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G AT, U AR GR A [] 52 0T AR P £ 480001 o

FARE A EAR LA S 0 T M B | Do e A R e S8l T /N SR  E, AE BEA BR i b i g
P EAE AW N . PRt 1 5% B0 48 SR 01 X b AR DT B9 O e P, 0 T 2 im0 R B B 4 1T
KA HEEREE S TR E. SR, BUA B RZ BB, SCEe X LS IEA 2, B it = X Ttk
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ARBEFEHE T LS-DYNA B 1 37 20 #% 18] SN AR 2R M 1 A PR TR Y, 25 5 T A6 AT B 0% B H - L
(simplified-arbitrary Lagrangian-Eulerian, S-ALE ) i [# #5712 L4008 K 1oy 2 E T 187 S AW A48 20 i R
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1 HEHRE

1.1 MRHER

B AR AL S B | K2 RS 33 R RL . ARBE 9 AR B4 AR 35 B Johnson-Cook (J-C) B 7Y, 2458
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Q235B 4, H Sy ERE S B R J-C B SRt 6 1 s, Horh, o W, E N R, G M BT b,
v IR, A, R HEFRASE RN 1, B, M AL F B, n MEEALIE B, C AR REUR RS, M PRIk
B, T, NIECIRE, T, W 2B RIE, ¢, WHEEME, D,~Ds N J-C RUBAI S, &0k 275 A8 5%,
Cy AP (RFLE ), S, S,. S, &7 Hugoniot £ % Z%U, v, M Griineisen R, o M IABUE IE REL .

&1 Q235B MM AN FMEEIERMI-CRESY
Table 1 Mechanical properties of Q235B steel and J-C model parameters

pl(kgm™) E/GPa G/GPa v  A/MPa  B,/MPa n C M TJ/K T/K ¢/Jkg'K")
7 800 210 80.8 0.3 317 230 0.578 0.065 0.55 1795 293 469
D, D, D, D, D, &fst  Cfms) S s, S, Yo a
0.3 0.9 2.8 0 0 2.1x107 4569 1.49 0 0 217 0.46

Y22k e BE#A 2 (High_ Explosive_ Burn) BEAUFT WL ARZS T B4R, HARKE =W 1 p

w w wkE,
= A1 2 eV 4B, [1- 2 |ery 4 L0 1
b 2( RIV)e 2( sz)e v 0

Kb VoAEXHETR, Eg R B IR FUEZ P IR INGE, o MRS TS, A4, WS R BEJI R 5L, B, Irh
FEBHE 1 250, R RS — 8 BV I R A, R, A e BV I R A KEZG Y IWL RS 7 B S 8n 3k 2
fron, b, D AR

B2 S FRAR AR, SR Mat_ Null #:71fl Eos_ Linear  Polynomial R 2 7 B ik, F 1 i IR
(Boyle) 1 £ % 5 2 (Gay-Lussac) 1 o 25 SR 507 BT & N RE A 206.8 T/kg, I SCH-FIE B 5 4 1R
VL[ BV

p = (y—1)pe+ puin 2
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Table 2 Parameters of the JWL equation of state for explosives

pl(kg-m™) A,/GPa B,/GPa R, R, w D/(m-s™) Ey/(J-’kg™") Pc/GPa

1630 373.77 3.747 1 4.15 0.9 0.35 6930 3.681x10° 21

®3 BEESHAKRSHESH
Table 3 Parameters of the ideal gas equation of state

p/(kg-m™) Y e/(Jkg™) Dsnin/Pa

1.225 1.4 2.0x10° 0

1.2 S-ALE RE#E& & X

S-ALE it [&14% 45 585 v 1) il iz 0 5 T S A SRk 5 4% Gt ALE S AR [R], H R AT A% A Jg S e B | 55
B NAE D 20%~40% TSRO Ao R it = g A% ) 32 A<k, BB HI*ALE_STRUCTURED
MESH F1*ALE_STRUCTURED MESH CONTROL_ POINTS 4 5 /F i S-ALE 45 )tk A% . fii ]
*CONSTRAINED_LAGRANGE_IN_SOLID 8“7 52 AN A 52 55 Yt 44 X 3 1a] 1) 3t [T 08 54 o

