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INTRODUCTION

This paper isvritten toservetwo purposes. The first is to provide a balanoedrview on the
many glazingmaterials available foblast resistantvindows. As this particular field, unliksteel or
concrete design, has many commercial interests actively involved in the marketplace and pdgsaging
procedures, it can be difficult for theserand designer tgain aclear perspective. The second purpose
of this paper is to add to the open engineering literature four blast tests performed on polycdtinimgate
the fall of 1994.

DESIGN APPROACHES

Many solutions exist for designing and fabricating glazing to resistftbets of explosions. Two
major design approachese currentlyused to choosblast-protectiveglazing. As theconsequences of
the choice are severe, it is imperative for the responsible architect or engineer to understand thoroughly the
choice and its serioumplications for lifesafety. Inthe first approach, thglazing can be designed to
resist, byconventional strength methods, tnerpressure fully and eveamain inplace to resisturther
attacks andveather, as well as permitting contindfedctioning of the building. Desigeharts, computer
programs, and full-scale validatirgast tests byhis author haveshownthat tempered glass, laminated
tempered glass, and polycarbonate ably resist a realisticange ofblastdesignloads. An extensive
summary of the design predictions compared to atésalresultdrave been published by this author in a
paper given at the 26th Department of Defense Explosive Safety Board Seminar in 1994 (REferénce
all cases, the established design aids and methods proved to be consémmdtiganorepracticalframe
designs have been developed, designed, testeddepidyed to carrthe load successfullyinto the
structure.

A second design approaelssumesllowing theglass to fail in a modéat provides increased
safetythroughits post-failure behavior. The assumption is that the brgtazingwill remain basically
intact in the frame and not h@opelled into the room.Many of the windowfilms and somedesign
philosophies and procedures marketed for lamingkessusethis approach. Sonseriousshortcomings
plague this approach and in general it will only offer limited protectihile anecdotal evidencghows
that both filmed and laminateglass provide some additional protection ineaplosion, no fundamental
engineering theory has been published and accepted to explain how thgléailegimaterial will provide
a quantifiable level of blast protection. It is also unknown how much additional overpressure is required to
propel the entirglazinginto interior and inhabitedpaces ahigh enoughspeed to cause serious injury.
Most likely, a littlehigher or longer-lastingverpressurérom anexplosive blaswill be enough tacause
catastrophic failure.

Some extend this theory of post-failure behavior design to assume that the nagatuee pulse
that inideal blastconditions will follow thepositive pressure pulseill slow down, brake, and retard the
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motion of a failed pane held by either the film or lamination material in placause it to fail harmlessly

in an outward direction from the interior of the building. While it is true that $estseand even analysis
of the post-blast scene will show both filmed and laminated glazing failing outwardly, this may well be due
to thefact that most standardindow framesare weaker irholding glazing inthat direction, suclthat
failure occurred during normal rebound. No known blast tests have been performed with modenate or
positive durations to validate this theoryHowever, more important from a engineersefety point of
view is thefact that the negativressuremay not beapplied reliablywith the magnitude or duration
assumed in many real worldastloadingsituations. For instance, the explosamircemay belessthan
ideal inthat it has donger burntime. Ammonia-nitrate anduel oil (ANFO) explosives, sommilitary
style explosivesvith admixtures, and other home-magbeglosives likely to be used hkgrrorist groups
arewell known tobehave in thignanner. Vapor andust cloudexplosionsalso exhibitthis long lasting
positive pressure duration.Furthermore, theblast will be reflected off surrounding surfaceswith
significantpressureapplying asecond push to thglazing. As the negativieressure igenerally only a
fraction of thepeak positive pressure, fihay be overshadowed by tipeessure reflected badkom
surroundingstructures. It is important to note as well that the curRitM Test Standard on Blast
ResistantGlazing may beaunconservative for testing post-failure behavior design thdwth test site
safetyand the need for reproducibility of thdast wavewill tend to dctate a usage of ailitary
explosive such as C-4 dNT which tend to produce an ideal pressure-time histokgditionally, this
test methoddoesnot account foreflected shockwaveom blast reflectecoff surroundingstructures,
thick vegetation, or hillsides.

However, within theselimitations, both film and laminatedlass have armportant niche in
providing anincrease in protection aleng asits limited protective value isvell understood by all
including the designer, landlord, and inhabitami® assumehe building is designed for protectidmom
blast. If the blast threat is not well defined, these materials will increase the level of praaboi@that
of conventional glazing.

