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Abstract:Thedynamicresponseofstructuralelementssubjectedtoblastloadingisaproblemof

growinginterestinthefieldofdefenseandsecurity.Inthiswork,anovelcomputationaltool

fortherapidevaluationoftheeffectsofexplosions,hereafterreferredtoasSimEx,ispresented

anddiscussed.Theclassicalcorrelationsforthereferencechemical(1kgofTNT)andnuclear

(106kgofTNT)explosions,bothsphericalandhemispherical,areusedtogetherwiththeblastwave

scalinglawsandtheInternationalStandardAtmosphere(ISA)tocomputethedynamicresponseof

Single-Degree-of-Freedom(SDOF)systemssubjecttoblastloading.Theunderlyingsimplifications

intheanalysisofthestructuralresponsefollowthedirectivesestablishedbyUFC3-340-02and

theProtectiveDesignCenterTechnicalReportsoftheUSArmyCorpsofEngineers.Thisoffers

usefulestimateswithalowcomputationalcostthatenableinparticularthecomputationofdamage

diagramsintheChargeWeight–Standoffdistance(CW–S)spacefortherapidscreeningofcomponent

(orbuilding)damagelevels.SimExisacomputerapplicationbasedonMatlabanddevelopedbythe

FluidMechanicsResearchGroupatUniversityCarlosIIIofMadrid(UC3M).Ithasbeensuccessfully

usedforbothteachingandresearchpurposesintheDegreeinSecurityEngineering,taughttothe

futureGuardiaCivilofficersattheSpanishUniversityCenteroftheCivilGuard(CUGC).This

dualusehasallowedthedevelopmentoftheapplicationwellbeyonditsinitialobjective,testing

ononehandtheimplementedcapacitiesbyundergraduatecadetswiththeend-userprofile,and

implementingnewfunctionalitiesandutilitiesbyMastersandPhDstudents. Withthisexperience,

theapplicationhasbeencontinuouslygrowingsinceitsinitialinceptionin2014bothatavisualanda

functionallevel,includingneweffectsinthepropagationoftheblastwaves,suchasclearingand

confinement,andincorporatingnewcalculationassistants,suchasthoseforthethermochemical

analysisofexplosivemixtures;craterformation;fragmentmassdistributions,ejectionspeedsand

ballistictrajectories;andthestatisticalevaluationofdamagetopeopleduetooverpressure,body

projection,andfragmentinjuries.

Keywords: effectsofexplosions;blastloading;SDOFsystems;thermochemistryofexplosives;

fragments;craterformation;damagetopeople

1.Introduction

Unliketheslowenergyreleaseexhibitedbydeflagrations,theinstantaneousenergy

depositionassociatedwiththedetonationofahighexplosiveproducesanextremely

rapidincreaseintemperatureandpressureduetothesuddenreleaseofheat,light,and

gases[1].Thegasesproducedbytheexplosion,initiallyatextremelyhightemperaturesand

pressures,expandabruptlyagainstthesurroundingatmosphere,vigorouslypushingaway

anyotherobjectthatmaybefoundintheirpath.Thisgivesrisetothetwomostnotable

effectsofexplosions:theaerial,orblast,wave[2],andtheprojectionofshellfragments

orotheritems(i.e.,secondaryfragments)locatedinthesurroundingsofthecharge[3].
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Iftheexplosivedeviceislocatedatagroundlevel,afractionofitsenergyiseffectively

coupledtotheground,generatingseismicwavesandawelldistinguishedsurfacecrater

thatresultsfromtheejectionoftheshatteredgroundmaterialsindirectcontactwiththe

charge[4].Quantifyingthesephenomenaandassessingtheireffectontheenvironment,

includingstructuralelements,vehicles,objects,orpeoplelocatedaroundtheblastsite,is

ahighlycomplextaskthatrequiresathoroughknowledgeofthephysical-chemistryof

explosions[1,5–7]andtheirdynamicinteractionswithnearbystructures[8]orthehuman

body[9].

Asaresultofthegrowingterroristthreatexperiencedinthelastfewdecades[10],

estimatingtheeffectsofexplosionshasbecomeacriticalissueinthedesign,protection,

andrestorationofbuildingsandinfrastructures,bothcivilandmilitary[11].However,this

taskisfarfromtrivial,inthatitinvolvestransientcompressibleflows,nonlinearstructural

response,andhighlydynamicfluid–structureinteractions. Thesephenomenacanbe

described withsomeaccuracyusing multiphysicscomputationaltools,alsoknownas

hydrocodes[12],suchasAnsysAutodyn,LS-Dyna,orAbaqus,basedontheexplicitfinite

elementmethod[13].Inthesimulations,allthecriticalcomponentsaremodeled,including

thedetonationoftheexplosivecharge,theresultingblast wave,theinduceddynamic

loads,andthenonlinearstructuralresponse. However,theenormouscomputational

effortrequiredtocompletedetailedcomputationalanalyses,whichincludesnotonlythe

calculationtimeitself,butalsocomplexpre-andpost-processingstages,remainsacritical

issue.Forinstance,simulatingtheeffectofanexplosivechargeonafull-scalebridgemay

requiremorethan10millionfiniteelements[14].Forthisreason,mostengineeringanalyses

stillmakeuseofsimplifiedmodelsfordeterminingtheexplosiveloadsandestimatingthe

resultingdynamicstructuralresponseinatimelymanner.Thisenablesthefastcomputation

ofdamagediagramsintheCharge Weight–Standoffdistance(CW–S)space,ofutilityto

determinethelevelofprotectionprovidedbyaninputstructuralcomponentloadedby

blastfromaninputequivalentTNTchargeweightandstandoff[15].

Inthisregard,the American UnifiedFacilitiesCriteria UFC3-340-02[16], which

supersedestheformerARMYTM5-1300,establishestherequirementsimposedbythe

USDepartmentofDefenseinthetasksofplanning,design,construction, maintenance,

restoration,andmodernizationofthosefacilitiesthatmustbeprotectedagainstexplosive

threats.Intheabsenceofsimilarregulationsinothercountries,UFC3-340-02[16]iswidely

usedbyengineersandcontractorsoutsidetheUS,asitprovidesavaluableguidefor

calculatingtheeffectsofblast-induceddynamicloads,includingstep-by-stepprocedures

fortheanalysisanddesignofbuildingstoresisttheeffectsofexplosions.

TofacilitatetheapplicationoftheproceduressetforthintheUFC3-340-02[16],aswell

asotheranalysesestablishedinclassicreferencesofexplosivesengineering[3,5,6,9,17–19],

fastevaluationsoftwaretoolshavebeendevelopedthatincorporatethevastamountof

dataavailableastablesorgraphsintheliterature[7].Forinstance,theUnitedStatesArmy

CorpsofEngineers(USACE)hasdevelopedandprovidessupportforaseriesofsoftware

packagesrelatedtothedesignofexplosion-resistantbuildings[20]. Thosetools were

developedwithpublicfunding,andthereforethereareregulationsthatrestrictdistributing

thoseproductsoutsideoftheUnitedStates.Inaddition,giventhecriticalnatureofthis

knowledge,accesstothesepackagesisseverelylimitedtoUSgovernmentagenciesand

theircontractors,withuseonlyauthorizedtoUScitizens.

Theinabilitytoaccessthesesoftwarepackagesmotivatedtheauthorstodeveloptheir

owncomputationaltoolboxfortherapidevaluationoftheeffectsofexplosions.Theresult

wastheSimExplatformtobepresentedinthiswork.Conceivedinitiallyforeducational

purposes,the maingoal wastodevelopavirtualsoftwareplatform withaneasyand

intuitiveGraphicalUserInterface(GUI)tobeusedinthecomputerlabsessionsofthe

ExplosionDynamicscourseoftheDegreeinSecurityEngineering,taughtattheUniversity

CenteroftheCivilGuard(CUGC)inAranjuez,Spain.TheCivilGuardistheoldestand

biggestlawenforcementagencyinSpain.Ofamilitarynature,itscompetenciesinclude

delinquencyprevention,crimeinvestigation,counter-terrorismoperations,coastlineand
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bordersecurity,dignitaryandinfrastructureprotection,aswellastraffic,environment

orweaponsandexplosivescontrolusingthelatestresearchtechniques.Theparadigm

oftheCivilGuard’scapacityisitsoutstandingroleinthedefeatoftheterroristgroup

ETA,thelongest-runningterroristgroupinEuropeandthebesttechnicallyprepared.

Inthiscontext,the maintargetoftheDegreeinSecurityEngineeringisthetrainingof

GuardiaCivilcadets(i.e.,theGuardiaCivil’sfutureofficerleadership)inthedevelopment,

integration,andmanagementoflastgenerationcivilsecuritysystems.

