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Abstract

Significant research efforts have Dbeen spe
structures subjected to bl ast | oadsdefgeor&éebett e

freedom ( SDOF) approach has beeh wedelbnwsadapht

for engineering design pur pose. However, S L
oversimplifies the structural behavior and n
responses to bl ast |l oads.edOmighe fodeéin t gamndpni
approach is able to give relatively accurate

not straightforward f-oonsawmilngc,atwlwinc ha nid mpvead eys
among engineeansmeffhedetd®dat can assure not onl
highly needed for design practice. I n -t he pr
diagrams is applied to RG@Gsalldylzee troe siploanisstel elamald .
anal ysi s irs pghhstmed and si @bhlkepr sppobutred bend
combined failure modes ar e conE€riidteirccal beagwrat ic
structural shear and bendwinabrdoirfliaa tl eusr .g&lrcer idteerr
diagrams are then devel oplehce famralsgutliitoda ladraemaweer i
comparingfiwddalbiméy gdbal simul ations. The reliahb
approach famnaigaRIQond sapnodndbedrast | oads are demon:
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damage assessment
1. Il ntroducti on

Det onation of explosive materials due to ac
buil dings, infrastructures and civilians. For
efficient and accurate evmelwadgt ouwmctoufr essxiisnt i m
|l oadings is essentadbid0Sé63n®D® sitrlagnvd adredss wsawcsh f o
assessment of structural s®df étgpyanndeéey explagpl
and distance taa dHonvuhder@rr,@es) i oni DéDodBAONaY 09 e v e
STD i[sl]Juncl ear, i . e.-c,aliltedi sd amoatg ec liena rt hief stthaen d
coll apse of i nf il | or exterior wall s, .or ot F
Mor eocoase matt etuendeenrt bl msght oabdbsogexperience dif
such as crush and spall failure of concrete s
etdependelngmemt gpmndprlrdstes|l cBenadigngomnadi t uoesof
near «ofend esupmpdiyt ed structural el ement, while
Based on experi ment,al maamyd rapn8agaymddidcleanld erde stuhlatts
fanéuis highly |likely to damcuri swhelrc ea Wt eotno rsa tr
t he -tstpaainght ratio of a structural element is

An equi vatbegbt#eseaddm ( SDOF) approach has
si mpbmpipeshavisacurucdfures or structural el ement s
responses subj 8ectpeod Witerribd tassrtall olaldast desi gns
approd4¢thMlthough various extensiapmps oactd appki
carried out iitn insa ngp pcrabspeesi,dt @ e twohni acthiacgtnlse | o0 a
environment can be approXheatSb®Ombgopwe resiarndlair fd
a

structure or a struconrafk et emenat hdmatt oal |

SDOF model, shear deformation eff#Pct cwasi diet b
separately by an8.,t h®lor S®»OMRI Mmed el ai l ure mode,
invalid. Moreover, the equivalent SDOF model
structur al defl ection shape, which is wusuall"

somet i mets rdefelseanto t he true dynamic structur al

Sometimes the structur al deflect-vobrathiape pin;



changes, which c¢clearly is not able trtel bablkap
structur al resporiseiprdadnettedote etlepad|l édr nu
si mul,ate .oghsl t[h3ody gfihdiebhhyugnhe r i c a | S i mulgatvieo nrse | d rae
predictions of igsgtnsctinyprmamegspes sens ng.

The <c¢classical Mode Approxiimatasomc Mbelaod e
anallyss sbeed by many Reesseeaarrcchhewsr ks have bee
constraints and:D2&ardp adrioigdeasiubd u taitesmsPwmpaltse (P

) di agrams phbasedcomodedgi dhave advantages in

o

modes, with aowheepds addei agcatrrmegygt ur-all asiaima gmo d ¢
neglects elastic defoomat bgn,t hes teixmeaetnad dd éaMfAlMe
very well with the finfd|]3]deddPagraems dbsevedd
astic model areawdrasspelcdpdc atttyi ch EOOFf monrhe |
when davarge Maed urddt.iirt her d-eveiapgpedmamPt hod f
sessment of str uctbwr ecsonstuddjde cilireegdd itrmog bd mads ts H
explicit anal ythveAM | fdsrodRdgroamdbawvwaes omt ai ne
conveniently wused for advsmes dJdlgtendedt o hal MAd
di agram met hodstlhrycdaageuplnitreg agd ii lesnh atpee dst u
structureairersponane eramgal and external bl ast
resi gdtedmaanat i on r el at i ons Rhsitpr uocft umaet eirnitaelrsa,c tnc
and pul se-lshapgs amnbBsed on the MAB]were furt
Nume cal and experiment al st wdiacbshmddiaeteerh e r e
done by many researchedisrseltldarhasche §riBRlas e rswqg
and | arge inelastic de22rma8jioougppesamer metari
represdmtbstploense by haf@,4PDOFe srysgelnt s show t hat
appears under certain circumst[arbc.e sH&|wea v ebro,t ht
anal ytical solution basbd dHouMAMyaeppriraoaaopeaoah