AVAILABLE GLAZING MATERIALS

Many glazingmaterials offer ammprovemeniboverthe grave danggrosed bystandard annealed,
plate, or float glassommonlyused inwindows. Fragment retention film gobably the mostised and
possiblythe most misunderstood. Considerable anecdotal evidence by bomb investijaststhat it
generallyrestrictsfragments and magdd aslight increase instrengthdue to itsmembranebehavior.
However,its protective value lies iattempting to provide protectigdhroughits post-failure behavior.
While generally the filmhas been 4 mils d.004inch thick,lately muchthicker versionswith innovative
frame engagement are appearing on the marketplamgic indicates that this will improve performance.
To assesshe benefits ohew films properly and correctly, gestprogramneeds to be conducted. The
testsshould be designedith positive pressurethat are moderate tdong . To generalizéhe results, a
design theonneeds to be developed bye industry. A general consensaigsts that if this is thenly
available protection, it is a worthwhile improvement. In no way is it a panacea or a complete solution for
successful blast design.

Tempered glass has been proven in liests to possessgoodblast resistancéor a practical
range of threats to general buildings. A design theory with charts and software has been developed by
author and has beedopted bynanyagencies in the FedemgbvernmentActual blast tesvalidation of
35 tests haveen conducted on these curaasl it is generallypelievedthat a conservative design has
been validated. Blast pressures up to 15 psi on practical window sizes and thicknesses have been resisted
by off-the-shelf tempered glass.



Laminatedglass is really a type of fabrication of layegdss. Generally, it refers téaminated
annealedylass. Its addition tostrength desigiies not inits stronger glasdyut in itsgreater thickness.
The material has proven to bmng-lived andprovides goodragmentresistance. However,resistance to
fragmentatiordoesnot translate physically inteesistance against instantaneous appligitbrm pressure
from anexplosion. If theglazing isfabricatedfrom annealeganesits strength is limited by thaherent
weakness of annealgghzingand as aoughrule ofthumb will bethree times weakahan anequivalent
thickness of tempered glasgVhile theproduct is lately marketed gsoviding post-failure protection, it
is uncertain that it truly does provide such protection under the full range of blast conditions.

Spall or high speed ejection of glass fragments from the &idekof alaminated annealeglazing
that has survived in a post-failure mode igeay oftenobserved occurrenc&hile thesefragments may
not be adife threatening adblasted-in glass, they can be a threat to vision and havpowsbly of
causing injury. Either a spall shield such as a film will need to be employed oméhnside ofthe glass
or prudence may limit its use to less populated areas.

Laminatedglass caralso be fabricateftom eitherheat-treated or tempered glasalthough the
laminate mayloose somestrength at extrembigh and low temperatures, good and reasonéhlels of
blast resistance can be achieved by these materials. Computer codes such as SAFEVUE, BLASTOP, and
GLASTORP easily predict blast protection levels for these materials. Eight validating blast tests have been
successfully conducted daminated tempereglass. It isrecommended that if laminatggass be used
for blast resistance, it should be eitheyat treated or tempered glass designed by a reasonable and
generally accepted design theory and placed into frames that can carry the blast load.

Polycarbonate offeranotherpossibility for blast-resistanglazing basedupon the principle of
structuralstrength. It isavailableoff-the-shelf in thicknesselsom 1/8 up to 1-1/4inches thick. It can
also be cut irthe field for rapid installation. Computerogramssuch as GLASTOPBLASTOP, and
SAFEVUE permit fasand conservative desigelections. Designcurves are alspublished in theopen
and peer reviewed engineering literature by this author. Twenty blast valittstieshave been conducted
in a variety of venues and blgsibtectioncapacities at least fivimes higher thanother materials have
been achieved. Fifteen of thewsts aresummarized in gaper by thisauthor at the 26th DDESB
Seminar (Reference 1). Four new data points are added in this paper .

Blast pressures of 50si with moderate positive durations have been resigtitll off-the-shelf
polycarbonate. The material offers superfoigment resistance. Testing has indicattitat a
considerable reserve safety factoinBerent in the strength giolycarbonate againsiast. Recentalso
testshave indicated that by developiftg ability to behave inelastically, it can survive at blast loads
considerably above its design load. Also, being flexible, polycarbonate reacts with poor coulptindpto
blasts with short pressure durations. This means that for the threat of close-in bombs, the polycarbonate's
very low dynamic amplification factor means an extteengthbonus of up to 200% and the transfer of
less structural load into the building.

Polycarbonate is available imoth monolithic and laminated configurations. Laminated
polycarbonate offers several advantagE#st, as polycarbonate is opaque to ultra-violet radiation, the
outer layer protects inner layers from degradation. Second, polycarbonate larfnomattédnnersections
has proven to be very resistant against cracking caused by concentrated esssgelis such as pact,
ballistics, or fragments.