ThepurposeofSimExwasinitiallylimitedtotheblastdamageassessmentonsimple

structuralelements[21],suchasbeams,columns,pillars,orwalls,followingtheSingle-

Degree-of-Freedom(SDOF)systemanalysisestablishedbyUFC3-340-02[16].Thetoolhas

beensuccessfullyusedsinceitsinitialinceptionin2014inboththecomputerlabsessions

oftheExplosionDynamicscourse,andasaresearchtoolforthedevelopmentofanumber

ofBachelorand Master’sthesesonexplosiondynamicsandblasteffects.Thisdoubleuse

asend-usersandsoftwaredevelopersbytheCivilGuardcadetsandstudentsfromother

UC3Mdegreeshasenabledthedevelopmentoftheapplicationwellbeyondtheinitially

plannedobjectives[22].Asaresult,thecurrentversionofSimExincorporatesadvanced

topicsinblastwavepropagation,suchasthepredictionofclearedblastpressureloads

duetothegenerationofrarefactionwaves,aswellasconfinedblastloadinginvented

structures[23].Italsoincludesseveralothercalculationassistantsforthethermochemical

analysisofexplosivemixtures[5,7,24];craterformation[4,6,25];fragmentmassdistribu-

tions,ejectionspeedsandballistictrajectories[3,26–28];andthestatisticalevaluationof

damagetopeopleduetooverpressure,bodyprojectionandfragmentinjuries[9,29,30].

2.SimExCapabilities

ThissectionpresentsthecurrentcapabilitiesofSimEx,startingwiththemaininterface

usedforcomputingthedynamicresponseofSDOFsystemssubjectedtoblastloading,

andfollowingwiththedescriptionoftheremainingcalculationassistants.

2.1.Single-Degree-of-FreedomSystemAnalysis

Inmanysituationsofpracticalinterest,theresponseofstructuralelementstoblast

loadingcanbereduced,infirstapproximation,tothatofanequivalentspring-massSDOF

system. AssketchedinFigure1,thissystemis madeupofaconcentrated masssubject

toexternalforcingandanonlinearweightlessspringrepresentingtheresistanceofthe

structureagainstdeformation[8]. The massoftheequivalentsystemisbasedonthe

componentmass,thedynamicloadisimposedbytheblastwave,andthespringstiffness

andyieldstrainonthecomponentstructuralstiffnessandloadcapacity.Generally,asmall

viscousdampingisalsoincludedtoaccountforallenergydissipatedduringthedynamic

responsethatisnotaccountedbythespring-masssystem,suchasslipandfrictionatjoints

andsupports,materialcracking,orconcretereinforcementbondslip[31].

Figure1.SketchoftheequivalentSDOFsystemshowingthedifferenttermsinvolvedinitsmathe-

maticaldescription. Left:forcingterm;right:resistanceterm;center:equivalentspring-massSDOF

systemanditsassociateddifferentialequation.
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Ifthesystempropertiesareproperlydefined,thedeflectionofthespring–masssystem,

x(t), willreproducethedeflectionofacharacteristicpointontheactualsystem(e.g.,

the maximumdeflection).Thesystempropertiesrequiredforthedeterminationofthe

maximumdeflectionaretheeffectivemassoftheequivalentSDOFsystem, Me,theeffective

viscousdamping,Ce,theeffectiveresistancefunction,Re(x),andtheeffectiveloadhistory

actingonthesystem,Fe(t).Tosystematizethecalculations,theeffectivepropertiesare

obtainedusingdimensionlesstransformationfactorsthatmultiplytheactualproperties

oftheblast-loadedcomponent,respectively,M,C,R(x),andF(t)[32].Thesefactorsare

obtainedfromenergyconservationargumentsinordertoguaranteethattheequivalent

SDOFsystemhasthesamework,kinetic,andstrainenergiesastherealcomponentfor

thesamedeflection whenitrespondsinagiven,assumed modeshape,typicallythe

fundamentalvibrationalmodeofthesystem[31].

Intheanalysisofblast-loadedSDOFsystems,itisthereforeofprimeimportanceto

identifythefundamentalvibrationalmodeofthestructuralelement.Thisprocedureisnot

trivial,sinceobtainingthefundamentalmodecanentailcertaindifficulties,inwhichcase

itsshapemustbeapproximatedinsomeway[32].Todeterminetheequivalentproperties

oftheSDOFsystem,itisalsonecessarytodeterminethetypeofstructure(beam,pillar,

frame,etc.)andhowtheloadisapplied(typically,auniformloadisassumed).Theelastic

behaviorofthematerialisoftenmodeledasperfectelasto-plastic,probablythesimplest

ofallnonlinear material models.Thisassumesthattheinitialresponsefollowsalinear

elasticbehaviordescribedbyanapparentelasticconstantK,butoncetheyieldstrain

isreached,x≥ xu,the materialbehavesasplastic,flowingataconstantstresswithan

ultimateresistanceRu=Kxu,i.e.,

R(x)=
Kx for |x|<xu

Ru for |x|≥xu
(1)

Althoughmorecomplexmodelscouldbeused,theyarenotconsideredheredueto

theheavysimplificationsintroducedintheformulationoftheproblem.

The masstransformationfactor,KM,isdefinedastheratiobetweentheequivalent

mass MeandtherealmassM oftheblast-loadedcomponent;theloadtransformationfactor

KLisdefinedastheratiobetweentheequivalentloadFe(t)andtheactualloadF(t),and

usuallycoincideswiththeresistanceanddampingtransformationfactors;andfinallythe

load-massfactorKLMisdefinedastheratiobetweenthemassfactorandtheloadfactor

KM =
Me

M
; KL=

Fe(t)

F(t)
=

Re(x)

R(x)
=

Ce

C
; KLM=

KM

KL
=

Me

M
·

F(t)

Fe(t)
(2)

Althoughallthesefactorsareeasytoobtain,eventhroughanalyticalexpressionsin

somecases,mostofthemcanbefoundtabulatedintheUFC-3-340-02[16].

Thelinear momentumequationfortheequivalentSDOFsystemthentakesthe

form[32]

KLMMẍ+Cẋ+R(x)=F(t) (3)

where,aspreviouslydiscussed,Crepresentstheviscousdampingconstantoftheblast-

loadedcomponent.Thisconstantisoftenspecifiedasasmallpercentage,z,ofthecritical

viscousdamping,C=(z/100)Ccr,withadampingcoefficientz=2beingagoodvalue

whennototherwiseknown(forfurtherdetailssee[31]).Note,however,thatdampinghas

verylittleeffectonthe maximumdisplacement,whichtypicallyoccursduringthefirst

cycleofoscillation,sotheactualvalueofzisnotofmajorrelevance.Theinhomogeneous

term,F(t),appearingontheright-handsideofEquation(3)representsthedynamicload

associatedwiththeblastwave,tobediscussedinSection2.1.1below.

SimExprovidesaneasyandintuitiveGUIenvironmentforthestudyofthedynamic

responsetoblastloadingsofavarietyofstructuralelementsthatcanbe modeledas

SDOFsystems.Figure2showsthemainSimExinterface,dividedintothreecalculation
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assistantsforthethreebasicelementsthatmakeuptheSDOFsystem:amodulefor

calculatingthepropertiesoftheblastwave(forcingterm,F(t)),amoduleforcalculating
theequivalentmechanicalproperties(resistanceterm,R(t)),andamoduleforthenumerical
integrationoftheproblem,whichincludesthepost-processingoftheresultsandtheir

graphicrepresentationintheformofdisplacements,forces,anddeformationdiagrams(see

thebottomplotsofFigure2)andofCW–Sdamagecharts,tobediscussedinSection3.3

FileHelp

Blast wave

Explosive

Charge weigth (kg) 150

Distance (m) 20.74

Incident angle (deg) 15.38

Explosive TNT

Atmosphere (ISA +/- DT)

pa (kPa) 101.325

Ta (ºC) 15

DT (ISA +/- DT) 0

Altura (m - ISA) 0

UFC 3-340-02 Hemi Friendlander

Compute Reset

Clearing effect

S_c (m) 10 t_c (ms) 6.52

OnOff

Wave parameters

pº (kPa) 169.58

t_d (ms) 17.96

I/A (kPa ms) 688.20

alpha (-) 3.04

Confinement

V (m³) 200

A_f (m²) 50

W_f (kg/m²) 0

P_g (kPa) 0

i_g (kPa ms) 0

t_g (ms) 0

OnOff

Integration

dt_max (ms) 0.01 x_0 (mm) 0

t_f (ms) 50 v_0 (m/s) 0

t_0 (ms) 0

Integrate Reset

Average acceleration

Results

mu (-) 1.64

x_max (mm) 3.879

theta_max (deg) 0.1482

Damage analysis. CW-S diagram

Standoff distance interval (m) 10 50

Charge weight interval (kg) 1 100

Type mu theta 

B1

B2

B3

B4

mu 1 0

mu-theta 3 3

mu-theta 12 10

mu-theta 25 10

Number of points 8 Diagram

Damage 
to people

Fragments 
 

Fragment 
trajectories

Blast wave 
wizard

Crater 
 

Thermochemistry 
of explosives

Resistance

M (kg/m²) 226.8

z (% C_cr) 2

L (m) 3

T_n (ms) 9.394

C_cr (kg/(m² s)) 2.003e+05

x_u (mm) 2.365

Equivalent mechanical properties

K (kPa/mm) 66.98

R_u (kPa) 158.4

K_LM (-) 0.66

Metal beams

Compute Reset

Concrete beams

FluidMechanics

.

