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Abstract: Reinforced CWRQ arches are common structures in engineering and may be subjected to explosion loads during
their service life. To_investigate the influence of detonation location on the dynamic response and failure characteristics of
submerged RC ép{pre‘cimens were fabricated and underwater explosion tests were conducted. The two specimens were
designed and caft‘w‘th)identical concrete mixture, reinforcement arrangement and curing conditions, so that their initial
mechanical properties were kept consistent. The tests were divided into two groups: vault explosion and lateral explosion. In each
test, 6 g TNT charges were used, with the standoff distance of 10 cm from the arch surface (the initiation points were located
directly above the arch, and at 45° on the side). The charge was carefully positioned and fixed before each detonation, and the
same explosive weight and standoff distance were maintained throughout the two groups, so that the detonation location served
as the only controlled variable. Pressure and acceleration time histories at typical sections of the RC arch were recorded by sensors
during the tests. The sensors were connected to a synchronous data acquisition system, which captured the water pressure acting
on the arch and the acceleration response of the structure at the corresponding sections. A multi-medium dynamic coupling model,
including air, water, explosive, and RC arch, was established based on the Arbitrary Lagrange-Euler (ALE) algorithm. In the

model, the air, water and explosive were represented by Eulerian elements to accommodate large deformation and fluid flow,
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while the RC arch was meshed with Lagrangian elements, and the interaction between them was implemented through a fluid-
structure coupling algorithm. Suitable material models and equations of state were assigned to the respective media, and non-
reflecting boundary conditions were applied at the boundaries to simulate the infinite water domain and to prevent artificial wave
reflection. The numerical model was verified through comparison with experimental results. The simulated pressure and
acceleration time histories, together with the predicted crack patterns and failure modes, were compared with the measured data,
and good agreement was achieved. Based on the validated model, the dynamic response of RC arches under vault and lateral
explosions was further analyzed. The results show that under the same explosive weight, the damage to the structure caused by
lateral explosion is greater than that caused by top explosion, and the number of cracks increases. Under the top explosion, the
structural deformation is relatively symmetrical, mainly concentrated in the arch vault and arch waist, while the lateral explosion
causes asymmetric deformation in the horizontal and vertical directions. The response is most severe irthe areas directly opposite
the explosion source and the arch waist on the far side.

Keywords: reinforced concrete arch; underwater explosion; explosion location; dynamic respons¢;idamage mechanism.

EEUTERT, FERLeEMHERY, HRMEFRR B o L TSNS
JR RN RS, Xk B A Y 1 2 A R S IR SR T AT BT R AR Ol N v - g g PR
RUFHIZ VRS, £ TREFARZNA, AR B0 R BB 12T B 2w e, (2
A G AR VT 7R HME LA ORI R 7 A ) ey R R D N o s g A s VR e A SR e A
R BB R TS AN AL, JEHBRZ AEXK T T oL R GEle et -

H BT B S M I E RSB T, E B R /A A 25 T o 7B IREE T 1 5 B
M, RGWTTT T 45 BRKEAE T T 05 VR e - i S sl s i N S AR, R TR TR
T SRAE . AT E L S R R B A TR R RE BRI . XD B AR IR AT 1 TR SR T
S NI EY = e 2o A D TR S VA T BN Pt s a0 1 R N4 B s T R PN K e S ey e E
SCHF. Meng SFPNEN BB IR R 13 VECE RKES) Sy m SR, JFR SR BT T B T
AR AR . Chen S5UOJFJE 7 ANF 2 & TNT KEZ I NI R AE R, 457 T HE I
JSAR I IHE P e R A 5 B 3 AR - Xiao SIS e 4 RO TR B AT T AR B e AR A 1
B, JERLLEER T H BRI AR B E S ZE R, R TP AR B R T
BUEHLEE . Shan SE2NE N B e 5 AFBR e 7, RGEVEAN 1AW T BU7E 2 b Bl K E R IO RSOR
R NME 0%

SARREERLL, AN REERE NG, HIFIE LG 28R G5 M35 i ™ AR N4, AR
FHOGIE T K NEIE N SR DURMEBEITE T . Zhao SEUSIFEFE T 25 FRORIZK R B2 X 4K T VR sk
ARG R 5 P T fd g F T 0 5 VG e AR PR B PSR T [ S5 A 24 2 R g . R
HAEUSER ] Abaqus A RIRS GVEWTIT 17K TR b ek ir B F R A AT VR G AR K B O, T T
SONA SR AT ) E AL R R TR AR R AR R, R EESL 1T Kriging B B A A
TN T3 3 o Clign 250758 1 B BRI Tt 70 177K I B 2 KR A 8T 7 2 A A VR e A 454
D3, FEARIE SRR e 11 S IR R LR AR 0, SR I RO I A . Zhuang 55
(813 i GCIRAIE 7T 1 7K R KA P T B0 A TRt A AR 30 g Wi SRR AT AR A, PP 7 R AR Sk IR %
GVERE. EIRKSLEEIT XTI K BN B0 N A A TR e LA ) 30 7 g i B 5 RS AR AT g T
Fo FFFRW TARRL BRI VAL ik EEESERORE TR B, KT B S AR R DO S Sk 0
T T T I AR AR AR X3, FLAB R I R 2 S U P v ol A R e K D S B 3B
S5 R o A 2 SN AR A M B F BRI VR T 1 3K T R A A R M
2w N SR, SRR ISR W B 0 B AN B AL, HAEARIR] TNT 28T,
S0 TS L 1 T A% B 9 ™ B . Yang S22 I IR A A AL, B E T K N RRIEVE R R AL
FIPTERIERE, JEootr TAEAE . BIEALE . SLORST . SRR G L o8 S S iomg . SRIM, Hx



