted onto a RC frame structure constructed for 

this study. TNT explosives of different weights were detonated at different stand-off 

distances in the tests. The behavior of glass panes were monitored with high-speed 

cameras. Their deformations were recorded by mechanical LVDT. Pressure transducers 

were placed on the RC frame to record the reflected pressures during the tests. The 

fracture characteristics of glass panes together with the ejecting glass fragments were 

recorded and analyzed. This paper presents and analyzes the testing results. The testing 

results are also used to check the accuracy of the design standards. Based on the 

observation and analysis of the testing data, modifications on the current design criteria 

are proposed. 

8.3 EXPERIMENT SETUP 

The aim of the experiments was to monitor the response of glass pane, and to examine 

glass failure pattern and glass fragment characteristics under blast loadings of different 

scaled distances. 

8.3.1 Support structure 

      A one storey RC frame as shown in Figure 8-1 was constructed to support the 

window specimens. The frame has two individual testing cells, with dimensions of 3.4m

ⅹ3.2mⅹ2.0m (WidthⅹLengthⅹHeight) and independent concrete footings embedded 
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deep into the ground. Both side walls and ceiling are fully covered to avoid air blast 

wave refraction and diffraction. In each test, the charge was positioned at the 

longitudinal central in front of the supporting frame (Figure 8-1b).  

 
a) Front view (P stands for pressure sensor) 

 
b) Side view (D stands for LVDT) 

 

C) Test set up 

Figure 8–1 Test arrangement 

RC support 
frame 

Testing 
windows 

TNT charge 
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8.3.2 Glass pane and window frame 

      A series of monolithic tempered glass panes were tested in pairs or in comparison 

with laminated glass under different combinations of charge weights and stand-off 

distances. The dimension of glass pane is 1.5mⅹ1.2m with two typical thicknesses, 

namely 6mm and 10mm. The glass pane was fully clamped using steel strips with 

50mm embedment on all sides (as depicted in Figure 8-2). It is to mention that the 

current tests are proposed to focus on glass panel behavior under air blast loads. 

Therefore, heavy steel strips (20mm thick inner frame and 10mm thick outer frame) 

were designed to clamp the glass pane and fasten with M24 bolts (5 bolts on each strip) 

onto testing RC frame (Figure 8-2). This helped to minimize the influences of window 

frame itself, such as frame shaking and steel strip yielding. A piece of steel backing 

plate was placed as shown in Figure 8-2 in case of bolt tearing and pulling out when 

glass rebounded. Special care was paid when install glass pane and outer frame. Plastic 

pads of slightly larger thickness than glass pane were placed in the gap between inner 

and outer steel boundary frames to avoid damaging glass during installation. M12 bolts 

(3 pieces on each steel strip) clamping inner and outer frames were slowly and carefully 

fastened until the plastic pads were compressed and glass pane was firmly fixed. An 

equal clamping force on each bolt was ensured using torque wrench. 

 

 

 

Figure 8–2 Schematic window frame Figure 8–3 Matrix of tracking dots on 
glass pane 

M24 Bolts 

M12 Bolts 
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8.3.3 Data acquisition system 

      The blast pressure was recorded using a reflected pressure gauge positioned on the 

front wall between two testing glass panels (as depicted in Figure 8-1a). The centre of 

the pressure gauge was at the same level as the center of glass pane. Glass pane 

deflection was monitored with mechanical LVDT. The probe of the LVDT was glued to 

the centre of the inner glass pane. The pressure and displacement transducers were 

wired to a portable data acquisition system by National Instrument with a sampling 

frequency of 500kHz. 

  

 

a) Stage 1 (Test 3, 5-1, 5-2) b) Stage2 (Test 9, 10, 11, 12) 

Figure 8–4 Illustrations of high-speed camera positions 

      Two high-speed cameras (FASTCAM SA3 by Photron®) were used to monitor the 

failure process of glass panes and to capture glass pane deformation. A tracking matrix 

of black dots (Figure 8-3) was plotted on glass panel before each test to assist high 

speed imaging. The high-speed cameras were initially positioned right behind each 

testing cube in Test 3, 5-1 and 5-2 (as listed in Table 8-1) so as to monitor glass pane 

failure process (Figure 8-4a). They were subsequently positioned at an angle towards 

the glass panes in order to better capture the glass pane deformations (Figure 8-4b). Post 

image analysis was performed to derive the panel displacement history at each marked 

dot. The cameras were hidden in heavy steel bunkers to protect against flying glass 

shards. The aperture of each lens was set to its widest opening, which allowed the entire 

glass panel in focus throughout its movement under blast effect. The exposure time was 

set to the smallest possible duration; however it still needed to strike a balance with 

HS camera   



HS 
camera 
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aperture, especially considering the over exposure from explosive flame when 

detonated. The cameras were filming at 2kHz frame rate, which were restricted by the 

camera capability and zoom lens. The imaging processes were triggered by external 

wires glued directly to the charge. Hence detonation of charge in each test would trigger 

the high-speed imaging process. Considering the shining weather condition during the 

testing period, no additional lighting resource was used. 

Table 8–1 Summary of testing scenario 

Test 
No. 

Pane 
No. Position Boundary 

condition 

Glass 
thickness 

(mm) 

Size 
(mxm) 

W 
(kg) 

R 
(m) Measurement 

3 3-1-2 Right Fixed 6 1.5x1.2 10 12.3 Deflection, HS 
5-1 5-1-1 Left Fixed 10 1.5x1.2 5 10 HS 
5-1 5-1-2 Right Fixed 10 1.5x1.2 5 10 HS 
5-2 5-2-1 Left Fixed 10 1.5x1.2 5 4.5 HS 
5-2 5-2-2 Right Fixed 10 1.5x1.2 5 4.5 HS 
9 9-1-1 Left Fixed 10 1.5x1.2 5 6 Deflection, HS 
9 9-1-2 Right Fixed 6 1.5x1.2 5 6 Deflection, HS 

10 10-1-1 Left Fixed 10 1.5x1.2 5 8 Deflection, HS 
10 10-1-2 Right Fixed 10 1.5x1.2 5 8 Deflection, HS 
11 11-1-1 Left Fixed 10 1.5x1.2 10 12 - 
11 11-1-2 Right Fixed 10 1.5x1.2 10 12 Deflection, HS 
12 12-1-1 Left Fixed 10 1.5x1.2 10 9 Deflection, HS 
12 12-1-2 Right Fixed 10 1.5x1.2 10 9 Deflection, HS 
13 13-1-2 Right Fixed 6 1.5x1.2 10 12 - 

8.3.4 Test scenario 

      Table 8-1 summaries the testing scenario with detailed glass specifications (i.e. glass 

thickness, position in which cell the glass pane was placed, frame boundary condition, 

glass pane size), charge information (i.e. TNT weight-W, stand-off distance–R, and 

scaled distance-Z), and also the available measured data (i.e. pressure history, deflection 

history, HS–high-speed camera images showing glass failure process). In total 14 

monolithic tempered glass panels were tested. 5kg and 10kg TNT charges were 

detonated at stand-off distances varying from 4.5m to 12.3m. All tests are numbered 

(namely Test No.) as listed in Table 8-1. The test series (Test 1, 2, 4, 6, 7, 8) were 

performed on laminated glass panes which are not presented in this paper. Each glass 

pane is also numbered based on the corresponding test number and pane position (for 

example Pane 3-1-2 stands for the right glass pane tested in Test 3). 6mm tempered 

glass panes were tested with laminated glass panes in Test 3 and 13, hence only one 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

8.205 

pane details are provided for these tests. Influence of glass thickness on pane response 

was examined in Test 9, where a 6mm and a 10mm tempered glass panes were tested. In 

Test 5-1, the two 10mm glass panes remained undamaged. Subsequent test (Test 5-2) 

was then performed on the same glass with larger scale explosive. Detailed pressure 

time history and glass pane central displacement history measured by the LVDT for 

Pane 3-1-2 are shown in Figure 8-5 and 8-6a. High-speed images of glass failure 

processes were also well captured for most of the tested panes except for Pane 11-1-1 

and 13-1-2, where no images were captured due to equipment malfunction. Glass pane 

displacement histories obtained from LVDT measurements and high-speed camera 

images for Test 9, 10, 12 and Pane 11-1-2 will be presented and discussed. 

Table 8–2 Summary of blast loads 

Test 
No. 

W 
(kg) 

R 
(m) 

Z 
(m/kg1/3) 

Pr 
(kPa) 

Ir 
(kPa ms) 

3 10 12.3 5.71 82.20 413.25 

5-1 5 10 5.85 72.91 268.08 

5-2 5 4.5 2.63 516.06 542.61 

9 5 6 3.51 219.99 363.86 

10 5 8 4.68 130.12 377.73 

11 10 12 5.57 84.69 296.78 

12 10 9 4.18 141.47 459.35 

13 10 12 5.57 86.83 311.19 

8.4 TESTING RESULTS 

Experimental data measured in the current tests are presented in this section. Firstly, the 

recorded overpressures applied on glass windows in each test are presented. The 

recorded pressure time history of Test 3 is provided in detail and compared with the 

estimation using UFC standard. Glass pane deflections are then presented and 

interpreted with high-speed images of glass responses and failure processes. 

Displacement histories monitored by both LVDT and high-speed imaging are compared 

and evaluated. 
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8.4.1 Blast load 

      The explosives used in the current investigation were TNT as the primary charge 

and high explosive RDX as the booster charge. The TNT was casted into cylinders of 

designed weight with a central perforation of 5cm diameter for the booster charge. The 

booster was primed with electric detonators which initiated each detonation. Table 8-2 

lists the blast loads in the current series of tests applied to the monolithic glass 

windows. 
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Figure 8–5 Reflected pressure time history and impulse of Test 3 

      Air blast waves are resulted from a rapid release of energy. The blast loading on 

structure is dependent on both the charge properties, i.e. the magnitude and shape of 

charge, stand-off distance, and also the specification of the testing structure, namely the 

geometry and dimension of structure and surrounding environment. For instance, air 

pressure striking on a low rise and narrow structure will quickly clear and causes a 

relatively smaller reflected pressure comparing with that on a tall and wide spanning 

structure. Therefore, significant variations on blast overpressure and duration could be 

expected even when the same charges were used. Figure 8-5 depicts the reflected 

pressure recorded by the pressure sensor embedded on the front wall of RC structure for 

Test 3, in which a typical triangular pressure can be observed for the positive phase, 

which is then followed by a long lasting negative pressure. The enclosed shaded areas 

by the positive pressure and the negative pressure with the ambient are the positive and 

negative impulses respectively.  
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      To confirm the blast loads in the current tests were reliably generated, comparison 

on blast pressure for Test 3 is made between the recorded data in the field test and the 

estimation of UFC standard. The blast pressure is calculated using UFC 3-340-02 [10] 

with the tested charge properties. Both the positive phase and negative phase blast wave 

are considered. As shown in Table 8-3, in the current test the shock wave travelled 

slightly faster and arrived at the window earlier than expected. Comparison indicates the 

magnitude of the blast pressure in the current test is slightly larger than the predicted 

pressure using UFC for both the positive and negative phases. The measured reflected 

pressures are about 5% and 25% higher for the positive and negative phases 

respectively. The integrated positive and negative impulses in the field test are about 

17% and 9% larger. Consistent variations are found between the measured reflected 

pressures in the other tests and the estimation of UFC standard, which is probably 

because of the influence of the booster charge. Nonetheless, in view of the uncertainties 

exiting in explosives, shock wave propagation and interaction with the surroundings and 

measurement, and the fact of large scatters in measured blast waves in different tests, 

the comparisons confirm the blast load generated in the current tests are consistent with 

those in UFC standard. 

Table 8–3 Comparison of blast overpressures and reflected impulses 

 
 Positive Phase  Negative Phase 

ta  
(ms) 

Pr  
(kPa) 

var. 
(%) 

Ir  
(kPa ms) 

var. 
(%)  

Pr  
(kPa) 

var. 
(%) 

Ir 
(kPa) 

var. 
(%) 

Field 
test 20.86 82.2 - 413.25 -  -17.5 - 261.69 - 

UFC 21.69 78.06 -5.04 339.27 -17.90  -13.07 -25.33 212.79 -8.68 

8.4.2 Deflection history and failure process 

      Some of the glass pane central displacements recorded using LVDT and high-speed 

cameras are presented in Figure 8-6. High-speed image sequences of pane deformation 

are provided to assist interpreting window failure process. It is to note that pane 

deflection is plotted using solid lines until panel rupture initiates then dashed lines are 

used to depict the following trajectories of pane centres. The deflections when glass first 

cracks and rupture initiates are marked with open symbols in each figure of pane 

deflection histories. 
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Figure 8–6 Pane central displacement histories 
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t=0ms t=21ms t=26ms 
Detonation Blast wave front arrived Glass cracked and broke into 

fine beams 

   
t=29ms t=35ms t=53ms 
Crack extended and rupture 
initiated 

Panel broke into pieces Glass fragments formed and 
propelled into the concrete cube 

Figure 8–7 Snapshots of high-speed camera images of Pane 3-1-2  

      Figure 8-6a shows the pane central displacement history recorded by the LVDT for 

the 6mm thick pane in Test 3. The high-speed camera images filmed right behind the 

windows (Figure 8-7) describe the glass pane failure process. As shown, the blast wave 

propagated towards the testing pane after detonation; it arrived at testing cube at 21ms 

and began to push the 6mm tempered glass panel inward. Glass crack initiated when 

central displacement reached 38.76mm at 26ms. But the cracked glass panel was still 

tied together and deformed as a whole until the panel central deflection reached 

88.60mm at which the critical rupture began at 29ms. Glass rupture developed and 

extended throughout the entire panel. Large pieces of glass were splitted into smaller 

fragments (at 35ms) when the negative pressure took into effect. Most glass fragments 

were sucked out of the testing cube and splashed in front of testing frame. 
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t=0ms t=7ms t=10ms 
Detonation Blast wave front arrived  Glass crack and broke into 

fine beams 

   
t=12ms t=15ms t=23ms 
Crack extended and rupture 
initiated 

Panel broke into pieces Glass fragments formed and 
propelled into concrete cube 

Figure 8–8 Snapshots of high-speed camera images of Pane 9-1-2 

      Figure 8-8 depicts the failure process for the 6mm pane (9-1-2) involved in Test 9, 

in which the high-speed camera was positioned at an angle as described above. The 

pane central displacement history was formed by posted processed the high-speed 

camera images (Figure 8-6b). Figure 8-6b also shows the pane central displacement 

history of the 10mm glass pane (9-1-1) tested in pair with pane 9-1-2. For the 6mm pane 

the corresponding central displacement was 42.40mm when glass cracked at about 

10ms. Rupture initiated on the cracked glass pane when central displacement reached 

90.60mm. In contrast, the 10mm monolithic glass responded faster under the same blast 

pressure. The glass panel cracked at 8.3ms with a central displacement of 18.50mm, 

which was followed by glass rupture afterward at a maximum central displacement of 
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58.40mm. The thicker glass pane experienced a smaller deflection before rupture as a 

result of larger panel stiffness. 

      Figure 8-6d and Figure 8-9 show the pane central displacement history and the pane 

failure process for the 10mm glass pane 11-1-2. The 10mm glass pane cracked at a 

central deflection of 18.15mm. The entire panel shattered by the formation of critical 

cracks when the central deflection reached 63.15mm. Glass pane was shattered at an 

early stage of the positive overpressure, leaving the remaining positive blast wave 

pushing the fractured glass shards further into the supporting structure. 

   
t=0ms t=19.5ms t=21ms 
Detonation Blast wave front arrived Glass cracked and broke into 

fine beams 

   
t=22.5ms t=27ms t=30ms 
Crack extended and rupture 
initiated 

Panel broke into pieces Glass fragments formed and 
propelled into the cell 

Figure 8–9 Snapshots of high-speed camera images of Pane 11-1-2 
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8.4.3 Comparison of pane deflections 

       Figure 8-10 compares the deflection time histories of typical 6mm and 10mm 

monolithic glass panels in the above tests. The red line with squared symbols depicts the 

6mm tempered glass central displacement (Pane 9-1-2) in Test 9 tracked with high-

speed camera, while the black line with circular symbols describes the 6mm glass (Pane 

3-1-2) in Test 3 measured with mechanical LVDT. If the arrival time is neglected by 

shifting the time axis, it would be found that the high-speed camera and mechanical 

device recorded very similar panel responses of 6mm glass panes. The comparison 

verifies that high-speed camera images herein can give reliable measurement of glass 

pane deflections. Moreover it can also be found that monolithic glass panel of the same 

thickness cracks and ruptures at similar central deflection. 
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Figure 8–10 Comparison of deflection histories 

       Comparing the 10mm tempered glass pane (11-1-2) from Test 11 with 6mm panes, 

it can be observed that a thicker pane with larger stiffness responded faster than a 

thinner pane. The 10mm glass panel cracks at a much lower deflection level than the 

6mm pane. The rupture deflection for 10mm pane is also smaller.  

8.5 ANALYSIS 

The field blasting test results are examined and analysed on the following aspects: glass 

pane failure pattern, fragment characteristics, window blast resistant capability in 

comparison with the predictions based on the design guide and previous testing data. 
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Empirical formulae for predicting the glass window crack and rupture against the blast 

loading impulse are also derived from the testing data on tempered glass windows.  

8.5.1 Failure pattern 

      The high-speed camera images on tested windows indicate that glass panes 

deformed into different shapes when crack and fracture occurred. Figure 8-11 

summaries glass pane deformation shapes at the moments when glass rupture happened. 

As shown in Figure 8-11a, b and c, glass panes deformed in a planar pattern where 

stress concentrated at four corners with dense and more number of cracks along the 

boundaries, whereas the pane central regions broke into few large pieces with some 

dominant cracks. In contrast, glass panes shown in Figure 8-11d, e and f behaved very 

differently. Critical glass rupture initiated from pane centrals. Radial major cracks could 

be observed extending from the pane centrals. Circular cracks could also be found 

accompanying these radial cracks.  

   
a) Pane 3-1-2 b) Pane 5-2-1 c) Pane 9-1-2 

   
d) Pane 10-1-1 e) Pane 11-1-2 f) Pane 12-1-2 

Figure 8–11 Failure patterns of different glass panels 
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a) Horizontal direction at 16ms b) Vertical direction at 16ms 
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c) Horizontal direction at 19ms d) Vertical direction at 19ms 

Figure 8–12 Deflection contours of Pane 12-1-2 at different time instants 

      In order to elaborate the difference in glass failure pattern, panel displacements of 

two typical glass panes (9-1-2 and 12-1-2) are presented and analysed. The high-speed 

camera image sequences at the tracking dot matrix on glass panes were post-processed 

and interpreted using a tracking algorithm to form the deflections at each point. 

Considering symmetry of glass panes, trajectories of the upper 6-row and the left 5-

column are provided at two instances. As shown in Figure 8-12, glass panel deformed in 

spherical shape under the blast loading in both horizontal and vertical directions. At 

16ms, the deflections of the glass on Row 1 and Column1 (along the window top and 

left boundaries) were around 10mm. The deflections elevated progressively in both 

horizontal and vertical directions towards the pane central (about 35mm). A clear cone 

can be observed at the central of the pane through the Figure 8-12a and b. This spherical 

deformation shape was amplified as blast overpressure acting on the glass pane over 

time. At 19ms, the central deflection rose to over 60mm, which was associated with the 
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increase in deflections of each row and column. In comparison, Figure 8-13 indicates 

that glass Pane 9-1-2 experienced large deformations near its boundaries. Pane central 

area responded relatively slower than its boundary regions. At 10ms, the deflections at 

the centres of each row and column were 35mm; while in comparison the deflections 

near the boundaries were over 45mm. This deformation shape remained largely the 

same as time went by, while the displacements at each tracking dot increased almost 

evenly. These observations indicate that Pane 12-1-2 failed mainly due to flexural mode 

while Pane 9-1-2 mainly by shear failure mode. This is because the stand-off distance in 

Test 9 is 6 m (scaled distance 3.5m/kg1/3) and that of Test 12 is 9m (scaled distance 4.2 

m/kg1/3). Reducing the stand-off distance and scaled distance increase the blast loading 

intensity and shorten the blast loading duration. A structural panel tends to fail by shear 

mode if the blast loading duration is short and amplitude is large. 
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a) Horizontal direction at 10ms b) Vertical direction at 10ms 
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Figure 8–13 Deflection contours of Pane 9-1-2 at different time instants 
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a) Spherical failure 

  
b) Planar failure 

Figure 8–14 Glass fragments from spherical and planar failure modes 

8.5.2 Fragments 

      Further evaluation was made on glass fragment characteristics of glass panels failed 

in these two patterns. As shown in Figure 8-14, two typical types of fragments were 

collected after each blast trials. Glass pane failed in spherical pattern resulted in slender 

glass shards generally with sharp ends. These were products of shattered glass near the 

pane centres. Despite tempered pane was classified as the ‗safety glass‘, such jagged 

fragments flying at high speed towards residents could lead to lethal threat. In contrast, 

almost squared shape large fragments were found for glass panes failed in planar 

pattern. The current assessment criteria only consider fragment mass and ejecting 
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velocity when evaluating fragment threats. But apparently jagged glass shards with 

sharp ends are a lot more threatening than a squared shard at the same mass and speed. 

Observation herein concludes that tempered glass panels failed at different patterns 

could result in different glass fragments. Spherical failure of monolithic tempered glass 

tends to produce large jagged fragments, which poses serious threat to residents. 

Therefore, it is valuable for personnel protection to investigate monolithic tempered 

glass failure pattern when it is subjected to blast loading.  

Table 8–4 Summary of glass failure patterns in different test specifications 

Pane 
No. 

TNT 
(kg) 

R 
(m) 

Z 
(m/kg1/3) 

Tn 
(ms) td (ms) td/Tn 

Pr  
(kPa) 

Ir  
(kPa ms) 

Failure 
type 

5-1-1 5 10.0 5.85 13.90 - - - - - 

5-1-2 5 10.0 5.85 13.90 - - - - - 

11-1-1 10 12.0 5.57 13.90 - - - - - 

5-2-1 5 4.5 2.63 13.90 - - - - Planar 

5-2-2 5 4.5 2.63 13.90 - - - - Planar 

3-1-2 10 12.3 5.71 23.16 2.82 0.12 82.20 413.25 Planar 

9-1-2 5 6.0 3.51 23.16 1.30 0.06 219.99 363.86 Planar 

12-1-1 10 9.0 4.18 13.90 1.50 0.11 141.47 459.35 Planar 

9-1-1 5 6.0 3.51 13.90 1.30 0.09 219.99 363.86 Planar 

11-1-2 10 12.0 5.57 13.90 2.00 0.14 84.69 296.78 Spherical 

10-1-1 5 8.0 4.68 13.90 2.00 0.14 130.12 377.73 Spherical 

10-1-2 5 8.0 4.68 13.90 2.50 0.18 130.12 377.73 Spherical 

12-1-2 10 9.0 4.18 13.90 3.00 0.22 141.47 459.35 Spherical 

      Similar observations were reported by Morison [16]. It was mentioned that in field 

blasting tests conducted in UK during 1940s, glass damages in early pressure phase 

were found with circumferential crack patterns; while damages that occurred later 

tended to form radial patterns. To study the contributing factors leading to different 

failure patterns, Table 8-4 summaries the tested window failure patterns and glass pane 

information including natural frequency Tn, crack time td, corresponding explosive 

properties, such as overpressure Pr and impulse Ir at crack. Glass failure pressures and 

impulses are plotted against corresponding td/Tn ratio. As depicted in Figure 8-15, glass 

pane failure pattern is primarily governed by the ratio of crack time over its natural 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

8.218 

frequency, which means that larger td/Tn ratio leads to spherical failure of glass pane 

while smaller td/Tn ratio results in planar failure. The reason behind is that spherical 

failure which is flexural response of plate requires longer time for glass pane to deform. 

In contrast, planar failure is formed mainly due to direct shear along window 

boundaries, where glass panel would not have sufficient time to response but fail 

directly under overwhelming blast loading. 
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Figure 8–15 Glass failure pattern with corresponding td/Tn ratio 
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      It is believed that the glass failure pattern and fragment geometry should depend on 

the blast loading conditions, glass panel material, stiffness, boundary conditions and 

dimensions, etc. The limited testing data in the current study indicate that when the 

primary failure mode of the panel is flexural more generated fragments tend to be sharp, 

whereas they are more likely to be squared shape if the failure mode is governed by 

shear failure at the panel boundaries. More studies are deemed necessary to derive a 

general conclusion on the correlations between fragments geometry and the blast 

loading and glass panel conditions. 

Table 8–5 Summary of glass status with pressures and impulses 

Test 
No. 

Pane No. 
Thickness 

(mm) 
W 

(kg) 
R 

(m) 
Ir 

(kPa ms) 
Pr 

(kPa) 
Status 

3 3-1-1 6 10 12.3 413.25 82.20 Shattered 

5-1 5-1-1 10 5 10 268.08 72.91 Intact 

5-1 5-1-2 10 5 10 268.08 72.91 Intact 

5-2 5-2-1 10 5 4.5 542.61 516.06 Shattered 

5-2 5-2-2 10 5 4.5 542.61 516.06 Shattered 

9 9-1-1 10 5 6 363.86 219.99 Shattered 

9 9-1-2 6 5 6 363.86 219.99 Shattered 

10 10-1-1 10 5 8 377.73 130.12 Shattered 

10 10-1-2 10 5 8 377.73 130.12 Shattered 

11 11-1-1 10 10 12 296.78 84.69 Shattered 

11 11-1-2 10 10 12 296.78 84.69 Shattered 

12 12-1-1 10 10 9 459.35 141.47 Shattered 

12 12-1-2 10 10 9 459.35 141.47 Shattered 

13 13-1-1 6 10 12 311.19 86.83 Shattered 

8.5.3 Pressure and impulse analysis 

      The pressure and impulse (P-I) scatters of each test are listed in Table 8-5 with glass 

window damage status. These scatters are plotted with the P-I diagrams generated for 

both 10mm and 6mm tempered glass windows according to UFC and ASTM standards 

to check the accuracy of these design guides. Previous blast test results by Weissman et 

al. [15] on tempered glass window sizing 1.6mⅹ1.2m fully clamped with wood frame, 

and Meyers et al. [14] on 1.4mⅹ0.9m glass windows are also included in the analysis. 
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      As reviewed above, ASTM standard uses 3-second equivalent load to evaluate glass 

windows blast resistant capacity. In the P-I diagram (Figure 8-16), window frangibility 

is therefore represented only by a straight line which covers dynamic and quasi-static 

regions. UFC guide analyses monolithic glass window response by using the SDOF 

system. The blast resistant capacities (Pr) of tempered glass at various time durations are 

incorporated to form the P-I curves. As shown in Figure 8-16, the two design standards 

provide consistent estimations on 10mm thick glass capacity; however ASTM standard 

predicts a higher glass capacity for a 6mm thick glass. Both ASTM and UFC standards 

only provide glass window vulnerabilities for simply supported panel, which differs 

from the fully fixed boundary condition created for the monolithic panes in the current 

test. Modification is therefore needed. 