Figure2.MaininterfaceofSimExshowingthe“Blastwave”,“Resistance”,and“Integration”assis-

tantsforthecomputationofthestructuralresponseofperfectelasto-plasticSDOFsystemsunder

blastloading.Theaccessbuttonstotheothercalculationassistantsareseenunderthetoptoolbar.

Thebottomplotsshowthepost-processingpop-upwindowthatdisplaystheresultsofthenumerical

integrationintermsofdisplacements,forces,anddeformationdiagrams(foradetaileddiscussionof

thesediagrams,seeSection2.1.4).

Asafinalremark,itisimportanttonotethat,followingstandardpractice,theSDOF

analysiscarriedoutbySimExusestheloaddefinedintermsofpressure,F(t)=p(t)(Pa),
sothatboththemassM(kg/m2),thedampingcoefficientC(kg/(m2s))andtheultimate
resistanceRu(Pa)mustallbeintroducedasdistributedvaluesperunitsurface(p.u.s.)in

thedifferentcalculationassistants.
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2.1.1.ForcingTerm

Aspreviouslydiscussed,theblastwaveoverpressuredefinedinEquation(4)below

canbeuseddirectlyinEquation(3)asforcingterm,F(t)=p(t),aslongastheanalysisis

formulatedperunitsurfaceandusesdistributedmassesandforces.Inordertodetermine

theblastparameters(arrivaltime,peakoverpressure,positivephaseduration,impulse

perunitarea,waveformparameter,etc.),classicalcorrelations[1,2,17–19,33,34]intermsof

scaleddistanceareusedtogetherwiththescalinglawsforsphericalorhemisphericalblast

waves[1,17,35,36],whichallowtheirevaluationforarbitraryCW–Spairs.Itisinteresting

tonotethatthestandoffdistanceisdefinedastheminimumdistancefromthechargeto

thestructuralelementunderstudy(e.g.,awall).However,theactualdistancetoagiven

pointofthatelement,e.g.,thecentroid(orgeometriccenter),whichmaybeconsideredthe

mostrepresentativepointofthestructure,maybeslightlydifferentduetotheincidence

anglebeinglargerthan0atthatpoint.

Thelocalatmosphericpressure,pa,andtemperature,Ta,aredeterminedusingthe

InternationalCivilAviationOrganization(ICAO)StandardAtmosphere(ISA)[37]witha

temperatureoffset(ISA±∆T).Theusermustspecifythegeopotentialheight,inmeters,

andthenon-standardoffsettemperature±∆T,althougharbitraryambienttemperature

andpressurecanalsobeintroduceddirectly[38]. TNTisusedasreferenceexplosive,

althoughtheresultscanbeextrapolatedtoothercompositionsusingeithertheequivalence

tablesincludedinSimExforselectedexplosives[39],orthethermochemicalcalculation

assistant,tobepresentedinSection2.2.1,forlessconventionalformulationsorexplo-

sivemixtures.

Toestimatethedynamicloadexertedbytheblastwave,theangleofincidenceofthe

incomingshockwavemustbeconsidered,theworst-caseconditionsbeingusuallythoseof

normalincidence.UFC3-340-02[16]containsscaledmagnitudedataforbothsphericaland

hemisphericalblastwaves.Italsoprovidesmethodstocalculatethepropertiesoftheblast

wavewithdifferentincidenceangles,includingbothordinaryand Machreflectionsfor

obliqueshocks.Thetimeevolutionoftheblastwaveoverpressurep(t)atafixeddistance,

d,sufficientlyfarfromthecharge(atleast,largerthanthefireballscaleddistance)is

approximatedusingthemodifiedFriedlander’sequation,whichcapturesalsothenegative

overpressurephase[1,17,40]

p(t)=p(t)−p1=p◦ 1−
t

td
exp −α

t

td
(4)

where p◦= p2−p1representsthepeakoverpressure measuredfromtheundisturbed

atmosphericpressurep1=pa,withp2denotingthepeakpost-shockpressure,t=t−ta

istime measuredfromtheblastarrivaltime,tdisthepositivephaseduration,andα

isthewaveformparameter,closelyrelatedtotheimpulseperunitareaofthepositive

phaseI/A=
td
0 p(t)dt(areaunderthepositivephaseoftheoverpressure-timecurve)

accordingtoI/A=p◦td1/α−(1−e−α)/α2.SimExperformsbydefaultthecomplete

integrationoftheFriedlander waveform,buttheequivalenttriangularpressurepulse

canalsobeusedwithoutsignificanterrors[32].Thissimplifiedwaveformhasthesame

maximumpeakoverpressure, p◦,butafictitiouspositivedurationcomputedintermsof

thetotalpositiveimpulseandthepeakoverpressure,td=2(I/A)/p◦.

The“Blastwave”calculationassistantallowstheactivationoftheeffectsofclearing

andconfinedexplosions,whichincreasesthecomputationalcapabilitiestomorerealistic

situations.Theclearingeffecttakesintoaccountthetimerequiredforreflectedpressuresto

clearasolidwallthathasreceivedtheimpactofablastwaveasaresultofthepropagation

ofrarefactionwavesfromtheedgesofthewall.Inthecaseofconfinedexplosions,SimEx

implementstheprocedureoutlinedinUFC3-340-02[16]toestimatethegasphasepeak

overpressureanddurationoftheequivalenttriangularpressurepulseintermsofthe

chamber’stotalventareaandfreevolume.Theseeffectscanbeactivatedonthelowerpart

ofthe“Blastwave”calculationassistant.
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2.1.2.ResistanceTerm

The“Resistance”calculationassistantprovidesa meanstodefinetheequivalent

mechanicalproperties(i.e.,structuralmass,dampingcoefficient,andstructuralstrength)

oftheSDOFsystemunderstudymodeledasaperfectlyelasto-plasticsystemwithelastic

stiffnessKuntiltheyieldstrain,asgiveninEquation(1).Thecharacteristiclength,L,ofthe

structuralelement mustalsobeprovided,asitisrequiredtodeterminethe maximum

rotationangleatitsboundaries,oftenreferredtoassupportrotation,θ.Fortheequivalent

SDOFsystem,theassistantcomputesthefundamentalnaturalperiod,Tn=2π
√

KLMM/K,

thecriticaldamping,Ccr=2
√

KLMKM,andthedeflectionatwhichplasticdeformation

initiatesinthesystem,xu.Directaccesstocalculationassistantsthatcomputetheequivalent

properties(M,K,KLM,Ru)requiredforthecalculationsisalsoprovidedforvarioustypes

ofsystems.Currently,standardEuropeanwideflange“metalbeams”[41]andreinforced

“concretebeams”areincluded(seeSection3.2),althoughitcouldbepossibletoincorporate

additionalassistantsforotherelements,suchasmetalpanels/plates,open-websteeljoists,

reinforcedconcreteslabs,reinforced/unreinforcedmasonry,orwoodpanels/beams.The

metalbeamsassistantalsoprovidesthepossibilityofstudyingcustom(i.e.,non-normalized)

profilesandmaterialsinordertowidenthecomputationcapabilities.