2 BERBIIGIE

SIS AR A IR F SCHk [1], SCR i E i 1M iR . R LS-DYNA #1745 BR oo o0 #r, g r anfEl 2 B
JNERAR AR NI SCHG R 45 ¢ B XEZ5 (X7 55 g TNT 2M4) . BB S0 T4 A: o . HABEH %
P, 0O F Y\ U B A a], BET0UAR 50 mm., B2um Al 525 mm. B 1] 240 mm; 5255 T 50 B: H4m
W DA, RO T BEBE AR A AL, BE TR MR 50 mm., 23h1E 1 125 mm., A6 180 mm, #R5C &
%o T 17 S P A

.;
Bl semies 12 SRAE 4R RS
Fig. 1 Experiment setup!") Fig.2 Scale model of steel box girder
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B fE, AR 2204 12.00%; T80 B A TR 24 1 A 1wl < 7 FIREIDT I G 9 1 B TR b A RS 4BL(E 5 552 56 {F B4 A
XF 1R 22 /N, BLITRE ) 98 o WOAH R IR 228 10.64%. 9250 5 B A Xk Fo 23 B 5 SR R W, I BB AR 1L T ofe
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(b) Case A, sim.

59 mm

(c) Case B, exp. (d) Case B, sim.
3 S SEUUBIAE S BT L

Fig. 3 Comparison of damage patterns for experimental and simulation results

F4 ZTWHERSBRUERIEL

Table 4 Comparison of experimental and simulation results

/ d h
Case
Exp./mm  Sim./mm  Error/% Exp./mm  Sim/mm  Error/% Exp./mm  Sim./mm  Error/%
A 102 96.0 —5.88 32 34.0 6.25 5 5.6 12.00
B 59 62.0 5.08 47 52.0 10.64 4 3.8 —=5.00

3 BIETTEE R T RAE R AT RV R FAE o A

A5 LA T /0N 5 4 TR S PR DU AR TR I 9 T B, BEHCAN B 4 B 16 m K AN AR B2 A Sk i
FEXTGE, BAR P4 S BT, A AR RS I 36 5 B

E 18] SCAAE TR M AR AN 0] 21 2% 1 m 4 8890 L PN A9 1 s A i 8 2 o, — i BRI Ly R z 5 1l )62
. 53— WA BRI x Fy 7 AL o B R IC R E O SHELL163 5T, Hot R +F 2 100 mmx
100 mm, H94F GE 1 25 F B R A B BA ST RO g 372 974 [RII, 37 23 A< A0 ZE A9 4F R R 45 0, AR
524 16 200 mmx12 900 mmx>3 900 mm, .70 N 525 BRI AR ], £ HL SOLID164 HoC f A, FoT kit
815 000 A~ 23 IRV Ji 15 B e S 8 ih A . AT PR JCREARL AN 5] 5 R o

SR rh, KEZG 51 R S 1 m, DL 3 FORTRIY TNT KE24 24 5 (100, 200 F1 500 kg) 73 S FF5 X
P /NG 2R A A2 i A R BR KRR BT TRV, 35 M TR PO S R 2 A 15 R B AT R AR 1.5 m,
PMFEL 0 m b (78 2, WFFEBRAR A FE s FE B MR BRI 2R 0 m. JABHER 0.6 m &b o7 & 3, BHF 5% JC I Al 1
U BRI T B0 05 R AE . SRR G230 S b M R T AN 26 6 iR o fl AR ME D R A, o B v i Ak
R, WEALLAS [E] 35 R 30.000 ms, LA 45 K4 4R 0 B il VR B FE A 52 A .