      Following the steps in UFC3-340-02, a SDOF model is created for monolithic 

tempered glass window with fully-fixed boundary. A non-linear large-deflection glass 

pane model is considered to derive the static resistant function using ABAQUS [17]. No 

damping is considered for the SDOF system. The failure of glass pane is governed by 

the maximum tensile stress experienced. Plotting the derived P-I curve into Figure 8-16, 

it can be found that the new P-I curve gives closer prediction of glass capacity to the test 

results for both the 10mm and the 6mm tempered glass. Based on field blasting test 

results, Weissman et al. gave empirical glass failure pressures at different time durations 

[15]. Through comparison it can be observed that the empirical failure criterion by 

Weissman et al. fits closely with the derived P-I curve especially in the quasi-static 

regime. Since there was no undamaged window data in the current test for 6mm 

tempered glass, there is no low bound to compare with the P-I curve. The P-I curve for 

the 10mm glass window gives slightly conservative estimation when comparing with 

the testing data of the current study. This can be attributed to the following possible 

reasons: firstly, the damping, despite very small, was totally neglected in the SDOF 

model, and the implementation of the static resistant function may not be accurate 

enough. Moreover the failure criteria of UFC standard may not be accurate. The failure 

of glass window in UFC standard is judged by glass tensile strength. However, recent 

study found that glass dynamic tensile strength will be amplified considerably under 

high strain rate loading for annealed glass [18]. There is no laboratory test on dynamic 

amplification effect of thermally tempered glass yet; however tempered glass is a 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

8.221 

product of annealed glass with prestresses. Therefore, it is believe tempered glass will 

share similar dynamic properties with annealed glass. The static failure strength of 

110MPa for tempered glass adopted in UFC 3-340-02 is very likely to underestimate 

real glass strength by ignoring the dynamic increase effect, which consequentially leads 

to a lower estimation of glass window resistance capacity. The ASTM standard gives no 

general methodology to derive the window capability other than the provided simply 

supported boundary conditions. Therefore, no further derivation or comparison is 

conducted with the ASTM standard.  
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Figure 8–16 Glass window performance under different P-I combinations 
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      Apart from the above discussion on the misalignment between testing scatters and 

design standards, UFC standard uses a triangular blast pressure time history which 

totally disregards the negative phase of blast loading. Recent researches have pointed 

out the influences of negative pressure on glass responses, which may result in glass 

failure even the window would have survived the positive pressure [19, 20]. The current 

test scatters do not provide direct evidence supporting this point yet, however judging 

from the observations that glass fragments were sucked out of window frame and 

testing structures in Test 3 and 10, it can be concluded that negative pressure plays an 

important role on glass window response. To sum up, the above comparisons between 

testing scatters and design standards indicates that available design standards could not 

provide very accurate and reliable estimation on monolithic tempered glass windows 

against air blast loading in the impulsive region. The UFC guide gives reasonable 

predictions of the failure in the quasi-static region because the equivalent SDOF system 

is derived based on the flexural deflection curve. It substantially underestimates the 

glass window blast loading resistance capacity in the impulsive region because the 

failure mode of the window panel is governed by the shear failure mode.  

8.5.4 Crack and rupture thresholds 

      Analysis on monolithic tempered glass is advanced by further investigating glass 

crack and pane rupture thresholds. Glass pane deflection histories shown in the section 

three indicated that glass may not necessarily survive the entire positive overpressure, 

i.e., it may break during the action of the positive loading phase. The current test results 

indicate that the glass pane may rupture either right after glass crack during the positive 

pressure phase, or in the negative pressure phase. When it ruptures in the negative 

pressure phase, besides the fragments flying in the opposite direction, the failure pattern 

may also differ from that when the glass pane fails in the positive loading phase. 

Therefore, merely considering the positive blast overpressure as blast loading to analyse 

glass window behaviours does not always lead to reliable predictions.  

      The central displacement of glass panes when crack initiated, the corresponding 

time (tc), overpressure (Pr,c), and impulse (Ir,c), as well as the displacement and time (tr) 

at pane rupture and the corresponding blast loading are collected and summarized and 

listed in Table 8-6. Glass pane deflections at crack and rupture are then plotted against 
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the corresponding pressures and impulses respectively (Figure 8-17). It can be found 

that the failure of glass is very much impulse orientated rather than overpressure. As 

shown in Figure 8-17b, for 6mm tempered glass, cracks were formed when central 

deflection came to about 40mm under about 110kPa ms impulse; thicker glass pane 

(10mm) required higher impulse to shatter glass (about 250kPa ms). However, due to 

the increased pane stiffness, the corresponding deflection at crack was reduced to 

around 20mm. A lot higher impulse was needed to cause glass pane rupture. For 6mm 

tempered glass, pane rupture was initiated under about 250kPa ms impulse; for 10mm 

thick tempered glass, the impulse required for rupture went up to around 400kPa ms.  

-50 0 50 100 150 200 250
0

20

40

60

80

100

 

 

 6mm crack threshold
 6mm rupture threshold
 10mm crack threshold
 10mm rupture threshold

de
fle

ct
io

n 
(m

m
)

Pr (kPa)  
a) Threshold centre deflection and the corresponding reflected pressure 

10 100 1000
0

20

40

60

80

100
 

 

 6mm crack threshold
 6mm rupture threshold
 10mm crack threshold
 10mm rupture threshold

de
fle

ct
io

n 
(m

m
)

Ir (kPa ms)
 

b) Threshold centre deflection and the corresponding reflected impulse 

Figure 8–17 Panel crack and rupture thresholds 
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Table 8–6 Glass panel failure parameters 

Pane 
No. 

Pane 
thick
ness 
(mm) 

ta 
(ms) 

Crack 
disp. 
(mm) 

tc 
(ms) 

Pr,c 
(kPa) 

Ir,c 
(kPa-
ms) 

Rupture 
disp. 
(mm) 

tr 
(ms) 

Pr,rup 
(kPa) 

Ir,rup 
(kPa-
ms) 

3-1-1 6 20.9 38.8 23.7 60.7 117.2 88.6 25.1 45.7 241.9 

9-1-2 6 7.0 42.4 10.0 44.8 113.3 90.6 11.0 23.9 291.9 

9-1-1 10 7.0 18.5 8.3 99.3 207.7 84.8 10.2 40.6 483.2 

10-1-1 10 13.0 22.2 15.0 85.3 214.9 66.4 18.5 6.9 362.0 

10-1-2 10 13.0 23.8 15.5 74.1 325.1 69.1 19.5 -1.1 361.4 

11-1-2 10 19.5 18.2 21.5 58.9 290.9 63.2 23.0 44.1 307.8 

12-1-1 10 13.0 21.9 14.5 108.8 317.9 94.6 18.0 32.6 517.5 

12-1-2 10 13.0 18.5 16.0 76.2 212.4 85.9 19.0 10.9 403.9 

8.5.5 Empirical formula 

      Glass crack and rupture impulse thresholds can therefore be plotted with respect to 

glass pane thicknesses (Figure 8-18). Correlations can be made between monolithic 

pane thickness and failure impulse. Empirical formulas Eq. (8-1) and (8-2) are derived 

based on testing data. Preliminary evaluations on glass damage can be conducted with 

the derived empirical formulas.  

                        (8-1) 

                          (8-2) 

where Ir,crack and Ir, rupture stand for the glass crack and rupture threshold; t is the glass 

pane thickness. The derived formulae are purely from field blasting test results on 1.5m

ⅹ1.2m glass of two thicknesses. More tests with different glass thicknesses and 

window sizes should be performed to better predict glass thickness effect and window 

size influence. 

      It should be noted that ideally the damage threshold P-I curves should be derived 

since under large distant explosions with relatively smaller peak pressure but longer 

duration, the glass panel failure is more likely governed by the pressure in the quasi-

static region. Moreover the glass panel boundary conditions and dimensions besides the 

thickness also affect its failure. Unfortunately the current study only tested the glass 
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panels of the same dimension, and the testing data, as shown in Figure 8-16, mainly 

concentrate in the impulsive region. Therefore only the criteria with respect to the blast 

loading impulse and glass panel thickness are derived from the current testing data. 

Further studies with either more field blasting tests or numerical simulations are needed 

to derive more comprehensive crack and rupture criteria for glass windows. 
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Figure 8–18 Glass crack and rupture impulse thresholds  

8.6 CONCLUSIONS 

In this paper, field blasting tests were conducted to investigate monolithic tempered 

glass vulnerability to air blast loads. The measured reflected overpressures and the pane 

central deflection histories are presented and analyzed. High speed cameras were used 

to record glass pane deformation and failure processes. The entire glass pane 

displacements were monitored with the tracking matrix by the high-speed camera 

images to provide an overview of glass pane deformation and failure pattern. Different 

glass failure patterns were observed, which was found to be highly related to the ratio of 

loading duration over natural period of glass panels. Glass fragments were also 

evaluated with respect to their shapes. It was found that spherical (flexural) failure tends 

to produce large jagged glass shards whereas planar (shear) failure tends to generate 

more square-shaped fragments. The accuracy of the design guides UFC and ASTM in 

estimating monolithic tempered glass window blast resistant capacity were evaluated 

with the blast test results. Previous test scatters were also included in the evaluation. It 

was found that the design guides may not give very accurate estimations, especially 
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when the failure of the glass panel occurs in the impulsive region. Based on the testing 

data, empirical formulae were derived to predict the blast loading impulses to cause 

glass panel crack and rupture.  
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CHAPTER 9.  EXPERIMENTAL INVESTIGATION OF 
MONOLITHIC TEMPERED GLASS FRAGMENT 

CHARACTERISTICS SUBJECTED TO BLAST LOADS 

9.1 ABSTRACT 

A series of field blasting tests of glass windows to blast loadings have been recently 

conducted. This is the second paper to report the testing data. While the first paper 

reports the glass panel response and failure modes, the current paper concentrates on the 

glass fragments induced by the blast loadings. Thermally tempered glass has been often 

adopted for monolithic windows to reduce ejecting fragment hazards after window 

fracture. However, previous blast tests conducted on monolithic tempered glass reported 

that in addition to small cubic fragments the shattered glass panes could break into large 

and jagged fragments similar to the cases in annealed glass which poses much more 

debris threats than expected. A thorough study on tempered glass fragments produced 

by air blast pressure is deemed necessary for better protection of human safety. In this 

paper, fragment characteristics of monolithic tempered glass windows observed in 

blasting tests are analyzed and presented. 1.5m 1.2m monolithic panes of two 

commonly used thicknesses, i.e. 6mm and 10mm, fully clamped onto the opening of an 

enclosed RC frame were tested with 5kg to 10kg TNT charge detonated at 4.5m to 

12.3m stand-off distances. Glass fragment mass and splash distributions both in front of 

and behind the windows were evaluated with respect to overpressure and glass 

specification. Fragment size and shape were also analyzed. High-speed cameras were 

used to monitor glass window fracture processes. Fragment velocities were determined 

by post-processing the high-speed camera images. Fragment ejecting velocities were 

evaluated with respect to the reflected impulse. Negative pressure was found to 

significantly influence the fragment ejecting velocity and fragment splash distributions. 

9.2 INTRODUCTION 

Monolithic glass is ubiquitously used for windows in buildings. However, monolithic 

glass pane is very brittle and fragile which offers limited resistance to blast pressures 

from an explosion. The ejecting glass fragments as a result of fractured glass window 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

9.230 

often travel at very high velocity towards the residents, which therefore have always led 

to enormous injuries and casualties. Post event investigations have cited shattered glass 

windows as one of the major threats in the explosion events. For instance, after the 

Oklahoma City bombing incident, the investigation by Norville et al. [1] reported 198 

people in buildings within a radius of 970 meters suffered direct glass-related injuries 

including lacerations and abrasions. Similarly, in the 2011 Norway bombing attack 209 

out of the total 325 injuries were associated with glass laceration [2]. Considering the 

increasing threats from accidental explosions and terrorist bombing attacks targeting at 

urban areas, it is important to understand the behavior of monolithic glass window 

under air blast waves and the characteristics of glass fragments from fractured windows 

for human protection. 

      Tempered glass has been adopted for monolithic windows to replace traditional 

annealed glass to improve window blast resistant performance. Thermally tempered 

glass, most commonly used for windows, is manufactured by heating and then cooling 

annealed glass in a tempering furnace, which results in compressive residual stress at 

the surface and tensile stress in the centre of glass pane. The stress distribution can be 

represented by a parabola, with the magnitude of the surface compression stress equal to 

twice the centre tension [3]. This prestress in the glass generally makes it four to five 

times stronger than annealed glass. Moreover, once a crack reaches the tensile zone of 

tempered glass, the entire glass sample breaks up due to the energy elastically stored in 

the sample during the tempering process [3]. Because tempered glass shatters into 

numerous small oval shaped fragments rather than jagged and sharp shards from 

annealed glass, it is entitled as safety glass and is widely installed to mitigate laceration 

hazards. However, the propagation of cracks within tempered glass may not necessarily 

reaches the surface but stay in the tensile zone [4]. In other words, only the central layer 

of the tempered glass would break into small cubicles, and the entire pane would remain 

intact until it further ruptures into large pieces. Field blasting tests on monolithic 

tempered glass observed that tempered glass might break into large pieces of fragments 

with sharp edges [5, 6], which impose significant threats to people in the surrounding 

area. The fragment mitigation effect of tempered glass is therefore not necessarily 

always achievable. It is necessary to study and understand the fragment characteristics 

of monolithic tempered glass panes for better protections of occupants.  
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      Several design criteria are facilitated for blast resistant window design with 

fragment considerations. GSA standard [7] classifies glass fragment threat based on 

splash distances into the occupied space (Figure 9-1). TNO defense of the Netherlands 

is in the process of designing a hazard assessment tool for glazing subjected to blast 

loading [8]. A fragment injury module is to be developed based on fragment velocity 

recorded in their continuous field tests. The US Army Technical Center and the US 

Army Corps of Engineers Protective Design Center are also developing injury-based 

glass hazard assessment tools. The primary challenge is the prediction of fragment size, 

shape and velocity, which will be derived from semi-empirical model based on shock 

tube tests. In general, all assessment criteria available or under development require the 

fundamental understanding about the glass fragmentation process and fragment 

characteristics such as fragment size, fragment shape, launching velocity and splash 

distance. Unfortunately, there is still a lack of knowledge in this sphere, and systematic 

study is badly needed.  

 

Figure 9–1 GSA glass window performance levels [7] 

      Experimental investigations into glass fragmentation have been conducted over the 

decades. However, most of previous studies were primarily conducted on annealed glass 

windows. For instance, Doormaal et al. [8] tested 8mm thick annealed glass windows 

under blast loads, and provided the relations of the maximum fragment velocity and 

blast reflected pressure and impulse. Locke and Unikowski [9] used pendulum with a 

steel rig to impact annealed glass. They investigated fragment distribution by collecting 

glass fragments splashed on the ground. More systematic experimental investigations on 

annealed glass windows were reported by Fletcher [10] and Iverson [11], who 

respectively studied fragment characteristics and the related fragment velocity, mass, 

spatial density with blast reflected pressure, and also assessed biological impact from 

ejecting window fragments. The only literature available to public access on tempered 
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glass fragmentation was by Beauchamp and Matalucci [6], who conducted two groups 

of blast tests on tempered glass windows. A block of backstop foam was used to capture 

glass fragments. However, the backstop foams were easily blown away by the blast air 

pressure entering the testing cell after the fracture of glass windows. To dig every single 

piece of the glass fragment cloud out of the stop foams and derive reliable results was 

found painstaking and not practical. The results provided were therefore limited. It was 

recommended that more field blasting tests would be required with better methods to 

deal with ejecting glass fragments. 

      Analytical solution and numerical simulations have also been employed in analyzing 

glass window response [12] and fragmentation process. Based on strain energy coupled 

with damage, Zhang et al. [13] formulated an analytical model for predicting fragment 

size and ejection velocity. The fragment ejection velocity was related to strain rate 

which was regarded suitable to investigate dynamic fragmentation process. Ge et al. 

[14] recently derived semi-analytical solutions to estimate glass fragment velocity and 

splash distance. The derivation was also based on energy principles, and the constants 

involved in the formula were determined by their field blasting test on monolithic 

annealed glass. Numerical methods were widely used to simulate glass window 

responses to blast and impact loads [15-19]. However successful numerical models in 

simulating glass fragmentation are very limited. As pointed out by Hao et al. [20], the 

existing numerical approaches have inherited difficulties in predicting structural 

fragmentations. The popularized SDOF glass window models can only predict the 

overall window responses. The finite element method employs an erosion criterion to 

erode away elements to avoid element tangling, which results in loss of fractured mass 

and also violates the principle of energy conservation. The mesh-less method and 

discrete element method avoid erosion, but the particle sizes and weak sections that will 

lead to structure breakage are pre-determined. Therefore, all these methods not 

necessarily lead to reliable predictions of the fragment size, launching velocity and 

distance.  

      In this paper, field blasting tests on monolithic tempered glass windows were carried 

out to examine glass fragment characteristics. Different combinations of TNT charge 

weights and stand-off distances were detonated in front of an enclosed RC frame built 

purposely to support the window specimens. Tempered glass panes of 6mm and 10mm 
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thick were tested to check the influences of glass thickness on fragment characteristics. 

Glass fragment splash distributions in front of and behind the windows were collected 

and analyzed. Glass fragment size, and shape distribution were also evaluated. Fragment 

ejecting velocities, which were monitored by two high-speed cameras, were reported 

and analyzed. 

9.3 EXPERIMENT SETUP 

The aim of the current tests concentrates on investigating glass fragment characteristics, 

including fragment splash distribution, fragment size, fragment shape, and fragment 

velocity. In each test, fragment masses splashed at various distances, the amount of 

fragments of different sizes, fragment length ratio, and fragment velocity and trajectory 

were tracked and collected. The detailed experimental setup is described in this section. 

9.3.1 Site plan and window frame 

      Figure 9-2 depicts the experiment site for the current field blasting test. A one storey 

reinforced concrete (RC) frame of 3.4m 3.2m 2.0m (Width Length Height) in 

dimension was constructed to support the windows. The RC block was built with two 

individual testing cells. Both side walls and ceiling were fully covered to avoid blast 

wave refraction. The back wall of the frame was left open on purpose for high-speed 

cameras to track the motion of glass fragment, and also to leave more space for ejecting 

fragments to projectile freely without blockage by the back wall.  

      The dimension of windows is 1.5m 1.2m. Monolithic glass pane of two typical 

thicknesses, namely 6mm and 10mm were tested. The monolithic tempered glass panes 

were manufactured by a major glass supplier. The quality of the glass pane was 

controlled following ASTM C1279 [21], which ensures the residual surface 

compressive stress is over 69MPa. The tempered panes were made in the same 

production batch, which guaranteed a similar residual stress level between the glass 

panes. It is to note that due to glass thickness difference, the residual stress in the 6mm 

tempered glass is expected to be higher than that in the 10mm tempered glass panes. But 

neither polariscope test nor destructive bending test was conducted in this study to 

quantity the residual stress on the tempered glass. 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

9.234 

                              
a) Illustration of site specification and arrangement 

                
b) Image of setup testing site  

       
c) Window frame 

Figure 9–2 Testing site arrangement 

      The glass pane was fully clamped by 20mm thick inner frame and 10mm outer 

frame with 50mm embedment on all sides (Figure 9-2c). Both window frames were 

built with mild steel. The inner strips were fastened onto the testing RC frame with M24 

bolts (5 bolts on each side). M12 bolts (3 bolts on each side) were used to fasten outer 

window frame onto inner frame to clamp the glass panes. Plastic pads were placed in 

TNT 
charge 

Pressure 
sensor 

HS 
camera 
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the gap between inner and outer window frames to avoid glass damage during 

installation. The above frame was designed to achieve a fully fixed boundary condition, 

which minimizes glass panes in-plane sliding and also avoid influences from window 

frame deformation and shaking. 

9.3.2 Measurement 

      The fragmentation process of glass panes were monitored by two high-speed 

cameras (FASTCAM SA3 by Photron®) as depicted in Figure 9-3a. Two heavy steel 

bunkers were used to protect high speed cameras from flying glass debris (Figure 9-2b). 

The aperture of lens was set to the widest opening; and the exposure time was set to the 

smallest duration, which managed to achieve a balance with aperture. The cameras were 

filming at 2000Hz restricted by the camera and zoom lens. A tracking matrix with 11-

row by 9-column dots (Figure 9-3b) was plotted on each glass pane to assist high-speed 

imaging. High-speed images were post-processed using a tracking algorithm written in 

Matlab [22] to derive the glass projectile velocity. The high-speed imaging was 

triggered by an external wire which was directly glued to the charge. 

 
 

a) High-speed camera position b) Tracking dot matrix 

Figure 9–3 Schematic plans for high-speed imaging 

      To collect the splashed glass fragments, soft rags were placed behind the windows 

(Figure 9-4a) to prevent glass fragments penetrating into the ground. Inside the RC 

frame, three pieces of rags 1m 2m (length width) were used to cover the area. Behind 

the RC frame 3 pieces of 2m wide rags of 2m, 3m, and 5m long respectively were 

4m HS 
camera 

  

13m 
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placed on the ground to collect glass fragments further propelled out of the RC frame. It 

is worth noting that to reduce the possible further damage of glass fragments when they 

impact the ground, the ground inside and behind the RC frame were covered with a 

layer of soft clay before placing soft rags. This does not guarantee no glass fragment 

would break owing to hitting the ground. However, a soft clay layer surely mitigates the 

impact force, hence reduces the possibility of glass fragment breakage. This allows the 

fragment size distributions more reliably obtained.  

 

a) Collecting rags behind the windows 

 
b) Collecting matrix in front of the window 

Figure 9–4 Schematic glass fragment collecting rags and matrix  

      Special attention was paid to the splash glass fragments sucked out of the windows. 

A collecting block matrix (1m 1m) was plotted on the ground in front of the RC frame 

as shown in Figure 9-4b. No rags were used in case the blast wave would blow away the 

rags or the flame of explosion would light the rags. To reduce the penetration of the 
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glass fragments penetrating into the ground, the ground in front of the window was 

compacted. This would minimize the number of fragments penetrating into the ground 

although it could not completely rule out the penetrations, especially the small fragment 

pieces.  

      A pressure gauge was positioned on the front partition wall between the two glass 

windows (Figure 9-2b). The pressure sensor was elevated at the same level as the center 

of glass pane. The pressure gauge was set at a sampling frequency of 500kHz. 

Table 9–1 Summary of testing scenario 

Test 
No. 

Pane 
No. 

Boundary 
condition 

Thick-
ness 

(mm) 

Size 
(mm mm) 

W 
(kg) 

R 
(m) 

Fragment 
Measured 

Fragment 
velocity 

3 3-1-2 Fixed 6 1500 1200 10 12.3 Front & Back NA 
5-2 5-2-1 Fixed 10 1500 1200 5 4.5 Back NA 
5-2 5-2-2 Fixed 10 1500 1200 5 4.5 Back NA 
9 9-1-1 Fixed 10 1500 1200 5 6 Back Available 
9 9-1-2 Fixed 6 1500 1200 5 6 Back Available 
10 10-1-1 Fixed 10 1500 1200 5 8 Back Available 
10 10-1-2 Fixed 10 1500 1200 5 8 Back Available 
11 11-1-1 Fixed 10 1500 1200 10 12 Back NA 
11 11-1-2 Fixed 10 1500 1200 10 12 Back Available 
12 12-1-1 Fixed 10 1500 1200 10 9 Back Available 
12 12-2-2 Fixed 10 1500 1200 10 9 Back Available 
13 13-1-1 Fixed 6 1500 1200 10 12 Back NA 

9.3.3 Test plan 

      Table 9-1 summarizes the scenario of the current test, which lists the glass window 

specifications including glass thickness, glass pane size, and window boundary 

conditions. The charge information for each test is also given, i.e. TNT weight (W) and 

stand-off distance (R). Each test conducted was sequenced with Test No., where the 

omitted tests were carried out on laminated glass window which are not in the scope of 

the current paper. In Test 5-1 (not listed), two 10mm tempered glass panes were tested 

with 5kg TNT detonated at 10m stand-off distance. However, the blast pressure was not 

able to shatter these monolithic panes. 5kg TNT was then detonated at a reduced 

distance, i.e., 4.5m, on the same pair of windows (Test 5-2). All monolithic tempered 

glass panes were numbered consequentially as Pane No. For instance, Pane 5-2-1 stands 

for the left pane tested in Test 5-2. Fragments behind the windows for all the tests were 

collected and analyzed. Glass fragments in front of the window in Test 3 were also 
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evaluated. Fragments in front of the windows in the subsequent tests were not checked 

because glass splashed on the ground from the Test 3 was difficult to be cleared 

thoroughly (Tests 1 and 2 did not create any glass fragments). Therefore the glass 

fragments from the subsequent test would overlap with those from the previous tests, 

making it impossible to get an accurate fragment evaluation. High-speed camera images 

were available for most tests as indicated in Table 9-1. However, due to overheat of 

laptops, high-speed cameras malfunctioned in a couple of cases, in which the fragment 

velocities were not recorded. 

9.4 RESULTS AND ANALYSIS 

The experimental test observations and quantitative analyses are presented in this 

section. Table 9-2 lists the overpressures and impulses of all the tests.  

9.4.1 Fragment distribution in front of the windows  

      Fragments ejected into the occupied area in the building have attracted a lot of 

attentions. The glass fragments sucked out of the windows are generally ignored. 

However, the glass fragments propelled towards the pedestrians outside the windows 

can lead to an equal threat as those towards the residents inside the room. Therefore, it 

is important to investigate glass fragments in front of the windows. 

