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Abstract

Blast can cause serious damage to building structures as well as
heavy loss of live and property. It is increasingly necessary and in fact
required to carry out extensive research in this field when increased
terrorism and local conflicts become worse. The blast effect on buildings
is of widely interest to researchers and engineers all over the world.
Accordingly, this project first attempts to adopt the ALE algorithm of the
nonlinear finite element software LS-DYNA, by select adequacy the
material parameters and equation of state (EOS) to perform numerical
computation related to the explosive detonates in free air. And then to
analyze the propagation rules of shock wave in the free field, with these
results will compare with empirical formula or experimental data from
pertinent literature. Next, examine the dynamic characteristics the RC
structure subjected to shock loads. The influence of the several factors,
such as reinforcement ratio, spacing, span/depth ratio, strength of
concrete, on the failure modes of the blast-loaded RC structures will be
investigated to determine their effect on the failure mode. The results of
this project provide a valuable reference for engineering designers and

researchers to proceed the structural dynamic analysis.
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1.p d 7 ¢ BF(Free Air Burst)

FRFHL RBPAMY S 0 A T R BT e 4
KFIE G OF Sk A B AEE B0 2R dol 2,14 HrR o R
AP T EARRELRIF S o e e BT B ‘*’f#m BT E-A 4R
SRk R Y BB o d N EEF L B e G L

D P PE R B A - IR B NEF R BTHLE R Y L i L
SR G B b A A R R b o PG B S AR o
d L TR AT ERG b oArid S F Sk e R4 L O SRR S

PRBEPER 2 P hoB 215507 @ A K2 Wbl (37 d B 2.1.6
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FE| 0 BAERAE MRS S TR R A EF SRS L

 EPRRA 2 o A B D R SRS i o

|
|

B ECRBRA M S LR 2 EARECPBRE
Wi Rfe? RHEE IRANJIAY > 2 DO RBRERES
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(cube-root scaling law) > T #-=R'F FEAE R “,f vL WL bR £
e Z=R, /W' B 217 2R 218 4B 5 pd ZRT ERESE

fORERGTRER Sl B A BhoT (1]
(1) ZHpELNFHEL L AR T GEER Z-p /W
(ft/1b'"?)
(2) AW 217 EF T AP REGF R Sl B Y

P, o~ SRE E (psi)

P, F SR

/w7 ) E bR R (psi-ms/lb'?)
igw! 1k ]~ SR R (psi-ms/Ib)
t/w'® 1 b 3] i R (msec/1b?)
tyw' o Wb | R TF % 4 pF(msec/Ib"?)

U @ ek i (f/ms)

Lw'™? o o] 8k K (f/1b'7)

Bl Y 304 Sficsh vt b Sl s BT T2 Rk Sk P o
IR TI axrgggfﬁ;;ﬁq;gﬂ/ F TR L iE |- 15

Fr LG 8 Bode FEE RN el S B E) 0 S RIS E Ao
215§ ERA Py A BP0 5 TR 0 T RN SRERR

RIS R 2 = &0 BT gL
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ty,=2i,/P, (1.37)
0 REPRAER Sl PR R (1) E Bl A BlEES
HR218m FIfRERERL Flice R 217 2R 2.1.8° %
oAt BEEHE L Z=100(fUIb'7) 0 H A B YA SR 3 ORT
RESEAZ 1t - SRS B S AR o
et SHHRT  CRRRI AR 2LI UL G 0 F ok
T R BB Z DR R4 Z LR et o B R
Rl ST A 2 SR o R R AR X R RSP,
@2 ~ &tk oo d B 2.1.9 7 & EFF 5 Fl#c(Reflection factor)C ° @ &
SR EAEp —C . p, T R B AR R B hp £ L AR
217 7 Pd RATHB2Z VGRS ZE £ R ZEL 0 M FE
R L
ot o PRV R SRR 5 FFE 2 = &5
P LE PFET G
o, =2i, /P, (1.38)
2378 % 2. 7 7 RF (Air Burst)
ORI R RATE G P R T A O L e RO S
P e B FE G L b s R B — R
BRI AT FRLTY IPESEZ T > Mg B R p G 2 F RS

tpEEdE o ™ A5 5§ AL (Mach Wave) T ® 7 F = & 6 w0 i 4r ] 2.1.10
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SRk~ F AR BB AL Z B € S R BETERS c {3 -
SR FEBRMN R BB AR R d Az R B

(triple point)™ * EiT 0 5 - T 6 jod 6 T8 0 PR BHKFT

FReE DTGk enieh o RBRIDI A G o 2R B REFERFR
BROLE B GORTREMAPM o H2 T 4 B 2001 A R ERFR AR

2 EF2ZHFRT O EFE S B R MW E W G IR
(RG/Wm) oM fg T AL AR FE =R B R G o
FUFEEaZ B REER ) P RIS R R S K

BE 0 RiER AR

H

Ns z’v’ﬁ“é_@}ﬁ/}w{@ PR BENT LB AR
T > Z R B P RIE M SRA LB G AR 2 F B4 LASTE
*od R RS BlAe Bl 2.1.12(a) 2 B 2.112(b) #7306 A
AmZ o d N HLERS FRERT ENBRS G P E A B oG AR

2 F B PR o T KGR R R 0 T LE gt - B4 chggi
FRCRIF A S NG AR TS R kg o P E AT E L 5]
BH/WP)E 4 & (B 2111 %0008 d B 2113 2§ 2.1.14 7 4
B N E AR RRA P EEE o0 E 8 SRR R St g
E'J{%‘gﬂ B3k B ARgL T RA P, E Py~ TR, F3T G0 d Bl 2.1.7

BB 2.1.8 & B35 0 Pg 22 i AR ¥R G BIEEHETS o d Pyt Pt
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g By d MR EEZE Y BTk A G o FIRREARZEL B A
IR IR SRR h S RS AR R
(hemispherical) B & v ¢t @ vE > 4B 2.1.15 #7157 > A FiTH & ¥
Ka Lo BERIHI LG D REE O RERRM Ss

BlAe@ 2.1.16 BB 2.1.17 #77 > 4cke pod 2R- 4 BlY R AR

beits
A
14
=X
Pt
F_L
=
AT
=

B CRFERRM S lh R riEizs g d 27 R
R FEELT R IR AT
(1) Ry e f & E § & ppdpst 50 6lpEg

(2) AW 2.1.16 Fr27 & Ap R Sl A ¥

Psp Pon B UE T8 (psi)

Pr L B BB (psi)

. 1/3 « L 4 N - . 1/3
i/w DB R R R (psi-ms/Ib )
igw'”? DL B~ bR B (psi-ms/lb'”)

tdw'"”? D B 3] P (msec/Ib'?)
tolw'"> DL B R 1F 4 B (msec/Ib'”)
§] DI R g a# (ft/ms)
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FOUFELLF ORI A A B Bl (e B
oo AR CEREVRAL D FRRPBIREIEG > L LR D
BUF T T B SE § E— BRSO R 0 v B W e
Foenivh R B oom 2 ER RSk s R R EE TR
PSR S R L & L

(1) GG b 2% B4 cht o] o

(2) GFfF L eni®® P2 (F% R4 SEPERY 1L chBd 14 o

(3) BHA g > W H GG T e

(4) Bipd s < ]

gt B R S A R 0 SRS A5 T LT G

BT A L T G T S B P R L R A B

Iy
A230 0 A PR AR T e LN e R
WRBLIE AT > FUPR LMY S P N ERIE 0 B

HRBEAD 257 RFAAR > §FFRASHEERG P = - 5
TORERR o
(D) et 2f'&

R S VUSSP R P U R
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#ei - R B AoB) 2,118 Pfr o R IER b D
B R e RS RAEBFI LR RS Pk ]
- F B AR Sl B GAcR 217 Y1 e A B MR A
TR TFhER PR G

f o438 (1.39)
° (1+R)C,

ﬂﬂSéHﬁ%Lﬁ%E’Hépﬁ#%&‘Wapﬁ#%&

R=S/G-G:2HeV @ .C5FrstsR4 #id > 4oF 2.1.19
2

§ R OB ARG L o PG RS G R AR
ERRY SR

P=P +C,q (1.40)