Polycarbonate caralso be combined with glass to fabricate aough glass-polycarbonate
composition. The polycarbonate may be directly laminatetiamted behind laminateglasswith an



air-gap in amannersimilar to insulatedglass. Typically, theseompositionsare often employed to
provide bullet and physical assault resistance. Blast tests have proven thabtfigggations can resist

high blast loads. However, the air-gap offers some advantages. Testsigpwathe same thickness of
polycarbonate wildeflectlessunderblastthan thesame laminated cross-section. This means that the
maximumstresswill be reduced irthe polycarbonate armsothatlessbite orframerebate is required.

Less load is transferred the polycarbonatbecausehe glass upfront takes afinite time to respond to

the instantlyapplied blast load. Thgolycarbonate, in backeelsthe blast load transferredacross the
air-gap, as a more gradually applied load with a less severe structural response. In the event that the outer
glass failsthe polycarbonate has alwagisownitself in actual blast tests capableresisting the glass
impact and more importantly resisting continipdast, ballistic, and forced entry threats. As #diregap
precludeghe need to directly laminatgass to polycarbonate, temperature variatiailsnot induce a
delamination problem. Also, as each component can be replaced individually without the need for custom
laminating, repair can often be done quickly and locally.

FRAMES

All protective glazing systems requirghat engineeringconsideration be given to frames.
Protectiveglazing schemes that concentrate only glazing and not the frames should be considered
suspect asnanystandardvindow frames will not hold thglazing inplaceunderblast pressure attack.
Design methods have been published in Army TM5-1300 (Reference ftarfing and many glazings
have been built to these specifications. Other structural engineers have used similar sngiteexing
approaches for successful frame design.

The path to blagbrotection is not arasyone,but with theskill of rationalengineering design, a
solution commensurate with the risks and available resources is possible.

POLYCARBONATE BLAST TESTS

Full-scale blast tests were performed on four polycarbonate-iggsangs by the government of
the UnitedKingdom in Scotlandduring October, 1994. The samples were provided Itsulguard
Corporation. The purpose dafe testingwas to proof-test air-gapped glass-polycarbonate physical
securityglazingandalso to probdhe ability of polycarbonate twithstand ablast load wellabove its
elasticdesign limit by taking advantage @6 ductile capability. Thisot only gives polycarbonate a
considerable safety factagainstblastloading,but alsocanserve as a basis design for a post-yield
design procedure.

This blast test series represents a realistic telsbwfthe polycarbonate-baseghzingbehaves.
As the opportunity taestand even theéest dateshemselves becameown only weeks beforahe test,
this test series wasot intended to be a fully comprehenstest series.However, the testingicreases
the set of scientific blast testing of polycarbonate by four. Its results provide strong additional support for
the validation of the elastic design theory.

All glazing samples wersecured byframeswhich were designed by fundamenthgineering
principles to transmit thblast load into théest structure. This standsrintable contrast tmany of the
competing glazingroducts that claim to blglast resistant. Thimsulgard glazingand the MP100Qexan
1-inch (25.4 mm.) thick sheet were held i8WB-15security frames standardly produced fasulgard.
All testingwas done in fully enclosecubicles. Thisprevented the problem of wrap-aroupkssures
leaking around thback offree-standingestrigs which may actually reducéhe netblastloading to 30%
of theactual. Clearing time calculationslsowere performed t@assurethat overpressurkeaking off the



front face didnot reducethe blast impulseTestingalso wasconducted at sea-level $lmat the fullblast
load from the test explosive charge was transmitted to the glazing.

An Insulgard 534 security window consisting of 3/4-inch (19 mm.) laminated annealed glass on the
blast side, a 1/2-incfl4.7mm.) air gap, and a 1l-incbheet of Lexampolycarbonate MP1000 sheet) was
tested 15 meters (49.2 feet) from a Jeind (68 kg.xharge ofTNT equivalent plastic explosive. Side
by side a 1-incl{25.4 mm.) thick sheet of LexaiMP1000also was testedBoth windowswere49.6 by
37.4inches(1.26 x 0.95meters) as measurdbm centerline ofgasket to centerline ajasket. Both
windows, whichwere mounted in the test cubiclead two-inch (50.8 mm.)frame bites or rebates in
Insulgard-designed frames. The explosive was hemispherical and was set approximatelahovettre
ground tosimulate a cabomb. Blast overpressure was expected t@®& psi(196 kPA)with an
effective positive duration of 7.4 milliseconds (msec).