wmOoE 5 &
Explosion and Shock Waves

IR T B AR K R AT B R B T AR R B =

ARSI K T IS FE 1 T AN (U8 26 A T 4 A T et = 43 0 30 g o 2 RSB0 A R . AR
T2 BN R aE L BUARE, TP VK PSRRI AL B AR T A i pUs E RE R e, sk AR Tt
SER BRI TS RE 2 R BRI IS R 2 B M i 5800 22 TR A RFAIE . A ALE ity 140
H R e L BOK T RS Wi B BE AR, JRSS & IR S R BT 790, BT I8R5 A B e A
R, BRI T R P AR R . AT AT DU RE R A R . ARG RUR AT B K 1Y
KU BT ES %

1K TNEE R E

1.1 $NER BT HIR

AARIG LB TE 7 P HAN VR HA A, W 1 FoR. RIS BT, AR A R i R
2 GG, DORIER 2 e ifkie 523, 2% 7 RBURN B 2 3B AR 2 Hik
W4 400 mm. #M%E 480 mm, HEE 80 mm. %E 250 mm. 7EF42 40\ mindbAE EHS 6 mm [
HRB400 X/, FHAFRFAMHIAEE 100 mm. 5587 1805 (] 2R 120, me N8 37 7 KRB ROk L2
1, R¥IEFR 1 FHRECAEE, HIPET 34 150 mm X 150 mm X 150 mmigR Az 7 74 R Bt il A4 3E 4T B 15
Ygses, MASRE LR FPUE®RE N 40.7 MPa. 7EGSFEN, FHASIREN, IR EEA R
H-FEOEHE . XTI . AR R AT N Tk, (RUESTR ML B4 B R . TREEEAHE R
SR TAERN 47, IREGIT AR5, DA IR N B0 se ol s a4 = A= LR R s AR R a, AT
PR TR I St 5 S h e BV . WRITERUE AP 78 55 ORI IR TR 9, IR D UR R
e A, B RVR B B 1 P B AN S SIS R T S B, I B, B
IR E NI, FEATRREE 28 R UL BITKTR» DAARIE VR &E T am B 78 70 K

Bl 1 R ARG mm)

Fig.1 RC arch dimension (unit: mm)

=1 ORBLER

Table 1 Amounts of each cubic material for concrete

M ST R R kg fic &t ] FE
K 428 1 P.O42.5
IR 728 1.7 0~3 mm Fift
e 1047 2.45 5~15 mm Fifz
K 167 0.39 A= YN
PR 5.56 0.013 R

1.2 i3 vt

BIRFEEAR 2.0 my IRFE 2.0 m EAETEEEREPOTRE, MRAERERIIAE i, s E A e
RN, SUAALRIARE 2 BIZH, Wl 2 Fro. WBERKEEN 1.2 m, B IREISOE, e KEZ L
B B3 JXELANIN mi A B, 16 o B I o A R A ) A S B Ml A R AR A ol R R
LM N e LR 52 B K FT RN o B SRR 2R B S X TR B, RRBCR L AN
22.5°, MMITERAGA SR, T 22 AR s gt 4 A i e % T30 A-1 (TR T



wmOoE 5 &
Explosion and Shock Waves

BL, KIS AU PLL P2 G35 E T A UPLBE S 1A SRR, SR B 08 bl SRR I ph e A
N INARIZE S, MRS B e O 5 SO R P3 R P4 3334 B T Ha A1 Hb (04T, ]
DU S b R A A A R v () R D BRI A . I EN A AL A2. A3. A4y AS A E T
V. S\ Hb' Ha'l Ha [ HEHE, 6 H IR SR AU M OCBEA ELAE ph e r BAE PR 102D W Lo % -3
A2 (IR LOL, i FHRIROL B R A, gt ki S e B AT B R, DAL K
FEJJ U P3 P4 AT E T Hb AV AR, LS R 0 S ) A S b e A LR L
o [, DL AT AT~AS 4050 E T S\ Hay Ha's Hb K& V HITFREE, FEN A5 5 b
FAGAE T FARDCRAC, AT 885 SE HE R S R EE R TEAN R T O L (KB UM NL 22 5% . 6 g TNT HE 2535l
BT HE LT A 45