H¥P Cp 5 # ™ #ic(drag coefficient) > 2 MB HH > T o g5m 3

Cp=1>q = @/&4 > Hord » SpR2 B AR 2.1.19 977 © 3

RAFE w2 S Ehe T2V F PFicRl 2.1.18(b) » Rl % % & SR
4o R eNRE TR F 0 B 2.1.20 D] o $IT L F SFE AR SHehE &)

BRivr pE@orwd 8130850 136350 B3 S%4cB 2.1.18 ¢

T BT o
d 2 REOEEH T 3 o] 0 AR FIEFER

I RE o



2) B8 & R

PRAACETY AREET L d NRRFEY A XY 3
B2 R SPGB TET RRE L 4 o] @ PR e
o T R B RPN B A B R R TR PR
PO R FAHETERE I AR R AT R TR

PN - FEIE R R doB] 2.1.21 AT e

ELN

i

-—\

il AL CH-E B R AT 5 RO E R SIS
EERE T Cy s R AR R B RS T RS

7 bR BB (L/L) s o A B 4o B 2.1.22 1 2.1.23 8 2.1.24

N

Ao oo @ IER AR L e R PrRlA o A R EBIRA B

EAREE < AN N

P =Crlsoy +Cplyy (1.41)
A Psof f/%@?ﬁi;;‘lé %E:J‘@’qoff_;c Sofm_rij.f@mfh @}i’éf%&

FEEE R ads n hlic Cp B2 d /B4 ey 84 213 ki

Wa

B GRP I EGRRYRFRECE L EF P E SR AL

RERfSDBHFHG > MR RE -
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B A A LRRIL R B RBE B ERAR  PIREREY
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O RS F R BATL P a0 TLAR B

A5 Pl T E R A AT PSR AR R A e T AT 0 F 2
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AP ERASERLE D R SRS AR R T
ede As A T ARV 2 R o

() Hpd B AWRERIFRA LT T2 047

30— TR mzZEpd B kAR 221 #5702k 2 A

(R fEz 244 )5 R 1945 d’Alembert i 32 » 4T ik i 7 2 3F
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FE y 2 Slche ] 2.2.1 47 o pF o ST M2 fud B

AN G2 EET

R(y)=c(y—yx) (2.2)
R d ,
;\‘ﬂ szymax_% ;ymaxﬂ;dy—ofé*: %’L‘Lﬁ’\—" Tf"_f’}fé ; C 7\‘?\/&

R2ZTR o ﬂﬁ“ﬁ'*’?ﬁi\‘ﬁﬁf’i\‘%ﬁ”@ﬁ%% AT AR AT A

2
m a;t);l +R(y,) = p(?) Loading (2.3)

dyz

+c(y, —yp)=p(t) Unloading (2.4)
FRE pOER R E A > DR 2 A A EET A R (T

PO=py) > vk A B RO L L 2 R o $ N4 A T @ 5

[m+Dp, "
ymax_|:—k } (2.5)

¢ knidud hEco
1. SE -3 1 % 4 fed 050

FEp IR P2 IS Sl o BT R R AT 2 AR
o3 FFAcB) 2.2.2 Aror o

R
ns=t Ry)=cy
R (2.6)
Yy 2 7 R(y)=R,

g /] «u‘:‘ 7 R Cyﬂé*: ,1 wu_» ﬁ" %E \“li\'."—"‘
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dzy
y ﬁl +cy, = p(?) (2.7)

m

iﬁlf kAP 2. R=R, P

2

dy . p_
m- 5 +R, = p(t) (2.8)

FIb o AL - W3S AR NN 2 5 A RS B Al o

BI<t,PF ooy S&
c
| )
W=—" _[0 p(r)si[a(t—1)ldr (2.9)
mao
B>t
11 ¢t et R (f—1) .
¥, = ;{ J. I! ploydudr _%} )~ 1) + ¥, (2.10)

I — R Bl B T R F] A B A e

2. EARM RS A N
0k szt Slic s AR RA 1 B0 e 2.2.3 AT e

B & OSyS&
R(y)= vt R (1-5) c (2.11)
1 0 c Y2,

P KA RATAIEL S BARAMELS S FN > 4o

dZ

m dt);l +cy, = p(t) (2.12)
d’ c

m dtyf +oy, = p(t)—Ro(l—;‘) (2.13)
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FIpt o EEAT L - ”ﬁ*7ﬁ&ﬁﬁ%’%ﬁ§¢aﬁﬁﬁﬁﬁ@@

PEE s W f®

F.

(2 12)~)§'¢#|1 (6 TEPIZ =BG R B 5 5\

(2.13)2_ A= 4505 iE o $A3T G2 Bk M A

2 2
.nmx=zg-(fhﬂ-Dfi+1*:J5;(l—£@Jz+£§(%£9—4) (2.14)
c| R G G 0 q R

JESE L
S0 B4R 4 5% 1)

B% o SR 2 B~ R 0 F R K

AP > gt R

d2
dezy = p(t)- R, (2.15)

CEESE ) F P S A & 3

B ik 0 r o de e S Po<Ry o #

B 5 (2.15) fudn 4 65 2

I

p(0) = py(1-t/t,) B2 A

D) 3
)am-—szd(l—EEJ (2.16)
3m P

$OTE A 7R 2RI R B S Bt AR

R(y)=Rotcy (2.17)
Eh AR AT &
2
(2.18)
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2p,—R, 2 R
Vo =050 = p‘)(l——oj (2.19)
Po

(2) 4 8RR L B2 B F A A

1. S84 FF

a2

GBI IE Y T 0 g SRR 2 B AR B

&

=\
AN

- H R BRUME (DA s B AR Q)%
AN PGP A S RIFE Q) EFRIFER cHY-BARGI2ZHL
HirER2ZFEE me b G pQ iFr T &ahd i3l jics
= \. ,;

P Cn P TeR)
ox’ ot

0 BT RN PEEAR SSORGE D W rdl BR > y(t) B B2 R S

= p(x,1) (2.20)

g

B e %é_ﬁéﬁh,ﬂjr-i“'fﬁﬂp\ 4 pl4 T %

N

2
M, (x,t)= —BZTf 2.21)
5\3
Q,(x,t)=-B a_)? (2.22)

v M, (x,t) >~ O, (x, l‘)/\ L L@ AR BT 4 o
WD - RATRERGFRA A DR RE - LG R

PR ETELRRL B R Y A A

7O

\3-
ETINS
s
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FESAGCLIRFREILIARZ A FRRAFY -
(1) = & RFF

HEBRARIIRARFL 2 M 2R A FRE
B2 RET R SRR EET B ERE AT S

P(x,t) = p,f(x) f(?) (2.23)
2 opos B Aty E S ) DS B G R F PR R R
b2 PFacdlce P W R BRLAT S

y(x,0) = poF ()T (2) (2.24)
FPOF(x) s Y Ak Sl TR G B2 PR Sl 29 Sk Fx)

4
¥ od E[aF
ox*

F(X) 2 afRiE > FREr - SBTEFS R ER 2
ZECR R S L Nl 43 UF L RN L
PoEI[ FO@T (@) [+ mpy| F)T () | = pof (0.1 (1) (2.25)
1295 Galerkin 4e 2% B2 > F i 258 F A7 5
jo’ { PoEI[ FP ()T (1) |+ mp, | F()T(t) |- po f () f(z)}F(x)dx =0 (2.26)
SRR IR R X
T(t)+ 0T (t) = 0> 1 (t) (2.27)