using a beam el ement with MAM approach woul

maxi mum deflection when the afls:ﬂ-aélg,t whgaired (r at

Lbare |l engt hs of | ong aasd ashh d ratr gebdegcda hrseksaehddt i

with | arge aspect ratiaaiys.so@benspodbygdicogky detr g



baslilcya the same as a beam. When tthadiagpam rres
will change since the I ength of structural el
shorter or |l onger edge. Therewgrel abe mMgMndev
accurate predictiway lfalrse.spOhes epr efentwost udy
beam el eweayg!l,@alomi ng to develop a reliable and
design and analysi subf e ¢btl eatse ¢ Ol ovaed esrtirfuyc ttulree s |

different failure modes, high fidelity numer.|
carried out on some special cases. A case st u
2. Fail ureaondi modies

The present stwadgdef-sompbébygtdadc dbaaibrsg t o t he
results obtained 2bfyo3rp tshiemp Irye sseuapr pcahrdtrheedht o o o ff a
cent d@relfil eeet tsgpma nt at soh adsdd d xnuer atl h ed afnsaegneched elv at ge s |
ductile plastic def ohmatbiemmew s wailel yt oa phgEenadrisn g
average shear strain is defined as shear dama

appears neaashdawhRisiupport s,

shear failure near support

Fi gSketch of shearand bending failu

I f a strip isstabemepresentet hef maxi mum di
shear/ bending force, its failure profile is t
civil engineers in desiwany pRGcslialkrs wtiao hsirmslp

calcul atiren.t hEhemaexfionum transverse displ aceme:



failure near supports in the agrcestebn tir ges¥fuuldtys coa
and Jaobhiesapn@]JodBamd [@ah2d] J;ohnson [ 27]

z,=Lb, and z =g | (1)
whe#eés the maxi mum transver sld sditshpl ahcae nie netd gdeu
di fferent boaislurhes madd o, of centkird i nbe dmé X emt

transverse displacgmesnttheégeviebedrr et fiass htelaen, u

hawifdth of the shear band dbsat hedotshliachihme $ her
presenti sstdielfyi ned as [(02.8B®dblschowsr diidfd etrent dar

under empirical bendingnapnd4aghear failure cri
TabllDe f f erent damage | evel wunder empirical
Failur Criter.i Lighl Moder i Sever
Damag¢Damage|Damage
Shea| Aver age sh 1 2 3
, Ratio of
Bendi def | e citail dn 2.5 6 12.5

Pul se shape of blast doadt &amaqulbaer ,o0ft rmaananyg uflo;
Pul se shapetbkbéfasttrubbasr dleebellasicassed by man
Youngdakbuhg@®ahi p3ad] Meingafn@®@lJoreski f BEf®mNnces
responses odbitfafipnuebds ewicsthna plkee e st iamaaleydtei scualdtu g h
repobbyedag [alln t he pracsematpgdisedyi,oad i s used.
Fi3g. theampallsar | oad ctame breeefallefcit ngagdvipypsiswaleent

dur atfdalncul at ed bhlsedproesdumpe |l d@ting on sl ab c

P=p (2
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Similar to the analysis for beam el ement,

profiles which include pure shear failure mo
failure modesst Aedgmensabind elss4] ntroduced as |
QL
n=—2= 3
M. (3)