Acceleration

sensor
O (c) layout of equipment
Kl 2 15 A B

& Fig. 2 Layout of blast test
Air
VA

| sid
/ Z~ xplosive Water
P3

\

P2 §I*

480

Bottom py

120

(a) Specimen A-1 (b) Specimen A-2
B 3 JEZGFIIN s AT B (AL : mm)
Fig. 3 Layout of explosive and measurement points (unit: mm)

x2 TR
Table 2 Types of operating conditions



wmOoE 5 &
Explosion and Shock Waves

N TNT 4254 /g e 0 AR B /om R~ /mm
A-1 6 0 10 960x250x480
A-2 6 45 10 960x250x480

2 BRI

2.1 FERRR

K IREAE F N AN VR T I PR e e AL R 2R, SR BB AL 5 iR 38 AT
B, FFAE BN IE R RN AN [F] TOLEEAT 1 5. 128 BE T Arbitrary Lagrange-Euler (ALE)HE, WG
A K MRS AN R RS, i 4 BoR. 2R AKRUEZ R A Buler MRS JREE K
Lagrange M#%, iBid*CONSTRAINED LAGRANGE IN SOLIDRASZ IR i 44 F1 A4 22 1] 1k B A FH
5K FH Beam 70, SiREELRA B NS, 3% 2 (Al i [ 422 ST AR A {7 & Buler 381 R~
WHE N 1500 mmX1000 mmX1400 mm, KSR/ 10 mm; JREELANPIHIRTEHI M504 9 5
mm. VEZ5RAARF 0 $k, it <7 *INITIAL VOLUME _FRACTIONCGEOMETRY & Y. J9fi
B, FEFEHLBIZRIE 60 mm AbXHTT ASMINALRE LI,  FE35 58 3] fE BERC Sk 208 I 25 1% 9% ) V& (e WA
SREY, X4 R AR A o A RN, [RIRAE Buler SAMR T E L KU IO, RS HERE KT .

Non-reflecting boundary

4+

Air (Euler)

00T

*

Water E)7)losives Water (Euler)
TS

S »
S Concrete (Lagrange)
. o N
+ Fixed constraint S
w yT . / Explosive (Euler)
Z/\-
Rebar (Beam) :
240 57 TR o BEEUE AR R (7. mm)
Fig4Numerical model of the RC arch (unit: mm)
2.2 PR BRI S A

NPRAE N I R B PR SOR O HER 1, JRAETHSRE I S5 R (B AR S 3P, AU
T MRS BURNE BT o A SC T, 235K 3 mmy 5 mm A1 7 mm =R RS EIT U . E 5(a)
2t T AR RO ARSI (V WD AL s i B A 2k 5 5RRN, BB A% R 1
Ko DN VAL IR SZHT/N  Fer, R ST 7 mm i, JnidE M BT EAR T 5 mm A1 3 mm
PIRRE O, AR RT3 AT BESZ M oy Wi 2 (O RAUURE B s 10 5 mm 5 3 mum A% RS IR0
2 AR B MU BON IR, RWITHE AR CRARTL B WA IS 8] S(b)ga T AR A RS TR
et BRI, ARG, BB RSTER, SREREZEWEN, Hor 7 mm RS
REREWIEART 5 mm M1 3 mm, [MJaMWEBUEBOVEGE, BHTEE— DA T 545 R sz
N B 5c)fs T ARME RS TR m & m it AR08 3 mm 15 mm i,
PR AR T AN TS R I A AR 5 T A BOARAL, RIITHE S R OB TG P RS EKE 7 mm i,
U IR i 1 07 DX ST AR W ), SREE EA 98 FE W B4 A . ZR G LA B MW, ASCHRZARA 5 mm
IR R



wmOoE 5 &
Explosion and Shock Waves

10 800
—— 3 mm
0 — 5 mm
> S 600
%3 >
= 20
g 5 400 F
— [0}
20 =
5! — 5 mm
< _5 1 1 0 C 1 1 1 1 1 7 -
0.0 0.2 0.4 0.6 0 2 4 6 8 10
Time (ms) Time (ms)
(a) Acceleration (b) Total energy

5 mm

(c) Damage
K5 s ORI MY
Fig.5 Results of mesh sensitivity analysis

2.3 RIS
2.3.1 wE L

FRNEAT 3T TR BE AR B DI N — NI AR MR, AR BE R I RHTESA RS
RHTE O 72 S T X i e 34 F BRRE L 5 M sh s i SEAI BB AT NIIBE AL, o — T B
P v AR AR VR e R ARSI, BRIBASUT M S AR N A BEAR AN L FLIE S S B R 4 A B AL
W, BodE G RR K T BRYEG R TR AR 2B AT . B S HUNIUE 225 A SOk
26:27), F45 G AR BE L REARIS S5 BT B IEMIE . B8 EESHUR G SSHT L R AT B, ¥
RISSEIE T HIARFLRGSE DV NAR A R S B IR RHTR R AR R C R g, RS HUILRS.