2.1.3.NumericalIntegration

OncethecharacteristicsoftheequivalentSDOFsystemhavebeendefined,there-

sultingordinarydifferentialequationthatmodelsthetransientnonlinearresponseofthe

equivalentstructuralsystem(3)mustbeintegratednumerically.Theintegrationmodule

implementsthetwonumericalmethodsrecommendedbyUFC-3-340-02[16],namelythe

“Acceleration-Impulse-Extrapolation Method”andthe“AverageAcceleration Method”[16],

whichcanbeselectedfromadrop-down menu.Textboxesarealsoincludedtosetthe

initialconditions(displacementandinitialspeed,whicharezerobydefault)aswellasthe

finalintegrationtime.Sincebothnumericalmethodsuseconstanttimesteps,asufficiently

shorttimeincrement,typicallyoftheorderofafewpercentageofthenaturalperiodor

thepositivephaseduration(usually,fractionsofamillisecond),shouldbeusedinorderto

ensurethenumericalconvergenceoftheintegration.

2.1.4.Post-Processing

Afterintegration,threeplotsappearinapop-upwindowandasummarytableispro-

videdatthebottomleftcornerofthemainwindow.Theleftplotshowstheinstantaneous

displacement(solidline)andthepermanentdisplacement,ordeformation(dashedline).

Thecentralplotshowsthetemporalvariationoftheforcingterm(i.e.,theblastpressure

wave,solidline)togetherwiththeresistancestrengthoftheSDOFsystem(dashedline).

Therightplotshowsthedisplacement–resistancegraph,inwhichitispossibletodetermine

moreclearlywhetherpermanentdeformationsoccurornot.Finally,thetableofresults

showsthemaximumdisplacementobtained,xmax,alongwithtwodamageindicators:the

ductilityratio,µ= xmax/xu,definedastheratioofthepeakdeflectiontotheultimate

elasticdeflection,andthemaximumsupportrotation,θ,whosecalculationdependsonthe

typeofstructureunderstudy.

Byintegratingdifferentcombinationsofchargeweightsandstandoffdistancesfor

thesamestructuralelement,damageleveldiagramscanberapidlyobtainedintheCW–S

distancespace.SimExhasafunctionforitlocatedinthecentralpartoftheintegrator

module.Onecanselecttherangeofchargeweightsandstandoffdistances,thenumber

ofintermediatevaluesandthetypeofdamageintermsofthequantitativeindicators

µandθ[15].Fromthetwoquantitativeindicators,thestructuraldamagelevelcanbe

classifiedqualitativelyinto:superficial,moderate,heavy,hazardousfailure,andblowout,

withresponselimitboundariesbetweentheselevelsdenotedrespectivelybyB1(superficial

tomoderate),B2(moderatetoheavy),B3(heavytohazardousfailure),andB4(hazardous

failuretoblowout).Convenientlimitsfortheboundariesofcomponentdamagelevelsfor

commonstructuralcomponentsintermsofµandθareprovidedin[15].Anexampleofa
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damageleveldiagramforthefaçadeofaconventionalbuildingsubjecttoblastloading

computedwithSimExwillbepresentedinSection3.3.

2.2.OtherCalculationAssistants

ThemainSimExinterfacegivesaccesstoseveralothercalculationassistants.These

include:amoduleforthecalculationofthetheoretical(i.e.,thermochemical)properties

ofexplosivesandexplosivemixtures;amoduleforestimatingtheinitialvelocity,mass

distributionandballistictrajectoriesofprimaryfragments;acraterformationcalculator;

andamoduleforestimatingdamagetopeople,includingbothprimaryandtertiaryinjuries.

Thefragmentassistantalsoprovidesestimationsofthesecondaryinjuriesduetotheimpact

ofprimaryfragmentsonpeople.Inthissection,weshallbrieflypresentanddiscussthe

above-mentionedassistants.

2.2.1.AssistantfortheCalculationoftheThermodynamicPropertiesofExplosives

Forthecalculationofthetheoreticalthermodynamicpropertiesofexplosivesand

explosivemixtures,SimExincludesanextensivedatabaseofpureCHNOpropellantsand

explosivesextractedfromKinneyandGraham[1],updatedwithdatafromMeyer[7]

andAkhavan[5]formorerecentexplosives.Fromthepropertiesofpureexplosives,

thethermochemicalassistantestimatesthepropertiesofexplosivemixturesformedbytwo

ormorecomponentsbyspecifyingthemassfractionsandthedensityofthemixture.

First,itcomputestheapparentchemicalformulaoftheexplosivemixturealongwith

itsmolecularweightandmaximumdensity.Forthecalculationofthedecomposition

reactioninnominalproducts,whichprovidestheheatofexplosionandthevolumeof

gasesgenerated,onecanchoosedifferentcalculationhypotheses:Kamlet–Jacobs(KJ),

Kistiakowsky–Wilson(KW),ModifiedKistiakowsky–Wilson(modifiedKW),Springall–

Roberts(SR),orchemicalequilibrium[5].Inthelattercase,SimExdeterminesthecompo-

sitionoftheproductmixturefollowingthechemicalequilibriumapproachconsideringa

constant–volumeexplosiontransformationthatusestheidealgasEquationofState(EoS)

fortheproductsaccordingtothenormUNE31-002-94[42],asillustratedinFigure3

Entropy [kJ/(kg K)] 8.81

gamma = cp/cv [-] 1.19

Volume gases [m3/kg] 0.8924

Internal energy [kJ/kg]-3840 -3840

Sound speed [m/s] 1093

Mean Molecular Weight [g/mol]95.83 25.12

cp [kJ/(kg K)] 2.074

Enthalpy [kJ/kg]-3964 -2961

Density [kg/m3]1100 1100

Pressure [bar] 1.164e+05

ProductsReactants

Temperature [K]298.1

1

3030

Heat release [kJ/kg] 4003

Detonation speed [m/s] 6097

Gurney constant [m/s] 2830

Explosive force [kJ/kg] 1003

Parameters Composition

Components Mass fraction 

NG 0.0350

EGDN 0.0350

N2O3H4 0.7200

TNT 0.1400

C6H10O5 0.0500

CaCO3 0.0100

TALC 0.0100

Density [kg/m3] 1100

Oxygen Balance [%] -1.756

Charge weight [kg] 1

C 7.1885 CA 0.0999 H 43.9106 MG 0.0791  
N 20.7720 O 35.6249 SI 0.1055 

Reactants

UNE 31-002-94

ResetCompute

Equation of State

Ideal

.

Figure3.Interfaceoftheassistantforthecalculationofthetheoreticalthermodynamicpropertiesof

explosivesandexplosivemixtures.

MorecomplexcomputationsbasedontheEuropeanStandardEN13631-15[43],which

usethesemi-empiricalBecker–Kistiakowsky–Wilson(BKW)EoS[44–46]ortheHeuzé(H9)

EoS[47]fortheproducts,arealsosupportedinthelastversionofSimEx.Assampleresults

ofthesecomputations,Table1showsthedetonationpropertiesobtainedbySimExfor

differentexplosivemixtures(seeTable2foritscomposition)comparedwiththeresults
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reportedintheEuropeanStandardEN13631-15[43],andobtainedwiththeW-DETCOM

code[48,49],whichcomputesdirectlytheChapman–Jouguetstate.

Table1.Comparisonofthecalculatedtemperatureatconstantvolume,T,detonationpressure,

pCJ,detonationvelocity,vCJ,heatreleaseatconstantvolume,Qv,andexplosiveforce,Fe,withthe

resultsprovidedbytheEuropeanStandardEN13631-15[43]andbythethermochemicalcode

W-DETCOM[49]fordifferentexplosivemixturesusingtheBKW–SEoS.

Explosive Source T[K] pCJ[GPa] vCJ[m/s] Qv[kJ/kg] Fe[kJ/kg]

ANFO

CT 2592 7.14 5353 3845 943

EN13631-15 2586 - - 3820 945

W-DETCOM 1 2919 6.62 5326 3849 -

ANFO-Al

CT 3026 7.38 5442 4666 1009

EN13631-15 3060 - - 4642 1020

W-DETCOM 1 3370 6.55 5215 4655 -

Emulsion

CT 2112 15.3 6549 3263 766

EN13631-15 2099 - - 3236 771

W-DETCOM 1 2438 13.9 6758 3214 -

DinamiteI
CT 4173 25.03 7960 6452 1147

EN13631-15 4130 - - 6338 1138

DinamiteII
CT 3165 23.58 7729 5049 987

EN13631-15 3151 - - 4989 984
1CalculationperformedassumingChapman-Jouguetdetonation.

Table2.Composition[mass%],density,andoxygenbalanceofdifferentexplosivemixturestested.