F¥ R AR B Bkt B K2 A

Jﬂ@ﬂmw
mj F?(x)dx

(2.28)
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SRR N S E A S

0%y
y(0)=0, M(0)=—E[—; 0
x=0
82
y()=0, M(l)=~El xf )
x=[

{

WA BRSBTS L BRI A A

4 3
Fy=——| X _p.p 1
12E1\ 2 2

9.876 |EI
== ==
[ m

5 24 2 v
LR i

M (x,t) ==p,F"()T(t) = %(Zx — X))
PR da 2 5 (=0 PF > B R friRfoid B 2
T(0)=0, T(0)=0

B ALz ARITRA FE O EE 4

=
W

{
1-— |, 0<¢<t
p(t)= ”{ tdj i

0, t>t,

B <t P> 3273
T(t)+ @’T(t) = a){l_tL]
d

B 5S AR B A iE B T 2 3 5
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() :ésm(m _ cos(ar) +1—ti (2.35)
dT(f)

gt:tmaxp_é% B A S TOE P * & £ » =0 py

2tan(@t/2) 1-tan’(@t/2)1 1

n =0 2.36
1+tan’(wr/2) 1+tan’(wt/2)t, t, (2.36)
i
-1
T(t. )=k, = 2(1 - ta“—(“”d)j (2.37)
ot,

NPk R R AEEE R B e § o, SEPF O TR B
BAARFFPET LEF P ET D T Q3N o, >2.356
PE G * o Fr>1 PF E'J%fp:s-ﬁ;ﬁ%&ﬁijﬁw%xﬁz LI
BIF B B Il g(DR AT oY el 2R F 4 N2
¢ 2 =0 T i

gt)+w’g(1)=0 (2.38)
F(2.38)2 A A iE 12 D R TE R R 2 BB o R D
W E R k.

sin(at,))

T(t)= —cos(at,)
I | (2.39)
T(td) = wsin(wt ) +M -
P3N (2.38)2 24 7+ &
g(1) :Msin[a)(t—td)]+T(td)cos[a)(t—td)] (2.40)
@
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dg(t
iﬁl:oxayj,%
dt
tan[ (1, —1,)] _ Tt (2.41)
wl'(t,)
j-’f!-ﬁs"‘ ff‘ﬁgﬁ-&ﬁ?fl‘)\i ;\\Z‘l ’ EIJ?%’QEIJ@’; fﬁ‘gxtﬁ_
1 / 1/2
k, :—(4Sin4 (&)-F[Q)Zd —sin(a)td)]zj (2.42)
ot 2

v

Bl 224 RGP THSREL R AEBIFE L B4 i
C()fdi F&é f,/f" v %‘ﬂ °
(2) B2 = AR R

B AR EAPRFELER T g R Al e

’;F o
[t
Do 0<t<t,
tl
t—1,
pP(O)=1p,| 1- ) n<isqtn =g, (2.43)
2
0, t>1,

%’f% * TI(t)%\’ﬁ‘ 0<t£t1]33":£’f’1§37‘ :l.ﬁﬁ; ’ Tg(t)%\'T’I‘ tl<tStdEE*hE’f”§ﬁ’j
“‘}'g’t’ T3(t)%\ﬁ' l‘>l‘d]:7$l§‘f”fr%4 Jl.ﬁi, = %E-;\'EE;\‘(227)){ER?' , a"ﬁ(ﬂl‘)
A BRI FE TR L B R LR L

2'] ’ },@‘/% ifiﬁgﬁifﬁi@égfn}' (3 *3'1—?]‘1}[‘ «}\:]y'-,, %;Ff:.i\“ fﬂ'_.—: ﬂ}&bﬁ;\rﬁ
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)
t . A
T(5) =L - Sin(@) (2.44)
i ar
30)21—’_“+{1+ I:anwa—qﬂ—snmwﬂ (2.45)
A ot wr, o1,
T,(t) = Asin[w(t — 1,)]+ Beos[w(t — t,)] (2.46)
P A=— ! +( ! + ! ]cos(a)tz)——cos(a)td)
ot, \ot, o, wt,
B= (L + L) sin(wt,) — sin(er, )
ot, ot o,

LSttt FREpN > B4 Sl Tot) Vo € 0B B AR

3
Tooofed Ak ek, =T,(¢,) 0t T8 T,(t,,)=00F i o
ga)=(1+ljcmqwgmx—qﬂ—fgigﬁﬁl—la:o (2.47)
tl tZ 1 t2
e LR EE AR T oo}
sin(ot, /2) (2.48)

k,=1+2
ot,

- #&sin(ot, /2) & & & #&d cos(r,,, —1/2)=—17 3L

w@mx—%jznn =1,3,5, ...)

d N (248) g |l 2 B 4 Thdd AR
Rded Geled MPLEFF R 40 2] %

(2.49)

4o 2250 4 B¢V

oA BRI g - RV TP EF R Bl Bd @
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PSRRI R ARIBPEFE > BN FEER Y RS
Je? P A enE s BPRE RPF 0 TG BT PP R S TR
Boo AP A o B P § AR R REM R Y L hpE L
B - PEER A T2 A iE iE o M AR KO ER T LG A

M()=M,T(t)=M,, (2.50)

P TR AR RS L PR Mp B AT T 4 5

R et REE o T HOATE R EGR 4 TR S
k, =T(r) M, (2.51)
= T)= = *
M MP

BB Rt L R$FEM, P S E Y R IR S o
I A i st T o FI PR SR R AT R
S =k, HATIRGED b R AT R S, =h S, 0 N ko kA
Ze o7 4 55 BR GE 4 20 % it W 9 Fl#ic(dynamic increase factor, DIF) >

EACB2.2.6% 2279777 o MU IEE R P EFERFRF 47

- —cos(w7) +M

=k 2.52
. Ll (2.52)

(1) feie? g

PALIFE o B SRR B SRR p0) T o B
£

R
SR PR R fr i B ik Bl R4 0

s

[E ‘—T’l”t:z’ﬂ?"ﬁ

w,(x, 7)= p,T(7)F(x) (2.53)

i (x, 7) = p,F(x)@ an@»f)—liiféﬂgfl} (2.54)
i,
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g

4o B12.2.847F 0 RFMIFE > R A g A ¥ P Ko

RS
Y(x, 1) = wy (x) + ()x (2.55)
SEENTORE TS ST U SRR PN L R Sh

PpFea RIL > £ ry 8% 2l ad (e 4EEA ) BV R =B

S paE g fe BN R o

7 pt)3pxs [ " (mipx)Spxdx — M, 9 =0 (2.56)
pOF ml

MM 257

24 ¢ u,d ( )

8
F B R AT T B R 4 P A e S e

K (3T o B NS 2okl 0 BT CUERE AR R s

FA SRR B AR PR R R R R AR T
t+71 t

Mﬂ=p{é— = {5——} (2.58)
z, t,

0¥ S=1—-1/t, » #(2.58)" ~(2.57) 0 I & FTEIL (S E 5
24M,
#() == [5—7~k j (2.59)
d

PR P B e A TE S =0 =03 =gy 0 BV @ 5 #
Mz ddobid B 0 BV REBEPE 2 BB F B2 0 P A 4o F

B ¥tk b B R 2 RfE o B3N (2.59)4 A
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o0y =22l (5 gy —f—} i, (2.60)

ml | 2,
0= 2Mel 5\ |, (2.61)
(! il ] m)y 6td 2 .

ﬂ'l‘ ¢k é]._ﬁ]d—fﬂ&tmﬂi‘ ’ _9,_.91‘_7\ 3 J\,ﬁﬁ.){@;,&igpzo ’ éi
tmax:1{5—kM+\/(5—kM)2+2'17r} (2.62)

wt,
KR AN PRSP ER 2 B S T AR 2
—’:%)ﬁ o
- (ij N [lj (2.63)

ymax 0 2 (Dmax 2 .