RIBRRIBH
Table 3 Concrete parameters

S WU ZH WU 24 B
PUE S fQMPa) 40 REHTESH B 1.22 RIEAG AL ZE e (s) 3e+25
P po (kgrm™) 2400 WRETTHESH T (GPa) 35.27 AR AL eere 0.5
WILAFLIRE ao 1.09 REHESH T, (GPa) 0 Z WS4 4, (GPa) 35.27
FLBRFEFREL ap 3.0 KM S4 A 1.6 2 S4L 4, (GPa) 39.58
P GRELE £ 0.13 RAMIEH N 0.61 Z IS H 45 (GPa) 9.04
BY i BR L £ 0.2 B TS5 0, 0.6805 REFHFESH B, 1.22
BIIME G, (GPa) 17.21 DM RREB 0.0105 i Z4 D, 0.04
T 7] P (MPa) 30 R Ve ES RN 0.0285 Hitita 4 D, 1
JESLE T P, (GPa) 6.0 PR AR FE AL B, 0.033 BN R BN enmin 0.01



wmOoE 5 &
Explosion and Shock Waves

SHERAM N AR gy (s 3e-5 JE45 R IRH S350 Go* 0.53 RS Ae 1.6
SH R RAER eor (571) 3e-6 hrAdJE IR TH S50 Gr* 0.7 FRARTMHEEL N 0.61

RPN R o (s1) 3e+25 BY VI E AR R A X 0.5
2.3.2 M5
KH Cowper-Symonds #&  RSIFE RN 77 R AE LR MEAT N, TR TFEE LA

.1
o, = {1 + (&4 }(a‘o + ﬂEPge"") (1)
n

At o, NEDETIRGRIE, EARAEHR, 5 ASERBY, B MPMERNE, 2 ARAERIEN: o
AHIEIRIRRL ), TEALZ 5B BEEN 0, o7 S SOBYERAS . W36 ARG bk 2 50 S0
% 40,

=4 WHSH

Table 4 Reinforcement parameters

RIS HE p/kgm? BPERIE E/GPa JAMAEL o . JEIRSRIE o/MPa  V)ZEAHE G/GPa
A 7850 200 0.3 400 2.0
23312
TNT YEZ5 ] Jones-Wilkins-Lee(JWL)IR 25 /7 FEBOHE IR, L 3K P
pe=m(1—i)emy +n(1——w ]eRZV 4 0E (2)
RV R4V V

HF: Riv Ryv v m M n FoR SIEE A R AU E " p. WEEERIE T, V9 TNT BIAHXAEAR,
E NI AL IARURSSRE: D NBEIE, Poy AMEE CUIRT. MEAHRAMESHIZE 5.
=S WEAHBH
Table 5 Explosive parameters

BE po/kg m HEE D/m-s! C-J J£ 77 Pcy/GPa m/GPa  n/GPa R, R, w E./MPa
1630 6930 21 373.77 3.75 415 09 035 6e+3

234 K
KH Gruneisen JRZS 77 FEBI-RIFAK A, H/KAT LIRS

poczu[l +(1 —2)#—3#2}
3

& 2 e o
{1—(51 ~Du-S, #/‘ﬂ -5, (ﬂi‘rl)z
KA T R AR AR <
v =pCPu+(y, + ap) Ew 4)

K po WAKFIET), C=2417 m/s, LR vev, M&RIEEE; S1=1.41. S$,=0 Fl $;=0 AR 2 25
y0=1.0 H a=0 NIBIESH: B4 u=p/po—1, pe=1000 kg/m3 N/KHIBEREE, E. NKEARARF A fE .
23574

FEARSRE TR TR, RHEMHEZ ARSI FEP A

pa=C+Cut Cz:uz t+ C3ﬂ3 (G, + Cout Celuz )Ea (5)

K pa NERET, BECov Civ Con Civ Ce¥99 0, Co M Cs N 0.4; E, N UARALAAR P RE,
JRAGEE p=pi/py—1; p1 NI TE L, poy AWIIR T UEL .



wmOoE 5 &
Explosion and Shock Waves

3 SHERUER

3.1 KFIRIEE 77

Kl 6 Jerr Tk A-1 &l UK g R it 2k, B ERTUE 7 S b 35 5 Sl e B A —
o BIESG, TR AOP2 W5 R e, B S R B BEE S IR S,
P3 5P4 P 5 GRS o PSS o VRS - AR R, JLE I B KT P2, P1 IR
WEAE 7K B /724 10.52 MPa, RIS N 11.83 MPa, MHIHRZEA 12.5%. P2 KIRIGIE(E Hy 40.48
MPa, EALIEME A 44.79 MPa, HIXTIEZEN 10.6%. P3 BRI A 14.94 MPa, HUEBIEE
N 14.04 MPa, MHXTIRZEN 6.0%. P4 [FIGIEE A 8.17 MPa, HUEMILE(E N 7.52 MPa, X iR%E
N 8.0%

12

—— A-1-P1-Test 451 L AA AN -P2-Test
— A-1-Pl-Numencal —XX-T-P2-Numercal

Pressure (MPa)
Pressure (MPa)

LN L5 1.0 1.5 20 0.0 LI 1.0 1.5 2.0

Time (ms) Time (ms)
(a) P1 (b) P2
1% 9
——— A=]-P3-Test ——— A=]-P4-Test
— A-I-FA-Numencal — A-1-P4-Numencal
£ 12r & Py
= = P
- 2 3 Fi
g I3 g .
7 of 7N\ 33 "\
= <
o =
i e 0 A
[LRV] 1.5 1.0 | ] 2.0 11,0 5 1.0 1.5 2.0
Time (ms) Time (ms)
(c)P3 (d) P4