whe@anM,are respectively the sslhdars amé bemdi

|l onger sedbe of

Tabl e 2 hwelloomwsi ty profiles of differ8athphas
profiles make itdigdeaiehhbeaeatot ben siadner a4 $ me . \
judgmomdntf ainl yr e meak vepfkesstued and di mensionl e
sl,ah i's convenient to use alternate velocity
modasrde s poalseul ati on can bd@desamnrrise d ke uttnhusand carrsea
used to distinguidkttadereuafrai ladrogpt madd 0, replh e s«
failure along long or shorti dmgaedelr eilsigpgednd fi ivred
which the origin of coordl.abRFeai Iswrsed epmr afsi laets t
are shown Mmde 1 contains puremsheala-maddé us @b
1b. Mode 2 is for simple bewrdicregqatfai lodr @ s ewietl
t his fail ur e -nmooddees hnaasnetder csusbtmmbme Kb Mode 3,
i nt omosdueb 3 amn,d es Blanmon,d es Bh a-machae i, can be <co
combinations of mode 1 anxdbmodeéendy. fRoder & Mmoo
plastic zone at the middle of the elnmeondeentda Si
and -meoudke 4 b. Mode 5 contains combinaidiednsedf
suhode 5-mades 6énd,e sSubba ,-moadned 5shbubb, as shown in Fi
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Derivation fofdalstpdl actemealt s -moare s dii fsf esruermnta r s
fol I Tomsundary apedaommtdonBahoe t he tr amlbatsoe on f 1
anotohfespecified failure mode &Andlaldpmpceagents
vel ocsltab otfhe end of a partitchiédnart i @ahastehrearn ¢ i a
foll pwiasg i1 f applicabl e.

Modepdre shear failure
Su-Mode pua:e shear failure along the short wedge
Shear failure mode describes the direct s h

shortst bdgydrhe maxi mum gheias diohecectdiedm.uma ttioon

bendisgigmortehd s mode. There are totally two g
phase (phaseloladiamgd paapest phase 2),awhlich ar ¢

respectively.

Tk governing equation for phase 1 1is
E3- p iz @
X

wheQeés the transvelndE ssheaer ufnorf oe midgadBfiosr ce a

the unisl,aghsstbe acceleration due to shear fo

Boundary and initial conditions are
Q(x=0) 0, Ax &) 8§ (5)
2(t=0) 0, z(t § O (6)

whetaeandare velocity and displ acemting tdlue ttiom

vari abl e.
By integdwittimgr €gipect to ti mel=tjatt hé emanidmw

slaibspl az(éemd velZg)iatrye osfol ved.

|l phase 2, the governing equation becomes

@: V. 7
= (7)



Motion termiinéatiphraseime is ZdakteFimaledt wars

maxi mum di splabe memtslhdar i s derived as
2 -
Zs(tf):potd(pol‘a Q) (8)
2mQ
Su-Mode pulrie shear failure along the | ong edge.

Thequations and derivat i oxaxarse csiamglessr tTooe 1
governing equation for phase 1 changes to

HQ .
= p m 9
P M4 9)

The governing equation forl ipsharsep |I2d acehda hbgye s

derivation which means ®shabThengt hnalf ssthroudteu

di spl acement s
potj(poLb'QJ)
t)= 1
z(t) oG @y
ModesiZ2mpl e bending failure (1 hinge)
Su-Mode s2anpl e bending failure along the |l ong e
There are also two phases in this mode inc

loading phase (hhaHeeg@2pewhicédl gendl mtphase 1, t

W mza X (1)
¢ L

whe#ées the acceleration due to bending moment

Boundary and initial conditions are
Q(x=0) 0, Q(x &) Q: M(x 9 =M,=Mx L) € @y
z,(t=0) 0, z(t 8 ¢ (1P
wheMd s the bendisnglpamdname vaelocity and displ
bending moment, respectivel y.
Il n phase 2, the governing equation changes

10



=mz, 1%

%5
o) ?B_\QJO

X
L,

The finadf tphheese 2 can be detzg?OmiTrheed f wintaH

maxi mum bending displacement is then derived
3pot§(p0L§- 2Mo)
z (t)= 15
(f) 8mM,

SuMode sdbmpl e bending failure along the short
Equations and derivation are similar t o mc

changes to

R _

a
= p mz 1
My P gé P

A
L,
and the governing equation for phase 2 also
di spl acselmebmtt eat i s

3poti [ Ppls - 2M,
(1) - REL

ay

Modec®dmbined shear and simple bending failure
Su-Mode @88ambined failure modce,0rgheargef ainldurse mg
failure along the | ong edge

Mode 3aa is the combinwhehanho$hemadef adbl and
failure odabiShear thailure occurs at t wo supp
pl asticthteengtehsad afoDef or mabbbohuodoés one | oading

and t wooaposntg phases (phase 2 and lpthasdend3) wh

respectively.

Il n phase 1, the governing equation is given

KQ _

K— P Mz n‘("% Q (13

¥e) p&_\mo

X
L,
with the same boundgirvye na@dl REqg@&Enidal conditi ons

11



Similar to mode 1a and modet=Raheatmax hmum

di spl acement and velocity of the el ement du

determzsbtoé,dzs(t@)s;n(td), aZnn(t;])respectiver.
I n phagev2rynihg equation is

MO _ o iy A X
» z (7 ;)gé,?