Table 9–2 Summary of blast loads 

Test 
No. 

W 
(kg) 

R 
(m) 

Z 
(m/kg1/3) 

Pr 
(kPa) 

Ir 
(kPa ms) 

3 10 12.3 5.71 82.20 413.25 
5-1 5 10 5.85 72.91 268.08 
5-2 5 4.5 2.63 516.06 542.61 
9 5 6 3.51 219.99 363.86 

10 5 8 4.68 130.12 377.73 
11 10 12 5.57 84.69 296.78 
12 10 9 4.18 141.47 459.35 
13 10 12 5.57 86.83 311.19 
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a) Glass fragments in front of the windows 

 
b) Glass fragments on the window frame and the windowsill  

Figure 9–5 Glass fragments of Test 3 

      Figure 9-5 shows the splashed glass fragments of Test 3, where it can be observed 

that glass fragments from the right monolithic pane (3-1-2) was splashed widely on the 

ground in front of the windows. Except glass shards left on the window frame and the 

windowsill (Figure 9-5b), hardly any glass shard could be found behind the windows. 

Close examination on the recorded blast overpressure and glass pane central deflection 

history shown in Figure 9-6 explains the observation. Glass crack and pane rupture 

initiated (indicated by the open symbol) as the reflected pressure acted on the glass 

pane. Glass fragments were formed at a relatively later time (shown by dotted line on 

deflection history) when the positive pressure almost stepped out. Negative pressure 

took into effect shortly after fragments were formed. The negative pressure dominated 

the motion of the glass fragments, which led to the rebound of the glass fragments. 
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Table 9–3 Fragment size distribution 

Size(mm mm) Number 
120 120 1 

80 80 6 
80 40 0 
40 40 11 
30 30 10 
70 10 4 
50 10 1 
20 20 0 
30 10 0 

≤15 15 802 
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Figure 9–6 Pressure and deflection time history for Pane 3-1-2 

      A large number of glass fragments were found on the ground in the region from the 

window to about 2m distance in front of the window. The fragments in this area were 

comprised of almost all small cubicle with nominal length smaller or equal to 15mm. 

Fragments splashed beyond 2m distance in front of the window were collected with the 

collecting matrix shown in Figure 9-4b. As listed in Table 9-3, the majority of the 

collected fragments in the matrix were fine fragments with an area below 15mm by 

15mm. Considerable amount of large fragments were found in this region as well 

(Figure 9-7). Table 9-4 describes the spatial distribution of the small fragments with 

nominal length smaller or equal to 15mm. Since the fragments from 0 to 2m were not 

collected, the corresponding cells in the table were left void. From Table 9-4 it can be 

found that for the 1.5m by 1.2m glass window engaged in Test 3, the splashed 

fragments covered a 4m wide by 12m long area. The major threat from ejecting glass 
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fragments came in the longitudinal direction. The mass of the collected fragments in all 

sizes is normalized against the total mass of the 6mm glass pane, and is plotted versus 

the longitudinal splash distance (Figure 9-8). As can be observed, over 80% of glass 

fragments were within a distance of 2m from the window. The proportion of fragments 

decreased gradually with the splash distance. The farthest fragment found was at about 

12m from the window. 

 

Figure 9–7 Large glass fragments collected in front of Pane 3-1-2 

Table 9–4 Number of glass fragments (larger than 15mm2) in front of the window in Test 3 

 Transverse direction 

-2~-1m -1~0m 0~1m 1~2m 

Lo
ng

itu
di

na
l d

ire
ct

io
n 

0~2m - - - - 

2~3m 18 52 73 25 

3~4m 30 60 70 30 

4~5m 14 58 74 25 

5~6m 26 24 32 13 

6~7m 16 9 24 8 

7~8m 13 7 10 5 

8~9m 13 8 7 5 

9~10m 5 8 6 5 

10~11m 3 4 8 4 

11~12m 2 5 3 0 
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Figure 9–8 Fragment spatial distributions in front of window of Pane 3-1-2 

      The above test observations and analysis showed that negative pressure could play 

an important role on the trajectory of ejecting glass fragment. Glass fragments can be 

pulled out of the window by negative pressure. Due to test ground restriction, limited 

test was conducted but further study is needed to fully investigate the suction behavior 

on glass window fragments in blast incidents. 

9.4.2 Fragments behind the windows 

      Glass fragments propelled into the occupied testing cells are more intensively 

analyzed in this section. Splashed fragment mass, fragment size distribution, fragment 

shape, and fragment ejecting velocity are studied. 

Glass window fragmentation process 

      Figure 9-9 illustrates the typical glass pane fragmentation process recorded by the 

high-speed camera, and the glass fragments splashed on the windowsill and the rags for 

Pane 10-1-1. As shown in Figure 9-9a, the glass pane began to deform at t=13ms when 

the shock front arrived and acted on the panel. The glass pane cracked thoroughly into 

fine cubicles throughout the entire panel; however these fine cubicles were still stuck 

together without any fragment formed. Rupture initiated later at t=18.5ms, and glass 

fragments were propelled into the room. Large amount of glass fragments including 

both large pieces and numerous small glass clouds were formed. After the test, the 

propelled glass fragments can be widely observed from the windowsill deep into the 

room on the collecting rags (Figure 9-9b). 
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t=0ms t=13ms t=15ms 
Detonation Blast wave front arrived Glass cracked and broke into 

fine cubicles 

   
t=18.5ms t=25ms t=70ms 
Crack extended and rupture 
initiated 

Panel broke into many pieces Glass fragments formed and 
propelled  

a) Image sequence of failure of Pane 10-1-1 

  
On windowsill 0~1m 

  
1~2m 2~3m 

b) Glass fragments on rags 

Figure 9–9 High-speed camera images and glass fragments of Pane 10-1-1 
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Table 9–5 Summary of glass fragment masses collected behind the window 

Pane 
No. 

Thick-
ness 
(mm) 

TNT 
(kg) 

Stand-off 
distance  

(m) 

Fragment mass (kg) 

0~1m 1~2m 2~3m 3~5m 6~8m 9~13m 

3-1-1 6 10 12.3 0.07 0.01 0.00 0.00 0.00 0.00 

5-2-1 10 5 4.5 2.04 2.91 6.03 2.03 2.84 1.57 

5-2-2 10 5 4.5 3.19 2.56 5.27 2.28 3.28 1.68 

9-1-1 10 5 6 3.80 5.80 4.50 0.50 0.45 0.06 

9-1-2 6 5 6 1.10 0.75 1.70 0.80 0.75 0.10 

10-1-1 10 5 8 2.75 1.50 1.25 0.00 0.00 0.00 

10-1-2 10 5 8 0.11 0.10 0.02 0.00 0.00 0.00 

11-1-1 10 10 12 1.18 1.31 1.20 0.80 0.05 0.00 

11-1-2 10 10 12 1.64 2.32 1.30 0.50 0.08 0.00 

12-1-1 10 10 9 1.85 1.60 1.04 0.50 0.12 0.00 

12-1-2 10 10 9 1.70 1.20 2.00 0.33 0.02 0.00 

13-1-1 6 10 12 1.34 1.10 0.45 0.01 0.01 0.01 

Total fragment mass distribution 

      The glass fragment masses collected by the rag matrix for each glass pane were 

weighted and listed in Table 9-5. The total fragment masses collected are normalized 

against the glass pane masses, and plotted against the scaled distances of charge and 

reflected pressures. As shown in Figure 9-10a, the amounts of the ejected fragments 

were inversely proportional to the scaled distances of the TNT charge. For the 10mm 

tempered glass panes, when 5kg TNT was detonated at 4.5m (Z=2.5m/kg1/3), about 55% 

of glass were propelled into the occupied area. The amount of glass fragments dropped 

quickly as the scaled distance increased. When the scaled distance was larger than 

4m/kg1/3, less than 20% of glass fragments were resulted and ejected into the room. The 

ejected fragment mass also appeared to be proportional to the reflected blast pressure 

(Figure 9-10b). Namely, larger reflected pressure resulted in more shattered glass 

fragments propelled into the occupied area. A blast pressure with peak reflected 

pressure 80kPa produced less than 20% of glass fragments, while 55% of fragments 

were generated when the peak reflected pressure was about 500kPa. It is worth noting 

that for 6mm tempered glass panes, when 10kg TNT was detonated at 12m stand-off 

distance, about 15% of glass fragments were found propelled into the testing cell; 

however, when moving the 10kg TNT charge slightly farther away to 12.3m (Test 3 
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discussed above), much less fragments were resulted behind the window on an identical 

6mm glass pane, and most glass fragments were found sucked to the front of the 

window. It appears there is a boundary where negative pressure will significantly affect 

the mass and ejecting direction of the shattered glass fragments. In evaluating this effect 

on the 6mm and 10mm glass panes, the current test results indicate that the 6mm panes 

is more sensitive to the influence of negative pressure, i.e., higher proportion of the 

glass fragments is sucked to the front of the window, which is probably because the 

thinner pane is lighter and easier to be sucked out, while the heavier thicker glass 

fragments are more difficult to be sucked out because of the higher inertial resistance. 

Also as depicted in Figure 9-10 that in Test 9 about 27% of the 6mm tempered glass 

pane were shattered and propelled into the testing cell; in comparison, over 45% of the 

total mass of the 10mm tempered glass panes were shattered and ejected into the room, 

implying less fragments were sucked out to the front of the window. This again 

demonstrates that the thinner glass panel is more sensitive to negative phase blast 

loading owing to the less inertial resistance of the thinner glass fragments, making them 

easier to change the trajectory direction and being sucked out of the room. 

1 10
0%

20%

40%

60%

80%
 

 

 6mm
 10mm

m
as

s 
pr

op
or

tio
n

Z (m/kg1/3

 
a) Fragment mass vs. scaled distance 
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b) Fragment mass vs. reflected pressure 

Figure 9–10 Ejected fragment masses vs. scaled distance and the reflected pressure 

Fragment splash distributions 

      The proportions of the glass fragment masses over the total pane mass are plotted 

versus splash distances for the 10mm and 6mm tempered glass panes respectively in 

Figure 9-11a and b. To simplify the figure, the fragment distribution bars in those tests 

which involved two identical panes are averaged. From Figure 9-11, it can be found that 

generally higher blast pressure not only resulted in more ejected glass fragments, but 

also propelled the fragments farther into the rooms. For instance, when a 10mm thick 

tempered pane was subjected to 516kPa pressure in Test 5-2, a significant amount of 

fragments were pushed deep into the area beyond 2m distance; in comparison when it 

was subjected to 220kPa pressure in Test 9, there were still quite a large amount of 

fragments which were mainly splashed within 3m distance. When the reflected pressure 

was 130kPa in Test 10, the amount of fragments plummeted quickly which were mostly 

around 1 to 2m distances behind the windows. For the 6mm tempered glass panes, a 

similar trend can be observed through Figure 9-11b. When about 220kPa blast pressure 

was applied to the glass pane in Test 9, a large amount of glass fragments were 

propelled far behind the window, where significant number of fragments was found 

beyond 3m distance. In contrast, when blast pressure was about 86kPa, a much less 

amount of fragments were splashed mostly right behind the window in Test 13. In Test 
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3, which negative pressure resulted overwhelming suction on shattered glass fragments, 

therefore much less fragments flied into the room. 
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a) 10mm glass fragment splash distribution 
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b) 6mm glass fragment splash distribution 

Figure 9–11 Fragment splash distributions 

      Figure 9-12 compares the fragment splash distributions of 6mm and 10mm 

tempered glass panes. As shown in Test 9, the fragments of the 6mm pane were 

propelled farther into the room; while those of the 10mm pane were mostly splashed 

behind the window. This is believed to be attributed to the mass difference. Under the 

same reflected impulse a thinner pane with lighter mass will travel faster, and therefore 

fly farther. Nevertheless, Figure 9-12b shows some inconsistent results. In Test 11 and 

13, 6mm and 10mm tempered glass panes were both subjected to 10kg TNT at 12m 

stand-off distance. The fragments of the thinner pane (6mm) in these two tests were 
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splashed nearer than the thicker one (10mm). The reason could again be attributed to the 

influence of negative pressure. As mentioned above, negative phase of blast pressure 

has significant influences on the distribution of fragments for a thinner glass pane. 

When negative pressure dominates, shattered fragments tend to be pulled out of the 

window rather than pushed in. 
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a) Test 9-1 with 5kg TNT at 6m 
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b) Test 11 and 13 with 10kg TNT at 12m 

Figure 9–12 Influences of glass thickness on fragment splash distributions 

      The above observations demonstrate that blast loading (amplitude and duration in 

both the positive and negative phases) and the window structures, as expected, will all 

affect the glass fragment distributions. 

Fragment size distribution 

      Fragment size is another major concern of the current study. As mentioned in the 

first section, previous blast tests have reported that monolithic tempered glass panes 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

9.249 

produced glass fragments larger than expected. Large sharp glass fragments instead of 

small dices were found from tempered glass panes. Large fragments flying at high speed 

could impose more threats than small fragments associated with less momentum and 

energy. Therefore, it is worthy to study fragment size distribution for monolithic 

tempered glass windows subjected to blast loads. 

  
a) Pane 5-2-1 b) Pane 5-2-2 

Figure 9–13 Fragments collected of after Test 5-2 

 

Figure 9–14 Fragments collected after explosion 

      The glass fragments collected behind the windows were seized. The fragments 

larger than 15mmⅹ15mm were counted, and those smaller or equal to 15mmⅹ15mm 

were weighted. 150 pieces of such smaller fragments were randomly picked and 

weighted to give sampling weight for the 6mm and 10mm glass panes respectively 

(Figure 9-14 and Table 9-6). The number of small fragments was then derived by 

20m
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dividing the total weight of the collected fragments in that small size range by the 

weight of 150 randomly collected small fragments. 

Table 9–6 Weights of 150 small fragments from two panels after explosion test 

Thickness 10mm 6mm 

Size ≤15mmⅹ15mm ≤15mmⅹ15mm 

Sampling weight 0.72kg/150pcs 0.43kg/150pcs 

Fragment amount vs. size 

      Fragment size distribution was examined using fragment nominal length, which is 

the square root of the fragment area. The number and the mass proportions of fragments 

in different nominal lengths for the 6mm and 10mm tempered glass panes are provided 

in Figure 9-15. It can be found that the majorities of glass fragments captured were 

small fragments with nominal length 15mm or less. The amount of fragments drops 

quickly as the nominal length increases until it is larger than 30mm. The number of 

fragments with the nominal length larger than 30 mm is relatively small. 

      Based on the above observations, fragments are re-categorized into ‗small 

fragments‘ with nominal length less than 30mm (NL<30) whose total amount were 

found to be predominant in the current tests, and ‗large fragments‘ with nominal length 

larger than or equal to 30mm (NL≥30). It should be noted that more detailed categories 

were tried, e.g., defining the fragments of nominal length less than 15 mm as small 

fragments, those between 15 mm and 30 mm as medium sized fragments. Unfortunately 

no general trend between the number of fragments and the pressure and impulse can be 

found with those definitions. Therefore only two types of fragments, i.e., small and 

large, are defined in the present study. The amounts of fragments are plotted versus 

reflected pressures and reflected impulses in Figure 9-16 to evaluate the potential 

relationship between fragment size and blast loading. It can be found that the amount of 

small fragments increased as the reflected pressure and impulse increased. For the 

10mm panes, when subjected to 85kPa pressure and 296kPa ms impulse, about 300 

pieces of small fragments were produced. The amount of small fragments increases with 

the blast pressure and impulse. When subjected to 516kPa pressure and 542kPa ms 

impulse, the amount of small fragments rose to over 1200 pieces. The 6mm tempered 
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glass showed a similar trend. The reason is probably because under higher impulse, 

glass pane had more sufficient time for the premature cracks in the central tension zone 

to extend to its surface, and consequentially fully break into small pieces. It can also 

been observed that under similar level of reflected blast impulses, more small fragments 

were generated from the 6mm tempered glass than that from the 10mm tempered glass. 

This is likely due to the influence of residual stress on the tempered pane. As pointed 

out by Tandon and Glass [23] the size of fragments is inversely proportional to the 

residual stress. As mentioned above, since higher residual stress is expected on the 

thinner 6mm tempered glass, the monolithic pane tends to fracture into smaller 

fragments. Therefore, more small fragments will be generated from the 6mm pane than 

the 10mm pane. 
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c) 6mm tempered glass 

Figure 9–15 Fragment size distributions 
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b) Fragment amount vs. reflected impulse 

Figure 9–16 Fragment amount vs. reflected pressure and impulse 
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      The threats of large fragments are further examined by evaluating their splash 

distances behind the windows. The total masses of large fragments (NL≥30) are 

normalized against the total fragment masses for each test and then are plotted against 

splash distance for the 10mm and 6mm tempered glass panes, respectively. As shown in 

Figure 9-17, reflected impulse plays an important role on the projectile distance of large 

fragments. For instance, in Test 5-2 under 543kPa ms blast impulse, large fragments 

were mostly propelled deep into the test cell, while in comparison under 364kPa ms 

blast impulse on Pane 9-1-1, large fragments were mostly splashed merely behind the 

window. Despite only three 6mm panes tested (no fragments collected behind the 

windows on Pane 3-1-2), similar trend can still be observed. When 364kPa ms impulse 

was applied to the 6mm tempered glass pane, large fragments were pushed 2 to 3m into 

the room; when a 6mm pane was subjected to 311kPa ms impulse, the large fragments 

were propelled nearer at 1 to 2m distance behind the window. 
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Figure 9–17 Large fragments (NL≥30) splash distribution 
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      The observations and analysis on fragment size distribution indicate that under air 

blast loading, monolithic tempered glass not necessarily breaks into small cubicles. 

Small amount of large glass fragments can be produced. The reflected pressures and 

impulses influent the formation of glass fragments of different sizes. The large 

fragments will be propelled deep into the occupied area under reflected impulse. 

Fragment shape 

      Fragment shape is another concern in studying the glass fragment. High-speed 

camera images on glass window failure processes indicated that glass windows 

generally failed in two modes. When the glass panes failed at an early stage of blast 

load, planar failure, i.e., shear failure along the boundary of glass panel, was observed 

among the glass panes tested in the study; when the glass panes broke at a later stage, 

they failed mainly with spherical or flexural failure mode. The reason leading to the 

different failure pattern was due to the ratio of load duration (td) over pane natural 

frequency (Tn). When td/Tn is large, the glass pane has sufficient time to deform. 

Maximum deflection is formed at the central of the glass pane, which results in 

spherical failure. On the other hand, if td/Tn is small, the glass pane fails brittlely with 

direct shear failure along the boundaries of the glass pane, which leads to the planar 

failure of the windows. 

Table 9–7 Summary of the number of sharp fragment in different sizes with failure patterns 

Pane 
No. Failure type Tn (ms) td (ms) td/Tn 

Fragment size (mm mm) 

30 10 50 10 70 10 80 40 Total 
number 

13-1-1 - 23.16 - - 4 3 0 1 8 
11-1-1 - 13.9 - - 12 4 6 1 23 
3-1-2 Planar 23.16 2.82 0.12 0 0 0 0 0 
9-1-2 Planar 23.16 1.3 0.06 10 6 2 0 18 
12-1-1 Planar 13.9 1.5 0.11 4 9 0 0 13 
9-1-1 Planar 13.9 1.3 0.09 6 3 3 2 14 
5-2-2 Planar 13.9 1.7 0.12 9 11 1 0 21 
5-2-1 Planar 13.9 1.8 0.13 6 2 0 0 8 
10-1-2 Spherical 13.9 2.5 0.18 0 0 0 0 0 
10-1-1 Spherical 13.9 2.0 0.14 16 20 7 4 47 
12-1-2 Spherical 13.9 3.0 0.22 50 12 0 6 68 
11-1-2 Spherical 13.9 2.0 0.14 26 12 0 4 42 
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a) Pane 10-1-2 b) Pane 11-1-1 

  
a) Pane 12-1-1 b) Pane 13-1-2 

Figure 9–18 Typical large fragment shapes 

0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28
0

20

40

60

80

100

 

 

 Plannar
 Spherical

Fr
ag

m
en

t c
ou

nt

td/Tn  

Figure 9–19 Number of sharp fragments with pane failure patterns 

      When evaluating glass fragments collected after each test, it was noticed that large 

amount of sharp glass fragments were collected from those panes failed in spherical 
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failure. And in contrast planar failure produced more square shaped fragments (Figure 

9-18). The numbers of sharp glass fragments of different sizes are listed in Table 9-7 

together with pane failure patterns. It is to note that for Pane 10-1-2 due to significant 

suction from negative pressure, almost all the shattered glass fragments were pulled out 

the window and splashed in front. Therefore no slender and sharp fragments were able 

to be collected in the testing cell and listed in Table 9-7. Figure 9-19 shows the total 

number of sharp fragments collected corresponding to the two different types of failure. 
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a) Pane 9-1-1 
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b) Pane 11-1-2 

Figure 9–20 Velocity histories tracked at pane centrals and corners 
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Fragment ejecting velocity 

      Fragment velocity in the current tests was traced by high-speed camera images. 

Considering the field testing environment and the large amount of glass fragments 

produced during tempered glass window fragmentation processes, it was not practical to 

track every single glass fragment. Previous researchers concentrated on glass pane 

central fragment velocity only [14]. This simplification could lead to large variation as 

fragments at the corner could eject at higher velocity. In the current test, a balance was 

struck by using the tracking dot matrix as described in the second section. The fragment 

velocities at the 99 tracking points were post processed on high-speed camera images. 

      Figure 9-20 depicts the velocity histories tracked at both the pane centrals and the 

corners. As shown in Figure 9-20a, the glass velocity began to rise quickly at around 

7ms when the blast wave arrived and began to push the glass pane inside. The velocities 

at both the glass pane central and corner soared to about 20m/s as glass rupture occurred 

and glass fragments were formed. These velocities decreased gradually as negative 

pressure sucked the glass fragments. Both the peak and residual velocities for the glass 

fragments at the corner were higher than those at the glass pane centrals. High-speed 

camera images indicated Pane 9-1-1 failed in planar pattern where glass along the 

window boundary ruptured earlier and more severe than the central region. In 

comparison, Figure 9-20b shows the velocity histories of glass Pane 11-1-2, which 

failed in spherical pattern. The glass fragment at the pane central was ejected at a peak 

velocity of 22m/s; while the fragment velocity at the pane corner was only around 

12m/s. The fragment velocities at both the pane central and the corner reduced under the 

effect of negative pressure. The glass fragment velocity at the pane corner quickly 

plummeted to about 2m/s. Through comparison it can be observed that the glass 

fragment velocities at the pane centrals and near the window corners vary, and glass 

pane failure pattern would influence the ejecting glass fragment velocity. Glass pane 

failed with the spherical pattern resulted in the largest velocities on the fragments from 

the panel central area, whereas the largest velocities are associated with the fragments 

from the boundary areas when the glass pane failed with the planar pattern.  
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Figure 9–21 Glass fragment residual velocity distributions 

      As depicted in Figure 9-20 on the glass fragment velocity histories, after reaching 

the peak, the fragment velocity decreased owing to the combined effects of air 

resistance and negative pressure. Some researchers also attributed this velocity drop to 

the glass pane response such as additional membrane strength when it deforms and 

energy consumption when glass rupture occurs [24]. The fragment velocities decayed to 

a rather steady level – residual velocities, which, rather than the peak velocities, provide 

a better definition of glass fragment ejecting velocities. The residual fragment velocities 

monitored at each tracking dot are normalized and shown in Figure 9-21. The maximum 

velocities captured as well as the averaged velocities are also indicated in each figure. In 

Test 9 where a 10mm tempered pane was tested in pair with a 6mm pane, the thinner 

glass pane produced fragments with more spread velocity varying from less than 1m/s 

to a maximum of 20m/s. The distribution for the 10mm tempered glass Pane 9-1-1 was 

more concentrated in the region from 2m/s to 17m/s. The thinner pane generated glass 

debris with higher maximum velocity than the thicker pane due to its light weight. In 

Test 10 with 5kg TNT detonated at 8m stand-off distance, the average fragment 

velocities dropped significantly to 5m/s and 6m/s respectively. The distributions were 

skewed towards the lower ejecting velocities. This phenomenon was attributed to the 

suction from the negative pressure. The averaged fragment velocity of Pane 11-1-2 

subjected to 10kg TNT at 12m with a relatively lower reflected pressure and impulse as 

compared to the above cases was smaller. When the two 10mm tempered glass panes 

were under blast loading effect from 10kg TNT at 9m stand-off distance, their 

maximum velocity distributions covered a wide region. A maximum ejecting velocity 
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26m/s was observed in Pane 12-1-1; while the 20m/s maximum ejecting velocity was 

also tracked on the other pane.  
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Figure 9–22 Residual glass fragment velocities versus reflected impulses 

      Observation and comparison in Figure 9-21 indicated that the residual velocities of 

glass fragments appeared to be closely related to the blast loading they experienced. The 

residual glass fragment velocities are summarized, and plotted against reflected 

impulses with both the maximum and averaged fragment speeds. As shown in Figure 9-

22, the averaged residual velocities are basically proportional to the reflected impulses. 

The velocity increased from 4.2m/s when subjected to 297kPa ms impulse to about 

10m/s when impulse grew to 460kPa ms. The maximum values tracked for glass 

fragment residual velocity also showed an increasing trend. It can therefore be 

concluded that the ejecting velocity of glass fragments are closely related to the 

reflected blast impulse. Large reflected impulse leads to glass fragments ejecting at high 

velocity. The failure pattern of glass pane was found to influence the velocity of 

fragments. As can be seen from Figure 9-22, for the 10mm thick tempered glass, the 

panes failed in planar pattern produced fragments traveling with higher ejecting 

velocities. And the ejecting velocities for the panes in spherical failure were in general 

slightly lower. It can also be observed from Figure 9-22 that fragment ejecting velocity 

tends to be glass thickness dependent. The fragments from the 6mm tempered pane 

were found traveling with a higher maximum velocity than those from the 10mm pane 

tested under the same blast loading. However, no significant difference could be found 
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on the averaged fragment velocities between the 6mm and 10mm panes tested. Only one 

testing data on fragment velocity was derived for the 6mm tempered glass pane. More 

tests are demanded to further discover the glass thickness influence to fragment 

velocity. 