() 46 S5 RRI 2B F A 47

P04 SRR 2 B F RA T 0 1995 TMS-855[4]#77% » d
FRFTAZ Z RS R REF G A G P o d VRS LIER 2
F2EEX B3R > PR ERSTE T P2 R S0t 0 A
PTG ORG S E D R R TS SRR RS

s O BRS04

u; = uy X (x,y) (2.64)
u, =u,X(x,y) (2.65)
i, =i, X (x,y) (2.66)

FPoou A A Y R BHEFEY TR BN 0 @ R ik
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Bosou, »ou,foi, b s BT 0 Ofkethin B 0 @ R fodeid B
X, p) B 5 B4R A8 207 3 e

JU R A RIE s (60 G L A A S p, o A
R MEBWES mi,=mi X(x,y) > B¢ m 2 REIFHE R
R oA FP G - mEHBO O RERRIDR S G OX(x,y)
R w2 R G

[[ p6X e, y)dS - [[ RO X (x, y)dS — [[ mii, X (x, )5 X (x, y)dS = 0 (2.67)

#-38(2.66) 5 » £ (2.67) » 8

i+ 2+ K g = 200 Ok, (2.68)
m m
He poPC__PC 2.69
S o T 2 (2.69)
k
b =—L 2.70
Im km ( )
1
k= j j X(x,y)dS 2.71)
1
k= j j X(x,y)dS (2.72)
[[ £ X (x,3)ds
Ce = S 2.73
[[ xCx,y)ds 273
S

P p RRHATERA S RERRIFESER Sk ok, A b

B e R s C 3 R sl il 78 ARy 0 58
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AT RRE] o R LR AP - FE RS ESF RETR
e R A RAFEE o
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pEe=hr j;—'?i\lié B 5,=Co,,° R:Ed B j;—'?;i“ 3%’4:3‘—;-1‘?_%3 Sk RS A R
4T o
(1) 2353 jg'”i\l et L

[[o,uds = [[o,0f (x. 30X (x,)dS = &1, [[ £ (x.) X (x,9)dS

(2.75)
(2) ¥ 3 FF{idr 4
H Co,udS=Co, IjuoX(x,y)dS (2.76)

#58(2.62) 1% » 55(2.66) » #I51H A e

[[ £ X
C.0,, [[ugX (x, y)dS =

,y)d
”X(X,y) UOO'U.MOX(X P (2.77)

S
=0, [[ /(6. )X (x.y)dS
S
BAR o 2303 F G Eo00h m PR e dp E o g o

LR S FELE R PR CORIRE

|
iy
|

A4 2 2L A= > /L — ~
S E I /{Efi\‘ié B G, F &= 7T &

[[oufCnX(xpds  [[o,X(x.y)ds

S [xGas ” X(x,)dS

O-OO :CO-OO =

e

(2.78)

)% B RIS F A G5 P RIpERR L A FE6

P E o HEEA B A BT REF R LRI
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AT (R ERFRDBHF BRI R B

Ak S X (x,y) E R 0§ ES 0 AT B F AR LR

o g en

IR

BORCFRRER T S R PR

A

e
)

0. BREFEHFE TEREURETRE o 5 T
Ak TRAETGEREE DT HERTE > SEBRELAFER
R TR PR E M WA - AR BRI RS
FoemG P AR RS FILREFIR RO EM S > H T
FAR A

$otw B EA I G BRI 2T 2 Bkl ik,
B ek 22,10 A fafiens 4 * 2 RE 2 R4 TM5-855-1 3%
2 & AN e w R B e RAFE45° 4 o0 o) 2.2.9 A1 e
FUUR 229 R RBELEY S AFETa N L oxy Rtk E
BT Ggeanizghed OBEERE I F AR LT B

TG A AL B A o

z=X(x,y)=(b—2x)/a
2= X(x)=(a=2y)/a 0.79)
z=X(x,y)=(b+2x)/a
z=X(x,y)=(a+2y)/a
I v —“,; -E‘*r ;R
[[X(x.y)dS = 4BI2- 4716 (A< B) (2.80)
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T g A A S T E 2 B AT A R AR o IR (2 73))I; L E @

jgi\;gﬁ-{y{i’_ v iAEC o Aok 2.2.1 7

End
‘.ﬂ
-
A
-
T
=l
*"r‘
;‘-m
*ﬂ'\“
7

,-\

3\

A
T

oo B ARG TM5-855-1 enihlic @& | — & o g § ¥ 5

Y B DR IUR o 5 R RAUL S 5
9 @ TMS-855-1 #k * chj A2 » B ARDPHEI T2 ¢
CEE AR RERA o - WA T HEIRAEGTE E

Pdr RCl 0 FIS A g B TEAEIURE > oA g

BRI B i 4 fodsFul BE R i 4

B B 1 0 N Q.68)RI % AT B LY T g

N

SA

Sz E S ARV CGRIEFFE) 0

2600f(t)klm Ce (281)

.. . 2
i, +2m, +o'u, =
m

-

5
=
(;‘g’

R o B RRE S RN EH g RIERA
ot AR A e B B s BiEIL L EenE R o RIIER B ke
pARIRFE S 0, 7 T N

w, =\o’ —n’ (2.82)
-k <o Fnzo o Mo,=0> L EEE 0 RS

Bk BT ks TR R AR R R
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PSR X7 A e

WA A A frd deid B B0 F 0 RIS (2.81)H0fR &

- T If(r)e_”(’_f) sinw, (t —7)dr (2.83)

@,

Bef@) 0 P37 F IR hiE o § 0<I< B B

B s iE B ot B A ] 5

_2C,0,0k, | :
Ceo-"o j Dsinw, (t—1)dr
o! » (2.84)
M{ 2—77+ ¢ sin(a)dt—Za)}
mao’t 0 o,
HeY g=tan” (&J
n
u, = M{ e”’(lsina)dt+cosa)dtﬂ (2.85)
ma’t w,
. 2Co .k :
i = @ 'sina,t (2.86)
ma’t,
B0 B BB Aot R AN G
2 A
u,(t)= C"’Look{tr ——Z + & sin(w,t, — 205)} (2.87)
ma tr a) a,
u,(t, )—M{l e (lsina)dtr +cosa)dtrﬂ (2.88)
mw tr w,

§ 0P B s

2C€G"°k’" [j‘tie‘”" Ysinw, (t - z')dz'+.[—te "7 sin e, (1 - T)dT] (2.89)
0 “r £, d r
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PRGNS o d PR T4 AL A d £
LE| L 2 BEAE S

12
d
;—CJO PO 6l ! (2.90)

J) gt 192

PP P(x) B B IRA Sl P A RE NG
¢(x)——( x—2Ix° +x) (2.91)
RePR LR P 2 3RIEH 4 FHF S n g 4 T g4 dp s BT

i 2 5

S Lp( 6L, 1)) 092
192 2 \192 4

v : . RI
A M:iﬁ:%ﬁiﬁé:‘%&%’%\'ﬁ}}Mzg

» # 7 R SRR
2kt o M~ 5N, w R

V=039R+0.11F (2.93)
Fl o B F 3 @R Fid forh s R B 0 @ dd ot s )
?K{F‘?Epﬁ”&’ﬁi°§**’?ﬂ@ I{??i\i\ AIEE IR AN > » TR T
PRt E F E RIS E 4 R E AN s B R R 4T

Plm e o 2223507 G R EFPIEY TREREHE 4 gt

HiEL S
(2) iy E

TR HERY XO)BEEE = £7) 0 k57 98 M=Mp o f 124



L4 ¥ i }iﬁg{%{g‘,a:% » 4r ] 2.2.10 (b)#77r > LR L RR AR

W HITES 40 B AT g T

40, =§Rm +%F (2.94)

) . SM .
YR, AHEEZE A AT AR, = zR CER R SRR

o b L LT T R PR RS E 4 auE B N ok 203 0
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= RFR R KERR

(-) mHAA

v s > ez z Faagsw it > A4~ ¥ % 4 5 Lagrangian

4v Eulerian 47 it;# o # ¥ Lagrangian #5 i ;2 8-~ % R 25305
WO EEFFMPE R, 0 LRR2ZTREEFIE > T pfz
BMANT UEER® ey c HEB A2 BN F W2 E R fop d 5
HENFAFREZ E T 0 B EBUE- RN