Solvi@d® Eagt. t he endiS(Q)f=0,phdaisseplZacvehTeemt due t

1y

whil e bending displacement remains to the nex
associatsédeéatombbde is derived as bel ow, and tt
due to bending motion can then be solved as

- pot§(4Q0La' pol-i '6Mo)

t 2
== m(aw,- 2a1) P
Il n phase 3, only response related to the b
equation is (The Ssammkanlsy,Egwhae ne smathieo nf itnearlm d i
determined as
(v)- pots (5P LMo+ 4Q, LM, -3p5Q, 6M}) oy
)=

4mM, (3M, - 2Q.L,)
Su-Mode @&8ambined failure modea, |ateh ad bbengr teéired sl

Equations and derivation are again similar

1 change to

. B
o b omz iz 2m L-
Ky ¢ b (2 2
HQ _ y
___pm
™ 4
The governing equations for phase 2 and p
structural deflections are
2 -
z.(t)= Po (PoLa- Q) (2 3B

2mQ

12



Potd (3P Le Q- 2, L M, -4M,Q,
Zm(tf)z ( 8mM,Q, ) (2%

Su-Mode S8bmbined failure mode, bot h shear and |

Equations and derivatiowrc@oredisnantid airys t Dwanpo

coordinate. The governing equations for phase
. a8 X
B o omz oty e -
o p omy
Ky

and the governing equations for phase 2 and
defl ections are

2 -
zs(ts)=p°td(p°|—° Q) 2%
2mQ
H3p,2Q,- 2 M, -4M
;n(tf):potd(poLaQo Rl M, -4M,Q) 2y
8mM,Q
Su-Mode 8bmbined failure mode, s h esarmpfl i Ibuerned i a
failure along the short wedge

Equations and derivat ixamyaoer ¢iimatl@as drme mow

governing equation for phase 1 change to

@:_ .. . y 2
o P tz 2 N (28

and the governing equations for phase 2 and p

¥e) ?AAQ”

defl ections ar e
R (4QL - pL -6M,
2(t)= tdéEm(BLl\t;l pOZLb )
0~ Q)I'b)

0)_mﬁwmﬁMu4%gMoem@q)6Ma
o 4mM, (3M, - 2Q,L,)

29

CN)

Modecampl ex beed{pba$tni tuzone at center with

Su-Mode chanpl ex bending failure along the |l ong

13



Bending failure with a plateaibhsldaedy ranadc u mn
when bl ast | oad iBseisnugffférce retntflrpo m hrhosehembfdeea, s t i
hinges are generatedl.abTlkrede fploans e niterec | wdi ntgl

(phase 1) -amaditnwp passes (phase R, Lbandndhase

respectively are considered.

Il n phase 1, the governing equation i s expre

HQ _ aL,- x (31

R
X C X
wheX;¢ s the distance efaphtastic hinge from the

| nigdmdi ti ons ar(@®@an@@g Bomemdas YEqgo.nditions a
Qx=x) B, Q(x &) Qr Mx J=M,=Mx L) € @7
At the end of Ilcdi nhepetastdjcwhengiesl ocat

derived as

%=L, - Mo 33
Po
Il n phase 2, the action of blast | oad has be

in phase 1. Ho we veesr , s ttahret ttwo rpd vassita o ahrit dih gt heen dc
phase 2, the twoslpddénstterc and gelsasmee el mati on t |

equation of phase 2 motion is
Q. aL,-x
— =mz, a (Bﬂ
MX QE X
Il n phase 3, the gover n{agndeguatciaonn bies stohlev es

way as for mode 2a.

At the end dFt, phmdtei 8n whtemps and the final

sladbnter is given by
potj(Zpode- 3Mo)
t.] =
z, () -y (35

Su-Mode chmpl ex bending failure along the short

14



Equations and derivatiomxcaoedisnartid ays t oe pn

coordinate. The governing equation for phase
1Q _ LAl - x
o P Mhe (3%
Hy C X0
Half width of plastic zone is derived as
6M
XO:Lb- 0 (SY
Po

The governing equations for phase 2 and p

maxi mum strucnhnturias di spl aceme

02 2 0 2'3M0
Zm(tf):ptd( PoLs - 3M,)

6mM, 33
Modec®dmbi ned shear and complex bending failur g
Su-Mode &S&a@ambined failural modef hehsesaorfakeldgeean
failure along the | ong edge
Mode 5 is the most complicated mode which
altoget her four phases including-loadi n@gaghnasg