      The tracked residual velocities provide direct indication of fragment ejecting 

velocity. The tracked residual velocities are compared with the fragment velocities 

derived using the fragment propelled distances. The glass fragment propelled to the 

farthest distance in each test was collected, measured and listed in Table 9-8 together 

with their sizes. The associated ejecting velocities were calculated as following using 

Newton‘s second law. 
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where u is the fragment horizontal traveling distance, v is the vertical falling distance, 

and t is the fragment flight duration. m is the fragment mass, and g is gravity. kL and kD 

stand for the air lift and air drag factors respectively, which can be expressed as  

   
 

 
      (9-3) 

   
 

 
      (9-4) 

where ρ is air density, AD and AL are fragment drag and lift areas. CD and CL are the air 

drag and lift coefficients.  

      Considering the negligible air lift and drag due to low fragment velocity, the air lift 

and drag terms are neglected. The initial fragment heights v0 are determined according 

to the pane failure patterns. For instance, if a pane failed in planar pattern, then the glass 

fragment is assumed from the top corner of the panel at the ejecting height of 1.6m 

above the ground. On the other hand, if the panel failed in spherical pattern, the 

fragment is assumed from the central area of the panel and the initial height is then 

0.85m above the ground. The back calculated ejecting velocities are compared with the 

ejecting fragment velocities tracked with high-speed cameras. As shown, the derived 
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fragment ejecting velocities match closely with those tracked by high-speed cameras. 

The velocities derived from propelled fragments are in general slower than the 

measured fragment velocities tracked by high-speed cameras. But overall, the 

comparison indicates that the fragment movements monitored by the high-speed 

cameras provide accurate and reasonable results. 

Table 9–8 Fragment maximum launch distances and computed velocities 

Pane 
No. 

Fragment size 
(cm cm) 

Failure 
pattern 

Height v0 
(m) 

Distance umax 
(m) 

Vcal 
(m/s) 

VHS 
(m/s) 

9-1-1 0.8 0.8 Planar 1.6 10.7 18.7 16.4 
9-1-2 2.0 3.0 Planar 1.6 11.2 19.6 19.9 

10-1-1 1.0 1.5 Spherical 0.85 4.7 11.3 11.6 
10-1-2 2.0 2.5 Spherical 0.85 4.9 11.8 13.7 
11-1-2 2.5 2.5 Spherical 0.85 5.9 14.2 16.4 
12-1-1 1.0 1.5 Planar 1.6 11.9 20.8 25.4 
12-1-2 2.0 2.0 Spherical 0.85 7.3 17.5 18.5 

9.5 CONCLUSIONS 

Glass fragmentation characteristics, namely the distributions of fragment size, mass, 

shape, launching velocity and flying distances, have been analyzed in this paper based 

on the data from field blasting tests on monolithic glass windows with thermally 

tempered glass pane. Analysis on splashed glass fragments concluded that blast pressure 

governs the amount of ejecting fragments. High reflected pressure in general produces 

more fragments and propels fragments farther behind the windows. Negative pressure 

also influences the splash distribution of shattered glass pane, and this effect is more 

obvious to thinner glass panes. The test data further confirm the founds by other 

researchers that tempered glass under blast loadings may not necessarily only produce 

small cubical fragments as in the case of quasi-static situations, but is also possible to 

generate large pieces of sharp fragments. In general relatively small blast loadings result 

in less number but larger glass fragments than large blast loadings. Glass pane failure 

pattern also influences the fragment shapes. Planar failure associated with the direct 

shear failure mode of the glass panel leads to more squared glass fragments, while 

spherical failure owing to flexural failure of the glass panel produces more sharp 

fragments. Comparing the glass movement at the pane central and the corner reveal that 

glass fragments with maximum ejecting velocity is not necessarily always from the pane 
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central. When the pane fails in planar pattern, the debris near the window corners travel 

faster than those at pane central. It is also found that glass fragment residual velocities 

are proportional to the reflected impulse. 
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CHAPTER 10.  EXPERIMENTAL STUDY OF LAMINATED 
GLASS WINDOW RESPONSES UNDER IMPULSIVE AND 

BLAST LOADING 

10.1 ABSTRACT 

Laminated glass panes are widely adopted as blast-resistant glass windows to mitigate 

the hazard from ejecting fractured glass fragments. The response of laminated glass 

windows under blast loads is often predicted by equivalent static analysis or simplified 

equivalent single degree of freedom (SDOF) analysis. The equivalent SDOF and 

equivalent static analyses are also respectively adopted in UFC and ASTM design guide 

for glass window designs. Owing to the inherent problems, the SDOF analysis can only 

predict the global responses of glass windows and the predictions are not necessarily 

always satisfactory. Therefore the accuracy and applicability of the SDOF analysis is 

sometimes questioned. Often numerical simulations and/or experimental tests have to be 

carried out for reliable predictions of laminated glass window responses to blast loads. 

In this study, experimental tests on laminated glass windows subjected to impact and 

blast loads were carried out to evaluate the accuracy of available analyses and design 

methods. Pendulum impact tests were conducted first on laminated panes of various 

thicknesses. Full-scale field blasting tests were performed on laminated glass windows 

of dimension 1.5m 1.2m. Glass pane deflections were monitored by mechanical linear 

voltage displacement transducer (LVDT) and high-speed cameras. The responses of the 

tested windows are compared with the estimations of SDOF models and design 

standards in this paper. Available blast testing data by other researchers are also 

included together with the current testing data to evaluate the accuracy of the SDOF and 

equivalent static analyses defined in the design guides. The adequacy of these simplified 

approaches in predicting laminated glass window responses to blast loads is discussed. 

10.2 INTRODUCTION 

Glass is ubiquitously used as structural façade and building windows. However, 

glass is a brittle and fragile material that traditional monolithic glass panes offer 

little resistance particularly to extreme loads such as impact and air blast loads. 
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Because the fractured glass shards due to blast loads are jagged and flying at high 

velocities, the failure of glass windows often leads to enormous casualties. The 

investigation on blast resistant glazing dates back to World War II. A number of 

retrofit solutions have been introduced [1]. Of the various mitigation measures, 

laminated glass has been proved to be one of the most direct and effective methods 

to reduce the risk of glass fragment injuries on the residents. Laminated glazing is 

made up of two or more layers of glass panes laminated together with one or 

multiple plies of polymer interlayers. The aim of laminated glass is to prevent 

shattered glass shards from ejecting towards the residents. After glass cracking, the 

splinters will be held by the interlayer which with substantial ductility, deforms 

significantly as a continuous membrane. The study on laminated glass response to 

air blast load has been being carried out since it was firstly introduced from 

automobile to structural glass windows. The Irish terrorism attacks on British 

barracks during the 1980‘s and 1990‘s fueled the substantial investigations and 

development of laminated glass windows. Empirical design procedures were 

consequentially drafted based on field blast testing results, which basically defined 

the minimum required stand-off distance to prevent failure. With more testing data 

on laminated panes, it was realized that simply interpolating empirical data to 

windows of other dimensions and different blast loading scenarios other than those 

tested could lead to enormous errors as non-linear relationship were found between 

glass window response and the explosion threat. More and thorough studies are 

therefore deemed necessary to better understand the response of laminated glass and 

to give more accurate estimation of laminated glass blast loading resistant 

capacities. 

      Larcher et al. [2] describes the failure process of laminated glass under lateral 

pressure in five phases: 1) Glass plies deform elastically; 2) the outer glass ply 

cracks; 3) the inner glass ply breaks; 4) the PVB interlayer deforms elastically and 

then plastically; 5) the interlayer fails at ultimate stress (strain) or cut by the glass 

shards. The above steps outline the general behavior of laminated glass under blast 

loading. The behavior of pre-cracked laminated glass has been extensively studied 

by some researchers [3-5]. A major concern is the amount of shear force transferred 

through the polymer interlayer in the composite laminated pane. Earlier studies were 
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to draw an upper bound to equivalent the total thickness of laminated pane to a 

monolithic pane of the same thickness and a lower bound of two glass plies only by 

assuming no shear transfer through the interlayer. Wei et al. [3] constructed a finite 

element model of laminated pane using a viscoelastic material model for PVB to 

investigate the role of interlayer. It was concluded that there were only minor 

differences in pane deflection and principal stress between laminated glass and 

monolithic glass of the same thickness. By using a Generalized Maxwell Series 

model, Duser et al. [4] took the strain-rate effect into consideration in their analysis. 

It was found that the tensile stress on the outer glass ply was slightly higher than that 

of an equivalent monolithic pane which marginally increases the possibility of 

failure initiating on the inner glass pane. Morison [5] summarized relevant previous 

studies and commented that regardless of the influence of interlayer on stress 

distribution, which hardly alters the failure probability of laminated pane, for glass 

pane under large deflection where membrane stress is substantial, the upper and 

lower bound of laminated pane stiffness breaks down and the probability of failure 

converges.  

      The post-crack behavior of laminated glass has been widely studied. Major 

design guides such as UFC 3-340-02 [6] and Glazing Hazard Guide [7] by Security 

Facilities Executives (SFE) simplify the window structure to a SDOF system. The 

both guides employ large deflection theory to treat the pre-crack behavior of 

laminated glass. After glass cracks, the window can be idealized as a flexible 

membrane. The equivalent load-mass factors and the resistance functions are 

obtained by analytical approach or based on test data. The accuracies of the 

estimations from these SDOF models differ. Variation was mainly arisen from 

different resistance functions and load-mass factors adopted. It is difficult to account 

for the residual resistance of progressively cracked glass. Instead of using a constant 

load-mass factor, Morison derived his load-mass factor based on data from two field 

tests [5]. The load-mass factor was dependent on the pane deflection level. Apart 

from the above two design guides, ASTM F2248 (in practice with E1300) [8] and 

UFC 4-010-01 [9] are also facilitated with blast resistant glazing design. ASTM 

F2248 specifies an equivalent 3-sec design loading to use with ASTM E1300 to 

determine the thickness of laminated glass windows. Glass failure prediction model 
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with failure probability of 0.008 is used for glass, and the glass pane is designed to 

‗break safely‘. The laminated pane maximum central deflection is calculated using 

Vallabhan-Wang nonlinear plate method and an equivalent effective pane thickness. 

UFC 4-010-01 provides no specific analysis guidelines for glass windows to resist 

blast loads but recommends referring to ASTM F2248. Of all the above approaches, 

only SFE guide was validated with field testing data on laminated glass windows of 

two sizes, but the testing results are not publicly accessible. The accuracies of these 

design guides in estimating the response of laminated glass windows of different 

dimensions, materials and different blast loading scenarios need to be further 

checked.  

      Numerical methods have been being intensively used to simulate the responses 

of laminated glass windows. Wei et al. [10] developed a 3D finite element model 

with viscoelastic material model for PVB and elastic model for glass. Hooper et al. 

[11] built a two stage model (pre-crack and post-crack), by assuming glass cracks 

instantaneously. The strain-rate-dependent Johnson-Cook model is commonly 

adopted to represent the overall behavior of laminated glass in the numerical 

simulations. Experiments on PVB material over the years show that the strain-rate 

effect is significant [12, 13]. Under static or quasi-static loading, PVB behaves as a 

viscoelastic material, whereas under dynamic loading the behavior of PVB is 

elastoplastic or even brittle. Larcher et al. [2] simulated laminated glass with an 

elastoplastic material model for PVB using dynamic testing data and elastic material 

model for glass. The accuracy of 3D finite element model, shell element model, and 

smear model were compared in simulating the response of laminated glass under 

different blast loadings. It was concluded that detailed a finite element model with 

solid element could give the best predictions of laminated glass responses. Recent 

investigations on the material properties indicated that glass is a very complicated 

material. On the one hand, the strength of annealed glass varies significantly. 

Hooper et al. [11] mentioned that testing data gathered in the manuscript of 

European glazing standard prEn 13474-3 [14] from over 700 ring-on-ring tests on 

annealed glass vary from 30MPa to 120MPa. The variation was attributed to the 

existence of surface flaws during manufacturing and servicing. A Weibull 

distribution is usually used to represent this variation in glass strength [15, 16]. On 
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the other hand, glass material is also strain-rate-dependent. Zhang et al. [17] 

conducted both static and dynamic tests using a Split Hopkinson Pressure Bar 

(SHPB) on annealed glass, and concluded that both the compressive and tensile 

strengths of annealed glass will be amplified under dynamic loading. Under high 

strain rate, the glass strength can be increased significantly. Peroni et al. [18] 

conducted SHPB tests on high-strength glass which also showed dynamic strength 

increment with loading rate. Based on laboratory testing data on annealed glass, a 

detailed laminated glass model with strain-rate-dependent properties for both glass 

and PVB materials was developed [19]. The failure modes of laminated glass under 

blast pressure, the influencing factors such as glass thickness, PVB thickness, glass 

strength variation, boundary condition, and also the vulnerability of laminated glass 

to debris impact were systematically studied [20, 21].  

      Blast tests on laminated glass windows have been carried out over the years. 

Kranzer et al. [22] tested 7.52mm laminated glass windows spanning 1.1mⅹ0.9m in 

dimension, which were subjected to small-scale charges. Pressure and pane 

deflection histories were recorded. No global window failure was observed due to 

the small blast loads. Hooper et al. [11] conducted full-scale field blasting tests on 

7.52mm laminated glass fixed to a 1.5mⅹ1.2m robust frame with silicone sealant. 

Pane deflections were monitored using a 3D digital image correlation instrument. 

Glass cracks were widely observed, and glass delamination from PVB interlayer was 

found at pane corners. Window failures were also found at silicone joint leading to 

the entire laminated pane flying into the testing cube. Many blast tests on glass 

windows have also been performed by various organizations, but most testing data 

are confidential and not accessible to the public. The available testing data provide 

valuable resources to the study of laminated glass window responses. However, due 

to complexity of the composite structure and material behavior, simply interpolating 

the testing data does not always lead to satisfactory predictions. In practice, the 

design analysis is based on simplified approaches, and sometimes detailed numerical 

simulations. The accuracy of these approaches needs to be further verified. 

Therefore, more tests are deemed necessary with various window sizes, glass 

thickness, and PVB interlayer thickness to better observe the response and failure 

modes of laminated glass windows, and also to provide more data to calibrate 
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numerical models and verify the accuracy of the simplified design approaches in 

predicting the glass window responses to blast loads.  

      In this study, laboratory tests were firstly conducted using a pendulum impact 

system. Air bag was placed in front of the laminated glass panel to produce uniform 

dynamic pressure distribution on the panel. Detailed laminated glass failure process 

was monitored by a high-speed camera. Pane central deflection and applied 

pressures were also recorded, and used to check the accuracy of the predictions 

according to the approaches defined in existing design guides and SDOF analysis. 

Then full-scale field blasting tests were carried out on laminated glass window of 

different thickness. Pane deflection histories were recorded with deflection 

measurement devices. High-speed cameras were used to monitor the deformation 

and failure of laminated panes and to assist the deflection measurement. The current 

testing data together with those available in the open literature by other researchers 

were used to check the accuracy of the predictions according to the design guides, 

SDOF analysis, and numerical simulations. 

10.3 LABORATORY TEST 

A preliminary investigation was conducted using a pendulum impact system in the 

laboratory to study the detailed failure process of laminated glass under lateral 

dynamic pressure. Four laminated panes of different specifications were tested. The 

laminated specimens, the pendulum testing system and the experiment procedures 

are detailed in the following. 

10.3.1 Description of window specimen and testing system setup 

      Each laminated glass pane consists of two annealed glass plies laminated with a 

layer of PVB. The specimens were provided by major Australian window glass 

supplier, which were freshly manufactured without exposing to weather conditions. 

The specimens were 670mm 670mm in dimension with 35mm embedment leaving a 

600mm 600mm clearing surface to be subjected to the uniform pressure. To study 

the influences of glass and interlayer thicknesses on the response of laminated pane, 

specimens with glass plies of 3mm, 6mm and PVB interlayer of 0.38mm and 

0.76mm were considered. Table 10-1 lists the specifications of the tested panes.  
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a) Schematic view of the pendulum 
impact system 

b) Schematic glass fixture 

   
c) Ready-to-go 

pendulum impact 
test 

d) Impacter, strike plate, 
cofining frame, and 
support frame 

e) Laminated glass specimen 
setup in frame with LVDT 

Figure 10–1 Pendulum test setup 

      Pendulum impact testing is a generally adopted method to introduce impact 

loading to a testing panel [23]. In this study, a traditional pendulum impact device 

has been modified by inserting an inflated airbag between the testing pane and the 

impacter. Figure 10-1a illustrates the pendulum impact system setup for the current 

test, which consists of a rigid steel rig, a swing impacter with an inclinometer at the 

hinge, a strike plate, a support frame, an airbag inside a confined frame and data 

measurement instruments. The steel rig was fixed firmly onto the floor to support 

the entire system. The impacter weighted 300kg was connected to the end of a 2.8m 

long steel arm, which in each test was lifted to the desired height and then released 

to hit the strike plate. It is worth to mention that after each impact, the impacter was 

manually held back to avoid rebound causing a second strike. A 35mm thick strike 

plate was positioned in front of the airbag so as to fully confine the airbag, 

preventing airbag bursting due to the large impact loads, and to distribute the impact 
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force on the airbag. The airbag was inserted in the confining frame between the 

strike plate and the specimen. Some pressure was pumped in before the impact to 

make sure the airbag is in proper contact with the specimen. When the impacter hits 

the strike plate, it quickly compresses the airbag to generate uniform dynamic 

pressure acting on the laminated glass specimen. The modified pendulum airbag 

impact device has been used in previous testing [24, 25]. It was found with the 

above setup a peak dynamic pressure of 20 to 30kPa (duration about 100ms) can be 

achieved when the impacter is lifted to 30 degree.  

      The glass specimen was fully clamped by two clamping frames around all sides 

(Figure 10-1b). The clamping frames were firmly fixed in the gap between the 

confining frame and the supporting frame with eight M10 bolts. Plastic pads slightly 

thicker than the glass specimens were placed in the gap between the two clamping 

frames to ensure glass would not be damaged during installation by the clamping 

forces.  

      A pressure transducer (Honeywell 24PCD) was inserted inside the airbag to 

record air pressure applied on the glass specimen. A laser Linear Variable 

Displacement Transducer (LVDT by Keyence LB72) was elevated to the centre of 

the glass pane to measure the deflection history at the centre of the specimen. To 

assist the LVDT tracking pane displacement, a marking dot was glued to glass pane 

centre. The pressure and displacement data were captured at a sampling rate of 50 

kHz using a National Instrument USB-6363 acquisition system. A high-speed 

camera (Mikrotron GmbH®) was installed to monitor the failure process of the 

laminated glass panes. The high-speed images were post-processed using a tracking 

algorithm to derive the glass deflection histories. The derived glass pane deflection 

history by high-speed camera was verified with the recorded deflection by LVDT. A 

1500W halogen light was installed to provide intensive light for the high speed 

camera. The framing rate of the high-speed camera was set to 1500fps. A group of 

strain gauges were glued on the outer glass ply intended to measure the strain of 

glass ply. However, due to the irregular cracking pattern of glass, no useful data 

were retrieved. 
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10.3.2 Experiment results 

      The impacter was lifted and released at an angle of 30°. The pressures recorded 

by pressure transducer in each test were integrated to derive the impulses. The 

corresponding peak pressures and impulses together with the maximum central 

deflections, wmax, are listed in Table 10-1. Detailed observations through high-speed 

camera images on the laminated pane deformation process, the failed laminated 

glass pattern, the measured pressure and displacement time histories are given in this 

section. 

Table 10–1 Summary of laboratory impact test results 

Pane 
No. 

Glass 
(mm) 

PVB 
(mm) 

Total 
thickness 

(mm) 

Dimension 
(mm mm) 

Pr 
(kPa) 

Ir 
(kPa-ms) 

wmax 

(mm) 

1 3 0.38 6.38 600 600 20.6 1684.0 29.4 
2 3 0.76 6.76 600 600 21.9 1825.9 31.9 
3 6 0.38 12.38 600 600 30.6 1984.6 7.4 
4 6 0.76 12.76 600 600 23.7 1466.0 6.5 

Deformation process and failure pattern 

      Figure 10-2 to 10-5 show snapshots of laminated glass pane deformation till 

failure recorded by the high-speed camera. As shown, for the 6.38mm laminated 

glass pane (Figure 10-2), under the uniform pressure from airbag the pane began to 

deform. At about 20ms coarse cracks were formed on the outer glass ply. These 

cracks are confirmed on the outer glass ply because the cracks and the associated 

shadows on the yellow airbag do not coincide owing to the camera angle. As pane 

deflection increased, more cracks were developed on the outer glass ply. At 33.3ms 

the inner glass ply started to crack and broke into numerous small pieces. The cracks 

on the inner ply are distinguished from those on the outer ply through close 

examination of the high-speed camera image which reveals that the former are not 

associated with shadows. The deflection of the cracked laminated pane quickly 

developed. It reached the peak deflection at about 100ms, and then gradually 

rebounded. Similar observation can be found on the 6.76mm laminated glass pane 

(Figure 10-3) without significant difference except a second peak was observed on 

pane central deflection after rebound due to a small second impact. It should be 

noted that in the test, after the first impact, the impacter was stopped by pulling it 
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back manually to avoid repeated impacts. This is not always achieved because of the 

speed and large mass of the impacter. In the tests of 6.76mm and 12.38mm pane as 

will be discussed later, a small second impact occurred. This small second impact, 

however, does not affect the observations of the response and damage of the tested 

glass panes because they are governed by the first primary impact. The high–speed 

camera images on the laminated glass with 3mm glass plies show that under lateral 

pressure, the failure of laminated glass is a gradual process that the outer and inner 

glass plies crack in steps, and the PVB interlayer retain the cracked glass shards and 

continue to deform. The inner layer under compressive force breaks into much 

smaller shards than the outer layer. As the pane deformation develops the cracked 

outer glass ply will further break into smaller shards.  

  
0ms impacter struck on airbag 20ms outer glass ply cracked 

  
33.3ms inner glass ply cracked 100ms maximum deflection 

 
206.7ms rebounded 

Figure 10–2 High-speed camera snapshot of 6.38mm laminated pane 
 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

10.275 

  
0ms impacter striked on airbag 6.7ms outer glass ply cracked 

  
20ms innter glass ply cracked 73.3ms maximum deflection 

  
213.3ms rebounded 286.7ms 2nd peak deflection 

Figure 10–3 HS snapshot of 6.76mm laminated pane 

      High–speed camera images on the laminated panes with 6mm glass plies show a 

different failure process. As depicted in Figure 10-4 for the 12.38mm laminated 

glass, under the airbag pressure, the outer glass ply broke into numerous small 

splinters with many cracks, instead of few coarse cracks. As pane further deformed, 

the inner glass ply cracked. Due to the dense cracks on the outer glass layer, it is 

difficult to distinguish the crack format on the inner layer from the high-speed 

camera images. A smaller peak deflection was observed as compared to the thinner 

laminated glass panel. Similar failure process can be observed on the 12.76mm 

laminated pane in Figure 10-5. The difference between the laminated panes with 

3mm glass plies and 6mm plies can be attributed to the stiffness difference of the 

two glass panes. 
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0ms impacter striked on airbag 33.3ms out glass ply cracked 

  
40ms inner glass ply cracked 66.7ms maximum deflection 

  
166.7ms rebounded 200ms 2nd peak deflection 

Figure 10–4 High-speed camera snapshot of 12.38mm laminated pane 

      The failure patterns of the tested laminated glass panes are shown in Figure 10-

6a-d. As can be observed, dense glass cracks were formed at the pane centers. These 

were results of flexural deformation under the uniform pressures. Glass cracks 

extended radially toward the four corners. Glass around pane corners experienced 

severe damage especially for the 6.38mm (Figure 10-6a) and the 6.76mm (Figure 

10-6b) laminated glass panes. PVB rupture was found on the 6.38mm glass at the 

pane centre (Figure 10-6e) due to the significant flexural deformation. No interlayer 

damage was observed on the other laminated panes. Denser cracks were largely 

observed on the 12.38mm (Figure 10-6c) and the 12.76mm (Figure 10-6d) panes. 

The 12.76mm laminated pane experienced less severe damage possibly due to the 

smaller pressure achieved in the impact test as indicated in Table 10-1. 
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0ms impacter striked on airbag 33.3ms outer glass ply cracked 

  
40.7ms inner glass ply cracked 86.7ms maximum deflection 

 
150ms rebounded 

Figure 10–5 High-speed camera snapshot of 12.76mm laminated pane 
 

  
a) 6.38mm b) 6.76mm 

  
c) 12.38mm d) 12.76mm 
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e) PVB rupture on 6.38mm pane 

Figure 10–6 Failure patterns and details 
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c) 12.38mm d) 12.76mm 

Figure 10–7 Pressure and deflection time histories 

Quantitative results 

      The pressure inside the airbag is a key parameter in studying the response of the 

laminated glass pane. Figure 10-7 shows the pressure time histories recorded by the 

pressure transducer. To ensure proper contact between airbag and glass specimen, 

and uniform distribution of pressure on the glass panel the airbag was inflated with 

an initial pressure of 2kPa after being inserted into the confining frame. Once 

PVB rupture 
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impacted and compacted by the strike plate, the air pressure quickly jumped to 

around 20kPa to 30kPa. The peak pressure was not consistent despite the initial 

pressure in the airbag and the lifting heights of impacter were kept the same. This is 

because of the interaction between the tested specimens and the airbag. In general, 

higher peak pressures were measured on the stiffer panel, i.e., 12.38mm and 

12.76mm panes which had smaller deflections. The less deformed panes confined 

the expansion of the impacted airbag and therefore resulted in higher pressure in the 

airbag. The air pressure inside the airbag attenuated gradually to ambient after 

reaching the peak value. The duration of the effective air pressures recorded was 

about 100ms. It should be noted that this is a lot longer than that from a normal 

explosion other than in a confined explosion scenario. 