Component ANFO ANFO-Al Emulsion DinamiteI DinamiteII

Aluminium - 5 - - -

Ammoniumnitrate 94 91 80 - 49

Cellulose - - - - 3

2,4-Dinitrotoluene - - - - 4

Nitrocellulose12% - - 10 - 4

Nitroglycerin - - - 45 20

Nitroglycol - - - 45 20

Fueloil 6 4 7 - -

Sodiumnitrate - - 5 - -

Water - - 8 - -

Density[kg/m3] 850 850 1300 1500 1500

Oxygenbalance[%] −1.7 0.08 −5.57 −2.26 0.84

TheequilibriumcalculationsarecarriedoutusingCombustionToolbox(CT),anin-

housethermochemicalequilibriumpackagedevelopedatUC3M[24,50].CTdeterminesthe

equilibriumcompositionoftheproductmixturethroughtheGibbsfreeenergyminimiza-

tionmethodbyusingLagrangemultiplierscombinedwithamultidimensionalNewton–

Raphsonmethod.Thethermodynamicproperties(specificheat,enthalpy,andentropy)are
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computedasafunctionoftemperaturederivedfromNASA’s9-coefficientpolynomialfits

forcombustionofidealandnon-idealgasesandcondensedphases.

Fromtheresultingcompositionoftheproductmixtureatequilibrium,theassistant

computesthevolumeofgasesgenerated,theheatofexplosion,theGurneyconstant,

thedetonationpressure,thedetonationvelocity,andtheexplosiveforce(orpowerindex).

Toestimatethedetonationpressureandvelocity,theapproximateexpressionsofKamlet

&Jacobs[51,52]areused,whereastheexplosiveforceisestimatedusingthewell-known

Berthelotapproximation[1]. ThesedataaresubsequentlyusedtocalculatetheTNT

equivalentoftheexplosivecompositionunderstudy.

2.2.2.Crater

SimExalsohasanassistantforthedirectandinversecalculationofcratersbasedon

theclassicalcorrelationsforcratersreviewedbyCooper[6](seealsoRefs.[4,25]),whose

interfaceisshowninFigure4. Withthisassistant,onecancalculatetheradiusofthe

cratergeneratedbythedetonationofacertainamountofagivenexplosiveatacertain

heightabovetheground,consideringdifferenttypesofsoil.Itisalsopossibletocalculate

theexplosivechargerequiredtoproduceacraterofacertainsize,whichmaybeuseful

fortheforensicanalysisofexplosions[53]. Buriedcratersarenotyetincludedinthe

assistant,butcouldbeincorporatedinfutureversionsfollowingtheworkof Westine[54],

asreviewedbyBakeretal.[55].

Figure4.Interfaceoftheassistantforthecalculationofcraters.HOBdenotestheheightofburst.

2.2.3.PrimaryFragments

SimExincorporatesassistantsforcalculatingthemassdistribution,ejectionvelocity,

andballistictrajectoryofprimaryfragments.Thecorrespondinginterfacesareshownin

Figures5–7.Thefragmentsizedistributionisestimatedusing Mott’sstatisticaltheory

forfragmentationofsteelcylindricalshells[3,26–28],assuggestedbyUFC-3-340-03[16].

AsshowninFigure5,thismodeldeterminestheaveragenumberoffragmentsandtheir

averageweight.Italsoprovidesthesizeofthelargestfragmentcorrespondingtoagiven

ConfidenceLevel(CL).SimExalsoincludesaballistictrajectoryassistantforprimaryfrag-

mentsthat,inadditiontotheflightpath,providestheflighttime,velocity,andmaximum

distance,asillustratedinFigure6.Theinitialvelocityofprimaryfragmentsiscomputed

usingGurney’sanalysis[56]forcylindrical,spherical,andsymmetrical/asymmetrical

sandwichcharges.Althoughthisanalysisassumesthatallfragmentshavethesamethe

initialvelocity,giventhedifferentfragmentsizes,boththeirinitialkineticenergyandtheir

subsequentaerodynamicdecelerationaredifferent.Theassistantthusincludesaninitial

aerodynamicdecelerationchart,showninFigure7,thatprovidesthefractionoftheinitial

velocityachievedatacertaindistance,giventhefragmentmassandmaterial,andthelocal

airdensity,specifiedthroughtheISA±∆Tmodel.Theaerodynamicassistantsassume
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sphericalfragmentswithavariabledragcoefficientforallMachnumbers[57],although

themodelcouldbeextendedtoaccountformorerealistic(i.e.,irregular)fragmentshapes

infutureversions[58].Theresultsofthesemodelsarealsousedtoestimatethelethality

riskbytheimpactofprimaryfragmentintheeventofastrikeonaperson,whichisfound

todependonthespeedandthemassofthefragment,asillustratedbyFigure5

Charge-shell configuration

Charge weight (kg) 150

Explosive TNT

CilinderShape

Shell weight (kg) 20

Diameter (cm) 50

Thickness (mm) 2

Maximum distance (m) 500

150

Compute Reset

TNT eq (kg)

Cte Gurney (m/s) 2438

Fragments statistics and secondary injuries

Confidence level (%) 99

Average weight (g) 0.59

CL weight (g) 12.44

Average fragment (m) 15.13

CL fragment (m) 378.72

16.13 17.13

400.48 422.23

Number 34088

Number 51

Velocity vs distance Number of fragments

99 % 50 % 1 %Lethality

FluidMechanics

.

Figure5.

Fragment configuration

Weight (g) 1

Material Lead

Compute Reset

Density (kg/m3) 11340.00

Shooting conditions

Height (ISA) (m) 0

Initial velocity (m/s) 2330

DT (ISA +/- DT) 0

Diameter (m) 5.52e-04

Shooting angle

min alpha (deg) 1

max alpha (deg) 90

step alpha (deg) 10

FluidMechanics

Ballistic fragment trajectories Initial deceleration chart

Interfaceoftheprimaryfragmentmassdistributionandlethalityassistant.

Figure6.Interfaceoftheprimaryfragmentcalculationassistantshowingtheballisticfragment

trajectory,flighttime,velocity,andmaximumdistancecharts.Fragmentsareassumedspherical.

Non-tabulatedexplosivesorexplosivemixturescanalsobeconsidered,withthe

GurneyconstantbeingcomputedbythethermochemicalassistantpresentedinSection2.2.1.

Inthiscase,theusermustselecta“custom”explosive,andthethermochemicalassistantwill

opentospecifythedesiredexplosivecomposition.Oncethewizardisclosed,theGurney

constantisautomaticallyexportedtothefragmentwizard.
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Fragment configuration

Weight (g) 1

Material Lead

Compute Reset

Density (kg/m3) 11340.00

Shooting conditions

Height (ISA) (m) 0

Initial velocity (m/s) 2330

DT (ISA +/- DT) 0

Diameter (m) 5.52e-04

Shooting angle

min alpha (deg) 1

max alpha (deg) 90

step alpha (deg) 10

FluidMechanics

Ballistic fragment trajectories Initial deceleration chart

Figure7.Interfaceoftheprimaryfragmentcalculationassistantshowingtheinitialdeceleration

chart,whichprovidesthefractionoftheinitialvelocity,u/uf,achievedatacertaindistance(contour

lines),giventhefragmentmass,mf,andmaterial(e.g.,lead),andtheatmosphericconditions(e.g.,

ISAmeansealevel).Fragmentsareassumedspherical.

2.2.4.DamagetoPeople

SimExincludesanassistantforestimatingdamagetopeopleusingthewidelyac-

ceptedprobit(probabilityunit)functions[58,59]providedbytheTNO’sGreenBook[9]and

summarizedinTable3.Foreachtypeofinjuryorcauseofdeath(eardrumrupture,lung

injury,etc.),aprobitfunctionisdefinedthatdependsontheblastparameters:side-on,

dynamicorreflectedpeakoverpressure(dependingonthebodyposition),impulseper

unitarea,etc.Forprimaryinjuries,lethalityduetolungdamageisevaluatedtogether

withtheprobabilityofeardrumrupture.Fortertiaryinjuries,lethalityisevaluatedfor

shock-inducedbodydisplacementandsubsequentdirectimpact,eitherwiththeheador

thewholebody[29].

Table3.Probitfunctionsusedtoestimatetheprobabilityofdifferenttypesofprimaryandtertiary

injuries. Pristheprobitvalue,p◦[Pa]thepeakoverpressure,p◦ef[Pa]themaximumeffective

overpressure,dependingontherelativeorientationofthepersonwithrespecttotheshockwave,p1
[Pa]theatmosphericpressure,I/A[Pa·s]theimpulseperunitareaandm[kg]theweightofthe

person[9].