(phase 32, amldaspechase 4). Thejanlle rmespencetdi ¢ ®l e.n
Il n phase 1, both the shear and bending defo

HQ _ y o .aal,-x
K—'p Mz n‘(% Z)(; X (3%
Boundamyditions ar(pthedsametaal Eqonditions
Eq@®.an(d R
At the end of phase 1, hal f width of plast:.i

3M,

XO:La (4D
0
|l n phwesleoi,ty profile is the same as that i
stop. The governing equation becomes
aL, -
Py (7 e 41}

X c X0

15



At the end obt=tpshtaesaeer 2d eWhoernrmat i on stops. Th

di spl acement of phase 2 is given by
ZS( ):potg(SpOMO- ZQS) (42
amQ

Il n phase 3, the two plastic bBi.abgelse sgavdr i
equation is (@3heSsmmkamnlsy,Eqat tlFk, etnhde otfwop hpalse

hinges coshabdntemat t he

Il n phase 4, the gover nMitg Feguadtliyon hies ntalxe m

di spl acement is
Zm(t):potj(ZpoLza'?’Mo) @3
f 6mM,
Su-Mode Bablmbi ned failure mo d e, both the shear

along the short edge

The governing equatiaodfasndor phase 1 change

nQ . v .aal -y
B2z p omz nfy @ #
- " Y
Hal f width of plastic zone is derived as
6L.M,
X =L, - —=2=2 (G
o =L )
The governing equations for phase 2, 3 and
structuraladespl acement s
2 -
Zs(ts):potd(pol-d Q) 4%
2mQ,
(t):potj(poLé':gMo) 4y
f 6mM,
Su-Mode ©&bmbined failure mode, both shear fail

the I ong edge
The governing equati o@=an{@dRr Halafs ewild tcth amnfg ep

is derived as

16



x=L, 2o (43

a Q,
The governing equations for phase 2, 3 and
structural displacements are
2.(t)= potg(zpr);la)' Q) 49
Zﬂ(tf):potj(polé'glvlo) 5P
6mM,
Su-Mode &bmbined failure mode, shear failure a
failure along the short wedge

The governing equationdfomHaphawe dihcbéangés
derived as
3M,
Q

The governing &€quadt iaonnds 4f ocrh agmhgaes eaccor di ngl

%=L, 5 )

di splaceme@®asndcare as Eq.

i pLs- 3M
Zm(tf):pod(::chnl-blvlo o)

(52

3. P1 diagrams and discussions

I n eambdeuthi scussed it mfeitrhael asbloeveer saeicst glloane e m

shear, fahbaltebendi g odi shpelnadciennge nftai | ure, or bc
ar e derived. Gi ven certain failure criteria
di spl ac4 mantag,r ams fnoord edsi ftf heebne ad anrs dibe ISeomikl ar t
doneMakby [d]d]in the ,pweseoat mal iPdayrndbvfa rhlaabslite sl 0 ac

defined as:

pr=__Po and [ =Tob (53

(Q/L) J2mQ

17



From equations for final displ acdmdantagriamdsu

can be represented in unified forms as
S(Iﬂ,f):a’@g")and E(P,*I) L= (5%
where the shear and bending ()arkuuvueedriteria
S(P.f)anB(P.lNare implicit expressions and equ.
di spl acement respectively.

31 Distribution of failure modes

By det etrhmehemgnt pardamgtrams, cRnubbeded otTlldad

differemoeeclf depealdsr el egt edi peresisamlesss str

and aspesltabrati o of

Some gener al obsearesgptoineress @fs oturtdatnerdalbel o
failure mode:
1) i n phdsoeadl nge wehrays erisetdaefy ct ur al acceleratio
force or bendi npgosniotmevnet shoul d be

2) i apo-Bbadi ng spthrauscet,u rtahle a cec enleegraattiivoen, shoul d

3) di sthetcvgelears t iacn dhstihmdeen tX@r i (nsdmoalred 5 shoul «

| arger than zero;
4) t he maxi mum bending moment shoul dlihbB s mal
pure shead modeypebseading mode.
Judgmesnthadotf umeed esucban be divided into two st

its failure Mmogleiacaowhiswgdphany hkeonhgatithi t i al condi t
flowchart is t eLgnp oTrhaer isl eyc odnedf isnteeatm @isd yt s udbedii d e

L,anbbt o expressions of stapfdturebpactcievelrntiob

obtained by solving the governi hgpndguaktei dmhe |

acceleration(s) larger than zero, esséearg ffail w
wi || occur aliofngammlei{sk@hntnlltgsedsgteructural accel
than zer o, shear failure wild|l appear along th

18



| ong i éddgagbdleFor exampsleagblals sfuamiIn gilbpa my hek 8, wh

Zin phase 1 largelbcahamdmerge rwhihlaemodrelrywo ul de

be -mmotte 3 ba.