BRARR 24 d B8R 5 dT~ ¥)2 B3 > € Bk
£gd > L HH ¢ A2 [ Wi (negative volumn) # 73+ 5 p 2 o=
£ (time step)%¥ (¥ -] @ &% &< o ¥ Eulerian 45 it /2 P| 8-~ %
ZRERFITNZEY > FFUBENRFE R T REE R
~ERER D RERZIMFENRATT ¥ LRI ATRERZ TR

Am A Ay > B IV EFE MRS MER 2 AL 4R
FZEFFLRAZAPFEFS U IR RSP ET R o

d 3% F ¢ BUF R AEZ A 47 % ) Lagrangian ARy itz A F @
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ot EREZFATRIESS  RERAZAGALIFE 2 2
¥ AR E AR AT 2 SRR A K (time step)ABiTAFE 0 4e
PR G EREF R AERPE B R A B0
BB A2 F > A E 3 * Bulerian it /28 (74 — A 2.4 F7 o
RO PeX  PAPER T S8 EE- 5 S0 - F Y SL SR
B2 PEE R EG T B - g T RS 2 02 R L

BEFARRFLE s i 20y E-ER2Z T ETF o

1. fcsk = 4230

G ERT TR B R SRR AT AN

Lagrangian #&35:%

Dp/Dt+ p(v,/6x)=0 2.1)
p(Dv,/Dt)=pf, +dc,/éx, (2.2)
p(DE/Dt)= pfv,+d(c,v,)/ox, (2.3)

Eulerian 32/ :

0p /6t +06(pv,)/ ox, =0 (2.4)

p(0v,/8t)+ pv (8v,/0x,) = pf, + 0o,/ dx, (2.5)

p(OE +0t) + pv,(OE / 0x,) = p fiv, + 8(c,v,)/ Ox, (2.6)

ij i
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v, BELE R e &
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o, * Cauchy &+ % &
g

V. .« 2k =
E=—"+e : % u &

e i

D 0 0
—=—4v| — | (FFikr
Dt ot ’ax,J( ¥ )
AP EFE B EE R EEBIE NG 2 Rk

AL FIE Rl AR 8 ol AR vk s
A 41 i (initial condition ) feit 4L e B % o 4ot o i Ff2

2. = M % (constitutive relation)

X ER GBI HEHPE LR RESRFFREDM B T e

1% & % 5 T (strain rate effect) » 1 ¥4 i (work hardening) & - — &

GRS TR L FNTERE T

:f(gpéﬂej @.7)

PRIE T S B o A REAE SR R AR kg i

:,§

MBELR? BRE LM %
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3. s AR
- -ﬁ}iﬁ_ﬁﬁi"’g\)’r ~ ;}»i?_,\&ﬂ%pi: , g%‘%i#'l‘—i%z]jlﬁ;?\?\z/} ;;

v

Z 3R - A4 F %35 (volumetric deformation) » ¥ — %> 5 § 7

A5 (deviatoric deformation) - & & Bl %Y T £ KT R4 &
DFERBRFEITE FAPPRRE Y EREFLRS BT T

BRI TR LTS AAEN MRS B BN
T AN R B o R BN AR E RS P E R

PP (R R)E AL G T PR R T - A

P=P(p,e) (2.8)

(= ) LS-DYNA#Z % % 1

LS-DYNA 3 = &F "UAF A 474255 7 B 2 4 fE1 422 B ¥
F 0 i BEBHRE CTIRE  HET TR ERGFER
o THREIAHEEI ok > BN 0 B AU e 2 d 2w
SARSZE 0 @ ¥ LS-DYNA 425 & aJZi ¥ ~ 71 7 foRIF S id gk
FTEGARE S At @ o LS-DYNA A5 F * 30T B & 2E
AL B TR L BIEA A T OUA R AR R £ RY KT %
% (Lawerence Livermore National Laboratory ; LLNL) o &2+ & A #i#t

R TORIF 2 B AT AR 2 A 47 L STk FEMB 4250 3 B~ 2
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3

NERE GuEAAE F PSRty 2% o £ % 11 EBulerian ~
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%4 B - & ALE(arbitrary Lagrange Euler) =73t & 42 % T -

BHAG o ALE AR E oS T2 0 BB AT T RFiE R

Bho IRpERZARA G T SRR

LeR#SdE R F FERRRFATLETF P 4ok Eulerian
SRR 0 P g e RS S R U

2. e RBE2ZFRICTRER2ZER vIPR 0 4ol Lagrangian
2 LB -

3V ERRAZFPBELZERTREFER T B s
PFEL A P E R AR ALE B Y o B E B2 =%

dOERE R e R kAT BN Ll e R 0 TR
%

"0 ALE Sefp i o o H e MR F RS b
TH-BHAR Y ARG EOEERELF BT RF R
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Pedl1-—2 |em 4Bl 1-—2 | + @5 (2.16)
RV,
A

H o

oo
=)
)
S
NS
*H"
9

By s AR ik PR R
ooy LAREMAE 0 E, SAdechil B R A o AP M Slicic® 2301
Broh o

Q)% F ¢ FF PR %3 9 SMAT _NULL eoi 4058 feif
* pF % & 5 e LINEAR_POLYNOMIAL j f = 425% k45 i # ##
75 40T !

P=C,+Cyu+Cyr* +Cypt* +(C, + Copu+ Cyt* ) E, (2.17)

oo E Gk B e u=Lme 1, 0 (120~6) 5 4]

initial
Gl FAREEFM o KBS EAT Y g § ik

C,=C=C,=C,=C,=0> 5 C,=C,=y—1 >4} K i > & ¥

MRt S

P=(y—1)Lomen (2.18)
pinitial
EO = pinilialeT (2 19)

,0 e, v K15 > S— Y  Se [P 2
Hodo TEELAHRRE VI F R P » T A RE T

initial
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PN :: =2z /.’ S L :: N ,? e L
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;fpv
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AR I AR R ST ALERE 2 0 7
Thp- AN TPRFRAZBE F- FAAF R T RF S
B2 Aoz 3R e ATz F B 2 8 PR
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AR AR 2 Fit> A3 F @R P SE2LF s R ik
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A AT o R RE SRR T 4
SRS FEEF EF A LY BRI L E AT R
’,r_‘p._ﬁ—:{'g\{"Fﬁi\.g{mL FRTF A A % f?rrj‘fi\. e % T 4% 5508 5 2 -g—ﬁjﬁ

T B E A 2w A A Pk AR L hRKR

(&

EP A o §FRRTEAR gt BEE o 22 R
Pl o B RS RIMAR GBI E o AR R
LS-DYNA A 474254 Hf B 4 5030 580 4 A BUF A 167 T 574

4 et d R E LRI R o

(=) GRS b

MR FROFL e gy A iy 55 0 -
EARRE S SRR SR RBROES ERAE 241 47 o d
B¢ ¥ g & Ad~ FUE 5 R (maximum compress strength) 57 30% §~ ]

68



Moo 4 R % 3 SGE 7 5 (linear-elastic behavior) ¢ i T iE B v B
1% *2(proportionality limit)fs » H & s erd F 4031 ~0.75f 2 FF i& by
B4 B ARTERAS  HED e, B RES 4 F
BT % o B P A B3k (crushing failure)s 2 > b F A ®mb R
S 1 5] 0.002~0.003 ~ R R ETIAE A2 B L &
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B4 MAcB) 242 #9755 o d Bl T g I R MepA) R R o7
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ABSTRACT

Reinforced concrete is the principal material for military
engineering and nuclear power plant containment. However, impacts and
explosions could completely destroy such structures, causing tremendous
casualties and property loss. Hence, this study conducts an analysis on
the propagation law of a blast pressure wave and the dynamic response
of reinforced concrete structures under explosive pressure wave effects.
This study uses proper state material parameters and equations and then
applies the nonlinear finite element analysis software LS-DYNA to
conduct a numerical simulation of a free-field explosion model. After
comparison with the computed results from empirical equations and
validating the reliability of the numerical analysis model, the destruction

and influencing factors on reinforced concrete slabs, under the effects of
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a blast pressure wave, are investigated. The results can serve as a

reference for future analysis and design.