6 X 1FA- 1156 5 H K I s E
Fig.6 Compatisondof experimental and numerical water pressure results for Specimen A-1

K791 A-27K T IS TR I 0 100 4 SR 5 B AL ADL 45 SR B, e rb ) P LA PAFE R e 72 o
TR, REERIFA RIS E S, (EHUE ISR 1SR m ) E Wl . 3% 2R RUAFERE rh i E
IR, ARG AL Re B« A B RS B SR R W AR I, IS BRI i R A RGE %
N e R i s AR e ) LT (RT3 S5 P2ANP3N i, PRI 3 O SR D W B il . BB A% 3 R B 084
PAN 1K) TR 25 BRI . PLIOEE AR E 9 11.39 MPa. P2I¥1i50 08 441.73 MPa, HU{E 541
UE{E946.46 MPa, AIXTIRZEN16.0%. PIRIIRIGIEE 94242 MPa, HUEABIIE(EN45.72 MPa, AIXS
RZENT.8%. PARIEUERINIE(EN15.43 MPa.

SRS, BUEBMER S uURIEEKE & RIF, TS RIAIXHRZEIAE20% LA, Bk 14k
(EARE R PE BRI E AT BT T TSt RIS, DORZE SR,  HLGE R AR AR Ik 1 2 30 A= PHLRR 2%
R, R I 2 GRS AI B < B ANGRGT, A A s A T S R A R B W R 2 5, AT
GERE R B] DT N A 2 R



wmOoE 5 &
Explosion and Shock Waves

Pressure (MPa)

— A=2-P|-Numerical

(LR 0.5 1.0

L.5 X0

Time (ms)
(a) P1
—— A2-P3-Test
— A-2-P3-Mumencal
E
)
E p2 P
i ﬁ
=4 F3 Pl
o=
b,
0.0 .5 1.0 1.5 2.0
Time (ms)
(c)P3

3.2 iRE

K 8 JEoR 1l A-1 nis B i A i 2k )k 96 45
TR LE BRI [ R T U, R 2R
FREEERER . BRIG I AL AT A2, A3,

g+ 3.07x10° g. 1.50x10° g Fil 1.60x1
g. 3.98x10° g. 3.19x10°
2.94%. 10.86%. 3.91%.

57.91%- 64.00%- 82.41%FH,&1.

P17 R A-24R 50 5 R

Fig.7 Comparison of experimental and numerical w

0 g. HHRH

g 1.65x10°

Pressure (MPa)

Pressure (MPa)

as |

0

15 ¢

—— Aa2eP2=Test
— A-2-P2-Numencal

5

1.0 1.5 2.0
Time (ms)

(b) P2

— A-2-P4-Numerical

N
: Time (ms)
(d) P4
AWV

essure results for Specimen A-2

2.0

BAE IR . Bk b, BYERA G S FN
A I A I BRI, S AL R IR R kN, PR BN
5 Hhn g BE AR 53 )8 8.53%10°
S ASADLAE IK 0 R P 3 FEE VA 23 70 O 8.28%10°
g fl 1.79x10

g+ 3.59x10°

g, MRHRZEMKICH

88%%) [FIET, EHSEINEHE T LA H A2, A3, A4 FTAS Il 5500

10 N O.)-m Test
:::T) ‘A-1-A1 Numerical
=
< 5H Al A2
~ AS A4
g mm
£ N
S0 Py
S
<
_5 1 1
0.0 0.5 1.0 1.5 2.0
Time (ms)
(a) Al

10.00%7 1'1
ﬁﬁ%%ﬁﬁ%ﬁ@mﬁm&u@i%&&,ﬁﬁMEEﬁAlﬁﬁ%ﬁMT
20
A

al — A-1-A2 Test
20 —— A-1-A2 Numerical
E
x 2
=
.2
=0
5
Q
3-2
<
_4 1 1 1
0.0 0.5 1.0 1.5 2.0
Time (ms)

(b) A2



wmOoE 5 &
Explosion and Shock Waves

N

—— A-1-A3 Test 2 — A-1-A4 Test
) —— A-1-A3 Numerical ) —— A-1-A4 Numerical
'?3 S 1
x? X
g £0
= =
590 5
(0] 0)_1
3 51
< <

2 1 1 1 2 1 1 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (ms) Time (ms)
(c) A3 (d) A4
—— A-1-A5 Test

o0 —— A-1-A5 Numerical

=t

x

£0

=

5

3-1

Q

<

2 1 1 1
0.0 0.5 1.0 1.5 2.0
Time (ms)
(e) AS

8 W A-1 158 -5 B s 2 AL
Fig.8 Comparison of experimental and numerical aceeleration results for Specimen A-1.

Kl 9 Jear Tk A-2 ik B i A% ih 22 e 45 SRS EE R 45 SR AT EE . BRIl AT A2 4, ik A2
B TV P N R P Ve AR TR AR K T [R]— 7K, SR AT 2 5 — MO M2 ) e R v ke S U FE AL/
RIGH M A AL A2, A3, A4 T AS FIIEFMEEST A8 4.76 X100 gv 10.98X10° g, 2.13X10°
g 4.63X10° g 345X10° go XFRIFIEAEMIIEE N )y 5.58x10° g, 10.53x10° g, 2.41x103
g 4.83x10° g M1 3.83x10°  g. PIFEZIANMAXTIRZEMKITN 17.22% 4.10% 13.15%. 4.32%7F
11.01%. 5 A2 HHEE, Al. A3. A4 F1 A5 §I1RI6 S i B 045 43 79 B8 1
56.65%- 80.59%- 57.87%7F1 68:56%:

SRS, BUEEILS S5 W BRI G R, Sk 1 AR A £ i e S N T A R
ST LG, 0 [ e BB, T BRI B 5 A2 BT FE VA B R 38 . (RIS, A m) B AR I S T
PRURTI S AT FT A4 s A 75y T T 350 A A8 o A () B 25 (0 e A2 BIMSEAEARR R Sy — M, A

A3 PR 5 T TR R RAL B 00 s Ade B4 A-2 RS S ~F 3 W AE i A 5.19 X 10°
g, MM A-1 113,66 X 10° g mith 2 42%, R B[] X 51 J 1R RE A 235 g v J37 B Ay 5i S AN AR A o
6 — A-2-A1 Test 12 — A-2-A2 Test
“ab —— A-2-A1 Numerical “ah —— A-2-A2 Numerical

S3F S AS

X X 6r] a2 A3

0 n g A4f \

g: A2’ v A3 g: 0 e

83 A4m 3

< <

-6 1 1 1 -6 1 1 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Time (ms) Time (ms)
(a) Al (b) A2

10



wmOoE 5 &
Explosion and Shock Waves

N

— A-2-A3 Test 6 — A-2-A4 Test

—— A-2-A3 Numerical —— A-2-A4 Numerical

o
T
w
T

Al AS

A2 A3
A4

(=]

Acceleration (x10° g)
()
Acceleration (x10° g)

]
T
>
=
8]
)
9

1
N

0.5 1.0 1.5 2.0
Time (ms)

<
o

0.5 1.0 1.5 2.0
Time (ms)

(c) A3 (d) A4

4 —— A-2-AS5 Test

—— A-2-A5 Numerical

Al AS

A2 A3
A4

<
o

[\S)

Acceleration (x10° g)

0.0 0.5 1.0 1.5 2.0
Time (ms)

(e) AS
9 Rk A-2 B 5 B ek B2 AT
Fig.9 Comparison of experimental and numerical’aceeleration results for Specimen A-2
3.3 s
U A-1 56 5 BUE RS 053] P n B0 s o BEIEAE TR, sl R B i asn, i
15 £ A hAESE TN P X I AR T B TR AL TR 26 T o 2R, R PRBEIL SR - R0%%, LA
10(a); FETSHEI, IRA0BAL IR BRGSO AN 3, 4% hL iy TR e i sh A frho i iR
I, HBLRIVESAG, WLIE 10(b). R, HERIZIHCS $ET R R AR RS VR I S B R AT,
PR 0] 4 P T 28 T AR SR IR A, 38 17 b BB AL SRR 1) A
U A2 B S EE AR O A 11 Pros. BESR, SO (Ha BO mBL=Jf 514, m
3O (Ha'Bo WA - SR B 2 8%, BB Mt B 1 AR as . 2l in £ 0l )
BB, HERBRIER BURZBEJTING. NRE, MBI 1 ZER UK RAE, BRI AR FR I A,
O RE R TUAR RN S5 O . WA MCE G 2, RN R KA R BRE I N 0% 5 Re By
R RN, FEYEIR I T 2 B .

ey

Damage

1.0I

0.8
0.6
04l

0.2'
0.0

(a) Front surface

11



o5 e if

Damage

(b) Back surface
K10 1P A- 1k 5 5 TS0 45 SR L

Fig.10 Comparison of experimental and numerical damage for Specimen A-1

Damage

Damage

0.2I
0.0

Fig.11 Comparison of experimental and numerical damage for Specimen A-2

%i%ﬁ,Wﬁ%%?ﬁ%@%%?gﬁ%%%ﬁﬁﬂ%ﬁﬁoN?m%@%,ﬁ%migﬂﬁ
oa

M AR 2 T S A EANACTHE T, 88 T SR AR DTS g
JERE TS R T LR I S S, RIS AE XU S (Ha'BO) 7= AR hr

el P 4 R B R BTN

Ji iR de B R BERIATHEAT T 3E—25 08, BAERTUK N TR, MR T Bamzh 7
M 7 22 5 55 AR AL
4.1 BRI ER AR

K 12 JoR T TR S MRS R P ARk R, B IbERoR IRy, FERRR 1. WK
12() AT LAE Y, MEGE BT AR5, B A2 1 pfaipg DARR I 1% 2 JE BB 4R, 4 +=0.059 ms I,
i BB EBETOF K AL SR, NS 5 SR B 0 B A L 2080 1 TR 38K A
=0.097 ms I, JEAPGFEBEIFBEN T I KM o T oKARBE TR, 28 3112 45 4)Je T N A S
Sb RN AT FE =0.219 ms I, oK S 77 A AR 2 A HOKEI, SO, (R
WO 1R, S ECE KT RSN TE =0.279 ms B, $REF=YIME R HLTISZ e, 7EHETIRY
T K R AR LS IX