      The displacements at the pane centers were recorded with laser LVDT and high-

speed camera. As shown in Figure 10-7b, the displacement signal of LVDT 

oscillated as the tracking point at the specimen centre was not traveling strictly 

perpendicularly to the pane. In comparison, the high-speed camera image provides a 

close enough measurement of glass pane displacement. Because of the variation on 

LVDT signals, the pane displacement histories monitored and derived from the high-

speed camera images are adopted herein. As depicted in Figure 10-7b for the 

6.76mm pane, the laminated glass panel responded quickly under the air pressure 

and reached a peak deflection of about 32mm. The laminated pane rebounded, after 

which a second peak deflection was reached because of a second impact. A 10mm 

residual deflection at the centre of the pane was resulted indicating the plastic 

deformation of PVB interlayer. The 6.38mm laminated glass pane showed a similar 

response characteristic under the air pressure (Figure 10-7a). A maximum central 

displacement of 29.4mm was reached under the 20.6kPa air pressure, and about 

20mm residual displacement was resulted. As shown in the figure, the initial rising 

parts of the 6.38mm and 6.76mm panes were very similar. However the increase in 

deflection on the 6.38mm pane became gradual before it reached its maximum 

deflection. The difference is because of the different damage level of glass plies. As 

shown in Figure 10-3-4 and Table 10-2, the glass plies of the 6.76mm pane 

experienced more severe damage with more numbers of shattered finer shards under 

the higher pressure and impulse as compared to the glass of the 6.38mm pane, which 
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experienced relatively smaller pressure loading. The relatively larger pieces of glass 

shards on the 6.38mm panes were retained by the interlayer and provided larger 

flexural stiffness than the more severely damaged 6.76mm pane. Since the PVB 

interlayer has relatively small stiffness as compared to the glass plies, the glass pane 

flexural rigidity is provided primarily by the glass plies. As damage develops, the 

more severely damaged 6.76 mm pane suffered more significant stiffness reduction 

and therefore deformed faster than the 6.38mm pane. Similarly the more severely 

shattered 6.76mm pane had less capability of retaining its deformation. Therefore, 

smaller residual deflection was found on the 6.76mm pane. Similar deflection 

histories were recorded on the 12.38mm and the 12.76mm laminated glass panes. A 

maximum central deflection of 7.4mm and 6.5mm were reached respectively. A 

residual deflection of about 2.3mm was observed on the 12.38mm pane after 

rebounded from its second peak deflection. In comparison a residual deflection of 

about 4.5mm was observed on the 12.76mm laminated glass pane. The 12.76mm 

laminated pane with thicker interlayer displayed a larger residual deflection of 

4.5mm than that of the 12.38mm pane with the residual deflection of 2.3mm. As 

explained above, this is because the higher pressure and impulse applied to the 

12.38mm pane caused severer damage to glass plies, which lead to more significant 

stiffness reduction of the glass pane. 

10.3.3 Analysis and discussion 

      The effects of pane configurations, i.e. glass thickness and PVB interlayer 

thickness, on the responses of laminated glass under uniform impulsive loadings are 

analyzed. The laboratory test results are compared with the estimations of design 

standards including ASTM F2248, UFC 3-340-02, and those from analysis of the 

equivalent SDOF systems by Biggs [23] and Morison [5]. The accuracies of the 

above models are evaluated through comparisons with the test results.  

Effect of glass thickness 

      The responses of the four tested laminated glass panes with different glass ply 

and PVB interlayer thicknesses are summarized in Figure 10-8. As demonstrated on 

the deflection histories, the effect of glass ply thickness on the deflection of 

laminated glass pane is apparent. Under about 20kPa uniform pressure, substituting 

3mm glass ply with 6mm ply effectively reduced the maximum pane deflection from 
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around 30mm to below 10mm. This is because of the significant increase in pane 

flexural stiffness and inertial resistance when using a thicker glass pane. Testing 

results also indicate that thicker glass ply helps to reduce the residual displacement. 

The residual displacement reduced from about 20mm for the laminated glass panes 

with 3mm thick glass plies to below 5mm for those with 6mm glass plies. 
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Figure 10–8 Glass and PVB thickness effects on pane responses 

Effect of interlayer thickness 

      The effect of interlayer thickness on pane maximum deflection is not significant. 

As shown in Figure 10-8, for the pair of laminated panes with 6mm glass plies, a 

maximum central deflection of 7.4mm was resulted for the pane with 0.38mm PVB 

interlayer as compared to the 6.5mm maximum central deflection on the pane with 

0.76mm PVB interlayer. Although the PVB interlayer thickness was doubled, the 

reduction in the maximum deflection was more likely caused by different air 

pressures applied on the pane as discussed above (30.6kPa for 12.38mm pane vs 

23.7kPa for 12.76mm pane). This is because the PVB interlayer is quite flexible and 

has relatively insignificant contribution to the stiffness of glass panes. As glass has 

higher density and stiffness than PVB interlayer, the inertial resistance and stiffness 

of glass pane are governed by the glass plies. Therefore increasing the thickness of 

glass plies significantly reduces the deflections of glass pane, whereas increasing the 

PVB thickness has insignificant effect on glass pane maximum deflection under 

blast loadings. But as mentioned above, PVB rupture was observed on the 6.38mm 

pane (at about 5% maximum deflection over span ratio); while no PVB damage was 
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found on the 6.76mm pane with a thicker interlayer and higher maximum deflection. 

Therefore, it can be concluded that PVB interlayer thickness has no significant 

influence on the maximum deflection of laminated glass under impulsive loads, but 

a thicker interlayer improves the rupture resistance of the laminated pane. 

Comparison with design standards and SDOF models 

      The responses of the laboratory tested laminated glass panels under impulsive 

loadings are compared in this section with predictions from the design standards 

ASTM F2248, UFC 3-340-02, and SDOF analysis developed by Biggs and the 

improved SDOF system for laminated glass by Morison. 

Table 10–2 Summary of pane maximum deflections in laboratory tests 

Test 
No. 

Pane 
thickness 

(mm) 

Maximum deflection (mm) 

Experiment ASTM UFC Biggs Morison 

1 6.38 29.44 10.16 29.09 28.65 28.63 

2 6.76 31.95 11.94 30.92 30.05 30.03 

3 12.38 7.43 3.60 6.63 6.58 6.52 

4 12.76 6.51 3.34 5.97 5.95 5.88 

      ASTM F2248 provides design procedures to determine the required thickness of 

laminated glass to resist specified uniform pressure applied laterally. Glass failure 

prediction model is adopted in ASTM to determine glass breakage with a failure 

probability of 0.008. Design charts are available in the ASTM code providing 

approximate maximum glass pane lateral deflection. Additional procedures are also 

provided in its appendix to manually estimate pane deflection under specified lateral 

pressure. The effective thickness of laminated glass is calculated by considering the 

partial shear resistance from glass and interlayer. Vallabhan-Wang nonlinear 

analysis is then used to calculate the maximum pane deflection. Figure 10-9 shows 

the estimated pane maximum deflections using ASTM and the testing deflection 

time histories. Since only the maximum pane deflections can be calculated with 

ASTM approach, only straight lines instead of pane response histories can be 

obtained. It can be observed that the maximum deflections determined by the ASTM 

approach are a lot smaller than those measured in the tests. As summarized in Table 

10-2, the maximum deflections determined by the ASTM approach are generally less 
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than half of the laboratory tested results. The greatly underestimated pane 

deflections indicate that the ASTM standard overestimates the stiffness of laminated 

glass and gives very poor estimations on laminated glass deflection when analyzing 

pane response under impulsive pressure. 

0 50 100 150 200 250 300
0

10

20

30

40

50

de
fle

ct
io

n 
(m

m
)

time (ms)

 experiment
 UFC
 Biggs
 Morison
 ASTM

 

0 50 100 150 200 250 300 350
0

10

20

30

40

50

 

 

de
fle

ct
io

n 
(m

m
)

time (ms)

 experiment
 UFC
 Biggs
 Morison
 ASTM

 
a) 6.38mm b) 6.76mm 

0 50 100 150 200
0

2

4

6

8

10

de
fle

ct
io

n 
(m

m
)

time (ms)

 experiment
 UFC
 Biggs
 Morison
 ASTM

 

0 50 100 150 200
0

2

4

6

8

de
fle

ct
io

n 
(m

m
)

time (ms)

 experiment
 UFC
 Biggs
 Morison
 ASTM

 
c) 12.38mm d) 12.76mm 

Figure 10–9 Comparison of glass responses 

      UFC 3-340-02 simplifies the laminated glass window into a SDOF system as 

illustrated in Figure 10-10a. Large deformation theory is used to analyze the pre-

crack behavior of laminated glass. The thickness of the laminated pane is equivalent 

to a monolithic pane by considering the ratio of Young‘s modulus between glass and 

PVB material. When glass cracks, the laminated pane is then idealized to a PVB 

membrane with distributed mass representing the cracked glass. According to 

Cormie [27], the resistance function is determined in two phases: pre-crack and post-

crack. Moore‘s study [28] on monolithic pane response to uniform pressure gives the 

pre-crack resistance function. Static membrane analysis under a uniformly 
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distributed load yields a polynomial load-deflection relationship for the cracked 

laminated glass pane (as shown in Figure 10-10b). Variation is found on the 

equivalent load-mass factor used in UFC 3-340-02 (KLM=0.61) and that of classic 

theory by Biggs (KLM=0.63). To check the influence of this variation, SDOF model 

with load-mass factor by Biggs [26] is also derived and analyzed. As shown in 

Figure 10-9 and Table 10-2, the UFC guide with SDOF models gives better 

estimations of laminated glass responses than those using ASTM. UFC slightly 

underestimates the maximum deflections of the laminated glass panes in the current 

tests. The variations between the UFC estimation and that from Biggs are marginal. 

The SDOF models with Biggs‘ equivalent coefficients predict a little lower pane 

deflection because the larger KLM adopted. Closely examining the tested pane 

central displacement histories and those from UFC and the Biggs‘ SDOF models, it 

can be found that the SDOF models are relatively flexible. For instance, in testing 

the deflection of the 6.38mm laminated pane quickly increased to 31.9mm at around 

100ms, and then gradually decreased. In comparison, the deflection of the laminated 

glass pane predicted by the SDOF models increases much slowly. The maximum 

deflection is reached at about 150ms. Similar behaviors can be observed in other 

groups of tests. This difference could be due to the boundary conditions. Although 

fixed boundaries are assumed in selecting KLM for both the UFC guide and the 

Biggs‘ classic model, in determining the pre-crack resistance function, UFC guide 

treats the laminated glass pane as simply supported on all four sides to account for 

silicone squeezed in the gap between glazing and steel frame. In the UFC 3-340-02 

for glazing window design, only simply supported boundary condition is assumed 

for all the cases. In contrast, laminated glass specimens were fully clamped using 

two steel frames without any silicone in the test. Considering the size of the pane, 

i.e. 600mm by 600mm and the embedment depth of 35mm on all sides, the tested 

panes were firmly fixed, which led them to respond faster to the applied pressure as 

compared to a pane with simply supported conditions. Recent field blast ing tests 

conducted by Zhang et al. [29] also found that with simply supported boundary 

condition as assumed in UFC 3-340-02, the response of fully clamped monolithic 

tempered glass windows could be greatly misestimated [29]. In the current test, after 

glass cracks along its boundaries, the panes lost flexural resistance at supports. The 

boundary conditions of the tested panes became similar to those of the SDOF 
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models derived with simply supported conditions. As a result the slopes of pane 

during rebound are quite close to that of the SDOF models as shown in Figure 10-9, 

indicating similar stiffness of the pane. 

 

 

a) SDOF model b) resistance function of 6.76mm laminated pane 
Figure 10–10 SDOF model and 6.76mm laminated glass pane resistance function 

     The underestimation of laminated glass pane deflections in the UFC standard and 

the classic SDOF model could be attributed to two possible reasons: firstly, the 

misalignment in load-mass factor because of the different boundary conditions as 

discussed above. The above comparison between testing data, UFC and classic 

SDOF model indicates that using a smaller KLM factor leads to a closer prediction of 

the testing data. High-speed images on the failure process of laminated glass showed 

that glass plies cracked progressively. Glass plies gradually lost their resistance as 

cracks developed into finer splinters. In addition, the static resistance function 

adopted in deriving the equivalent SDOF model is not exactly accurate. Previous 

resistance function uses a polynomial relation to represent the laminated glass post-

crack behavior based on viscoelastic property of PVB. Recent dynamic test on PVB 

material properties shows that PVB behaves as an elastoplastic material under short 

time loading. This leads to a resistance function that does not increase with 

deformation but deforms significantly with a small increment in pressure owing to 

plastic flow. SDOF model with Morison‘s modified static resistance function is also 

developed and used to analyze the laminated glass responses in the current tests. 

Morison‘s SDOF model for the laminated glass pane also yields very similar results. 

As shown in Table 10-2 and Figure 10-9, the estimated pane responses using 

Morison‘s model almost replicated that from Biggs‘ SDOF model. The two SDOF 
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models give similar predictions because all the glass panels considered in the current 

tests experienced only relatively insignificant deflections under the pendulum 

impacts, and the resistance functions as shown in Figure 10-10b for the 6.76mm 

laminated glass for the two models are almost the same when the deflection is 

smaller than 50mm.  

      The above analysis and comparisons with pendulum testing results on laminated 

glass window found that ASTM F2248 gives very poor estimation on window 

response under impulsive loading, but UFC 3-340-02 provides accurate estimations. 

The error in the derived pane responses using UFC code, Biggs‘ classic SDOF 

model and the Morison‘s modified SDOF model with respect to the testing data are 

small under the current test situation, indicating the laminated glass window 

responses under such impact loads can be reliably predicted by using either one of 

these methods. However, the accuracy of these methods in predicting laminated 

window responses under large explosion loads needs also be examined because as 

shown in Figure 10-10b, the resistance functions in UFC and Morison‘s model 

deviate from each other when the deflection is large, which would lead to different 

response predictions. 

10.4 FULL-SCALE FIELD BLAST TEST 

The above comparisons demonstrated that the SDOF analysis-based methods yield 

reliable predictions of laminated glass window responses to uniformly distributed 

impulsive loads when the deflection of the window panel is relatively small. Glass 

windows might be subjected to blast loads with large deflections. The reliability of these 

methods in predicting the window responses to blast loads is also evaluated in this 

study.  

      Full-scale field blasting tests on laminated glass windows were carried out and 

described in this section. The testing results are used to evaluate the accuracy of the 

above design and analysis methods when the deflection of window structure is large. 

Window responses under air blast pressure and pressure-impulse analysis are checked in 

details. Accuracy of the predominant numerical models of laminated glass and UK 
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glazing hazard design guide by SFE in predicting the window responses are also 

included in the evaluation. 

10.4.1 Test setup 

Testing field 

      Figure 10-11 sketches the site setup of the field blasting test. A 3.4m wide by 

3.2m long by 2.0m tall reinforced concrete (RC) block with deep rooted independent 

footings was constructed to support the window specimens. The RC block is 

comprised of two individual rooms. The back wall of the block was left open for 

high-speed cameras to monitor the failure process of the windows. Two openings 

were pre-set on the front wall for the 1.5m by 1.2m windows. The laminated glass 

windows were fully clamped with steel frames. 20mm thick inner frames were 

firstly fixed onto the RC block with M24 bolts. The laminated glass specimens were 

then held in place, which were fastened by four pieces of 10mm thick steel strips (as 

outer window frame) using M12 bolts. Similar to the practice as shown in Figure 10-

1b, plastic strips were placed in the gap between the inner and outer window frame 

to avoid damaging glass specimens when fasten the bolts. 

  
a) Schematic testing site layout b) Image of testing site 

Figure 10–11 Schematic testing site and image of testing setup 

Testing scenario and data acquisition system 

      Five laminated glass specimens were tested in three blast trials. Table 10-3 

summarizes the laminated glass pane and charge specifications. In Test 1, two 

laminated panes with 3mm glass plies were tested in pair to evaluate the influence of 

TNT 

RDX 
Detonator 

RC block Windows 

HS 
camera 
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PVB interlayer thickness (1.52mm PVB vs 2.28mm). A laminated pane with 3mm 

thick glass ply was tested with another pane with 6mm glass ply to check glass 

thickness effect in Test 2. A 7.52mm laminated glass specimen (3mm glass, 1.52mm 

PVB, and 3mm glass) was tested in Test 3 with a monolithic tempered glass. The 

response of the monolithic pane is irrelevant with this paper. Therefore it is not 

discussed here. More details about the study based on the testing results on 

monolithic glass windows are presented in reference [29, 30]. 10kg TNT explosives 

were positioned at various stand-off distances as listed in Table 10-3, and detonated 

in front of the window specimens. 

Table 10–3 Summary of window specimens in field blasting tests 

Test 
No. 

Pane 
No. 

Glass 
thickness 

PVB 
thickness Size Boundary 

condition 
W R 

(mm) (mm) (mm mm) (kg) (m) 
1 1-1-1 3 1.52 1500 1200 Fixed 10 10 
1 1-1-2 3 2.28 1500 1200 Fixed 10 10 
2 2-1-1 3 1.52 1500 1200 Fixed 10 9 
2 2-1-2 6 1.52 1500 1200 Fixed 10 9 
3 3-1-1 3 1.52 1500 1200 Fixed 10 12.3 

Note: W stands for the weight of TNT explosive, and R stands for the explosive stand-off 
distance. 

      A pressure sensor was installed on the front wall between the two glass 

specimens. Two mechanical Linear Variable Displacement Transducers (LVDT) 

were used to measure the central displacements of the glass specimens. The pressure 

and displacement transducers were wired to an amplifier, and the testing data were 

captured with National Instrument portable data acquisition system. The sampling 

frequency was set to be 500 kHz. The failure process of the laminated panes was 

monitored by two high-speed cameras (Fastcam SA3 Photron®). Heavy steel bunkers 

were used to protect the high-speed cameras from potential glass fragments. The 

camera lens was set with widest opening, and the exposure time was set to the 

smallest duration to balance aperture. The high-speed cameras were filming at 

2000Hz owing to the restriction of the camera and lens configuration. The high–

speed camera imaging and the data acquisition were triggered by external wires 

which were glued onto the charge. 
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10.4.2 Experimental results 

Pressure time history 

       Cylindrical TNT explosives were casted with a central perforation of 5cm 

diameter for high explosive RDX as the booster charge. The booster was primed 

with electric detonators inserted into the axis of the booster charge (As depicted in 

Figure 10-11b). Detonation of explosives results in a rapid release of energy. Figure 

10-12 shows the pressure time histories recorded by the pressure transducer. It can 

be observed that blast waves arrived at the front wall of the testing block some time 

after detonation. The air pressure acting on the front wall rose almost 

instantaneously to a peak, and then attenuated quickly back to ambient. Significant 

negative pressures were found for all the three blast tests. Apparent fluctuation was 

recorded on the pressure time history in Test 3, which was likely to be resulted from 

the fracture of the monolithic glass pane next to the pressure sensor. 

Table 10–4 Summary of recorded blast loads and UFC estimations 

  Positive phase 
Pr (kPa)  Ir (kPa-ms) 

Test No. W 
(kg) 

R 
(m) Field Test UFC Var. 

 
Field Test UFC Var.  

1 10 10 121.1 117.2 3%  395.0 293.9 34% 
2 10 9 168.6 147.1 15%  476.1 330.7 44% 
3 10 12.3 82.2 78.1 5%  413.3 339.3 22% 

 

 
Negative phase 

Pr (kPa)  Ir (kPa-ms) 

Test No. W  
(kg) 

R  
(m) 

Field Test UFC Var.  Field Test UFC Var. 

1 10 10 -28.4 -16.3 74%  319.7 92.5 246% 
2 10 9 -35.8 -18.3 96%  543.5 101.4 436% 
3 10 12.3 -17.5 -13.1 34%  261.7 212.8 23% 

      The measured reflected pressures are integrated along time to derive the 

reflected impulses. The computed reflected impulses and recorded reflected 

pressures are listed in Table 10-4 in comparison with the predictions using UFC 3-

340-02. The experimentally measured reflected pressures are consistently higher 

than those estimated with UFC 3-340-02. The reflected positive impulses measured 

in the current tests are also larger than those by UFC code. This could be attributed 
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to charge shape [31] or the core booster charge. More variations were found on the 

negative impulses, which were probably due to the testing site condition, the size 

and shape of the RC block. 
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c) Test 3 

Figure 10–12 Recorded reflected pressures and pane deflection histories 
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0ms charge detonated 15ms blast wave arrived 17ms back glass ply cracked 

   
22ms glass severely damaged  30ms pane pulled out along 

two vertical sides 
50ms pane totally pulled out 
of frame 

a) Pane 2-1-1 

   
0ms charge detonated 15ms blast wave arrived 16ms back glass ply cracked 

   
21ms glass severely damaged  31ms pane rebounded 60ms pane free vibrated 

b) Pane 2-1-2 

Figure 10–13 Snapshots of high-speed images on pane failure processes 
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Deformation process and failure pattern 

      The deformation process of each laminated glass pane when subjected to air 

blast wave was monitored by high-speed cameras. Figure 10-13 shows the snapshots 

of high–speed camera images of pane 2-1-1 and 2-1-2. As shown in Figure 10-13a, 

air blast wave arrived at the testing pane at about 15ms after detonation. The glass 

cracks were formed 2ms later on the 7.52mm laminated glass as pane deformed 

under air pressure. The glass broke severely with very dense cracks along the 

boundaries and a few coarse cracks at pane centre. Significant deformation pulled 

the cracked laminated pane out of the frame along two vertical boundaries. At about 

50ms, the pane was totally dragged out of the frame during rebound. 

  
a) Pane 1-1-1 (7.52mm) b) Pane 1-1-2 (8.28mm) 

   
c) Pane 2-1-1 (7.52mm) d) Pane 2-1-2 (13.52mm) e) Pane 3-1-1 (7.52mm) 

Figure 10–14 Pane failure patterns 

      In contrast, the laminated pane with thicker glass plies (6mm thick) responded 

very differently under the same blast loading as shown in Figure 10-13b. The glass 

cracked at a slightly earlier stage (about 1ms after blast wave came into effect). This 

was because the thicker glass pane 2-1-2 had larger flexural stiffness than pane 2-1-

1. It responded faster under the blast load. The ultimate tensile strength of the 

 
 
 
 
 
 

PVB 
rupture 
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thicker glass was reached at an earlier stage and at a lower deflection level. Cracks 

extended and numerous glass shards were formed but held by the PVB interlayer. 

The cracked laminated glass pane reached a maximum deflection at about 21ms and 

rebounded without being pulled out from the window frame. The cracked laminated 

pane was retained within the window frame. 

      From the high-speed camera images on the failure processes of the laminated 

glass panes, glass cracks and significant PVB interlayer deformation were widely 

found which were very much similar to the observation in the laboratory tests. 

However, the failure patterns of the laminated glass panes in the field blast ing tests 

differed from those in the pendulum tests. Figure 10-14 provides the images of the 

tested laminated glass panes. As can be observed in Figure 10-14a, d, and e, the 

glass plies of the laminated panes were badly damaged. All these panes eventually 

deformed towards outside of the testing cube indicating plastic deformation of PVB 

interlayer and the suction of negative pressure. The 7.52mm glass pane shown in 

Figure 10-14a experienced severer damage than the other 7.52mm pane shown in 

Figure 10-14e. The difference was attributed to the larger blast pressure applied to 

the former pane in Test 1. Pane 1-1-2 also experienced severe glass cracking 

damage. In addition, the cracked laminated pane was partially pulled out of the 

window frame along its left and bottom boundaries (Figure 10-14b). The 7.52mm 

laminated glass pane (pane 2-1-1) experienced the worst damage. The pane was 

totally pulled out of the frame by the overwhelming negative pressure (as shown in 

Figure 10-13a), and fell out of the window frame. In comparison, due to the nature 

of the pendulum impact test, no negative pressure could be generated by the airbag. 

All the cracked glass panes were pushed in the impact direction, and none of these 

panes ended up deforming towards the airbag. The smaller window span and 

relatively lower pressure levels in the pendulum test resulted in smaller pane central 

deflections. None of the tested laminated panes failed at its boundary and were 

pulled out of the frame. 

Displacement history 

      Two mechanical LVDT transducers were used to record the central displacement 

histories of the laminated glass panes. The probes of the transducers were glued to 

the central points of the laminated glass specimens. They followed the laminated 
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pane movements as they deflected inwards the room and rebounded. Debonding 

between the probes and the cracked glass occurred soon after the panes started to 

rebound. Nevertheless, the maximum central deflections were recorded for all the 

panes involved in the current tests. 

Table 10–5 Summary of window responses in field blasting tests 

Test 
No. 

Pane 
No. 

Glass 
thickness 

PVB 
thickness Pr Ir wmax 

(mm) (mm) (kPa) (kPa-ms) (mm) 

1 1-1-1 3 1.52 121 395 275 

1 1-1-2 3 2.28 121 395 280 

2 2-1-1 3 1.52 169 476 326 

2 2-1-2 6 1.52 169 476 220 

3 3-1-1 3 1.52 82 413 264 

      The recorded deflection time histories are presented in Figure 10-12. The time 

axis is aligned with the aid of high-speed camera images so that the deflections 

started only when the blast waves came into effect. The deflection histories were 

abridged at the instant when probes debonded from the laminated panes. As 

demonstrated in Figure 10-12a, under the air blast weave the laminated glass pane 

deformed gradually at the beginning due to the flexural rigidity of the un-cracked 

laminated glass pane. The deflection increased quickly as the laminated pane lost 

flexural stiffness after glass plies cracked. The maximum deflections of 275mm and 

280mm were recorded at about 15ms for pane 1-1-1 and 1-1-2 respectively, after 

which the panes began to rebound under the negative pressure. The other two 

7.52mm laminated panes (2-1-1 and 3-1-1) responded similarly (shown in Figure 10-

12b and c) as those above. Under the blast pressure, both the 7.52mm laminated 

panes experienced the maximum deflections of 326mm and 264mm, respectively 

and then rebounded. The difference in peak deflection was mainly because of the 

magnitudes of blast loading. The 13.52mm laminated pane (2-1-2) also experienced 

similar response, but it responded faster due to larger flexural rigidity with a smaller 

maximum central deflection of 220mm. The maximum central deflections together 

with the associated positive reflected pressures and impulses are summarized in 

Table 10-5. 
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10.4.3 Analysis and discussions 

      In this section, the effects of glass ply thickness and PVB interlayer thickness on 

responses of laminated glass windows subjected to blast loading are analyzed and 

discussed. The measured central deflection histories of the 7.52mm laminated panes 

are then compared with the estimated pane responses according to the design guides 

UFC and ASTM, as well as the classic and Morison‘s modified SDOF models. The 

accuracies of these methods are evaluated. The current testing data, together with 

those obtained by other researchers are also used to check the accuracy of the P-I 

diagrams generated by the above methods and by some recent numerical models. 