KEY WORDS: blast pressure wave; reinforced concrete slab;

numerical simulation, finite element analysis

1. Introduction

Reinforced concrete is the principal material used for the military
engineering and containment of nuclear power plants. Its mechanical
responses under the effects of dynamic loads are complicated. If the load
acts slowly on a large plane, it can be analyzed using the structural
mechanics theory. If the load acts rapidly on the concrete structure, due
to the inertia and a short duration effects, the response forms a local
region of high pressure and high temperature. The response is centered
on the load point and an outgoing shock wave is formed inside the
concrete. The compressive wave reflection from the rear faces of the
target produce a tensile wave which interacts with compressive waves
resulting in spalling. Concrete behavior is also different from that under
the effect of a quasi-static load. This problem is complicated as the

behavior of the material is difficult to control and the mechanical
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behaviors vary under different load conditions. The methods for studying
this problem include (1) analytical methods: under appropriate assumed
conditions, solving the problem using a theoretical model after idealizing
the shock wave propagation or impact load, however this method is only
applicable to simple problems; (2) experiments: conducting small-scale
or prototype testing experiments by selecting the proper -effect
parameters for the blast pressure wave and analyzing the results using
the statistical regression method to obtain the empirical formula or
figures for the structural dynamic response; (3) numerical analysis: using
a computer and the fundamental laws of mechanics (the laws of mass,
energy, and momentum), to properly introduce a dynamic response in
the material and the failure criterion using numerical methods, such as
the finite element method or finite difference method (Xu and Lu 2006,
Leppanen 2006, Rabczuk and Eibl 2006, Lu 2009, Zhou et al. 2008,
Gong et al. 2009).

A number of papers (Roger, 1959; Baker, 1973; Kinney, 1985;
Mays and Smith, 1995) conducted in-depth studies on the propagation
law of blast pressure waves in different mediums and proposed some
computing formulas. Hopkinson (1915) proposed the equivalent

conversion law for different kinds of explosives. The TM5-855-1 (1985)
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and TM5-1300 (1990) explained the principles of explosion and
calculation methods. To explore the anti-explosion performance of
structural components, Woznica et al. (2001) carried out experiments
and numerical simulations on the visco-plastic behavior of thin metallic
plates subjected to an explosion. Pan and Louca (1999) conducted
experimental and numerical studies on the response of stiffened slabs
subjected to gas explosions. Coggin et al. (1999) analyzed the transient
response of isotropic and laminated plates to close proximity blast loads.
Li et al. (2002) investigated the explosion resistance of a metallic plate
with a square hole. Duranovic (1998) studied the modeling
considerations of impulsive loads on reinforced concrete slabs. Hao et al.
(2002, 2008) conducted numerical analysis on the -elastic-plastic
dynamic response of steel columns subjected to the pressure wave from
an underground explosion. Sheng et al. (2005) performed an analysis on
explosive damage to reinforced concrete columns. In respect to the
explosion resistance of walls, Nash (1995) examined the spall damage to
concrete walls from close-up cased and uncased explosions in the air.
Varma (1997) discussed the damage to brick masonry panel walls under
high explosive detonations. Makovicka (2002) studied the dynamic

response of thin masonry walls under explosion effects. Mays et al.
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(1999) considered the dynamic response to the blast load of concrete
wall panels with openings.

Although the above studies provided plentiful results, considering
the dynamic response of reinforced concrete structures subjected to blast
loads is complicated, this study conducts an analysis of the dynamic
response and damage pattern of an RC plate subjected to different blast
loads using the nonlinear finite element analysis program LS-DYNA

(2006). The results can serve as reference for future analysis and design.

2. Law of propagation of explosions in the air

The sudden release of energy from an explosion in the air produces
an instantaneous high-temperature, high-pressure detonation wave in the
atmosphere. This pressure wave causes the rapid expansion and
propagation of ambient gases. The high-pressure air at the front end of
these gases contains most of the explosive energy and is known as the
blast pressure wave. The energy carried by the blast pressure wave will
decrease as the propagation distance and time increases. The pressure
behind the shock wave front can instantly reduce to below the air
pressure of the surrounding atmosphere. During the negative pressure

phase, the air is evacuated to create a vacuum and the pressure and
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temperature then return to the same as that of the ambient air. A typical
explosion pressure time history curve is shown in Figure 1. Before the
arrival of the shock wave, the atmospheric pressure is B; at 7,. After
the explosion, the pressure abruptly rises to overpressure peak P, then
attenuates to B, at ¢, +¢,, later arriving at the negative pressure peak P,
and finally returning to P, at ¢,+¢,+¢,. Due to the complexity of the
explosion process, it is difficult to obtain the parameters of the blast
pressure wave through theoretical analysis. Baker (1973) proposed an
equation to express the pressure attenuation process and controlled it

using attenuation factor o

()2 1= e M
tO
where ¢ is the pressure wave duration time. The impulse formed by

positive pressure can be obtained using its integral to time.

ty+ty

i, = | Pot)dt )

N

Ly

Some studies have summarized several usable empirical equations
for shock wave parameter calculation through theoretical analysis and
numerous experimental studies. The commonly used empirical equations

include that proposed by Henrych (1979):
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P,=1.4072Z"+0.554Z" —0.0357Z7 +0.000625Z (0.1< Z <0.3)

P,=0.619Z"-0.033Z2+0.21327(0.3< Z <1) (3)
P, =0.066Z"+0.405Z7 +0.3292° (1< Z <10)

Baker’s (1973) equation:
P, =20.06Z"+1.94Z7-0.04Z7(0.05<Z <0.5)

: 4
P,=0.67Z"+3.01Z27+43127(0.5<Z <70.9) @
and Brode’s (1955) equation:
p, =275, 1'455 + 5'835 ~0.019  0.1<P, <10bar
‘ zZ Z zZ ‘ (5)
6.7
Py=—+1 P, >10bar
Z

where Z is the scaled distance, expressed by z =r/w'"?

3. Analysis of reinforced concrete plate subjected to a blast pressure
wave

In the analysis model built upon Lagrangian elements for explosives
and ambient mediums, the finite element mesh instantly distorts when
studying the blast pressure wave effects on the structure and the medium
moving with the explosives. Hence, the Jacobian of the integration point
may become a negative value and the stable time step size needed for the
calculation approaches zero. As a result, either the overall computing
time extends infinitely or the computing process diverges. If the model is
built using Eulerian elements and the mesh remains unmoved, numerous
Eulerian elements are required to trace the dynamic response of the

structures, which may cause errors due to the computation of complex

133



changes to the interface. Therefore, this study applied the ALE method,
which integrates the advantages of the Lagrangian and Eulerian elements
but without the excessive mesh distortion problem. to the proposed
method effectively traces the movement of structural boundaries and
observes the blast pressure wave’s pressure distribution in the medium
while the blast load is occurring. The analysis model and the definition

of materials are detailed as follows:

3.1 Analysis model

The geometry of the reinforced concrete slab is shown in Figure 2,
where the length is 3.6m, the width 3.0m, and the thickness 0.15m.
There were 18 steel bars in the x direction and 15 in the y direction. The
explosives were placed 2.5m above the center of the model. The
structure and load were symmetrical, so half of the model was taken for
analysis in order to simplify the computing. The finite element model is
shown in Figure 3. During the computing process, the explicit time
integration method was employed to compute the time integration. Since
it is a conditional stable integration method and the integration time step
size is a function of the characteristic mesh length. If the mesh were

overly divided, the computation time would increase. However, for the
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air mesh division, apart from the integration stability, the shock wave
period must be considered as it may refract or reflect and thus lead to
energy decay if the shock wave meets gaps or boundaries while
propagating in the medium. To avoid this phenomenon during the
computation as well as errors in the analysis, the shock wave under every
time step should not exceed two elements. The shock wave wavelength
is in direct proportion to the shock wave period, so the minimum element
length is determined by the shock wave duration, generally L <cT/n,
where c is the sound velocity of the medium and # is the wavelength of
the shock wave within the elements. This research used n=9, so the

length of the air mesh was 100mm.