12



® o5 M &
Explosion and Shock Waves
t=0.097 ms ir [yt 0.2 19 ms Air t=0.279 ms Air [EE S
iﬁ‘;ﬁ,l Water Water iiﬁil
21.88 20.20
16.80 15.45

11.72
6.63
1.55
-3.52
-8.61
-13.69

10.70
595
1.21
-3.53
-8.28
-13.03
(a) Shock wave propagation under vault explosion
ir RSkl =0.239 ms Air t=0.299 ms ir [yt
s | Water i |

Pressure/MPa

t=0.059 ms Air PR

74.30 I
Water 66.03
57.76
49.49

41.22
32.96
24.69
16.42

8.15
-0.11

=0.059 ms Air (RSN

Tt 83.64 I
Water [
66.67

58.18
49.69
41.21
32.72
2423

15.74
-2.74

41.68
34.69

27.70
20.71
13.73

6.73
-0.24
-7.23

-14.22

24.40

18.92
13.45
7.98
2.51
-2.95

-8.43
-13.90

(b) Shock wave propagation under lateral explosion
P12 JR A v A H L

Fig.12 Propagation of the explosive shock wav
12(b) M1 H R b B LRI R . FTEAE Y, £ 0.0
FEAR VRN TR SE AL o b o P A% 1 22 X R ) S5 M 2R T
TEZIEX . B, EBeEE BRI Kk, FEIEX
B, MR HT R BEa5H 2 hE X K. 7E £=0.239 ms I, (f3
HHISZHLX . 1E 1=0.299 ms B, 24 XE g — 29
THU 5 O A R AR, (HOUAERAE R AL X

4.2 WERBR D
TR AT R T%%?@:ﬁ%iﬁﬁﬂ%ﬁ@%ﬂ%ﬁ’ PR SLAE 3R . B 13(a) 7R T FA-1

t

ST =0.097 ms B i U )
L OSSN,

MR 2K . 5 TR
e GRS R SR S R A T ST, TR
fﬁ%ﬁﬂﬁﬁﬁ&%ﬁﬁﬁ%ﬂ%%o

ANA-2FEX T T b (g S AR Wy T U (B RS 0 A7 o 5 RGN ERT AT T, P A- TR R A KT [ A1 A

R RS H IUAE P B (Ha R Ha I i) (28, 8 {E090.63  mmo FEN FHEMEFAT T, wlfFA-2 320

PRt AL T T R AEACT LS, SRS 0 1) H B L6 Bl ) S I (HLa T 18 ) % 573 — 0 44 B (Ha W )

» R LUEAE 29575 mmAN15.85 mm o <(URESEAT R HEGEMIFE AT J7 107 A S S 2 I A RN, I 0 A% 0

KTk \
g .

YA N Al ¥ Al
6 I/O.)\ ——A-2 e A2

¢ A ik\ 4 A ;// )
~

" A

N
f o \ ,
/RO N HAY

X-peak displacement (mm)
Y-peak displacement (mm)
[\

Of—# .
L . Yo\
2 L i 2 L L L 2 L L n L L
F Hb Ha S V S Ha Hb F F Hb Ha S V § Ha Hb F
(a) Peak displacement in X direction (b) Peak displacement in Y direction

K13 SRR 7 A
Fig.13 Deformation distribution of arch specimens

E13(b) o 1 i A-TMIA-2PEY J7 1) L SRS IR TRV A7 A% 0 Al o WTRAE HY, ZETIRRSRAT T, &
R [ 7 % H BLAE TE O BRI HE T AL, 0B 91.62 mm. AR SRAT T, oK R a0 8% BAE 55—l
PUEHa'Wr AL, WEE95.42 mme S AT DR, (0 S e A A T AR T, 45 S I
HRIVERS, 245 R 1 PR — (0 (4 BB DXk 5 JE AN AR T, DI S B0 AL B R (o2 4% S 3 1 K. ThidRR
AT T ERIATCARR IS FR, AR+ BETUR BB, AR T, BURLE AT A BL5 HR
DU EERIZE . AEXSFREOAE T, WEAR RIS S35 M0, 8 T 0 T R oz 0] 3 [ 3y 7 5 g f 22 o

13



wmOoE 5 &
Explosion and Shock Waves

4.3 HEHBEER DR

K 14(a) R T TR 5 MRS TN FREE -t RZhRE R RE dh 2. 7EPIRN oL T, $taftshRess
WS TEAR — 2. BEIEPh I, SRR FORENE K, Shfg gtk B, FlJs R ERahd g 5=
o, BIREPUE T £92 msfE, SUAE T FRIEEEIRGS, SEMEBARNROER IR BRI E . TURF T3
REUEME 158 T, MUIHRAEAE T 230 T, ZoTHtRI1A5Ms, RIS T HESE M 13 77 me N5 o
e