Yes
Mode 1

Yes

Mode 2

Yes
4@' Mode 3

2 1 : Yes
6M /L <p <8M Vv /3/L;v>15 Mode 4
No
2 g g2 Yes
, > 8M v 3/ D v 1.5 Mode 5
FigkFailure mode judging flowchart

32 Modelal i dati on

From@©GBan@N -IP di agrams baapgdroaohbe oBMai ne

s| aTbos al itdhaet eanal yti cal spuméerooal der muedt abony
using commer ciAUITODY NG hANBSYEained structlur al r
diagrams from numeri cal simulations are compa

19



321 Mat eri al model , mesh convergence tes:

Before comparing t he nwimtahniad /It i ca Imu Ipa teido rt
accuracy of nwmmaéin bgalsdmadalk i ng a field bl ast.i
por tJedetby{a3d,3.] 20001 108BRC 180 amsn wertee niseisltee da n c
ompressive faces of the2 R@msttbewebarsewntfbr
l ong t he 4Yl@Zngnnme dksgeeedndboars with 200 mm interyv
ress and Youngds modul MBa odnd h200 eGPRd or c e sp
tatic strengths of concrete are 39.5 MPa in

_‘
D

f RC slab were clamped while the other edge:
ree field exipldssbanowdd hofscat/, r ds pecatnidv el .y
const rduecttaiiolns o f t he REI &.| aMesmeari emaansdh otveohedii nn g
aoading to exppedeevneelnotpaeldtsted sessitnsul at e

- O O u 2© O
~—+

E
3
2000 mm
Fi @Re barrr an@d mdedmte RC [sB@ipott etsa esic dblye)
Il n the prtehseanher saudmpmpdel s used for concret
mo d e | andCo & & h nnsoodne | respectivel y. Bot h o f t
AUTODYN materi al |l i brary dat abase. Par ameters

artehsea me tahose use#ddi d9thed hien t Teasshtlse 3.
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Tab3l eLi st of parameters of materi al

RHT cor J o h nGoa
Par amet Par amet
mo d e | steel
Referencel }]=2. 75 | Reference¢=7. 833
Shear mo| G=11.79 Shear mol G=81. 8
Compressiy f=39.5 Yield S'Oy—GOO
Tensile ¢ fffi=0. 20 Hardening B=510 |
Shear st ff=0. 1| Hardening n:O.ZE
Compressl 0. 03 Strain ra C=0.01
rate exp
Tensile s =0 . 03 Ther mal S m=1. 0
exponen exponen
Mel ting t| TmeFtl 79 §

I n the numeri cal simul at Udm3;3 40R e d tdaflpapsiti eldo a o
on-D3 RO mbbdel directly. The numer PR@ I salmeeld dlus | o f
accor dihreg dtewicd d neats [@Bi3.] fn@s h conver gerdeeav mogsite!l s
di fferentarme hai dtityzpAasud || usnki t.e@onsni der i ng ¢ o0 mg
cost and due to symmet sy abf i sibanonsik&b g ooniwy t e
di stance 'd®fs Z.a0d rmieklg oaitm fdfr smesh convergence
mesh size which suitable for cal cuThaet icoonn carnedt «
mat ercahsiiccboemdogaBeousi mplification, and an |
mini mize such maFeurn ammesh mpil zdés chhdoi oaoncret e,
elements, i.%. 1820820284 hfndnmd 1 41 3r emsnpecti vel:
consider edar eT hneo dreelbaerds by beam el ements with
mm, and 4 mm accordingly. The two part s, n
AUTODYN automatically by the fijoind command s
are assempdrtecthly bonded. The numerically si
the RC slab center with different mesh sizes
tesFig.nlt can be seen that simul atliacms 8Wi8tlI6 s
mmfor concrete saonfd dbemm &nhd mB8qitnvne fsoirmid ely a rsst
response prediction,itahndt hteh et ersets ud atsa FRiggte ec awne
t hat although i ncreasing t he el ement si ze Cc

computational ti me, it cannot give accurate p
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effects of computational timeiaedodc¢aldd@&ia®t inom

concrete and beam el eanmedto pdiede i of t hemmufbere que

Matecial Location

CONCIWPA
R —

Fig3D model of RC wall and rebar me
20
15
1.0 4
€
E
c 0.5 4
S
B
) experimental response N
8 6207 - — -element size 4X4X3 mm° “\
—.—- element size 8X8X6 mm”® ‘\ \-._\
05 ~--=-element size 16X16X12 mm’ S
————— element size 32X32X24 mm’ "\,
-1.0 T T T T ' T T T T T T ‘
0.000 0.002 0.004 0.006 0.008 0.010 0.012
Time (s)
FigComparisons of numerical simulation r
To further validate t he hRRQ nselraibc aul n dneord ebl |, a ssti
the scaled didtsanaleswfcadr5i end kut , and t he si