AR G I S M K T BE B A SR SR PR AR S 3 b oK T AR R MBS P AR I s O AR T, THAR
H ISR s oA T, A R sl 24 11 g A TN, TNT 24 a8/, 7 32 4K A8 22 100 i PR A
O T 5 TNT M4 K, #8520 A T e & A4 .
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306 306
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24 WVIRVAEY VIV \VEVAVIR VLY,
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600 Lsoo \‘600 \_520
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2 400 435 3535 3535 435 2400
1
(a) Cross-section diagram
(b) Structural model
K4 i AR (A0 mm)
Fig.4 Simply supported steel box girder bridge model (Unit: mm)
x5 HRERBERT
Table S Dimensions of the bridge model m
Width of t Spaci f horizontal Spaci f fl
Heights 1t otiop Width of bottom plate Width of flange pacmg o horizonta pac‘lng orrange
plate diaphragm diaphragm
2 12.74 7.07 2.166 3 1.5
Thickness of Thickness of Thickness of Thickness of Thickness of Thickness of  Thickness of
flange diaphragm longitudinal septum  stiffening ribs top plate base plate slant web
0.016 0.016 0.016 0.016 0.02 0.02 0.016
TNT Air

Steel box grider

z "L‘x Supply supported
at both ends

K5 ARRITER

Fig. 5 Finite element model
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Fo WHERLHBIEAT TR

Table 6 Typical cases for near-field explosion of steel box girders

Case Explosion location TNT equivalent/kg Scaled distance/(m-kg™"?)
1 1 100 0.215
2 1 200 0.171
3 1 500 0.149
4 2 100 0.215
5 2 200 0.171
6 2 500 0.149
7 3 100 0.215
8 3 200 0.171
9 3 500 0.149

31 BIENE1

I 6 T, W 1~ T00 3 4R 4R B 0 R R4 IR B 4 038, T A5 THURRHR L IR T %41 . 24 TNT 24
A F] 100 ke B, 95 2 91 SR A T, B3 B THURR A 3043 DX 3ok o BR80T VS 98 0 oK 324, 0
R . AP B IS S0 A R SR A B TR A . 4 TNT 24 Hk B9 E 200 1 500 kg B, A0S 72 0 3 Ay 16
A TRV T, B T30 A0 3 5 22 0450 407, ol A0 200 B A0 1 0 B 0 900 9 P TS A . AR IR AE 3 T80
THIBIA R

- - IIH!III i M

.

(a) 100 kg (b) 200 kg (c) 500 kg
P 6 ANF TNT i fbEfr Rk TR R A ma gt

Fig. 6 Failure modes of steel box girder under different TNT equivalent blast loading

3.1 FRIRARK 11 AY M 52 3T 32

DL 1A, 167 S2 A9 AR S e B 1 ook VAR T fymm i ok B A AL 7 B o 24 1<0.302 msHT, wrif
FEZS S A AL #E; 78 0.302~0.605 ms Z (8], wdi P HK 3k UM I S 2, S BTN 1 30 R RS TR A%
0.605 ms Z J&, iR IR 2L 101, ook 2 iF AR R PN O HLAR S0 T A% 45 1.817 ms B, o I 76 R B A
TnEh i i 10y R S S IS, AkSE T R B AR A T A5 4R s 14.846 ms B, wiiks B IRRAR, 51 R AR Y
KIBIE AL ; 20.906 ms Ac A7, THUARRR B I B i) w8 48 o 380 RS 3 SO R AR T, (BR H B, T ke
A B A R v e ik 1 AR PR AR 485 30.000 ms BT, 87 S AR AR S R Ak SRR e RS, sk mm B i AR AR
g5

BT B M, R A R AR S T4 B 3 AN B B . 2B 1 Y BEN TR IR, whdi ik 2 15 TR
Ja Bl R A fE A R rh B R R s B0, R Dbnkﬁ/m%%%%%mﬁﬂﬁ;
55 2 By B Sk bl i AR AR S N ER VR, BEARR AR . nZh ih u&r‘*&i’gxﬂ{*%{ﬁzﬂﬁﬁ? 553 KAE;ob
IR AR IR, TOUMR M v s 48 o A, 5 e g — [R5 BBORA ™ AR S 1 R AR I
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Pressure/MPa
8384.0 1
6 986.0

5589.0

w;l

(a) 0 ms (b) 0.302 ms

Pressure/MPa
83.84 1

(f) 20.906 ms
i Pressure/MPa

(g) 30.000 ms
K7 T AR R IR )