Glass thickness influence  

      To investigate the influence of glass ply thickness on the window response, a 

7.52mm laminated pane (2-1-1) with 3mm thick glass ply and a 13.52mm pane (2-1-

2) with 6mm glass ply were tested in pair with 10kg TNT explosive detonated at 9m 

stand-off distance. As shown on the recorded central deflection time histories 

(Figure 10-12b), under approximately the same blast load the thicker pane responded 

quicker due to its higher flexural stiffness. A peak deflection of 220mm was 

recorded at about 7ms after blast wave arrived. In comparison, the thinner pane 

deformed slower but a larger maximum deflection of 326mm was induced at around 

15ms. The difference was because the thicker glass pane had higher flexural 

stiffness and larger inertial resistance. Under the same blast loading it deformed less 

in comparison with a thinner glass pane. Figure 10-14c and d show that the tested 

13.52mm laminated pane stayed in the window frame, while the 7.52mm pane was 

totally pulled out of the frame because of the significant deflection. The failure 

found on the thinner glass pane was likely due to the more significant pane 

deformation and central deflection, which led to the pulling-out failure around its 

boundaries. The comparison of the recorded deflection time histories and failure 

images indicates that thicker glass panes have higher blast loading-resistant 

capacities. 

Interlayer thickness 

      The effect of interlayer thickness on the blast-resistant capacity was examined 

by testing 3mm glass plies laminated by a 1.52mm (pane 1-1-1) and a 2.28mm PVB 
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interlayer (pane 1-1-2). The deflection time histories (Figure 10-12a and c) show 

that the laminated pane with 1.52mm interlayer responded similarly to the one with 

2.28mm interlayer. Despite having a thicker interlayer, a slightly larger maximum 

deflection (280mm) was recorded on the 8.28mm laminated glass pane. This resulted 

in the cracked laminated pane being partial pulled-out of the window boundary as 

shown in Figure 10-14b. 

 

Figure 10–15 PVB rupture observed 

      Careful examination of the tested laminated pane with 1.52mm interlayer found 

some PVB ruptures (Figure 10-15). A maximum deflection of 275mm was measured 

on this laminated pane. In comparison, a maximum deflection of 264mm was 

measured on pane 3-1-1, on which no PVB tearing was observed. If the maximum 

deflections at pane centers are normalized by the pane width to derive the deflection 

over span ratio for these two panes, it appears that PVB rupture initiated at about 

23% (275mm/1200mm for pane 1-1-1), whereas no PVB damage was found when 

deflection over span ratio was 22% (264mm/1200mm for pane 3-1-1). However, for 

pane 1-1-2 with PVB thickness of 2.28mm, although the maximum deflection of 

280mm was slightly larger than that of pane 1-1-1, and the deflection over span ratio 

was slightly more than 23%, no interlayer rupture was observed, demonstrating that 

a thicker interlayer helps to improve the anti-tearing capacity of the laminated glass 

panel. Through the above comparison it can be found that a thicker PVB interlayer 

does not result in lower pane deflection as its enhancement on pane stiffness and 

inertial resistance is insignificant, but it reduces the PVB rupture potential.  

 



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

10.297 

Comparison with the design standards and SDOF methods 

      Responses of the 7.52mm laminated glass comprising 3mm glass plies and 

1.52mm PVB interlayer are predicted by using the procedures specified in the design 

guides and the equivalent SDOF analysis. The accuracy of the UFC and ASTM 

procedures, classic SDOF model and Morison‘s modified SDOF model are evaluated 

through comparisons of the predicted and the field testing data. Three tested 7.52mm 

laminated glass panes (1-1-1, 2-1-1, and 3-1-1) with different loading conditions are 

considered. 

      As mentioned in the above sections, ASTM F2248 estimates the maximum 

deflection of laminated glass pane using nonlinear plate theory. The magnitude of 

pane deflection depends on the level of applied pressure and the equivalent effective 

thickness of the laminated pane. As shown in Figure 10-16and Table 10-6, similar to 

the comparisons carried out in the pendulum test, the maximum deflections 

estimated by ASTM F2248 are a lot lower than the measured deflections for all the 

three panes involved in the current field blasting tests. For instance, ASTM standard 

estimates a maximum deflection of 72mm for pane 1-1-1 under 121kPa reflected 

pressure, while in the field test a maximum deflection of over 275mm was measured 

at pane centre. For pane 3-1-1 which was subjected to 82kPa reflected pressure, a 

maximum deflection of 264mm was recorded in the field test. In comparison, the 

maximum deflection estimated by ASTM was only 62mm. The comparison indicates 

that ASTM standard greatly underestimates the responses of laminated glass under 

blast loadings. 

      The equivalent SDOF model of laminated glass with the tested configuration 

was derived following UFC 3-340-02. A static resistance function as suggested by 

Cormie [27] is generated for 1.5m by 1.2m laminated glass window (Figure 10-17). 

A constant load-mass factor of 0.65 was adopted according to the UFC code (Figure 

10-18. As depicted in Figure 10-16, the UFC guide better predicts the behavior of 

the laminated glass windows than ASTM code, but the maximum pane deflection 

was still underestimated. For instance, when the laminated glass window was 

subjected to 121kPa peak pressure and 395kPa-ms impulse blast loading, the UFC 

guide well predicts the initial response. A maximum deflection of 181mm was 

predicted at about 14ms and then rebounded, whereas in the field test the laminated 
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pane continued to deform to about 275mm before rebounding. A variation of about -

34% was found between the predicted maximum deflection and that measured in the 

field blasting test. Likewise, the UFC guide underestimates the maximum 

deflections of the laminated pane by 32% and 24%, respectively for pane 2-1-1 and 

3-1-1. 
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b) Pane 2-1-1 
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c) Pane 3-1-1 

Figure 10–16 Comparison of panel responses on the current tests 

      Using the same resistance function for the classic SDOF model, very similar 

responses were derived for these three laminated panes (Figure 10-16). Slightly 

smaller maximum deflections were calculated by the Bigg‘s classic SDOF model as 

compared to those predicted by UFC guide. This is because of the difference in load-

mass factors (KLM=0.69 by Biggs [26]). With slightly smaller load-mass factor 

adopted, marginally higher and closer predictions were resulted by using the classic 

SDOF model in comparison with the field measured pane deflections. Basically, 

both the classic method and UFC 3-340-02 use SDOF model to simulate the 

response of laminated glass pane under blast loading. Since identical static 

resistance function is adopted, it is only a matter of which load-mass factor better 

represents the behavior of glass pane in the real test. The above comparison 

indicates, when subjected to blast loading, the laminated pane experiences severe 

damage with large deflection. A lower load-mass factor better represents the 

situation of the cracked laminated pane. Therefore, the classic SDOF model with a 

smaller load-mass factor gives a slightly closer prediction.  

Table 10–6 Summary of maximum deflections 

Pane 
No. 

Wmax (mm)  

Experiment ASTM UFC3 Biggs Morison  
1-1-1 275 72 181 184 310 
2-1-1 326 73 222 229 415 
3-1-1 264 62 201 204 367 
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Figure 10–17 7.52mm laminated glass resistance 

function 
Figure 10–18 The load-mass factors KLM in 

different SDOF models (with span ration 1.25) 

      Very different window responses were derived with Morison‘s modified SDOF 

model. As can be found in Figure 10-16, Morison‘s model predicts larger laminated 

pane responses than those measured in the tests. For example, under the recorded 

blast pressure in Test 1, the modified SDOF model predicts a peak central deflection 

of 310mm, which is 13% larger than 275mm measured in the test. The difference is 

primarily because of the change in resistance function. As can be observed in Figure 

10-17, after glass plies break, a polynomial relationship between pane resistance and 

central deflection is assumed in the model by Cormie. In contrast, based on recent 

dynamic material testing results on PVB, Morison modified the resistance function 

that the laminated pane would not provide unlimited resistance to the applied 

pressure; instead it exhibits finite resistance with significant deflection owing to the 

large ductility of PVB. In addition, based on observation from field blasting tests, 

Morison derived a variable load-mass factor, which was related with pane deflection 

as shown in Figure 10-18. The gradual fracturing process of glass plies was 

considered in deriving this deflection dependent load-mass factor. This modified 

model gives better predictions of the glass window responses measured in the tests 

as compared to the predictions based on the resistance function proposed by Cormie, 

but it consistently over-predicts the glass window deflections as shown in Figure 10-

16 and Table 10-6. For pane 2-1-1 and 3-1-1, Morison‘s model gives 27% and 39% 

higher estimations on the laminated pane deflection respectively. The overestimation 

of pane response in Morison‘s model can also be attributed to the inaccurate 
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resistance function, especially at high strain rate. Since Morison‘s model relates 

pane stiffness with glass damage, the accuracy of prediction also depends on the 

damage level of the glass plies. For example, the glass plies of pane 3-1-1 (Figure 

10-14e) were not as badly shattered as the glass plies of panes 1-1-1 (Figure 10-

14a). The glass plies of pane 3-1-1 were largely intact especially near the upper 

window frame and in the pane central region. The less shattered glass pane had large 

stiffness and resulted in lower deflection. Through the above comparison it can be 

found that with modified resistance function and load-mass factor, Morison‘s model 

gives more conservative prediction with higher pane deflection. The accuracy of 

prediction using Morison‘s model heavily depends on the glass damage and fracture 

level. 
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Pressure impulse analysis 

      The current testing data are also used to evaluate the accuracy of pressure-

impulse (P-I) diagrams derived using different methods as shown in Figure 10-19. 

Previous blast testing results reported by Hooper et al. [11] on 7.52mm laminated 

glass window of 1.5m long by 1.2m wide are also included for comparison. These 

testing data are compared with the P-I diagrams provided by Cormie et al. [27] 

based on SDOF model analysis, P-I diagrams derived by Hooper et al. [11], and 

Zhang et al. [21] through numerical simulations. In deriving the P-I diagrams, 

Cormie et al. [27] considered two failure criteria, i.e. glass crack and PVB interlayer 

failure. For comparison, the blast resistant capacity of 7.52mm laminated glass of 

1.5mⅹ1.2m in dimension is also derived using ASTM F2248, and according to the 

Glazing Design Guide by SFE facilitates. It should be noted that the P-I diagrams of 

SFE not only distinguish glass crack and interlayer failure, but also consider the 

effect of window frame enhancement, which supposedly give better and more 

comprehensive predictions of the blast resistant capacities of the laminated glass 

window. 

      It should be noted that in generating the P-I diagrams, glass crack threshold is 

considered in SFE, Cormie et al.‘s SDOF model, and Hooper et al.‘s numerical 

model. In the calculations based on the SDOF model according to the SFE Guide, a 

static resistance function is used, which includes glass pre-crack phase and post-

crack phase (polynomial resistance-deflection relationship). Considering the effect 

of silicone squeezed into the gap between window frame and glass panel, a load-

mass factor of KLM=0.71 is taken by treating the window as a two-way slab simply 

supported on four sides under uniform pressure. Elastic response is assumed since 

the deflected shape in the regime is closest to the shape of the deflected membrane. 

As shown the P-I diagrams according to SFE and Cormie et al.‘s approaches overlap 

with each other indicating their consistency. The pressure and impulse asymptotes 

from the above two approaches are both higher than those in the Hooper et al.‘s 

numerical model, which according to Hooper et al. is attributed to the inaccurate 

assumption of uniformly distributed pressure throughout of the pane. As a result, 

Hooper et al. adopted a much lower impulse asymptote, implying that when 

subjected to a close-in explosion, glass ply will crack at a much lower impulse 
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around the central region of the glass pane. As can be noted in Figure 10-19, all the 

test data, including those obtained by Hooper et al. lay in the upper right region of 

the P-I diagrams constructed by the equivalent SDOF approaches, indicating those 

SDOF methods underestimate the blast resistant capacities of the windows. 

However, as can be noticed, the P-I diagrams developed by numerical simulations in 

Hooper et al. [11] and Zhang et al. [21] slightly overestimate the blast loading 

resistance capacities of the window. Since no evaluation could be made to the above 

methods about glass crack threshold, focus is therefore placed on the region defining 

interlayer and overall pane failure. As shown, the predictions of ASTM and SFE for 

normally fixed windows are quite close in the quasi-static region, indicating these 

two methods yield similar predictions when the response is governed primarily by 

flexural responses of the window panel. In the current test, none of the 7.52mm 

laminated panes generated any glass debris that flied directly into the room. 

However, pane 2-1-1 was pulled out of the window frame during rebound, which left 

no residual protection capability against any following threat. Therefore, this pane is 

judged as failed in the test. Similarly, among the four tested windows by Hooper et 

al., one laminated pane was pushed out of the frame and flied directly into the room, 

which is treated as failed. The open blocks in Figure 10-19 stand for the laminated 

glass window survived the blast loading, while the solid blocks mean complete 

window failure, related to the pulling out of the window panel from the support in 

both tests as described above. In the SFE‘s guide with enhanced fixed frame and 

Cormie et al.‘s SDOF model, failure is defined by PVB tearing. For the tested 

window specimens, both approaches defined the PVB tearing to occur when the 

central deflection reaches 200mm for the 1.2m wide window, i.e., 17% of deflection 

over span ratio. As shown, both of these methods with the failure definition 

according to the PVB tearing underestimate window capacities. On the other hand, 

the numerical models by Zhang et al. and Hooper et al. both overestimate window 

capacity. The failure of the laminated glass windows in Hooper et al.‘s model is 

defined by the in-plane principal strain. When the in-plane principal strain reaches 

20% after glass cracks, PVB is assumed to be ruptured. In Zhang et al.‘s simulation, 

the laminated glass is assumed to be fully fixed along its boundaries, and the failure 

of the pane is determined by the ultimate tensile and shear strength of PVB 

interlayer, namely the tearing of PVB at ultimate strength. Comparison with field 
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testing data shows that the failure criterion based on PVB tearing is not necessarily 

accurate and sufficient. In the tests carried out in the present study, pane 2-1-1 failed 

by being pulled out of its frame during rebound, instead of PVB rupture. Similarly in 

the tests conducted by Hooper et al., complete failure occurred because the window 

was pulled out of the support and pushed into the room. The possible pull -out failure 

of the glass pane from its support is not considered in the two numerical models, 

therefore they over predict the glass window capacities.  

      The above comparisons indicate that P-I diagrams developed based on 

equivalent SDOF analysis in general underestimate the blast resistant capacities of 

laminated glass windows. Numerical simulations give more accurate predictions of 

the P-I diagrams, however, the possible pulling out failure of the window panel from 

its support should also be considered in the simulations. 

10.5 CONCLUSIONS 

In this study, experiments were carried out to investigate the response and blast 

resistant capacity of laminated glass windows. Both laboratory and field blasting 

tests were conducted to evaluate the window responses to uniform impact and blast 

loads. The failure process of the laminated glass panels were monitored by high-

speed cameras. The applied impact and blast pressure, as well as the dynamic 

response of the window specimens were measured in the tests. It was observed that 

the failure of laminated glass was a progressive process. The outer glass ply, the 

inner glass ply cracked and the PVB interlayer ruptured in turn. The cracks on the 

glass plies also grew dense as pane deforms. The recorded pane central deflection 

and the pressure histories were used to evaluate the accuracy of design standards and 

equivalent SDOF analysis. It was found that ASTM standard underestimates the 

laminated glass responses. UFC guide and the other SDOF-based approaches give 

reliable predictions of glass window responses when the deflection level is relatively 

small. Under blast loading with large panel deflection, the accuracy of the equivalent 

SDOF analysis varies. Most commonly used SDOF models underestimate the glass 

panel responses, while the model by Morison with modified resistance function 

considering the low resistance and high ductility properties of PVB material and 

deflection dependent load-mass factor yields better predictions but overestimates the 
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responses. The current and available testing data obtained by other researchers were 

also compared with the P-I diagrams suggested by others or developed based on 

various approaches. It was found that P-I diagrams developed from equivalent 

SODF analysis in general underestimate the blast resistant capacities of the 

laminated glass windows. Numerical simulations can yield more accurate P-I 

diagrams but pulling out failure of the glass pane from its support should be 

considered in the simulations. 
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CHAPTER 11.  EXPERIMENTAL AND NUMERICAL 
STUDY OF BOUNDARY AND ANCHORAGE EFFECT ON 

LAMINATED GLASS WINDOWS UNDER BLAST 
LOADING 

11.1 ABSTRACT 

Over the years extensive studies have been conducted to analyze the response of 

laminated glass panes under blast loading for personnel and property protection. The 

failure modes of glass windows in most of those studies are related to flexural 

bending of the glass panel. The problems of laminated glass failure at boundaries 

along window frames, as well as the influences of window frame constrain effect 

and the interlayer anchorage on the overall response of laminated glass panels are 

less examined. In this paper, experimental and numerical studies are carried out to 

examine the boundary conditions and interlayer anchorages of laminated glass 

windows on their responses under blast loadings. Blast tests were designed and 

conducted on window specimens with different frame bite depths, fixed or sliding 

boundaries and different interlayer anchorages. Numerical model of laminated glass 

windows is also developed. The accuracy of the numerical model in prediction of 

glass window responses is verified by field blast testing results. The validated 

numerical model is used to perform intensive simulations to study the window 

boundary conditions and interlayer anchorage measures on glass window responses 

to blast loadings. The results demonstrate that properly designed window frame and 

interlayer anchorage will increase the survivability of laminated glass windows 

under blast loadings.  

11.2 INTRODUCTION 

Tragedies related to the hostile terrorist bombing attacks and accidental explosions 

are occasionally reported as news headlines throughout the world, e.g., the recent 

fuel tank explosion in Nanjing, China in June 2014, and the terrorist bombing attack 

in Oslo, Norway in 2011. Most post-event investigations of such incidents have 

cited the majority of human casualties and injuries were rather than by the air blast 
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wave or the bomb container fragments themselves, but mainly by the shattered glass 

windows, fragments of walls and other objects which were not secured and were 

propelled towards the residents by the blast waves [1, 2]. Due to its relatively weak 

strength, glass windows in such incidents are especially fragile, and consequentially 

lead to enormous casualties. For better human protection against blasting loads, the 

development of blast-resistant windows has been being research topics of many 

researchers, manufacturers, security personnel and government officials all over the 

world. 

      Different techniques and materials are available to provide blast resistant glass 

windows, which include replacing low strength annealed glass by high strength 

thermally tempered glass or by laminated glass, and etc. Lin et al. conducted an 

intensive review on available window strengthening solutions [3]. Recent field 

blasting tests on monolithic glass windows found that by using thermally tempered 

glass, the blast resistant capacity of the glass windows can be effectively improved 

[4]. However, under large magnitude blast loads monolithic tempered glass windows 

rupture into numerous jagged shards which impose significant threats to the 

residents [5]. Employing laminated glass panel for windows has proved itself 

through experiments and experiences of explosion incidents to effectively mitigate 

the risks of human injuries from ejecting glass fragments. Laminated glass consists 

of two or more glass plies bounded together by polymer interlayers such as 

Polyvinyl butyral (PVB) or SentryGlas® Plus (SGP, Ionoplast produced by 

DuPontTM) of different thicknesses. After glass crack under blast loading, the 

polymer interlayer will hold the glass splinters and continue to deform substantially 

as a membrane. In such a manner, the imposed blast energy will be dissipated by the 

laminated glass panel through large deformations.  

      The failure process of a laminated glass pane under blast pressure can be divided 

into the following five steps: (1) the entire laminated pane deforms elastically; (2) 

cracks are formed on the outer glass ply under tension; (3) cracks extend and occur 

on the inner glass ply; (4) the interlayer retains the cracked glass plies and continues 

to deform; and (5) Rupture is formed on the interlayer. Zhang et al. studied the 

failure modes of laminated glass panes through numerical simulations [6]. It was 

found that if the laminated glass pane is clamped firmly, shear failure occurs on the 
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interlayer along the boundary when it is subjected to impulsive load with significant 

reflected pressure in short duration; flexural bending failure is expected when it is 

under relatively long duration loading; and a combined shear and flexural failure 

will be formed on the PVB interlayer if it is under intermediate dynamic loading. 

Parametric studies have been carried out to study the influence of glass thickness, 

interlayer thickness and glass strength, etc. on the failure modes of glass panes [6, 

7].  

      In analyzing the response of laminated glass windows to blast loads, the 

influence of boundary conditions is found to be significant. Larcher et al. [8] 

modelled a 1.0m 0.8m laminated glass panel with different boundary conditions, 

i.e. fully fixed boundary, in-plane sliding boundary which restricted glass pane 

longitudinal movement in the direction of blast wave but allowed in-plane 

transitional sliding, and elastic boundary to model the supporting rubber strips 

between frame and glass. The numerical results showed the glass panes with 

different boundary conditions responded quite differently. A largest pane central 

deflection was found on the window with sliding boundary, while a smallest central 

deflection was resulted on the window with elastic boundary. A larger central 

deflection is more likely to cause interlayer rupture, which means the laminated pane 

with in-plane sliding boundary can be the most fragile. In Zhang et al.‘s pressure-

impulse analysis on 7.52mm thick laminated glass panels, the ultimate load bearing 

capacity of the laminated pane with pinned boundary was found to be about 15% 

more than that with fully fixed boundary condition [7]. By reducing the rotational 

restraints along the window boundary, a more flexible window system was achieved 

which exhibited better blast resistant performance. These analyses on window 

boundary conditions lead to the possibility of adjusting the boundary conditions to 

further improve the blast resistant capacity of a laminated glass panel.  

      The ideal failure mode of laminated glass windows discussed above is not 

necessarily always achievable. In Hooper et al.‘s full-scale field blasting tests on 

laminated glass windows [9], before tearing occurred on the PVB interlayer, the 

entire cracked laminated panes were pulled out of the window frame and pushed into 

the occupied area behind the windows. In other words, the failure of the window was 

mainly due to joint failure at the window boundary rather than the failure of the 
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laminated glass pane itself. The bite depth, namely the embedment depth of the glass 

pane into the window frame, is believed to play an important role in the overall 

response of the laminated glass windows in face of blast loading. Morison 

mentioned that for laminated glass with 1.52mm or more interlayer a 25-30mm deep 

bite is required to achieve the better blast loading resistance [10]. Laboratory tests 

and field blasting tests on laminated glass panels reported recently provide more 

insights to the influence of window bite depth. For instance, Kranzer et al. [11] 

tested 7.52mm thick laminated glass panels fully clamped in 1100mm by 900mm 

steel frames with 50mm bite depth. No boundary failure was observed on any of the 

four tested panes. In the airbag pendulum impact tests by Zhang and Hao [12] 

carried out on 600mm by 600mm laminated glass (various thicknesses) with 30mm 

bite depth all around, pane slipping out of the frame was not observed either. These 

tests on laminated glass windows indicate that a properly designed bite depth is 

needed to prevent premature failure of pulling the laminated pane out from the 

window frame before the interlayer ruptures so as to achieve the full blast loading 

resistance capacities of the laminated glass panes.  

      To prevent the potential slippage failure along window boundary, interlayer 

anchorages have been introduced to stop the laminated panes from being easily 

pulled out of the frame. For example, in manufacturing laminated glass panes tails of 

PVB interlayer are left perimetrally along the pane boundary, which are then 

clamped into the window frame to provide certain anchorage. Fixture bolts can also 

be applied along the frame at specific spacing, which further anchors the PVB tails 

to the window frame. Another measure introduced by US Air Force Research 

Laboratory is called mechanical fixture bar method [13]. This method uses a doubly 

laminated glass pane which consists of three glass plies and two PVB interlayers. 

The ends of the PVB interlayers wrap around steel rods which are firmly mounted 

into the wall. When the laminated pane is under lateral loading, the steel rods will 

hold the PVB interlayers and stop the laminated pane from being pulled out of the 

window frame. The efficiencies of all these strengthening techniques have been 

proved individually by their respective developers, mainly by field blasting tests. 

However, performance of the respective strengthening techniques applied to 

windows other than those tested are not clear. The advantages and disadvantages of 
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each individual measure over the other are not known either. Therefore, study and 

analysis on these anchoring measures for general window systems are needed.  

      In this study, full-scale field blasting tests were carried out on 7.52mm thick 

laminated glass panels fully clamped by two robust steel frames with 50mm bite 

depth all around. The blast pressures and the responses of the laminated panes were 

recorded by pressure sensor and mechanical Linear Voltage Differential Transducers 

(LVDT). High-speed cameras were used to assist monitoring the response of the 

panes with pre-plotted tracking dot matrix. A doubly laminated glass panel installed 

in an innovative sliding boundary frame system was also tested in comparison with 

the one installed in the fully fixed boundary frame to examine the performance of 

the proposed sliding boundary system in mitigating the blast loading effect . 

Numerical models of laminated glass were developed and calibrated with field blast 

testing results. Numerical simulations were then conducted to investigate the 

influences of boundary conditions, namely the fully fixed or sliding, bite depth, and 

the interlayer anchoring methods on responses of laminated glass windows to blast 

loads.  

11.3 EXPERIMENTAL INVESTIGATION 

11.3.1 Description of experiment setup 

In the current work, laminated glass panes were tested with different weights of 

TNT at various stand-off distances in six shots. A reinforced concrete (RC) frame of 

approximately 3.4m by 3.2m by 2.0m (width by length by height) as illustrated in 

Figure 11-1 was constructed with deep rooted independent footings to support the 

glass window specimens for the test. The testing block consisted of two individual 

cells. The back wall of the block was left open for high-speed cameras to monitor 

the deformation of the glass panes. In each shot, two glass panes were tested with 

designed charge detonated in front of the RC block. The glass window specimens 

were installed on the openings of the front wall using steel frames. The laminated 

glass panes were 1.5m 1.2m in dimension. For the first five tests, the laminated 

panes constructed with two plies of 3mm thick annealed glass sandwiching a 

1.52mm thick PVB interlayer (Figure 11-2a). These five 7.52mm laminated glass 

panes were tested in pair with another five glass panes of the same sizes but 
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different glass and interlayer thicknesses. The responses of the other five glass panes 

were used to evaluate other issues therefore not included in this article.  

 

a) Front view 

 
b) Top view 

Figure 11–1 Testing site plan 
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      The tested laminated glass panes were firmly clamped with steel frames as 

illustrated in Figure 11-2a. The window frame, as shown, consisted of a 20mm thick 

inner frame, which was fixed onto the front wall of the RC block using M24 bolts. 