Al 't hough the deflection ti me omeetst BIBYyt wasaumtoh o
st at ed t hat t he maxi mum defl ecti on wa s 7.9
maxi mum defl ection of 6.9 mm, 1R2e 6@, f imde cad i

the numeri craé asnopaaebdiecitieosns of RC sl ab respons
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10

Deflection (mm)

Current simulation

0 - — — Deflection in [33]

2 I I 1 L] 1

0.000 0.002 0.004 0.006 0.008 0.010 0.012
Time (s)

FigNumerically predicted sverusatsu rradm Ideedtl ieaxcn i @ir

in [ 33]
322Compariosomumerical and analytical re
Theal i cdatmedi cal movdedt higs pusoepdo stead anal yti ce
section. An RC slab with 3diamemsidimgofy 3 O0®0Ilaxs
1.25) wunder free air blast | oad is employed.
is assumed simply supported. Considering comp
only one qualrakeri ofmddel Ifaud lamd si mul at ed. Th

the arrangement otfhorskeb@rnsSodried sileimMeamiatref si
used to model concrete and 8 mm beam el ement s
according to the neeshhatimbleet ogernsod i de atmide Deam
557018 nd 3160, respectivel y.

Three series ofnsnuwumeer iccaarlr i ®idmuoluatt iasond t he n
P-l curves consists of four stages. Il n the fi
cause |light, moder at e, and severe damages, re
strmualt udi spl ac e me MA Me @ % @ocaccrshd | vy , the above t
used i n numerical simul aticomsrespohtdang tbet &
bendingfdamabge t hreeTdemamutdtitmeoeni s set as 300
sur e tpleastk rtuhcet ur atapespedoesdrdi®mi-diebr ati on phase

averraegedddusapll ac e metnhte wfiaabaueetsi om phase are consi
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di spl acement s ndada ubseeahdal may & sehsgaercad aseed | yas é&roedf er en
defining t he damage i n The r dloy,| owili agt si mald
combinations of garreesaussreedapandtducat hbehata¢e uela
of the pnpssure and i mpul se asbe t avielesan snuel dat teal
Sstructur aandrhes proenfseargeancsee s e st adrlleesshse dt fhimm s5t%a
accgpttihmaslialg the same | evel .Rfepkamaggd has tphe
a serPHldat afgpomrimeaspondi ng t o t hcea nsoabneea | snleadd t Idya,m
the obtained pressure and i mpul se dattoa fpoorinmt s
t hneumerdcaluriPes.

Results dmem cahle snitmudmimp amed awiet h t hose f
solutions. Shear resistance of uni t RC wal l
resistance is 153.3 KNLm. AccordingBy,s tthd9odi
The fail ur bselmat-saudbea 8 & a achceorgaeimdgg st med i n Sec
fgrudgi salghdihledumoed es.u b

20
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.o Light shear damage (analytical solution)
18 ! ‘ =M= Shear damage (numerical simulation)
' = = = Light bending damage (analytical solution)
—A— Bending damage (numerical simulation)
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]
" Moderate shear damage (analytical solution)
184 . ~— Shear damage (numerical simulation)
' | — - — Moderate bending damage (analytical solution)
L]
—A — Bending damage (numerical simulation)
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b) Moderate bending damage and severe
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0.6 Severe shear damage (analytical solution)

=== Shear damage (numerical simulation)
0.4 4 | = ° = Severe bending damage (analytical solution)
{ | =4— Bending damage (numerical simulation)
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Normalized Impulse /*
c) Severe bending damage and severe