Fig. 7 Pressure of steel box girder damage for Case 1

8 SR T AR BN R, T 432k 3 B Be . 565 1 BBt i 0~0.600 ms, 0.300 ms B i % fy 25 <
A% BN TN, 51 S WA 3 B et IR AR, 8 B R BR AR B A8 55 /N, 56 2 By BEl 0.600~ 14.700 ms, T
M 55 8 Bl . AR A =2 [0 %) BT 7 A SRR AR, AR I KRS K TITIE B T, 1.800 ms B 0l 24 11 42b 346
S 2RI E Ao 55 3 Y BEN 14.700~30.000 ms, 14.700 ms B THUH 22 11 f4 4 24358 43 14 7 58 fin 95|
TR 25 4, W R v s AR, 30.000 ms B T0UAR 24 11 (4 i o7 3o B2 B AR 45 5, iR B AR RS . TOAR 24 1 i ¢
ZRGFZ°H 0.52 mx1.06 m.

U I ——

(a) 0 ms (b) 0.300 ms (c) 0.600 ms (d) 1.800 ms

(e) 14.700 ms (£) 20.900 ms (g) 30.000 ms

M8 ol 1 AN DR 1 7R
Fig. 8 Cracking process of the top plate of steel box girder bridge for Case 1

3.2 WEIRAE A e R i 72

XFF T 2 FIT 0 3CTNT 2444351 4 200 1 500 kg) , 5956 42 0 Bk 01 22 B0 A 1T, AR o A2 5 T
B0 L ARAL, AT 4R 3 AP B (EASTE R AR, 55 3 B 2 A O IRAR Y AAAE | A2 10, TR A4 -
BEAE, 2 A T b ks D R AR S DG 38 %) st [ R T 1, S 308 0 o A ) 52 i) B Ay B

VLT 3 S, 119 Shy 187 S A9 46 T A 300 4 for 40V FH T Bl RS ] A2 A1 R ) = 18 . 0.282 ms B, s
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BTN, FEOT HALBEIR; 0.604 ms i, whif S AERR G2 | I shh Ak 52 5 A4 B R AR 1.846 ms i}, B4
SRTGUMR e 24 7= A 0 e, TSR BN S A TE AR 5 2.399 ms B, 1A K F i o B0 RS AR, RS AR 2 T Hh B
BRI 5 16.549 ms I, TR 25 3T, JER AR 1114 K5 30.000 ms i, A9 22 14 30 285 Wiy g ik PR 2450

Pressure/MPa Pressure/MPa
8 384] 8.384 1
6986 6.986
5.589
=] .

4.192
2.795
1.398
(a) 0 ms (b) 0.282 ms
Pressure/MPa Pressure/MPa
5.384 0.838
34361 0.699
3.589+ 0.559
2.692 0.419
1.795 3 0.280
0.893 0. 148
(¢) 0.604 ms (d) 1.846 ms
Pressure/MPa Pressure/MPa
0.838 0.538]
0.699 0.449
0.559 0.359
0.419 0.269
0.280 0.180
0.140 0.098
0
(e) 2.399 ms (f) 16.549 ms

Pressure/MPa
0.538 1
0.449

0.359
0.269
0.090
- 0
(g) 30.000 ms
K19 L3 shRAE R R )

Fig. 9 Pressure of steel box girder damage for Case 3

32 BEMLE 2703

T 4~ T80 9 MBS REW, 6 AN TH T, ARSI Sk T st TR, /10, & 1
Gy 2 FhOR RIME 2507 B T SHAR R AR RO WK TR 25 o RRAE (B 2 R AR A 8 3 X 0 T 00 1y A A4 72 7 AR
VeV T 9 el S 7 10 R R BOMR . SR, o TR AR A0 B, 37 8 2 X 2 T 4 50 0 B A X /8,
{37 B 3 Xk L T 200 B B VR O A L, THOAR 5 R AR 9 2 37 L R AR 5 0 0 U0 £ A T S R A 2