The testing panes were placed on the inner frame, and then covered with a 10mm 

thick outer steel frame. The outer frame was fastened with care onto the inner frame 

using M12 bolts. Torque wrench was used to ensure an equal compression was 

applied to glass pane through these M12 bolts. During installation, plastic strips 

were inserted in the gaps between the inner and outer frames to avoid damaging 

glass pane when fastening the bolts. There was no clearance gap left between glass 

and the window frame. In this manner, a fully fixed boundary condition was created 

for the laminated glass windows to be tested. The bite depth of the frame is 50mm. 

No silicone or epoxy was squeezed between glass and the frame. Therefore there 

was no epoxy bond at the interface.  

 
a) Singly laminated glass pane 

 

b) doubly laminated glass pane 

Figure 11–2 Illustration of window specimens 

     Besides the 7.52mm laminated glass panes described above, two doubly 

laminated glass panes which comprise of three layers of 6mm annealed glass 

sandwiching two 1.52mm PVB interlayers (Figure 11-2b) were also tested in pair to 

examine the effectiveness of a sliding boundary over the traditional fully fixed 

boundary for mitigating glass window damage to blast loads. In the test, one glass 

pane was supported with the fully fixed boundary as described above and another 

one with the sliding boundary. As shown in Figure 11-3b, the sliding boundary 

frame consisted of the same inner and outer frames as in the fixed condition. An 

extra thick layer of plastic pad was placed in between the two frames. The testing 

glass panes were inserted into the gap and rested against the outer frame. After 

fastening the M12 bolts, a 50mm sliding distance was created for the glass panes to 
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move freely in the direction of blast wave. When the blast wave acts on the 

windows, the laminated panes is able to slide in the direction of loading to mitigate 

part of the shock wave energy, which will reduce pane deflection, as well as the 

pulling out potential of the laminated pane from its frame. Using a doubly laminated 

pane instead of the single laminated one in this test is to increase the stiffness and 

strength of the glass pane, so as to avoid immediate pane failure before it slides. 

Therefore the effectiveness of using sliding boundary can be examined in the tests. It 

should be noted that in the current test, the glass pane was placed in the sliding 

boundary without any support. In practice, however, some elastic material with 

small stiffness might be used to support the glass pane, which will make the glass 

pane not exactly free sliding. Therefore the effectiveness of allowing glass pane to 

slide freely for blast energy absorption might not be fully achievable in practice.  

      The targets of the experimental tests are to measure the laminated glass pane 

deflections under different blast loadings, to monitor the failure process and to study 

the failure modes of the laminated panes at joints with window frames. A pressure 

transducer was installed on the front wall of RC block between the two glass 

windows to measure the blast pressure. LVDTs were fixed onto two steel frames 

behind the windows inside the RC block to record the central displacements of the 

glass panes. The transducers were wired through an amplifier to a portable data 

acquisition system by National Instrument, which was setup dozens of meters away 

and hidden behind a concrete bunker. The sampling frequency for data collection 

was set to be 0.5MHz. Two high-speed cameras (Fastcam SA3 Photron®) were 

placed at an angle behind each window outside the RC block, and were protected by 

two heavy steel bunkers. An 11-row by 9-column black dot matrix (100mm spacing) 

was plotted on each laminated glass pane before the test. With the tracking dot 

matrix, the two high-speed camera images could also be used to monitor the 

deformation and response of each glass pane. The filming frequency of the high-

speed cameras was setup to 2kHz. The aperture of the lens and the exposure time 

were adjusted accordingly. In each test, the high-speed imaging process and the data 

acquisition for pressure and displacement were triggered by signals from external 

wires glued directly onto the charge. 
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a) Fixed boundary 

 
b) Sliding boundary 

Figure 11–3 Illustration of window frames 

      Table 11-1 lists the information of the laminated glass panes presented in the 

current study. It should be noted that a total of 13 blast trials were carried out. This 

paper devotes to examining the influences of boundary conditions on laminated 

glass windows. Therefore only test 1, 2, 3, 4, 6 and 7 were presented here. In the 

first three tests (test 1-3), the 7.52mm laminated panes were fully instrumented with 

measured reflected pressure histories, central displacement histories, and recorded 

high-speed images. The recorded pressure and pane central displacement histories 

will be later used to validate the numerical model described in this paper. For test 4 
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and 6, reflected pressure histories and the failure processes of the laminated panes 

were recorded. The failure modes of the laminated panes were used to analyze the 

influences of bite depth on window responses under different blast loads. The 

doubly laminated pane with sliding boundary was tested together with another 

identical pane with fixed boundary condition in test 7. LVDT was not installed in 

this test to avoid damaging the sensors owing to pane sliding. However, the 

responses were captured by the high-speed camera images.  

Table 11–1 Summary of blast test configurations 

Test 
No. 

Pane 
No. 

tglass tPVB Size Boundary 
condition 

WTNT 
Rstand-

off Measurement 
(mm) (mm) (mm mm) (kg) (m) 

1 1-1-1 3 1.52 1500 1200 Fixed 10 10 Pr, LVDT, HS 
2 2-1-1 3 2.28 1500 1200 Fixed 10 9 Pr, LVDT, HS 
3 3-1-1 3 1.52 1500 1200 Fixed 10 12.3 Pr, LVDT, HS 
4 4-1-1 3 1.52 1500 1200 Fixed 10 9.5 Pr, HS 
6 6-1-1 3 1.52 1500 1200 Fixed 20 11 Pr, HS 
7 7-1-1 6 1.52 1500 1200 Fixed 20 7.2 Pr 
7 7-1-2 6 1.52 1500 1200 Sliding 20 7.2 Pr, HS 

Note: HS indicates high-speed image measurement available; LVDT indicates displacement measurement 
available; Pr indicates reflected pressure measurement available. 

11.3.2 Testing results 

The experimental results from the full-scale blast tests are presented in this section. 

The recorded blast loads, glass pane failure processes, pane failure modes, and the 

central displacement histories are provided and analyzed.  

Table 11–2 Summary of recorded blast loads and UF C estimations 

Test 
No. 

TNT 
Weight 

(kg) 

Stand-off 
distance  

(m) 

Positive phase  Negative phase 
Pr 

(kPa) 
Ir 

(kPa ms)  Pr 
(kPa) 

Ir 
(kPa ms) 

1 10 10 121.1 395.0  28.4 319.7 
2 10 9 168.6 476.1  35.8 543.5 
3 10 12.3 82.2 413.3  17.5 261.7 
4 10 9.5 147.5 436.3  29.6 441.3 
6 20 11 172.1 534.5  31.8 548.5 
7 20 7.2 514.3 797.1  43.0 614.3 

Blast loads 

      The primary charge for the current tests was Trinitrotoluene (TNT). The TNT 

explosives were casted into cylinders with desired weights. A 5cm diameter hole 
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was left in the centre for the RDX booster charge. Electric detonators were inserted 

into the axis of the booster charge. Figure 11-4 shows the reflected pressure 

recorded by the pressure transducer for the first three tests (1-3). The time axis is 

aligned to the instance when shock front arrived at the glass windows. As shown in 

Figure 11-4a, in test 1 the detonation of 10kg TNT at 10m away resulted in 

substantial reflected pressures (about 121kPa) which dwindled to ambient quickly. 

Long duration negative pressures followed, which attenuated gradually. Table 11-2 

summaries the reflected pressures recorded for both the positive phase and the 

negative phase. The recorded reflected pressures are integrated along the time axis 

to derive the reflected impulses. 
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c) Test 3 

Figure 11–4 Recorded reflected pressure and pane central displacement histories 

11.3.3 Displacement histories and failure processes 

       Figure 11-4a-c show the glass pane central displacement time histories recorded 

by the LVDTs on the three 7.52mm laminated panes in test 1-3 together with their 

applied reflected pressure histories. For instance, as shown in Figure 11-4b the glass 

pane in test 4 responded to the air blast wave with a relatively gradual increase in its 

central displacement initially. As glass plies cracked, the central displacement began 

to increase quickly with a steeper slope over time. The interlayer membrane still  

held the cracked laminated glass pane together. A maximum deflection of about 

320mm was reached, after which the pane began to rebound. The measured 

displacement history ceased soon after it rebound because the probe of the LVDT 

debonded from the cracked glass ply.  

      Figure 11-5a shows the snapshots of high-speed camera images from the 

7.52mm laminated glass pane in test 4. As shown, the laminated glass pane 

deformed under the air blast pressure and the back glass ply cracked at 2 ms (at 

t=17ms) after the shock wave was applied onto the window. The pane reached its 

maximum deflection at 25ms, after which it began to rebound. The cracked 

laminated pane was pulled out along its boundaries during rebound at t=35ms. At 

t=55ms the laminated pane was totally pulled out of the frame. Figure 11-5b shows 

the high-speed camera images of the laminated pane in test 1. As shown, the 

laminated pane reached a maximum deflection at about 30 ms or about 15 ms after 
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the blast wave arrived at the window which is consistent with the LVDT recording 

as shown in Figure 11-4a. The cracked laminated pane rebounded, but joint failure 

did not occur. At 134ms the pane was still firmly clamped in the window frame 

without any sign of joint failure. It is to be noted that in test 1 the aperture of the 

high-speed camera mismatched with the light. As a result, over exposure occurred 

when the overwhelming light from detonation made glass crack not visible initially. 

Nevertheless, the high-speed camera images still provided information on how the 

laminated pane responded during the blast. The high-speed camera images show that 

both panes in test 1 and 4 survived the positive phases of the blast load, the 

maximum deflections were reached without boundary failure, but the laminated pane 

in test 4 was pulled out of the window frame during rebound possibly due to the 

sustained negative pressure. 

   
t=15ms 
blast wave arrived 

t=17ms 
back glass ply cracked 

t=25ms  
glass pane reached the 
maximum deflection 

   
t=30ms  
pane rebounded 

t=35ms  
pane was pulled out of the 
boundary  

t=55ms  
pane was totally pulled out of 
the frame 

a) Pane 4-1-1 
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t=0ms  
before detonation 

t=15ms  
blast wave arrived 

t=30ms  
glass pane reached the 
maximum deflection 

  
t=54ms  
pane rebounded 

t=134ms  
pane came to rest after vibration 

b) Pane 1-1-1 

Figure 11–5 Snapshots of high-speed images for Pane 4-1-1 and 1-1-1 

Failure modes 

      Figure 11-6 shows the failure modes of the tested 7.52mm laminated glass panes 

after the blast tests. It can be observed that glass plies of all the tested windows were 

badly shattered, and larger blast load leads to more severe damage of the same glass 

window as clearly observed in the damaged pane 3-1-1 with Pr
+=82kPa, and pane 1-

1-1 with Pr
+=121kPa. Moreover, PVB tearing was found on the laminated pane 1-1-

1, but not in pane 3-1-1. Both panes remained in the window frame without 

boundary failure. Partial pulling-out failure was observed on pane 6-1-1 under 

increased blast loading. As shown, this laminated pane was partly pulled out of the 

window frame along its two vertical and bottom boundaries. The pulled-out part of 

the laminated pane was outside the window frame facing the explosion centre, 

indicating the pane was pulled out during rebound by the negative phase blast 

pressure. Total pulling-out failure was found on the other two laminated glass panes, 
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namely pane 2-1-1 and 4-1-1 owing to larger blast loadings in these two shots as 

given in Table 11-2. As shown in Figure 11-6d and e, the laminated pane was totally 

pulled out of the frame, and left on the ground in front of the window, indicating 

again the action of the negative phase blast pressure. The high-speed camera images 

shown in Figure 11-5a illustrate the pulling out process during the laminated pane 

rebound.  

  
a) Pane 1-1-1 b) Pane 3-1-1 

 
c) Pane 6-1-1 

  
d) Pane 2-1-1 e) Pane 4-1-1 

Figure 11–6 Failure patterns 
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      None of the 7.52mm laminated glass windows tested in the current blast trials 

experienced large interlayer tearing. In fact the interlayer still held most of the 

cracked glass fragments, indicating great performance of the PVB interlayer in 

mitigating the blast loading hazards from glass fragments. However, as shown in 

Figure 11-6, the cracked laminated glass panes could be partially or totally pulled 

out of the frame, which also imposes significant threats to people in the vicinity. The 

observed pulling-out failure was possibly because the glass in contact with the steel 

window frame was damaged during the positive blast loading phase owing to large 

blast pressure and window deformation. The crushed glass layer inside the frame 

resulted in a loss of contact of glass pane with the window frame. Therefore the 

glass panes were pulled out during the negative blast loading phase. Since falling 

glass pane is also hazardous and should be avoided, it is therefore important to 

understand such damage modes at the glass pane boundary and properly design the 

anchorage and window frame to prevent the pull-out damage of laminated glass 

windows under blast loading. 

11.3.4 Comparison with previous testing data 

      The blast testing results presented above show that laminated glass pane could 

be sufficiently strong to resist blast loadings. In such cases, the damages related to 

glass fragmentation and PVB interlayer rupture do not occur, but damage at the 

glass pane boundary might happen that results in the pulling-out of glass pane from 

the window frame. To further examine this possible damage mode, previous field 

blast testing results on 7.52mm laminated glass windows conducted by other 

researchers are collected and analyzed in this section.  

      As mentioned above, Hooper and his colleagues tested 1.5mⅹ1.2m laminated 

glass with 25mm embedment [9]. Four blast trials with blast loads from various 

combinations of C4 charge weights and stand-off distances were conducted. Among 

Hooper et al.‘s four tests, one laminated pane at the 152kPa peak reflected pressure 

and 461kPa-ms reflected impulse was considered severely damaged because the 

cracked laminated pane was totally pulled out from the clamping frame along all 

four sides and pushed into the testing room (Figure 11-7b). In comparison, pane 2-1-

1 in the current blasting test was subjected to blast loading of similar magnitude 

(Pr=169kPa, Ir=476kPa-ms), and pulling-out failure also occurred along the window 
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boundaries. However, as described above and shown in Figure 11-7a, instead of 

being pushed into the testing cell, the laminated pane was pulled out of the frame 

and sucked out of the testing cell. Comparing the recorded reflected pressure with 

that in Hooper et al.‘s test, the current test has a slightly higher blast pressure and 

impulse. The high-speed camera images show that the glass pane survived the 

positive pressure phase, but was pulled out from its frame during the negative 

pressure phase. The reason for these different failure modes is probably due to the 

larger bite depth of pane 2-1-1 in the current study. Compared to the 25mm bite 

depth in Hooper et al.‘s test, the 50mm bite in the current specimen provided greater 

resistance to hold the cracked laminated pane sliding into the room during the 

positive blast pressure phase, although the gripping effect of the frame bite was 

weakened as friction between glass and steel strips degraded when cracks extended 

through the glass in contact with the frame. On the other hand, as demonstrated by 

some researchers that larger pane deflection could be expected when the effect of 

negative pressure is superposed with the rebound of the laminated pane [14]. The 

amplified deflection during rebound led to the laminated pane being pulled-out of its 

frame in the current tests.  

  
a) 50mm bite in Pane 2-1-1 

(Pr+=169kPa, Ir+=476kPa-ms) 
b) 25mm bite by Hooper et al. [9] 

(Pr+=152kPa, Ir+=461kPa-ms) 

Figure 11–7 Comparison of influence of bite depth 

      Figure 11-8 summarizes the maximum pane central deflections of laminated 

glass windows with different bite depths under various blast loadings obtained in the 

current study and reported by other researchers in literature. The reflected impulse is 

used as x-axis to show the magnitude of blast loads. Considering window size 

Pane leaving 
frame during 

rebound 

Pane flying 
into cubicle 
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differences, the reflected impulses are normalized against window size (the square 

root of window area). In Figure 11-8, the solid symbols indicate the tested panes 

failed with joint failure, while the open symbols represent those without joint 

failure. With 25mm bite depth, the four 1.5m by 1.2m laminated panes tested by 

Hooper et al. had a small bite over pane width ratio of 25mm/1200mm=0.021. Under 

461kPa-ms reflected impulse, the laminated pane was pushed into the testing cell 

with joint failure because of the insufficient anchorage of the pane in the frame. 

Another pane tested in [9] also experienced severe damage along its boundary when 

it was subjected to 391kPa-ms reflected impulse, but was not completely pushed out 

of its frame owing to the restraints at the four frame corners. In the current field 

blasting test, with 50mm glass embedment into the frame, it had a higher bite depth 

over window width ratio of 50mm/1200mm=0.042. The deeper bite provided higher 

anchorage against pulling-out failure. As shown above, under 395kPa-ms and 

413kPa-ms reflected impulses, the laminated panes in the current test were firmly 

restrained in the frame despite large pane deformations. When subjected to higher 

blast loadings, i.e., 476kPa-ms reflected impulses, the 7.52mm laminated pane failed 

along its boundaries and was forced out of the window frame. However, due to the 

restraint effect of deep bite, this pane survived the positive phase blast loading, but 

was pulled out of the window frame during rebound. Kranzer et al. [11] also 

provided 50mm bite to the laminated glass panes in their experimental tests of 

smaller window specimens of dimension 1100mmⅹ900mm. Because the ratio of 

bite depth over window width was higher (50mm/900mm=0.056), in their blast tests, 

all four laminated panes were firmly held by the rigid window frame. No joint 

failure was found among the tested panes. Through the above comparison it  can be 

concluded that bite depth to window dimension ratio plays an important role in 

preventing joint failure. Depending on the bite over pane width ratio, as well as the 

blast loading amplitude, the laminated glass window joint failure might happen 

although the PVB interlayer could survive the blast loads and keep the shattered 

glass fragments together. The failed window joints may result in the window pane 

being pushed into the room or sucked outside by the negative blast pressure. It is 

therefore important to properly design the anchorage to prevent the joint failure of 

laminated glass windows.  
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Figure 11–8 Maximum pane deflections versus bite depth at different reflected impulses  

11.4 NUMERICAL SIMULATION 

To further investigate the effectiveness of glass pane anchorage on preventing joint 

failure of laminated glass windows, a three dimensional finite element model of 

laminated glass window is generated using the commercial software LS-DYNA. 

Detailed laminated glass windows including the steel window frames as described 

above in the field tests are modeled numerically. The model is calibrated with field blast 

testing results. Extensive numerical simulations are then carried out with the verified 

model to study the influence of bite depth, and different interlayer anchoring retrofit 

measures on preventing joint failure.  

11.4.1 Model description 

Model configuration 

      Figure 11-9a depicts the typical finite element model of the laminated glass panel 

with fully fixed steel frame. 8-node solid elements are adopted to model the windows. 

Each node has six degrees of freedom. The laminated pane is 1.5m high by 1.2m wide 

with element size 5mm 5mm in within the window plane. For the 7.52mm laminated 

pane, it consists of 2 layers of 3mm thick annealed glass and one layer of 1.52mm PVB 

interlayer. Each layer has two elements in the thickness direction (Figure 11-9b). For 

the doubly laminated pane described above in test 7, each of the three 6mm thick glass 

plies and the two 1.52mm PVB interlayers are also meshed with two elements along the 

thickness direction. The window frame comprises a 20mm thick inner and a 10mm thick 

outer steel strip. The frame is also meshed with 5mm 5mm 5mm solid elements. Blast 
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load is applied on the surface of the outer glass layer (as demonstrated in Figure 11-9b). 

Considering symmetry, only one quarter of the window specimen is included in the 

model. Erosion is introduced to model glass crack and interlayer rupture. The mass of 

the deleted elements is retained so as to maintain mass conservation. Figure 11-9a and b 

illustrate the numerical model generated for the laminated glass window in the current 

field blasting tests. Figure 11-9c-f show the numerical models built for laminated glass 

with bolt anchor and bar anchor which will be described in detail in the following 

sections.  

  
a) Framed glass window without retrofit b) Element across the thickness direction 

  
c) Glass window with PVB bolted along boundaries d) Element across the thickness direction 
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e) Glass window with PVB holded by fixture bars f) Element across the thickness direction 

Figure 11–9 Laminated glass models 
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Figure 11–10 Mesh size sensitivity test 

Convergence study 

      A mesh size sensitivity test is performed to determine the optimized element size. 

The number of element in the window thickness direction is kept the same to ensure the 

stress variation across the pane depth is captured. Five different planer mesh sizes, 

namely 50mm, 20mm, 10mm, 5mm, and 2mm are used to model the laminated glass 

panel in convergence test. The maximum pane central deflection is chosen to check the 

simulation convergence. As shown in Figure 11-10, when simulating the 7.52mm 
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laminated pane in test 3, the resulted maximum deflection converges with 5mm mesh. 

Further reducing the mesh size to 2mm does not lead to any significant variation on the 

numerical results, but it leads to substantial increase in the computational time. 

Therefore, the mesh size is chosen to be 5mm.  

Material model 

Glass 
      Glass is a complex material. The failure of glass is brittle. Compressive test on 

annealed glass material found its ultimate compressive strength could be over 1GPa 

[15]. The theoretical tensile strength of glass crystal can even reach 21GPa [16]. 

However, because of existing flaws on its surface during manufacture and service, 

annealed glass used for architectural windows normally fails between 8MPa to 45MPa 

[8]. A Weibull distribution is often introduced by some researchers to describe the 

tensile strength of glass for design purposes. When dealing with glass under ballistic 

impact or under blast loading, it is normally treated as a brittle material with a damage 

model to describe the strength deduction due to damage [15, 17, 18].  

      Recent studies on annealed glass material properties have found glass to be a strain-

rate sensitive material [19, 20]. The dynamic increase factors (DIF) have been 

concluded. As shown in Figure 11-11, both the compressive and tensile strengths of 

architectural annealed glass will be amplified when it deforms at high strain rates. The 

strength increment at high strain rate could be caused by either the true material strength 

increment or the structural confinement effect in high-speed impact tests. Brown 

attributed the increase in glass strength to the assumption that flaws and cracks take 

time to extend to form rupture [21]. More thorough study is needed to better understand 

dynamic glass material properties. 

      Based on previous studies on dynamic material properties of annealed glass 

material, the material constants of the popularly used Johnson Holmquist Ceramic (JH2) 

material model are recently derived for architectural annealed glass. JH2 model is a 

well-defined material model for ceramic and glass materials. It includes a strength 

model, a damage model, strain-rate effect, and equation of state (EOS). The original 

JH2 model for float glass was developed to simulate its ballistic performance based on 

limited experimental testing data. Based on static and dynamic laboratory test results on 

architectural annealed glass, together with previous experimental investigations on 
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window glass, Zhang and Hao derived material constants for the modified JH2 model 

[17, 18]. Through comparisons with experimental results, the JH2 model with newly 

derived material constants has been proved to give reliable results in simulation of 

annealed glass window responses under shock and impact loads. In the current 

numerical model, this model is adopted for annealed glass material. 

  
a) Compressive DIFs vs strain rates b) Tensile DIFs vs strain rates 

 
c) Strength model  

Figure 11–11 Johnson Holmquist Ceramic material model for annealed glass [18] 

PVB 
      Experimental investigations on PVB material show that PVB exhibits viscoelastic 

property under quasi-static loading. As a polymer material, PVB fails at strain over 

200%. The Mooney-Rivlin model is generally chosen to model the hyperelastic 

behaviour of PVB when it is loaded slowly. However, dynamic tensile tests performed 

on PVB by various researchers [10, 22, 23] indicated that when PVB is subjected to 

high strain rates, it behaves more like elastic material with hardening or even experience 
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material also yields at an elevated yield stress at high strain rates. PVB behaves more 

brittle when it deforms under higher strain rates, and fails at higher ultimate strengths 

and smaller strains. For PVB material under shock and impact loads, an elastoplastic 

material model with strain-rate effects can therefore be used to depict the behaviour of 

PVB.  

      The PVB initial Young‘s modulus, yield stress, and ultimate failure stress at various 

strain rates reported by previous researchers are collected and fitted into equations with 

respect to strain rates for these quantities as:  

               ( ̇)
      MPa (11-1) 

            ( ̇)
      MPa (11-2) 

               ( ̇)
      MPa (11-3) 

where  ̇ is the strain rate that material experienced. The density of PVB is 1100kg/m3 

and the Poisson‘s ratio is 0.495. The plastic modulus measured in the experiments is 

averaged, and 11MPa is taken in this study. The fitted stress-strain relations are 

programmed and implemented into LS-DYNA code to conduct the numerical 

simulations. Detailed description of the strain-rate-dependent elastoplastic model for 

PVB material is provided in reference [24].  

Steel frame and anchor 

      A linear elastic material model is used for the steel frame with steel density 

7800kg/m3, Young‘s modulus 200GPa, and Poisson‘s ratio 0.3. The choice of a simple 

material model rather than a more complicated model for the window frame is because 

the designed window frame in the field test is thick enough, and no material yielding or 

plastic deformation was observed on the steel frame. A simple elastic material model 

could help to improve computational efficiency without sacrificing precision.  

      For the fixture bar and bolt in the interlayer anchorage systems, to model the 

possibility of steel yielding, PIECEWISE_LINEAR_PLASTICITY material model 

(MAT024) in LS-DYNA is used. The yield‘s stress and tangent modulus are set to 

270MPa and 470MPa respectively.  
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Contact algorithm 

      To define the interactions between different components of laminated glass window, 

the keyword Contact in LS-DYNA is utilized. Different types of contact are defined 

based on the specific material and connections that are described below.  

      The current work focuses on studying the influence of window frame to the overall 

response of the glass windows. As described above in the field test, the laminated glass 

panes are proposed to be clamped by two pieces of steel frames, which are bolted 

together firmly. The friction on the contact surfaces between glass and steel prevents 

glass pane slipping out of the frame. The contact option AUTOMATIC_SURFACE_ 

TO_SURFACE in LS-DYNA is used with static friction coefficient of 0.7 and dynamic 

friction coefficient of 0.5 to simulate the interaction between glass and steel frame. The 

inner window frame is initially fixed. A clamping pressure of 10MPa is applied to the 

outer window frame to model the bolt clamping effect. 

      Observation in field blasting tests on laminated glass found that delamination hardly 

occur between fractured glass and PVB interlayer. Glass debonding from PVB layer is 

therefore not modelled. The contacting nodes between PVB and glass are merged 

together. This simplification helps to improve computation efficiency.  

      The interactions between PVB interlayer and fixtures bars, as well as PVB with 

fixture bolts are modelled with three dimension contact, AUTOMATIC_SURFACE_ 

TO_SURFACE option, in the numerical simulation. Considering the relatively low 

modulus of PVB material as compared to steel, soft constraint formulation instead of the 

default penalty formulation is used in LS-DYNA.  