Effect ProbitFunction

Primaryinjuries

Eardrumrupture Pr=−12.6+1.52lnp◦

Deathduetolungdamage Pr=5−5.74ln
4.2

p◦ef/p1
+

1.3

i/(p1/21 m
1/3)

Tertiaryinjuries

Deathduetodisplacement
andwhole-bodyimpact

Pr=5−2.44ln
7380

p◦
+
1.3×109

p◦i
Deathduetodisplacement
andskullimpact

Pr=5−8.49ln
2430

p◦
+
4×108

p◦i
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TheappearanceoftheinterfaceisshowninFigure8.Allnecessaryparameterscanbe

selectedontheleft:size,type,andgeometryoftheexplosivecharge,aswellasthebodypo-

sitionrelativetotheincomingpressurewave,whichdetermineswhetherside-on,dynamic,

orreflectedpressureisusedtocomputethepeakoverpressureandimpulse.Therestofthe

windowpresentstheresultsbothnumericallyandgraphically,usingoverpressure–impulse

diagramsontheleftandCW–Sdiagramsontheright,withprimaryinjuriesshownabove

andtertiaryinjuriesbelow. Overpressure–impulsediagramsdisplaythecharacteristic

overpressure–impulse–distancecurvefortheselectedchargeweighttofacilitatetheinter-

pretationofresults[60],whileCW–Sdiagramsincludeadiagonaldashedlineindicatingthe

approximatedpositionofthefireballradius,correspondingroughlytoanscaleddistance

Z=d/W1/3=1m.Abovethisline,theFreidlanderwaveformisnotvalid,andtheblast

waveparametersareincreasinglyimprecise[1].

Figure8. Interfaceoftheassistantforestimatingblast-induceddamagetopeople. TheCW–S

andatmosphericdata,alongwithethebodypositionrelativetotheincomingpressurewave,are

introducedinthetop-leftcorner,theblastwaveparametersandthestatisticaldamageindicatorsfor

thechosenCW–Scombinationappearinthebottomleftcorner.Therightplotsrepresentgraphically

thestatisticaldamageindicatorsintheformofoverpressure-impulseandCW–Sdiagrams.Both

showtheconditionscorrespondingtothespecifiedCW–Scombinationwithasolidreddot,while

theCW–Sdiagramsincludealsoadiagonaldashedlineindicatingtheapproximatedpositionofthe

fireballradius.Abovethisline,theFreidlanderwaveformisnotvalid,andtheblastwaveparameters

areincreasinglyimprecise[1].

3.ExampleofApplication:FaçadeofaBuildingunderBlastLoading

ToillustratethecapabilitiesofSimEx,thissectionpresentsapreliminarystudytoasses

theabilityofaconventionalthree-storysteelframebuilding,suchastheoneshownin

Figure9,toresistthreedifferentcombinationsofchargeweight,W,andstandoffdistance,

d,preservingasimilarscaleddistance,Z=d/W1/3.ThethreeCW–Scombinationsare

summarizedinTable4.Forsimplicity,weassumemeansealevelISAconditionsforallthe

calculations.Forillustrativepurposes,thefiguresquotedbelowshowresultscorresponding

tothefirstfloorofthebuilding(hereafterreferredtoasLevel1)andCase2conditions.

Thatis,weshallconsiderasreferenceconditionsagroundexplosionof150kgofTNTata

20mstandoffdistancefromthefrontfaçadeofthebuilding,asdepictedinFigure9a.
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Figure9.Schematicdiagramofthethree-storybuildingunderstudy,composedofequallyspaced

pillarsandanouterenclosurewall,including:(a)thedistancesandanglesusedforthedifferentfloor

levels(i=0,1,and2),includingthestandoffdistance,d,therealdistancetothemidpointofthe

differentlevels,dreal,i,andthecorrespondinganglesofincidence,δreal,i;(b)schematicofthefaçade

constructivedetailsanddimensions;and(c)diagramoftheequivalentfaçadeelementusedinthe

SDOFanalysis.LidenotestheheightofLeveli,representingthelengthofthepillars,andSisthe

spacingbetweenpillars,representingthetributaryloadedwidth.

Table4.Standoffdistance,d,explosivecharge,W,andscaleddistance,Z,ofthedifferentcasestudies.

Thereferencecaseisshowninblue.

Variables Case1 Case2 Case3

d(m) 12 20 25

W(kg) 30 150 300

Z(m/kg1/3) 3.86 3.76 3.73

3.1.IncidentLoad

Aspreviouslydiscussed,SimExallowstheusertoenterdirectlythedesiredCW–S

combinationtodefinetheincidentblastload.Figure2showstheresultscorrespondingto

thereferenceconditions(Level1,Case2).Foramoredetailedanalysisoftheloadinduced

bytheblastwave,the“BlastWave”calculationassistantshowninFigure10allowsafast

evaluationofallblastparametersasafunctionofthestandoffdistance.Tothisend,theuser

mustprovidethefollowinginputdata:thegrounddistancefromtheexplosiontothe

pointofcalculation,d,theelevationoftheexplosivecharge,hc,andtheelevationofthe

calculationpoint,h0,bothmeasuredfromtheground.

Forhc=0,ahemisphericalsurfaceburstcomputedfromKingeryandBulmash
parametersforTNT[18]isconsidered,althoughothercorrelationsforhemispherical

explosions[1]couldalsobeselected.Forhc>0,hemisphericalorsphericalblastsare
bothavailable,lettingtheuserdecidewhatisthebestoptionbasedontheheightofburst.

Thecodedoesnotincludecorrelationsformorecomplexconfigurations,suchasairbursts

producingregionsofregularandMachreflectionsthateventuallymodifytheincident

shockwave.Theusermustalsointroducetheangleformedbythenormaltothestructural

elementatthepointofcalculationwiththehorizontalprojectionofthelinejoiningthe

centeroftheexplosionwiththatpoint,δ,whichisidenticallyzeroinourcasestudiesif

weassumeasymmetricconfigurationwithapillarinthecenterofthefrontfaçade.These

distancesandanglesareemployedforsimplicityinobtainingin-fieldmeasurements.
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Explosive

Charge weight (kg) 150

Explosive TNT

W TNT eq Dp (kg) 150

W TNT eq i (kg) 150

Standoff distance

h_c (m) 0

h_o (m) 5.5

delta (deg) 0

Atmosphere

pa (kPa) 101.325

Ta (ºC) 15

DT (ISA +/- DT) 0

Height (m - ISA) 0

Blast wave type

UFC 3-340-02 Hemispheric

Export and exit

Export *.CSV

FluidMechanics

Standoff d (m) d_real (m) delta_real (deg) pº (kPa) I/A (kPa·ms) t_d (ms) t_a (ms) sigma (m/s) L_w (m) alpha (-) 

0.5000 5.5227 84.8056 1.4217e+03 1.0928e+03 10.0400 2.6651 1.2402e+04 12.2614 11.9697

1 5.5902 79.6952 1.5770e+03 1.2045e+03 10.2585 2.7243 1.2254e+04 12.3923 12.3428

1.5000 5.7009 74.7449 1.6696e+03 1.3203e+03 10.5761 2.8240 1.2022e+04 12.6144 12.2856

2 5.8523 70.0169 1.8977e+03 1.4295e+03 10.8971 2.9630 1.1715e+04 12.9469 13.3858

2.5000 6.0415 65.5560 2.0390e+03 1.5254e+03 11.1878 3.1412 1.1353e+04 13.4052 13.8768

5 7.4330 47.7263 2.1914e+03 1.6975e+03 11.7122 4.6148 9.2655e+03 17.9179 14.0430

10 11.4127 28.8108 776.5040 1.2304e+03 11.0972 10.2888 6.3779e+03 32.3697 5.7995

15 15.9765 20.1363 318.7900 890.3983 15.0684 18.9096 5.1534e+03 44.1625 4.1013

20 20.7425 15.3763 169.5334 688.1037 17.9609 29.5218 4.6027e+03 53.3798 3.0386

25 25.5979 12.4074 106.1733 544.2806 19.8142 41.3644 4.3200e+03 60.6029 2.4015

30 30.5000 10.3889 75.0865 463.3434 21.1770 53.9345 4.1568e+03 66.3909 1.8908

35 354295 89306 580521 3933842 222938 669363 40543 03 711384 17193

Compute

Standoff distance

d min (m) d max (m)

0.5 20 m 50

Blast wave

pº (kPa) 169.5

I/A (kPa ms) 688.1

t_d (ms) 17.96

t_a (ms) 29.52

sigma (m/s) 4603

L_w (m) 53.38

alpha (-) 3.039

delta_real (deg) 15.38

d_real (m) 20.74

Plot Plot Plot Plot Plot Plot PlotPlotPlot

Help

Figure10.InterfaceoftheBlastWavecalculationassistantforachargeweightof150kgofTNTat

theISAmeansealevel,showingthevariationoftheblastparameterswiththestandoffdistancefrom

thefrontfaçade(toptable).Thelowerpartoftheassistantshowstheblastparameterscalculatedata

pointlocatedatd=20mstandoffdistanceandh0=5.5mabovethecharge.