TEPEEQLE 2 BRI T80 P T00 4 A4 2 2 IR B 2 T, TUAR S % 78 JE e 358, IS 388 . I
W I B v B A AR R BE T AE , JF AR T4 T 5 B 1T, TR 43 X Jal 1 30 24 80, B i 2
Ul T v B [V RE 52 S WA T T 7, R M TE A 80; T 00 6 S M SRS = I, JRE A 348 4 I Jok ty B4 50 AN 28 1, B
WARR R, T

(a) 100 kg (b) 200 kg (c) 500 kg
B 10 WA POBINEE LS 2, BT T, 1)

Fig. 10  Failure morphologies of steel box girder (location 2, failure modes I, Il and I
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(a) 100 kg (b) 200 kg (c) 500 kg
F11 ARFRBINIEA(BE 3, BRI, 1)

Fig. 11 Failure morphologies of steel box girder (location 3, failure modes II and III)

FEREYENLE 3 BTN T80 e T8 7 A 8040 92 2 B SRR T, T e 48 (L R i /D, IS A L Bl
B, mzh i AL AR o0 8 FLAL 9 BRI, e 38 s B SOTTIE ni 24 1, B AR A i 20 1ih 77
e ERA

g5 LTI, AL 1. 2 i TN AR o o et A B, IS AR T R IR AL, BE A TNT X4 &Y
B0, 2400 ) AN AR RS B 25 0 3 pl T AT R I A 4 BELEY RS R 4 24 11 TR AR SUE N O, 2
FE AR K,

38 0L R AR A EEBSA S EANER 7 FR .

®7 WERNEBEWITSH

Table 7 Main failure parameters of steel box girder

Maximum Crack length of Crack length of bottom plate/m Displacement of ~ Displacement of
Case deflection of top plate/m transverse longitudinal
top plate/m  Crosswise Vertically Crosswise Vertically diaphragm/m diaphragm/m
1 0.032 0.52 1.06 0.12 0.04
2 0.047 0.93 1.24 0.12 0.14 0.23 0.04
3 0.054 1.14 1.45 0.15 0.16 0.46 0.06
4 0.016 0.05 0.03
5 0.041 0.76 1.04 0.12 0.12 0.04 0.04
6 0.056 1.18 1.36 0.13 0.13 0.06 0.06
7 0.049 0.91 1.83 0.15 0.15 0.15 0.10
8 0.057 1.15 2.07 0.16 0.17 0.28 0.24
9 0.063 1.24 2.21 0.18 0.17 0.49 0.45

33 MIASHEXTEZMEARSH

33.1 TNT HEXNHIFAF M
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Damage Characteristics of Highway Simply Supported Steel Box Girder Bridges
under Near-Field Explosive Loading

SONG Yumin', QU Shouyi', LIU Haiming

(1. School of Urban Rail Transportation, Shanghai University of Engineering Science, Shanghai 201620, China,
2. State Key Laboratory of Bridge Safety and Resilience, China Merchants Chongqing Communications
Technology Research and Design Institute Co., Ltd., Chongqing 400064, China)

Abstract: To study the damage characteristics of simply supported steel box girder bridges under near-field
explosive loading, software LS-DYNA was used to establish the finite element model. Numerical validation
was carried out for the steel box girder scale model, and the reliability of the numerical simulation method
was verified. Damage simulation was carried out to explore the damage characteristics of the steel box girder
bridge with different explosion loading cases and locations. The results show mainly local damage of simply
supported steel box girder bridge under near-field explosive loading, and is mainly manifested as top plate
failure, bottom plate failure and partitions deformation and failure. The top plate is the most serious failureis,
which is affected by the direct impact of the explosion loading. The explosion location exerts a dominant
effect on the failure of the bridge, and the failure area of the top plate at the location without diaphragm
restraint is increased by 50%—70% compared with that at the location with single or both transverse and
longitudinal diaphragm. Moreover, the stiffening ribs on the longitudinal diaphragm will reflect the shock
wave, result in shift of the bottom plate crack. The maximum crack center shift is 0.5—1.5 m in 500 kg with
the increase of TNT equivalent. Therefore, the protective effect of the diaphragm and the stiffening ribs is
criticle for steel box grider bridges design.

Keywords: near-field explosion load; simply supported steel box girder; explosive equivalent; damage

characteristics
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