3.2 Boundary condition

Considering the boundary condition, protective structures are
divided into numerous small slabs stiffened primarily by beams. The
edges of these slabs can provide restraint at the moment due to the
torsional rigidity of the beams. Therefore the four sides of the reinforced
concrete slab have clamped boundaries during analysis. The boundary of
the air medium may make the shock wave refract or reflect, so that it
superposes or is canceled out by the incident waves in the analysis

domain. To avoid this problem, the boundary condition around the air
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medium is set as a non-reflecting boundary, thus the pressure would flow
out at this boundary and not cause reflection.

In the non-linear finite element analysis of reinforced concrete,
reinforced effect simulation utilizes three methods: separation mode,
combination mode and entirety mode. If the local damage to the
reinforced concrete is subjected to an explosion effect, the separate type
is adopted because the composite type and the entirety type have a poor
computing accuracy and cannot observe the damage of reinforced steel.
Therefore, this study used the separate type model for analysis.
Reinforced steel is employed in the beam element and the concrete
utilized the hexahedron continuum elements for simulation. The bonding
of reinforced steel and concrete coupled the reinforced steel element and
concrete element through the
CONSTRAINED LAGRANGE IN SOLID command. It was supposed
that there was a high bond between the reinforced steel and concrete
under the instantaneous impulse external force effect without sliding

between them.

4 Constitutive laws and the equation of state

4.1 Concrete
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The dynamic behavior of concrete determines the concrete’s
strength characteristics. The constitutive law employs the plastic flow
rule on its principal stress space to differentiate between the hydrostatic
and deviatoric stress portions. Different load functions are used to
describe the behavior of the two parts. The material model based on a
low compressive pressure zone is described in terms of the deviatoric
stress. In the impacting process where the shock pressure induced on the
material interior is at maximum strength, the deviatoric stress portion has
a small influence. The material can be regarded as compressible fluid.
The Hugoniot shock pressure and specific volume relationship (EOS) is
applied to replace the stress-strain relationship. To fully describe the
concrete’s dynamic effect within the impact procedure, several concrete
models have been implemented in LS-DYNA, designed for special
purposes such as damage, effect of strain rate and cracks (Malvar et al
(1997); Holmquist et al, (1993); Johmson (1998); Tu and Lu (2009)).
This investigation applies results from the perforation simulations with
the LS-DYNA and the “Johnson-Holmsquist Concrete” material model,
based on work by Holmquist, Johnson and Cook (Holmquist et al,
(1993); Johmson (1998)) to forecast material behavior. The equivalent

strength model, accumulated damage model and EOS are described as
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follows:
(a) Equivalent strength model
The equivalent strength component of the model is given by
o =[A1-D)+BPN]-[1+Clné ] (6)
The normalized equivalent stress is given by o =o/f., where o

represents the actual equivalent stress, and f! denotes the quasi-static

uni-axial compressive strength; P* denotes the normalized pressure,

shown as P*=P/f.; ¢* denotes the dimensionless strain rate, given by

& =£/éy; & represents the actual strain rate; & =1.0s"' represents the

reference strain rate ; D(0< D <1) denotes the damage parameter and

the normalized largest tensile strength is given by T~ =T/f!, where T

represents the maximum tensile stress. Additionally A, B, N, C, and

S denote the material parameters, respectively, as normalized

max
cohesive strength, normalized pressure hardening coefficient, pressure

hardening exponent, strain rate coefficient and normalized maximum

strength.

(b) Accumulated damage failure model
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The accumulated damage failure model for concrete is similar to
that in the Johnson Cook fracture model (Johnson and Cook, 1985). In
addition to the damage accumulated in equivalent plastic stain, the
Johnson-Holmquist concrete model also considered owing to the plastic
volumetric strain. The damage model is written as

B Ae, +Au,

D= (7)

o]
Here Ae, and Au, represent the equivalent plastic strain
increment and plastic volumetric strain increment, respectively, during

one cycle integral computation. The equation

f(P)=¢&] +u) =Dy(P"+T")": )

represents the plastic strain to fracture under a constant pressure, where

D, and D, represent damage constants.
(c) The Equation of State, EOS

The EOS describes the relationship between hydrostatic pressure
and volume. The concrete loading and unloading process can be divided
into three response regions. The first zone is the linear elastic zone,

arising at P<P,,., where the material is in the elastic state. The elastic

rush >
bulk modulus is given by k=P, ./t » Where P and u..,

represent the pressure and volumetric strain arising in a uniaxial
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compression test. Within the elastic zone, the loading and unloading

equation of state is given by
P=Ku )

where u=p/p,-1; p denotes the current density, and p, denotes the

reference density. The second zone arises at P, < P<P,.,, where the

crus
material is in the plastic transition state. In this area, the concrete interior
voids gradually reduce in size as the pressure and plastic volumetric
strain increase. The unloading curve is solved by the difference from the
adjacent regions. The third area defines the relationship for fully dense
material. The concrete has no air voids and thus fulfills the condensed

material Hugoniot relationship. The pressure and the volumetric strain

relationship is given by
P=Ku+K,u" + K3’ (10)

H = Hiock

| represents the corrected volumetric strain, and
* Hiock

where =

K,,K,,K; are constants. The tensile pressure is restricted to 7(1-D). To
identify each material parameter in the constitutive law, the tri-axial
compression and high strain rate dynamic tests must be performed on the
concrete samples. This derives the concrete’s EOS and material strength

parameters. The material parameters in this analysis are shown in Table
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4.2 Steel bar

Reinforcing steel bars observe the elasto-plastic constitutive law.
The hardened model used was the isotropic hardening rule, which
applies the largest plastic strain as its failure threshold. Once the element
approaches this plastic strain in the computation procedure the element is
regarded as failed and eroded. Moreover, when the material is subjected
to a short-term dynamic load, its stress-strain relationship determines the
value of the strain and assumes the change to be inversely proportional.
Many investigations have already considered various constitutive laws
concerning the strain rate’s influence on the material properties. The
constitutive law of the material is found when the stress-strain
relationship using the regression formula is obtained from the material
dynamic load. Nevertheless, to maintain the required material parameters
with the constitutive law, a similar test must be conducted every time
and a regression analysis performed on the test results. Cowper-Symond
(Cowper and Symond, 1957) presented a simple equation to obtain the

dynamic yield stress from the static strength:
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. n
E=D| —— Og4 >0, (11)

o =01+l (12)
where & denotes the truth strain rate; o, denotes the rate related
to the dynamic yield stress; o, represents the static yield stress; D and n
represent the material parameters. Considering mild steel, Symond (1967)
demonstrated when D=40s" and n=5, the predicted results and

experimental data agree. The reinforcing bar’s material parameters are

listed in Table 2.

4.3 Material failure

The erosion algorithm is implemented to simulate the crushing of
concrete in the numerical model. When the material response in an
element reaches a certain critical value, the element i1s immediately
deleted. Figure 4 shows an example calculation for a concrete plate
subjected to blast using the erosion algorithm. The fracture details are
revealed from the simulation in a rather realistic manner. There may be a
variety of criteria governing the material erosion. Typically, the

material fracture and failure under tension and compression may be
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defined by the magnitude of the effective plastic strain and volumetric

tensile strain, respectively. The effective plastic strain is given by

(2 12
g,=] EED;DU’.’j dt (13)

where D/ denotes the plastic component of the rate of

deformation tensor. Typical concrete strain at peak tensile stress under
static loading is around one-tenth of that at peak compressive stress.
Considering the softening phase, the concrete at fracture with practically
complete loss of tensile strength may be assumed as 0.001. For the
explosion cases under consideration, the maximum strain rate is
generally on the order of 10100 s '. For this magnitude of strain rate,
the corresponding dynamic strength enhancement factor can reach 5.0 or
above. Taking all these influences into account and in conjunction with
trial parametric analysis, it is found that the dynamic tensile fracture
strain should be around 0.01 for spallation with the RC material. Thus,
the principal tensile strain reaching 0.01 is adopted as the primary
criterion in erosion algorithm implementation in the numerical

simulation

4.4 Equation of state
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(1) Explosive:
The pressure released by chemical energy during the explosion is

simulated using JWL EOS, and its detonation velocity is

6930m/sec (Dobratz , 1981).