Withthesedata,thewizardisabletocomputetherealdistanceandincidenceangle,

therebyprovidingthepeakoverpressure,p◦,theimpulseperunitarea,I/A,theduration

ofthepositivephase,td,theblastarrivaltime,ta,theaveragespeedofthepressurefront,

σ=dreal/ta,thepositivephaselength,Lw,andthewaveformparameter,α.Theresultsare
presentedinatableforseveralstandoffdistances,d,whichalsogivestherealdistances,

dreal,andanglesofincidence,δreal.Themaximumandminimumdistancesthatappearin

thetablecanbeeasilymodifiedbytheuser,whocanselectanyintermediatevalueusinga

sliderbartocomputetheblastparametersatafixedspecifieddistance.Abuttonhasalso

beenincludedtographicallyrepresentthevariationofanyoftheblastparametersasa

functionofthedistancetothecenteroftheexplosion.Theresultsarealsoexportableasa

"comma-separated-value"formatforfurtherpostprocessing.

Formorequalitativeinformation,twoexportablegraphsarepresentedinthelower

part.Thegraphontheleftdisplaysthetimeevolutionoftheoverpressureatafixed

horizontaldistance.Theusercanchangethisdistanceeasilywiththesliderbar.Allthe

characteristicsoftheblastwaveareshownfortheparticulardistancechosenbytheuser.

Thegraphontherightrepresentsthemaximumoverpressureandtheimpulseperunitarea

asafunctionofthehorizontaldistance.Aspreviouslyindicated,therangeofdistancesis

alsoadjustablebytheuser.Usingthe"Exportandexit"button,themoduleisclosedand

theweightandtypeofexplosive,thedistancetothecharge,andtherealangleofincidence

tobeusedintheintegrationoftheSDOFsystemareexportedtothemainSimExmodule.

Figure10showsthecalculationoftheblastparametersforanexplosivechargeof150kg

ofTNTonapointataheightof5.5mabovethehorizontal,i.e.,thegeometriccenterof

thefaçadeofthefirstfloor,correspondingtothereferencecase(Level1,Case2).Other

distancesarealsoincludedinthetoptable,showinghowtheangleofincidencetendsto

becomenormalasthechargemovesawayfromthetarget.

3.2.EstimationoftheEquivalentSDOFSystemResponse

Tostudythestructuralresponsetoanexplosivecharge,itisnecessarytoknowin

detailthetypeofconstruction.However,whenusingasimplifiedSDOFmodel,thestudy
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canbesimplifiedandgeneralizedformanydifferentcases.Inthepresentexample,wewill

analyzeafaçadestructureliketheoneinFigure9b,composedofequallyspacedpillars

andanouterenclosurewall.

Thefirstelementthatreceivestheblastwaveistheenclosureofthefaçade.This,inturn,

transmitstheloadtotherestofthestructure.Inmostconstructions,thefaçadeisonlyan

enclosurewithoutstructuralfunction(glassfaçades,brick,etc.).Infirstapproximation,it

canbeconsideredthattheexteriorenclosuretransmitsthefullloadreceiveddirectlyto

thepillars.Thepillarsarestructuralelementswhoseintegrityisconsideredcritical.Itwill

thereforebethefirstelementtobestudiedsincetheprotectionofthesupportingstructure

ispivotaltoavoidthepotentialcollapseofthebuilding.Theenclosurecanbeconsidered

asasecondaryelementinmostconstructionsandthereforeasignificantlyhigherlevelof

damagethaninprimaryelementscanbeallowed.

Figure9cshowsthesimplestelementinwhichthefaçadeistobedivided.Eachpillar

receivesloadsfromapartofthefaçadecorrespondingtothedistancebetweenpillarsand

theheightbetweenfloors.Theloadgeneratedbytheexplosionisappliedtothepillars

crosswise,sotheybehaveinfirstapproximationasbendingelements.Forthecalculation

oftheequivalentproperties,thebeamassistantsavailableinSimExareemployed.Either

for metalorconcretebeams,thelengthcorrespondstotheheightbetweenfloors,while

thespanisthespacingbetweenpillars.Inthecaseofpillars,theboundarycondition

betweenfloorsisthatofembedmentonbothsides,whereasafreeconditionispreferredat

theroof. Asaresult,weusefixed-fixedconditionsforLevels0and1andcantilever(or

fixed-free)forLevel2.Thepresenceofaroofdiaphragmelementmayrequireadditional

considerationsregardingtheboundaryconditionattherooftop,butweprefertousea

fixed-freeboundaryconditionforthesecondfloorbothforsimplicityandforillustrating

theeffectofconsideringdifferentboundaryconditionsondifferentfloors.

Inthecaseofmetalbeams,itisonlynecessarytoindicatethestandardshapeofthe

profileandthesize.SimExusesEuropeancross-sectionprofilesHEB,IPE,andIPNin

accordancewithEuronorm53–62(DIN1025)[41].Figure11showstheresultforaHEB

340profilewithalengthof3mandaseparationbetweenpillarsof5m.Theassistantuses

standardizedprofiles,soifanon-existentmeasureisintroduced,itcorrectsdowntothe

nearestlowernormalizedprofile.However,itisalsopossibletoselectcustomprofilesand

materials.Inthiscase,thearea,firstmomentofareaaboutthebendingaxis,momentof

inertiaaboutthebendingaxis,density,Young’smodulus,andresistancemustbeprovided

bytheuser. Oncethestructuralpropertieshavebeenintroduced,closingtheassistant

incorporatesthecomputeddataintothemainSimExinterface.Figure2showstheresult

forthecaseunderstudy.Itshouldbenotedthattheadditionalenclosuremasssupported

bythepillarwhenflexedmustalsobeincludedinthemassoftheequivalentSDOFsystem

inthemaininterface.

Ifarectangularreinforcedconcretepillarisconsidered,SimExrequiresthattheexter-

nalmeasurementsbandh(perpendicularandparalleltothedirectionofapplicationofthe

load,respectively)beintroduced.Inaddition,thepropertiesofthereinforcementshould

beindicatedinasimplifiedmanner,thatis,interiorspacing,dc,andreinforcementarea,

As=nπd2
bar/4,wherenrepresentsthenumberofsteelreinforcedbarsperside.Figure12

showsresultsforapillarof45×45cm2with5A36steelreinforcementbarsof#7(approxi-

mately22.5mmindiameter)perside,foralengthof3mandaspacingbetweenpillars

of5 m.Thedistancedcmustbeestimatedaccordingtotheconstructivedetail.Inthis

particularcase,itisassumedthatthereinforcementcentersarelocatedat4cmfromthe

edge,resultinginaninteriorreinforcementspacingofdc=37cm.

Itisworthnotingthatneglectingaxialloadcanbeconsideredaconservativeapproach,

particularlyinthecaseofcolumnsorpillars.Theseelementsareinitiallysubjectedtoa

significantcompressionloadduetotheweightofthesupportedstructure,whichreduces

thetensilestressescausedbybending.Thissimplificationconstitutesafirstapproximation

inthestudyofthestructuralresponse.Foramoredetailedanalysis,thewallshouldbethe

nextelementtobeanalyzedinordertoassurethatitisabletofullytransmittheblastload
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totheload-bearingelement.Ifthewallwasmadeofconcrete,thiscouldbedoneusingthe

concretebeamassistantwithb=S.Inthiscase,themassoftheelementunderstudywould
bethetotalmassoftheequivalentSDOFsystem.However,inthecaseconsideredhere

ofload-bearingelements(beamsorcolumns/pillars),thetotalmasscanbesignificantly

Shape

Section 350

Tipo de perfil HEB

Area (cm2) 170.9

1st moment of area (cm3) 1200

Moment of inertia (cm4) 3.666e+04

Reinforcement

Reinforcement A-36

Density (kg/m3) 7850

Young's modulus (kPa) 2e+08

Resistance f_y (kPa) 2.482e+05

Beam geometry

Length (m) 3

Span (m) 5

Type of edge Fixed-Fixed

Equivalent properties

K_LM 0.66

K (kPa/mm) 66.98

R_u (kPa) 158.4

Total mass (kg) 402.5

Mass p.u.s. (kg/m2) 26.83

Used section 340

Compute ResetFluidMechanics

largerthanthemassoftheelement.

Figure11.MetalbeamcalculationassistantshowingresultsforaHEB340pillarwithalengthof3m

andaspacingbetweenpillarsof5m.Notethat,eventhoughaHEB350isrequested,whichisnot

 

includedinthenorm,theassistantcorrectsdowntothenearestnormalizedvalue,HEB340.