Fig@@omparisons of anall ydiiacgarla nasn do fn utnhee i ecxad mpPl ¢
to the three damage | evels
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Fig@Compahes analnwtmeaa Ic adlIn ddceurrivvekesd. c #lrhvee sP bas e
numer i cal simulations normally |l ocates at t he
indicating t he above derived anal ytical pr e
underesti mat magbet BChrivacksuerdamrdedi ct t he wall
capalmstgnari os c o heedeproantde ndgennmiaa@ssehvoew fei ) D
anfi 4§06, shear and bending damages gemeriacald f
simul ation d&prweerenreriseelovBRdilagr amss Heoar band I elrec
d a magleow nd x mskpef@ ) becomesdegmeéddieal 'y i n the i
dynamic tePgi odnsagafam. The relatively prominent
attributed ted aseglpotbtiengvat he i n MAM approach.
severe damagetbencgitaisti ¢ deformation of the

s mal | elastic deformation introduces only in
damage condition, t he plastic def or maitn otnhemi g
nmer i cal sequéatiog. eNastic deformation in M,
relatively | ar get her raolrosv.e Noornep ahreil sescsrss, de mons
analytical solutions give good RC slab respon

33 Furtrhei scussions

Thaspectafffat ideisst ri but i on of fail wie mMmdds<.

to 1.0, i nit tmold ec dirad iitsi camp padosxaredtee [1yb ,t heh eg aerme
t wo -nsoudbe s eaomrmer./ iFemtamcatl hehi 9 nledmagp(e éa,r grehlren

than 2.0 based on the current analysis and el
appearhellocmmgg tedge and bending faihusebapmpean:
1.0 and 2. 0, hsurdsotdreisb uitsi omo nopfl e x . Somda fdferiemitt
suhodes over |l apsmo d&end y 8 bogeec unsdehr very critical
i mpl yuolgmedded may not appear in practical appli
for-mpdle 5ab nor mal lnyo doev ebrblaa pasn dwi 5t bhmesdbh Sbla me
5bb ahagher chandeandanodieb b aeu ertad/ern.

Simply supported bouedtairmga tceo ngdtirn u @otnu rmealy roevse
for design Furldceduwurmnped boundary condition for
and the conclusisdrabi & heo mpplkmsemtot fsearudyypes of
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conditions wi t h t he combinati on of fixed, S |
equations and failure modes wil/ change acco

boundar yoerfdnecdmspr ehensive understanding and v
4. An application exampl e

Todemongthaemplei cability-lofditalge adesy g bofpomd edP st |
Sstructure wunder free air etxhzell cassi oma d dl ane pad otfy
reinforced concrete with stirrups to increas
reinforcement ratio is 0.47 percebEF33BORail s
manyal] and ar e omitstleads hsernep.l yT hseuepdR@PesRe e aad n tf

parameters are given bel ow.

Longer hal fl,=ed3gen | engt h:

Shorter hallf= eldgrel Imengt h:
Aspecthr=0ast i o:

Thi ckhre Ds:2 m
Unit squlB e5 0ma sksg

Shear SQ5:r eln7g5t. h5: Kk N
Bending Mg=r dgt #: k NAm

Charge Weeilghi kg
Onch, t he nor mal di st antcheel & bioam & edtagremiknceedn,t

reflprces@and thefjdanabeombthai mercar b Bub ;e giude]nt

nor mali zed presaonorcédétantatengul $a@ the present
di fferent staRddZfOQ@imtah&.e®]1 m.a&ndabde75 m, r

TabdCaase study

Dur at Scal (Nor mal Nor mal
Poi|Di stR ty Dista| | mpulls Pr esps| PresB U
Z1| 22.0017.9 4. 40 0.12|0.090 1.02
Z2| 18.0116. 9 3.60 0.17]0. 139 1.58
Z3| 14. 7515. 9 2. 95 0.29|0. 245 2. 79
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The st r emigst hc arlactuiloat ed as@1. 38Mmd wabheofdihgre

Eqwi 6,h2. 5%, ah% ar e usneodde Tihsea nsBudtgl 3moi nt Z1 i

nedamage region, poi nt Z2 is in shear damage
region. Thatthseamadesl, dwiseé¢ m',éd es Hwsb12l. 9s5u0f fne/rk gbot h
bending f &ihdewaleed whiesnt ah/'éesh@bl|3.&X0Bernm/&mce s he

onlaynwhetnsecal ed di st a',é es Hissb 4s.a4f00. m/ k g
3.0

T
\ - — Light shear damage
1 73 —-—- Light bending damage
2.5 !
!
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7 204 i
w
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3
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Z 10_ = .
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Fi gApplication exampl e

5. Concl usi ons

This paper presentsl| amap giuibg st lot sbd laustti olncsa do
anal ywtoil wd lidoenrsibveeesded oml astrmmgd &t oodfilourt een poss
sumodess | facan Aueeconsidered in .tAbeut hepret i che
analyticaBesofutedoby numaeditscalwi$ihmual aatuimen i ca |

by field blasting test data reported by ot her
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