11.4.2 Calibration 

      To verify the accuracy and reliability of the numerical model, two window tests are 

numerically simulated. The laminated pane 1-1-1 with 50mm bite depth subjected to 

10kg TNT at 10m stand-off distance without boundary failure is simulated first. Then 

the numerical simulation is extended to model the laminated pane with total failure 

along window boundary, i.e. the laminated pane tested by Hooper et al. [9], which was 

pulled out of the frame completely and propelled into the testing cell, is modelled.  



School of Civil, Environmental and Mining Engineering  
The University of Western Australia 

11.334 

Without boundary failure 

     In test 1, the 7.52mm laminated glass window with 50mm bite was subjected to the 

blast loads from 10kg TNT detonated at 10m stand-off distance. The recorded reflected 

pressure in the field test is simplified as shown in Figure 11-12 and applied to the outer 

glass ply.  
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Figure 11–12 Pressure and central deflection time histories in field test and numerical simulation 
for Pane 1-1-1 

 
 

 

 
 

 

a) Field test b) Numerical simulation 

Figure 11–13 Comparison of failure patterns for pane 1-1-1 
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      Figure 11-13 shows the comparison of the simulated and field tested laminated glass 

windows. As shown, the numerical model manages to simulate the overall response of 

the laminated pane under the field blast load. The glass plies are both extensively 

shattered with the most severe damage at the corners. The central region of the 

laminated pane is relatively intact. There is no sign of the cracked laminated pane being 

pulled out of its boundary. Figure 11-12 compares the deflection histories at the pane 

centrals. The predicated central displacement shows good agreement with the measured 

data in the field test. A maximum deflection of 268mm is predicated in comparison with 

275mm in the field test. The error is less than 3%, indicating good numerical 

predictions. The numerical model slightly underestimates the peak deflection of the 

laminated pane, due to a number of uncertainties, especially the errors in material 

models.  

With boundary failure  

      Hooper et al. tested a 7.52mm thick laminated glass window of dimension 1.5m by 

1.2m with 25mm bite depth [9]. Under the blast loading from 30kg TNT equivalent 

charge detonated at 14m away, the laminated glass pane was totally pulled out of the 

window frame and was propelled into the testing cell. To further calibrate the numerical 

model, this test is also simulated in the study. The measured reflected pressure reported 

in [9] is fitted and applied to the laminated glass as shown in Figure 11-14. 
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Figure 11–14 Pressure and central deflection histories in field test and numerical simulation of 
Hooper et al.’s test [9] 
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      Figure 11-15 depicts the failure state of the prediction using the numerical model 

and that observed in the field blasting test. As can be seen, the numerical model predicts 

a very similar failure pattern of the laminated glass pane. In the numerical model the 

glass around the centre of the pane is relatively intact, while the damage of the pane in 

the Hooper‘s test is not visible due to the stochastic speckle pattern applied on the 

window surface for digital image correlation. The cracked laminated panes are both 

pulled out of the window frame along four sides, leaving only pane corners held by the 

frames at the instant shown in Figure 11-15. Under the blast loading, the cracked glass 

pane works as a whole without interlayer rupture and flies into the room. The pane 

central deflection histories shown in Figure 11-14 provides further evidence that the 

numerical model agrees well with the measured data in the field test. The laminated 

glass pane deforms under the effect of the blast pressure. In the field test at about 11ms, 

the shattered laminated pane is completely pulled out of the window frame with a 

maximum central deflection of 265mm. In comparison, the laminated pane in the 

numerical model is totally pulled out of the window frame at around 12ms with a 

central deflection of 275mm. The laminated glass pane without any constrains from its 

frame continued to travel into the room.  

  

  
a) Field test b) Numerical simulation 

Figure 11–15 Comparison of pane failure patterns of Hooper et al.'s test [9] 
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      Through the above comparisons, it can be concluded that the numerical model gives 

reasonable predictions of the laminated glass window response to blast loads. The 

constraining effect of window frame can be properly simulated by the numerical model. 

  
10mm bite 
(at 70ms) 

20mm bite 
(at 70ms) 

  
50mm bite 
(at 70ms) 

70mm bite 
(at 70ms) 

Figure 11–16 Failure patterns of windows with different bite depths under low level blast loading  

11.4.3 Numerical results and analysis 

Frame bite depth 

      The effect of bite depth on the responses of laminated glass windows is studied by 

numerically simulating 7.52mm thick 1.5mⅹ1.2m laminated panes with four different 

bite depths, i.e., 10mm, 20mm, 50mm, and 70mm with bite depth to frame dimension 

ratios of 0.008, 0.017, 0.042 and 0.058, respectively. Three load cases are considered in 

the analysis, i.e., a low level blast with 20kg TNT explosive detonated 30m away to 

generate Level C blast loading (Pr+=27kPa lasting about 7ms) following GSA standard 

[25]. The magnitude of blast pressure is estimated following UFC 3-340-02 [26]. An 

intermediate high level blast with reflected pressure recorded in test 1 in the field test 
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above, and a high level blast pressure as recorded in test 2. The reflected pressures 

applied are presented in the following with respective pane deflection histories, where 

the negative phases are also included. 

      When subjected to the low level blast load, the simulations indicate that all the 

laminated panes survive the blast load without joint failure as shown in Figure 11-16. 

Despite glass cracking occurs on all laminated panes, interlayer ruptures are not found. 

The pane central displacement histories in Figure 11-17 show that all the four laminated 

panes respond similarly to the blast load. The panes with 10mm and 20mm embedment 

respond marginally slower than the other two panes with deep bites. This is probably 

because the shallow bite depth resulted in slightly flexible window system, which as a 

result responds a bit slower. Higher deflections were found on the panes when they 

rebounded, which were due to the effect of negative pressure.   

 

Figure 11–17 Blast load and pane central displacement histories of windows with different bite 
depths under low level blast loading 

     As shown in Figure 11-18, under the intermediate level blast load, glass plies of all 

panes experience severe damage, but the laminate panes with different bite depths 

respond very differently. With 10mm and 20mm bite depths, the laminated panes are 

easily pulled out of their window frames and pushed into the room. When increasing the 

bite depth to 50mm and 70mm, the laminated panes are restrained between the steel 

frames. Figure 11-19 shows the time histories of displacement at pane centrals. As 

shown, the laminated pane with only 10mm embedment is quickly pulled out of its 

frame and propelled under the blast load. With slightly larger embedment (20mm), the 
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pane receives more restraint from its frame, and responds slightly slower, but failure 

along window boundary still occurs. For the two laminated panes with larger bite depths 

(50mm and 70mm), they survive the blast load without being pulled out of their frames. 

As can be seen from Figure 11-19, the pane with 50mm embedment reaches a bit higher 

maximum deflection (268mm) as compared with the other pane with 70 mm bite depth 

(251mm). This is because of insufficient friction restraint from the 50mm bite frame, 

and relative in-plane sliding still happens. The 50mm deep bite manages to withstand 

the pull forces.  

  
10mm bite 
(at 21ms) 

20mm bite 
(at 22ms) 

  
50mm bite 
(at 40ms) 

70mm bite 
(at 40ms) 

Figure 11–18 Failure patterns of windows with different bite depths under intermediate high level 
blast loading 
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Figure 11–19 Blast load and pane central displacement histories of windows with different bite 
depths under intermediate high level blast loading 

  
10mm bite 
(at 15ms) 

20mm bite 
(at 16ms) 

  
50mm bite 
(at 40ms) 

70mm bite 
(at 15ms) 

Figure 11–20 Failure patterns of windows with different bite depths under high blast loading 
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Figure 11–21 Blast load and pane central displacement histories of windows with different bite 
depths under high blast loading 

      As shown in Figure 11-20, under the high blast loading the glass plies of all the 

laminated panes are shattered. The two laminated panes with shallow bites (10mm and 

20mm) fail by being pulled out from their frames perimetrally. When increasing bite 

depth to 50mm, the pane survives the positive phase blast loading and reaches a 

maximum deflection of 316mm without any joint failure (Figure 11-21). The pane 

rebounds, together with the action of negative blast pressure a higher central deflection 

is resulted. When the pane central deflection reaches 354mm, the restraint of the 50mm 

deep bite is no longer able to hold the laminated pane from the suction of negative 

pressure. Pulling-out failure happens to the laminated pane embedded in 50mm bite 

frame during rebound at about 40ms. It is worth noting that the PVB interlayer on the 

laminated pane with 50mm bite experiences significant deformation, but no interlayer 

rupture is found to the PVB membrane which is because the relative in-plane sliding 

occurred between the pane and frame when the pane is deflecting into the room. The 

relative slide of the pane reduces the deformation of the PVB interlayer and reliefs its 

rupture potential. When increasing the bite depth to 70mm, a more robust fully fixed 

support is created for the laminated glass window. The steel frame with deep bite holds 

the laminated pane firmly when it is under the action of the blast pressure. No joint 

failure occurs to the laminated pane. However, as shown in Figure 11-20 the interlayer 
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of the laminated pane is torn when the pane is deflecting inward. This is because of the 

large magnitude blast pressure resulting significant shear and flexural deformation to 

the laminated pane. The deep-bite frame restrains the pane firmly from any in-plane 

sliding. Without any relief from sliding, the PVB interlayer ruptures when its principal 

strain reaches the ultimate capacity.  

      Through the above analysis, it can be found that providing sufficient bite depth is an 

effective way to mitigate joint failure of laminated windows, reduce the risk of glass 

pane being pulled out of its frame under blast loading. However, if the boundary is too 

rigid, as in the case with 70 mm bite, it might make the glass pane more vulnerable to 

blast load.  

Interlayer anchorage 

      Trawinski et al. [13] introduced two types of anchorage measures to reduce the risk 

of laminated glass pane being pulled out of its frame. The two anchorage measures are 

(1) using fixture bars along two sides of the window frame to hold the extended PVB 

interlayer and (2) using fixtures bolts to fix extended PVB strips to the window frame. 

The details of these two measures are illustrated in Figure 11-9c to f. 1.5m 1.2m 

doubly laminated glass pane with three glass plies and two PVB interlayers are 

modelled in the study. 50mm wide steel frame is assumed to be installed to clamp the 

pane in position. 10mm diameter high strength steel rods are positioned along the two 

vertical sides of the window frame as the fixture bars, which are anchored at their both 

ends with full restraint into the frame. The extended PVB interlayer wraps around the 

fixture bar (Figure 11-9e and f). When the PVB interlayer is under tension as the 

laminated pane deforms, the two steel bars will hold the interlayer to prevent it from 

sliding. For the laminated pane with fixture bolt retrofit, an extra 100mm PVB strips are 

extended from the laminated pane. 20 pieces of M10 high strength steel bolts are fixed 

perimetrally around the window frame at 200mm spacing. These fixture bolts go 

through the pre-drilled holes on the extended PVB strips, and are fully fixed onto the 

wall (Figure 11-9c and d). Similar to the fixture bars, these bolts will hold the PVB 

interlayer when the laminated pane is under blast loading. To check the effectiveness of 

these two interlayer anchorage measures, the laminated glass pane without any 

interlayer anchorage retrofit is also modelled to provide reference. The responses of 

laminated glass windows are simulated with four different levels of blast loadings, i.e. a 
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small scale blast with 20kg TNT detonated at 30m distance to generate blast load 

following GSA standard Level C, an intermediate level blast load as in the current field 

blast Test 1 with 10kg TNT detonated at 10m distance, a large-scale blast load as in 

Test 7 with 20kg TNT detonated at 7.2m distance, and an extra-large-scale blast load 

with 90kg TNT detonated at 10m stand-off distance, respectively. The magnitude of 

blast loads are estimated following UFC 3-340-02 [26]. The reflected pressure time 

histories are shown in Figure 11-22, where the negative phases are also included. 

  
a) Small scale b) Intermediate scale 

  
c) Large scale d) Extra-large scale 

Figure 11–22 Blast loads and pane central displacement histories for laminated glass windows with 
different anchorage measures 

      Figure 11-23 depicts the ultimate failure states of laminated glass windows with 

fixture bar and fixture bolt, and without any interlayer anchorage retrofit but 50 mm bite 

only. As shown, under the minimum level of blast loading (small scale), none of the 

laminated panes experiences any noticeable damage which is due to the large flexural 

strength of the 21.04mm (6mm glass, 1.52mm PVB, 6mm glass, 1.52mm PVB, and 
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6mm glass) doubly laminated pane, as well as the increased inertial resistance owing to 

the large mass, as compared to the 7.52 mm laminated glass window discussed above. 

Figure 11-22a shows the central displacement histories. As shown, barely any 

difference can be found on the central displacement histories among the three laminated 

panes. When the laminated glass windows are under intermediate-scale blast loading, 

glass cracks can be observed on the laminated panes (Figure 11-23). The central 

displacement histories indicate a maximum deflection (about 42mm) is reached on the 

laminated pane without anchorage measure. Due to the extra restraint effects from the 

fixture bars and fixture bolts, lower central deflections are found on the two 

corresponding laminated panes with interlayer anchors (37mm and 35mm respectively). 

Fixture bolts appears to provide slightly better resistance perimetrally to the cracked 

laminated pane with a bit smaller central deflection resulted. Under the large-scale blast 

loading, the laminated pane without any interlayer anchorage is pulled out of its frame 

along the two vertical boundaries. A maximum central deflection of about 245mm is 

predicted. But with the friction resistance from the top and bottom boundaries and the 

four corners, the cracked pane finally comes to a rest within the window frame. The 

negative blast pressure appears to have insignificant influence on the doubly laminated 

panes that it does not suck out the glass pane. This is probably because of the heavier 

mass of the doubly laminated panes comparing with the 7.52mm singly laminated 

panes. In comparison, the fixture bar is quite effective that they successfully hold the 

laminated pane along its two vertical boundaries from being pulled out of the window 

frame. The maximum pane central deflection is about 195mm. The fixture bolts 

provides similar anchorage effect to the sliding interlayer. As a result of bolt anchor, a 

maximum central deflection of about 193mm is predicted, which is 21% lower than the 

case without boundary anchorage. Comparing the effectiveness of fixture bar and 

fixture bolt, it seems that the bolt anchors yield slightly better performance of laminated 

glass windows under the current blast loading. This is because the bolt anchor provides 

additional resistance to stop the interlayer from sliding perimetrally. In comparison, the 

fixture bar can only hold the interlayer along its two sides. As shown in Figure 11-23, 

because the bars are fixed into the frame on their two ends, the 1.5m long 10mm 

diameter steel bars yield under the substantial pulling forces from the PVB interlayer 

when the laminated glass pane is under large blast loads. The deformation of the fixture 

bars curves into the window which makes the laminated pane slide inward and 
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consequentially leads to slightly higher central deflection. Close observation on the 

extended PVB strips at the fixture bolts; it can also found that interlayer tearing could 

be a major potential problem when the laminated pane is under substantial tensile forces 

from the blast load. Under the extra-large-scale blast loading from 90kg TNT detonated 

at 10m stand-off distance, the laminated pane without interlayer anchorage is directly 

pushed into the testing room with laminated pane being widely pulled out of the 

window frame around the four sides. The laminated pane with fixture bars does not 

survive the substantial blast load either. The fixture bars pull the laminated pane back 

from sliding initially. However, under the large blast pressure, the laminated pane 

experiences substantial deformation, which pulls the fixture bars and causes significant 

bending and curvature on the steel bars. Rupture eventually occurs on the PVB 

interlayer near and in contact with the anchor bars. After PVB rupture along the anchor 

bars, the laminated pane is pulled out of the window frame from the top and bottom 

sides and then pushed into the room. Similar response is observed on the laminated pane 

with fixture bolts. As shown in Figure 11-23, as the laminated pane deforms, the 

extended PVB strips are torn through the bolt holes. From the deflection histories 

shown in Figure 11-22d, it can be observed that the central deflections of all the three 

laminated panes kept increasing, indicating they are flying into the room. The fixture 

bar and fixture bolts delay marginally the failure along the window frame.  
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Figure 11–23 Ultimate states of laminated glass windows with different retrofits  

      Through the above analysis, it can be found that anchor bars and bolt can help to 

mitigate the potential of joint failure along laminated glass pane boundaries. Their 

effectiveness is quite obvious when the laminated glass windows are subjected to 

certain levels of blast loadings. When the window is under low level blast loading, the 

laminated pane itself and the clamping window frame could provide sufficient 

resistance to stop pane from being pulled out. The effect of interlayer anchor is not 

apparent. When the laminated glass window is subjected to large blast loading, PVB 
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interlayer rupture at the locations in contact with the anchor bars and PVB interlayer 

tearing at the fixture bolts might occur, resulting in the failure of the anchoring system. 

11.5 SLIDING BOUNDARY 

      Zhang et al. [6] studied the effect of releasing boundary restraint on improving the 

anti-blast performance of laminated glass windows. Comparing with the fully fixed 

boundary condition, the capacity of laminated glass panes were found to increase when 

using pinned boundary which allowed the rotation of the laminated pane along its 

boundary. It was found that using a flexible window boundary might mitigate the 

damage of the laminated pane under blast pressure. Following this idea, a sliding 

boundary is proposed, which allows the laminated pane to slide freely in the direction of 

blast pressure. The laminated pane slides backward to mitigate the blast load when the 

air blast wave pushes it inward. A doubly laminated pane with three glass plies 

laminated by two PVB interlayers with sliding boundary is tested in this study to 

examine the effectiveness of using this flexible boundary to mitigate window glass 

damage. To minimize the possibility of the glass pane failure or rupture immediately 

after the application of blast loading, strong doubly laminated glass panes as described 

above were tested to observe the influences of sliding boundary.  

   
t=0ms  t=8ms t=9ms 

   
t=13ms  t=20ms  t=40ms  

Figure 11–24 Snapshots of high-speed images of the laminated pane with sliding boundary 
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      In the field blast test 7 described above, two doubly laminated glass windows (as 

shown in Figure 11-2b), one with fixed boundary and another one with the proposed 

sliding boundary, were tested. The pressure transducer recorded a peak reflected 

pressure of 514kPa lasting about 3ms. Figure 11-24 shows the snapshots of high-speed 

camera images for the laminated pane with sliding boundary. It can be observed that 

after the blast wave arrived at the window 8ms after detonation, the glass plies cracked 

immediately. The entire pane also began to slide inward under the action of the blast 

wave. At around 20ms, the laminated pane touches the inner window frame after sliding 

50mm inward. The maximum deformation occurred at the pane central at about 40ms 

after which the pane starts to rebound.  

   
a) Pane 7-1-1  

with sliding boundary 
b) Pane 7-1-2  

with fully fixed boundary 
c) Pane 7-1-2 numerical 

model with fully fixed 
boundary 

Figure 11–25 Failure patterns of the laminated panes in test 7 

      Figure 11-25 shows the failure patterns of the two laminated panes with fully fixed 

and with sliding boundaries in test 7. As shown in Figure 11-25a, the laminated pane 

with sliding boundary suffers severe damage to its glass plies by the substantial blast 

load. However, only small joint failure could be observed along its boundary, and no 

PVB rupture was observed. The action of blast pressure was vastly mitigated as the 

laminated pane slid backwards. In comparison, the laminated pane which was fully 

clamped between the steel window frames suffered significant joint failure especially 

along its two vertical boundaries (Figure 11-25b), as well as PVB rupture. The image of 

pane failure indicates the fully fixed glass pane with 50 mm bite depth to the laminated 

pane is insufficient to prevent pulling-out failure. Comparing the damage level of the 

two identical glass panes with different boundary conditions clearly demonstrates that 

PVB 
tearing 
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using flexible boundary can mitigate damages of laminate glass windows under blast 

loadings. 

      No LVDT was installed in this test to prevent damaging them by the failed glass 

window flying into the testing cell because of the expected large blast loads. Instead the 

high-speed camera images are post-processed using a Matlab tracking algorithm with 

the aid of the tracking dot matrix on the glass pane to derive the pane displacement 

histories. Figure 11-25c shows the predicted pane failure. As shown, the numerical 

model manages to replicate the pulling-out failure along two boundaries. From the 

numerical model, pane displacements at various locations can be easily tracked. The 

displacement histories at the centres of the two tested panes obtained by both numerical 

simulation and high-speed camera images in the field test are presented in Figure 11-26. 

As can be seen, the deflection at pane centre for the pane with fixed boundary increased 

immediately under the blast load. The central deflection rises quickly to a maximum of 

about 247mm and then recovers as pane rebounded. The deflection near the window 

boundary increases simultaneously with pane central. But because of the restraint from 

window frame, low magnitude of deflection is resulted. High-speed camera images 

found the displacement at pane centre of the laminated pane with sliding boundary 

increased slower at the beginning. The displacement is mainly associated with the 

sliding of the entire pane. Similar displacement was recorded at the pane boundary until 

it approximated 50mm, which is the design sliding distance for the laminated pane. The 

displacement at pane centre is slightly larger than that at the boundary because of pane 

deformation under the blast wave effect. After this instance when the laminated pane 

touches the inner window frame, the displacement near the boundary begins to increase 

slowly similar to the case with fixed boundary. The central displacement starts to rise 

quickly until a maximum deflection is reached (about 251mm) and then reduces as pane 

rebounded. Comparing the central displacement histories of the laminated panes with 

sliding and fixed boundaries, it can be found the sliding pane responds slower due to its 

flexibility. If the sliding distance is deducted from the deflection at the central, a much 

smaller central deflection is resulted (about 201mm). It indicates 19% less net 

maximum central deflection is achieved with the sliding boundary comparing with the 

fully fixed boundary, which consequentially reduces the rupture possibility of the 

laminated pane. As shown in Figure 11-25a and b, no PVB tearing was found on the 
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laminated pane with sliding boundary. However, some insignificant interlayer rupture 

was found after closely examining the laminated pane clamped with fully fixed 

boundary.  

      Through the above comparisons, it can be found that the sliding boundary can help 

to improve the blast resistance capacity of the laminated glass windows. Lower net 

central deflection can be achieved by the sliding boundary comparing with the 

traditional fully fixed boundary. The field blasting test also shows that the sliding 

boundary reduces the potential of joint failure. 
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Figure 11–26 Comparison of displacement histories of test 7 

11.6 CONCLUSIONS 

The responses of laminated glass windows were examined through full-scale field 

blasting tests and numerical simulations. The failure pattern was found to be primarily 

joint failure, where the cracked laminated panes were pulled out of the steel frames. 

Previous field blast test results were collected together with the current testing data to 

analyze the formation and influencing factors of joint failure. Numerical model of 

laminated glass windows was built and calibrated with testing data, and then used to 

study the influence of bite depth to joint failure. Numerical simulations were further 

carried out to investigate the effectiveness of two types of interlayer anchorage systems, 

namely fixture bar and fixture bolt. The efficiencies of the two anchorage systems were 

studied. It was found for intermediate to large scale blast loadings, interlayer anchorage 

with fixture bar and fixture bolts can effectively mitigate the laminated pane joint 

Pane central 

At boundary 
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failure. However, increasing the boundary anchorage increases the PVB rupture 

potential. Based on previous founding on boundary effect to the performance of 

laminated glass windows, a new sliding boundary was introduced and tested 

experimentally. The advantages and disadvantages of the sliding boundary was 

discussed and checked through comparison with fully fixed boundary. It was found the 

new sliding boundary can effectively reduce the laminated pane response against blast 

loading, and also reduce the joint failure possibility. 
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CHAPTER 12.  CONCLUSIONS 

12.1 MAIN FINDINGS 

This thesis has presented experimental and numerical studies on analysis and design 

of blast and impact resistant window systems. Laboratory tests were conducted to 

determine the glass, and interlayer polymer materials PVB and SGP dynamic 

properties. The testing data were used to develop dynamic material models, which 

were implemented into commercial code LS-DYNA for more reliable predictions of 

monolithic and laminate glass window responses subjected to impact and blast loads. 

Laboratory impact and full-scale field blasting tests were carried out on both 

monolithic and laminated glass windows. The testing data were analyzed and used to 

calibrate numerical models. Intensive numerical simulations were carried out to 

construct P-I diagrams of glass windows under impact and blast loads. The 

constructed P-I diagrams allow a quick assessment of glass window performances 

under blast and impact loads. Both the numerical simulation and testing data were 

also used to evaluate the accuracy of the predictions based on SDOF analysis and 

design guides. It was demonstrated that these simplified approaches not necessarily 

always led to accurate predictions of glass window responses subjected to blast and 

impact loads. Suggestions on improving the prediction accuracy, as well as designs 

to enhance the glass window capacities to resist blast and impact loads were given in 

the thesis. The results presented in this thesis lead to better modelling of laminated 

glass window materials, better predictions of glass window responses subjected to 

impact and blast loads.  

12.2 RECOMMENDATIONS FOR FUTURE WORK 

Further research is recommended to refine the research results reported in this thesis. 

Some possible further research topics are outlined below: 

      Architectural annealed glass was tested using SHPB technique. There is also 

thermally tempered glass on market, which is also popularly used for glass windows. 

Due to manufacturing technique, it is difficult to produce small tempered glass 

samples to be tested. Larger size tempered glass specimen can be made in the future, 
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and high speed hydraulic testing machine can be used to investigate the dynamic 

material properties of thermally tempered glass. 

      In modification of JH2 model for annealed glass, the author carried out SHPB 

tests to study annealed glass material properties. Previous data by other researchers 

on annealed glass using plate impact technique at Hugoniot Elastic Limit is used to 

derive equation of state constants. Despite satisfactory simulation result was found 

using the modified model, the author recommends further plate impact tests in the future 

on architectural annealed glass at Hugoniot Elastic Limit to provide more reliable data. 

      The response and vulnerability of PVB laminated glass pane under blast and 

impact loading were extensively studied. Due to time constrain, the performance of 

SGP laminated glass windows is not investigated. Laboratory tests on SGP material 

found it has better ductility and initial stiffness than traditional PVB material. 

Further study can be extended to investigate SGP laminated glass window response 

and blast resistant capability. 

      The behaviours of monolithic tempered glass and laminated pane with annealed 

glass were exclusively investigated. But the response of laminated pane with 

tempered glass has not been properly studied yet. It is commonly believed that 

tempered glass shatters into small fine cubicles. After glass breaks, a laminated pane 

with tempered glass will totally lose its stiffness and tend to fall out of the window 

frame. Further study can be made into this point.  

      A new blast mitigation measure, laminated glass pane with sliding boundary, 

was proposed in this thesis. Due to time constrain, only preliminary validation was 

made through a field blasting test and numerical simulation. More studies can be 

made to further investigate this proposed mitigation measure.  
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The end 