,Rl ,RZ
p= A(l—ﬂ)e % +B(1—ﬂ)e % +onp,E
R, R, (14)

where 4, B are linear explosion -coefficients, o, R, R, are
nonlinear explosion coefficients, n=p/p,, p, 1s the initial density of
the material and E is the specific internal energy of every unit of mass.
When the blasting powders are TNT, according to the explosives manual
(Dobratz, 1981), the aforesaid parameters are respectively
A4=3.712x10"Pa , B=3.231x10°Pa , @®=030 , R =415, R, =095,
P, =1630kg/m*, E=429x10°J/kg.
(2) Air

In this study, the LINEAR POLYNOMIAL equation of state is
used to describe the behavior of the air.

P:CO+C1y+C2y2+C3y3+(C4+C5y+C6y2)EO (15)

where, E, is the initial energy density, and u=p/p,~1, C (i=0~6)
are the coefficients. For ideal gases, the coefficients in the EOS are

C,=C=C,=C,=C,=0, and C,=C,=y-1. Thus the EOS can be
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simplified as Gamma Law EOS:
P=(r-1)2E, (16)

where, p/p, is the relative density, y is the rate of change to the
specific heat of air, p, is the initial air density value, and p is the
current air density. For the initial internal energy, under standard
atmospheric pressure, according to the Gamma law calculation, at

7 = 1.4, its initial internal energy is E=2.5x10"J/kg . .

5. Results and Discussion

In order to validate the accuracy of the analysis results, we
conducted a free-field explosion simulation and compared the blast
pressure wave parameters. Figure 5 shows a time history comparison of
the finite element mesh to blast pressure. When the time history
comparison was conducted at a distance of 200cm from the center point
of the explosion, it was found that the blast pressure wave time is very
short. The blast pressure wave attenuates quickly after arriving at the
peak. As shown in the figure, the blast pressure wave curve, as simulated
by this study, indicates the same trend from an ideal blast pressure wave.

However, the peak pressure and attenuation differ due to the different
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mesh densities. The peak pressure is calculated according to the
empirical equations of Henrych (1979), is 15.48MPa. The numerical
result 1s 13.20MPa for 100mm mesh, 9.0MPa for 200mm mesh, and
3.85MPa for 400mm mesh, respectively. This indicates that the mesh
quality has great influence on the diachronic pressure curve. Figure 6
shows a comparison of the numerical simulation and the peak pressure
results according to the empirical equation. The 40cm mesh result is
obviously different from the empirical equation results. However, the
curve trend for 10cm and 20cm meshes is consistent with the empirical
equation results.

This study employed the above methods to discuss the destructive
effects on an RC slab under the influence of the following factors:
different amounts of explosives, different reinforcement ratios and

distance from the explosives.

5.1 Effect of explosive amount on the structure

Figure 7 displays the reinforcing bar’s stress and RC slab
displacement history analysis results. If the structure is not damaged, 1kg
explosives are the maximum blast load that can be endured by the slab.

As shown in Figure 7(a), the blast pressure wave and the effects on the
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structure reach the maximum value within a very short time. The center
point of the reinforced concrete is significantly affected by the explosion.
The steel axial stress 1s 42.6MPa, which is smaller than the yield stress.
Therefore, the reinforced concrete has enough resistance. The center
point is the closest to the explosion, thus, it bears a largest portion of the
blast load. The maximum displacement is 2.44mm and the spring back is
obvious. When the explosive amount is 3kg, the reinforced concrete slab
develops cracks near the support. This model is defined as a slightly
damaged model. In other words, the concrete cracks. However, the
elements fail to reach failure strain and are damaged. The reinforced
stress is 97MPa (as shown in Figure 7(b)). When the amount of
explosive is increased to 5kg, the reinforced concrete slab cracks and
damage begins to show (see Figure 7(c)) at the support end, which is a
shear failure. The maximum displacement of the center point is 97.5mm,
and the steel axial stress is 130MPa. If the amount of explosive is
increased to 10kg, damage to both support end elements is observed, as
shown in Figure 7(d). The center of the reinforced concrete slab also

develops cracks.

5.2 The reinforcement ratio effect on the structure
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The reinforcement ratio range was taken between 0.2%~1.2% to
investigate the reinforcement ratio effect on the RC slab resistance to a
blast load. The maximum slab displacement was analyzed under the
effects of 10kg and 20kg explosives, with the analysis results presented
in Figs. 8 and 9. With the increased reinforcement ratio, the center point
of the maximum RC slab displacement can be effectively decreased,
allowing it to recover soon after reaching maximum displacement, with
only small residual deformation. However, this has a great influence on
the amount of damage to the concrete. If large amounts of explosives are
added, the scope of concrete damage increases largely. With respect to
the damage, if the reinforcement ratio is low, the damage occurs mainly
in the center of slab. When the reinforcement ratio increases, damage
will occur at the support. In other words, the damage to the RC slab

changes from bending damage to shear failure.

5.3 The distance from the explosives effect on the structure

The damage to the reinforced concrete was observed from different
distances, from a remote explosion to a short-distance explosion. The
distance from the explosion has a significant influence on the slab, which

1s the same as the blast pressure wave propagation law, as stated in the
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previous section. If the distance is very short, the Z value of the
contraction scale distance is reduced relatively and overpressure is
increased relatively. At a distance of 0.5m, the reinforced concrete slab
center is penetrated (as shown in Figure 10). At a distance of 1.0m, the
reinforced concrete slab center is exploded, creating holes, as shown in
Figure 11.
6. Conclusions

This study employed the nonlinear finite element analysis software
LS-DYNA to discuss the dynamic responses of an RC slab under blast
load. The results are summarized as follows:

(1) The free-field blast pressure wave simulation indicates that the
mesh size 1s very sensitive to shock wave propagation, thus, to
guarantee that the results are close to the actual situation the
finite element mesh division should be as fine as possible.

(2)  For the RC slab dynamic response the computed results show
that under the blast pressure effect, bending damage or shear
failure may occur at the center point. The influencing factors
include the amount of explosives and distance from the

explosives to the RC slab.
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(3)  If the concrete slab reinforcement ratio is very low the damage
may occur at the slab center. However, if the reinforcement
ratio is increased the slab deformation is reduced and damage

may occur at the support.
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Table 1 The material parameters for the concrete model

Density, p, Sgeéllr Strength constants
ke | m’ m(‘fv[;ss A B N C A
2320 8.2x10° 0.79 1.6 0.61 | 0.007 | 17.2 7.0
T &
1.37 1.0
Damage constants
D, D,
0.04 1.0
Equation of state, EOS constants
Pcrush U K K K3 PIOCk y7,
MPa crush GPa GPa GPa GPa fock
16.0 0.001 85.0 -171.0 208 0.8 0.1

Table 2 The material parameters for the reinforced bar

Density, p,
kg | m’

Yield stress
(MPa)

Elastic modulus
(GPa)

Poisson’s ratio

Maximum plastic
strain

7800

414

210

0.3

0.12
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s0

s0

Fig. 1 Typical pressure time history for air blast

Fig. 2 The geometric configuration of the reinforced concrete slab
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Fig. 5 Time history comparison of finite element mesh to blast pressure
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Fig. 6 Comparison of the peak pressure in the numerical simulation and empirical

equation
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Fig 10 RC slab damage modes from 10 kg charge and distance 0.5m case

Fig 11 RC slab damage modes from 10 kg charge and distance 1.0m case
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