Blast pressure was measured free field or incideb8 &t psi. (92.7 kPA)The reflected pressure
that theglazingactually experiencedith this blast load can be calculated to be3&t4 psi.(249 kPA).
This peak pressure iadicative of a 200b. (91 kg.) TNT explosivebasedupon analysis of theeak
pressureand positive durationssing thestandard blast pressure curves. This blast excebdeatdksign
blast capacity predicted lifie BLASTOP computer prografar the singlesheet of polycarbonateith a
low probability of failurewithin the elastic responseange. While there is apverwhelmingconsensus
amongengineers oblast resistant structures in supporttbé view that the air-gappeglazing adds
considerable strength, a design theory to quantify this added benefit has yet to be developed.

Both windowssurvived theblast testsvithout anyspall ordisengagement from tHeame. This
was in marked contrast to some laminatgaiss samples ithe sameblast trials where most of the
surviving panesexhibited disengagement asgall. The outepane of thelnsulgard534 window was
cracked, butemained fullyengaged in th@ane. The polycarbonatener pane was undamaged. The
single sheet of Lexan MP1000 was undamaged. gldrngretained considerable residual blast, physical
security, and ballistic protection.

For the firsttime, pressuremeasurements were made in the interstiffsce inthe air-gapped
glazing. Apressure of 18 psnaximumoverpressure was recorded. This indicaies$ bothpanes are
truly sharing theblast load. It also providebe first preliminaryevidence that théack polycarbonate
pane is seeing less than the full pressure. If a rise time proves to be discernable in the interstitial pressure,
principles of structural dynamics wilidtatethat theback polycarbonatealsowill react lesdully to the
dynamicaspect otthe blast load. This is becaus$ige pressure riséime is dependent on the finitene
required for the structural response of the outer pane.

The second test series tested polycarbonate-lpgeadgwell abovethe desigioad. A 59.4 by
47.6inch (1.51 x 1.21meters) Insulgar®@22 glazingwas tested at 68.6 feet (20n%eters)from a 150-
pound (68 kg.JTNT equivalent chargveight of a military explosive.The cross-section of thglazing
was 1/2-inch (12.7 mm.) laminated glass on the outbsidefacing the explosive, a 1/2-inch air-gap, and
a 1/2-inch thick MP50Q.exan polycarbonate. Theesignblast capacity othis glazing by theelastic
strength of the polycarbonate is 6.1 psi with an effective positive duratibd.@fmsec. The actual blast
load anticipated was 13pki reflected pressure titis duration. Th&8LASTOP computecode predicts
an 80 to 85% probability of failudreasedupon thisblast overload. The measured blast load @aspsi
(41.9 kPA)incidentoverpressure. This directly correlates to a reflected overpressure ofps#(28.0
kPA) acting upon the windowThese pressures are typical of an idBET explosive of 16dbs. (72.6
kg.). Thisglazingsurvived this loadvithout spall although theouter laminatedjlass pane was shattered
and partially disengaged. Théndow prevented any blast pressure leakaggle also maintaining a



weather-proofseal. Additionally, this glazingwould also provideconsiderable physical security post-
blast.

A sheet of MP50@/2-inch (12.7 mm.) Lexanalso was testeduring this blast atthe 15-meter
(49.2 feet) distance to prolibe ductile capability of polycarbonate. This was the ftedt in the
engineerinditerature totestthe ability of polycarbonate to respond beyond glasticlimit. The pane
was mounted in a framéabricatedfrom standardsteelangleswhich were previouslyused byanother
manufacturer during the blast trials. The clgawing area of this pane was 73.75 by 34i2&hes (1.87
x 0.87 meters)with a 1675-inch (42.5mm.) bite or framerebate. The actual blast load was 35.9 psi
reflected pressureith aneffective positive pressumuration of6.4 msec. The measuredhcident air
blast was 13.3 psi (91.6 kPABiImilar to the firsttest, these peak blast overpressumed durations are
typical of a 200 Ib. (90.Rg.) TNT explosive. The elastidesigncapacity of this pane as calculated by
BLASTOP is9.6 psi at this duration of positiywessure. The researcbmputer progranPOLYDUCK
waswritten andused to design thiglazing with a ductility factor ol.2. The programpredicted that the
glazingwould survive a 300%last overloadeyond elastidesign,but would need &ite of at least 2
inches (50.8 mm.). This indicated that some pull out of the frame might occur.

The glazing survived the test with a large deflection and partial disengagement. The middle of the
pane was deflected 9-1/2 inches (2d.). It held this deflection until removém the frame by the
pulling power of a fork lift when it returned to its original shape. The polycarbonatetipalland any
blast leakage into the structure was minimal as the leakage orifice was small and no leakage occurred until
most of the overpressure hddcayed. The tegtdicated that th€ OLYDUCK program may be a good
predictor of performance.
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