Figure12.Reinforcedconcretebeamcalculationassistantshowingresultsforapillarof45×45cm2

withalengthof3mandaspacingbetweenpillarsof5m.Thepillarisreinforcedusing5A36steel

reinforcementbarsof22.5mmofdiameterpersidespacedapart37cm.

3.3.SDOFSystemIntegrationandCW–SDamageDiagrams

OncetheusersetstheexplosivechargeandthepropertiesoftheequivalentSDOF

system,SimExisreadytointegratetheresultingmathematicalproblem.Figure2showsthe

resultsforthecaseofaHEB340profilewitha5mspanbetweenpillars.Themainresults

arethemaximumdeflection,xmax,theductilityratio,µ,andthemaximumrotationangle,

θ.Thetwolatterparametersareusedasindicatorstoquantifythecomponentdamage

levels[15].AssumingthattheLevelofProtection(LOP)requiredisverylow,incaseofa

hotrolledcompactsteelshapeforthecolumns,accordingto[15],theallowablecomponent

damageisheavy(responsebetweenB2–B3).
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Forfixedvaluesofthestructuralparameters,aparametricsweepcanbecarriedout

inCW–SspacetoobtaindamagediagramssuchastheonesshowninFigure13.Tothis

end,itisenoughtoindicateintheassistantthechargeweightandstandoffdistanceranges

tobeanalyzedandthenumberofintervalstobeusedforeachparameter.Inaddition,

thedesireddamagelevelcriteriamustbeindicatedtoseparatethezones.Figure2shows

characteristicvaluesofµandθfor metallicelements,althoughothervaluescouldbe

selectedfrom[15]forotherstructuralelementsand materials. NotethatCW–Sdamage

diagramsarepresentedbothinlinearandlog-logscales.

Figure13.CW–Slinear(a)andlog-log(b)damagediagramsforreflectedblastloadonthefaçadeof

thefirstfloor(Level1):Case1( ),Case2(♦),Case3( ).

Ascanbeseen,theCW–SdamagediagramsshowninFigure13includethreepoints

correspondingtothethreecasesconsideredinTable4.Asthethreescaleddistancesare

almostequal,thenthedamagelevelsarealsoverysimilar,althoughdifferencesinreal

distancesandincidenceanglesmakethemgrowfromsuperficial-moderate(B1)to(almost)

moderate-heavy(B2)forincreasingchargeweightsandstandoffdistances.Accordingto

thePDC-TR06-08[15],asuperficialdamagelevelimplies“novisiblepermanentdamage”,

whereasamoderatedamagelevelimplies“somepermanentdeflection”thatgenerallycan

berepaired.Bywayofcontrast,aheavydamageisassociatedwith“significantpermanent

deflections”thatcausethecomponenttobeunrepairable.

Tosummarizetheresultsobtainedinthedifferentcasestudies,Table5reportsthe

incidentblastloadparametersandthecorrespondingcomponentdamageindicatorsper

floorforCases1,2,and3.Thereferencecase(Level1,Case2)andtheworst-casescenario

(Level2,Case3)arebothhighlightedforclarity. Ascanbeseen,damagelevelsare

significantlyhigherintheupperfloor(Level2)asaresultofthelowestrigidityimposed

bythecantileverboundaryconditionattherooftop,resultinginheavydamagelevelsfor

cases2and3.

3.4.Crater,Fragments,andDamagetoPeople

Figure4presentsanestimationofthecratergeneratedinthereferencecaseona

sandstonesoil,withanapproximatedradiusof1.6m.Forsurfacebursts, HOB =0m,

astheoneconsideredhere,theequivalentchargeradiusisirrelevant,asitisonlyused

todeterminethedimensionlessheightofburst,whichisidenticallyzeroinourexample.

Thefigurealsoshowsthat,forabove-surfacebursts,HOB > 0m,thecraterradiusis

significantlysmallerforthesameamountofexplosiveduetotheaircushionthatexists

betweentheloadandtheground,whichreducestoagreatextentthepressurethatreaches

thegroundsurface[6].

Figure5showstheinterfaceofthefragmentassistantusingtheinputdataofthe

referencecase.Fortheapplicationof Mott’sstatisticaltheoryforfragmentationofsteel

cylindricalshells[3,26–28],theexplosivechargeisapproximatedtoacylinderofapproxi-

mately50cmdiametersurroundedbyasteelfragmentationshellwithamassoftheorder

ofabout13%ofthechargeandathicknessof2mm.
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Table5.Incidentloadparametersandcomponentdamageindicatorsperfloor.Accordingtothe

PDC-TR-06-08[15],theresponselimitsforhotrolledstructuralsteelcanbedefinedintermsof

theductilityratio,µ,andsupportrotationangle,θ,asfollows:B1—superficial{µ,θ}={1,−};

B2—moderate{µ,θ}={3,3◦};B3—heavy{µ,θ}={12,10◦};B4—hazardous{µ,θ}={25,20◦}.

Thereferencecaseandworst-casescenarioareindicatedinblueandgray,respectively.

Level Type Variables Case1 Case2 Case3

0
Incidentloadparameters

∆p(kPa) 168.30 182.50 186.80
I/A(kPa·ms) 406.70 724.40 922.20

dreal(m) 12.17 20.10 25.08
δreal(deg) 9.46 5.71 4.57

Damagelevelindicators
µ(-) 1.60 3.26 4.40

θ(deg) 0.19 0.39 0.53

1
Incidentloadparameters

∆p(kPa) 139.40 169.50 178.00
I/A(kPa·ms) 349.90 688.10 893.00

dreal(m) 13.20 20.74 25.60
δreal(deg) 24.62 15.38 12.41

Damagelevelindicators
µ(-) 0.90 1.64 2.10

θ(deg) 0.08 0.15 0.19

2
Incidentloadparameters

∆p(kPa) 110.20 152.00 165.40
I/A(kPa·ms) 293.00 630.50 845.50

dreal(m) 14.71 21.73 26.41
δreal(deg) 35.31 23.03 18.78

Damagelevelindicators
µ(-) 1.67 5.85 9.26

θ(deg) 0.87 3.05 4.83

Finally,Figure8showsthecalculatingassistantforestimatingdamagetopeoplein

thereferencecase.Asanillustrativeexample,thefigurepresentstheresultsoflethality

duetodifferenttypesofinjuriesatadistanceof20mfromtheoriginoftheexplosion,

assumingtheworst-casescenarioofanaveragepersonlocatedclosetothefaçadeofthe

buildingbeingattacked.Inthepressure-impulsegraphs,representativedistancesare

indicatedusingreddotsplottedalongthecharacteristicoverpressure–impulse–distance

curve[60]. Ascanbeseen,at20mstandoffdistance,lethalityduetolungdamageor

whole-bodyprojectionisnegligible,butlargeprimaryfragments(e.g.,CL99%)maystill

producesecondaryinjurieswithfatalresults,asindicatedbyFigure5.

4.Conclusions

SimExisacomputationaltoolthatallowsarapidandeasyestimationoftheeffectsof

explosionsonstructuralelementsandtheirdamagetopeople.Ithasbeendevelopedin

accordancewiththespecificationsofAmericanstandardUFC-3-340-02andotherwidely

accepteddirectivespublishedintheopenliterature.Itprovidesassistantsforthecalculation

oftheblast-waveload;SDOFdynamicresponse,includingthecalculationoftheequivalent

structuralpropertiesofstandardizedmetalandreinforcedconcretebeams;thermodynamic

propertiesofexplosivemixtures;craterformation;projectionofprimaryfragments;and

damagetopeople.

Afterpresentingthemaincalculatingassistants,apreliminarystudyhasbeenpre-

sentedtoillustratethefullcapabilitiesofSimExintheassessmentoftheabilityofabuilding

toresistagivenexplosivecharge.Theanalysisenablesthedeterminationofcomponent

damagelevelsforthemainstructuralcomponents,andafurtherstudyofthereference

casehasledtothecomputationofCW–Sdamagediagramsforapillarofthefirstfloor.

Thesediagramsareveryusefultoprovidedesignguidelinesforthosefacilitiesthatmust

beprotectedagainstexplosivethreats.

Althoughstillunderdevelopment,SimExisbeingsuccessfullyusedforresearch

andteachingactivitiesattheSpanishUniversityCenteroftheCivilGuard.Duetoits
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advanced stage of maturation, it could also be used in other areas within the Army and
Law enforcement Agencies involved in the fight against terrorism and the design of blast
resistant buildings and structures.
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