P 14(b) 7 1 THUB AN K 2% 1 T 00 5 VRS g Bk 1) PN RERE IR [B) 224 il 2k BRAETITOR S, bl
it VR gt BEAG A REIE RS I, BEJRIZHTE TR E . TR ARAE TR G L HE I Y REIE B 9437
T, e pE TR L S P REVE(E 702 T, ZONTHERINL.6145 . N AE ZEA0IH SRR NIAL RE AT
ARRE. BRNEREEIRL pP B AR A5, BORIUR R N RE,  RENE SREE ) IO E RS, R
I RAE VR e A RHE RN ph i TR AR D AN BE AR RO R . U N REIB R IR G A i T
7 RS AN R BRI, AT Al S PPty 5 ) (0 R i 234350 ey b DL RS 1 T s i il
THEZA AR, FRHMIREE AR,

250 Al 800
~ 200 — A2
=) 00 = 600
8 150 F &
Q Q
= £ 400
o 100+ =
£ sof 3 200
M B —A-1l
0 i 1 1 1 1 1 0 B 1 1 1 1 1 A-Z
0 2 4 6 8 10 0 2 4 6 8 10
Time (ms) Time (ms)
(a) Kinetic energy time histories of concrete (b) Internal energy time histories of concrete
K14 gLkt re R L
Fig.14 Energy variation of the arch specimens
:l: ~
5 &5ig

ARSI I BRI A BT ES T T AN [FE AR AL B 8 VR ek L R R 7K TR B 7 e R AR
RRHIE. B2 T CIRUE M BUE S R R E i A 1 BRI DL R B R AT T 0 R
g I

(1) FETALEJTWREEAL I 4N 5 TR gk - B K B XE S 70 7 23 BT A AR, 00 e s g WA % it i 0ég
1B 5 R0 S5 22 AT 20%,  UE B 7 A5 TR 3l TR g - ik 445 g o 7 AR5 2 AR AE 25 7 T P R S

() TUEFMN, MM RAXRY, KPR 3 B E M HEIE(Ha. Ha'), WE{H°50.63
mm; R E A RSE T, WEE 1,62 mm; G EAGLE LTI BTN, A R v 3
Vs M RRAE M AR RE T, PTG 2 [ TR B O A R s s

(3) MEFAE T, HEEER KRR A AR WK, K PIE(EAS.85 mm, REMIE(E5.42 mm,
TE X R U e I HHE U X Jame) . f oy W s B4R ELR Y 2 H R RN AR A, B REAN Y REVEAE 23 B £ N T
PRI LASEERIL61F5, RGBT E 2 e, HMGMRIEE R, X T 0] GeARSZ )
YEWIHESE R, N RN A PR RS . R R ECR A iR aE L, DLk SRR T 1R 8 ) AR AT
FRAETE .

S Ik

14



wmOoE 5 &
Explosion and Shock Waves

(6]

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

DUA A, BRAIMAH A, KUMAR M. Experimental and numerical investigation of rectangular reinforced concrete columns
under contact explosion effects[J]. Engineering Structures, 2020, 205: 109891. DOI: 10.1016/j.engstruct.2019.109891.
GAO Z, WANG G H, LU W B, et al. A new impact factor considering structural morphology for concrete gravity dams
subjected to underwater non-contact explosion[J]. Engineering Structures, 2025, 341: 120826. DOI:
10.1016/j.engstruct.2025.120826.

B, RO, REE, S, AT BE BREAE )T AR B LA VAL S MR RE AL HUBR BT T VAR D). ISR S M AR,
2025, 46(08): 190-200. DOI: 10.14006/].jzjgxb.2024.0668.

LI Z X, ZHAO W H, CUI J, et al. Research on damage assessment and performance-based design method for CFST
columns under close-in blast loading[J]. Journal of Building Structures, 2025, 46(08): 190-200. DOI:
10.14006/].jzjgxb.2024.0668.

CASTEDO R, SANTOS A P, ALANON A, et al. Numerical study and experimental tests’on/full-scale RC slabs under
close-in explosions[J]. Engineering Structures, 2021, 231: 111774. DOI: 10.1016/j.engstructi2020,111774.

DR, A, R, A5 AN LT ARG 5 2 SLIRRE L ARUK T e R 7 R AL S 45 A5 4 N[, R HE b, 2025, 4
5(05): 60-75. DOI: 10.11883/bzycj-2024-0239.

TANG C X, CAOK L, ZHAO Y, et al. Study on explosion-proof mechanism and damage level prediction of steel fiber
reinforced cellular concrete slab in underwater contact explosion[J]. Explesionvand/Shock Waves, 2025, 45(05): 60-75.
DOI: 10.11883/bzycj-2024-0239.

GALAL M A, BANDYOPADHYAY M, BANIK A K. Progressiye|collapse.analysis of three-dimensional steel-concrete
composite building due to extreme blast load[J]. Journal of*Rerformance of Constructed Facilities, 2020, 34(3). DOI:
10.1061/(ASCE)CF.1943-5509.0001419.

IR, FR-r, XDGE, 55, Ho T # 2 # U TR A ) R B S mi X 3R (0], Fe T2, 2021, 42(S1): 105-116. DOL:
10.3969/j.issn.1000-1093.2021.51.014.

HUO Q, WANG Y P, LIU G K, et al. Failure mode-andhnfluencing factors of underground arched structure subjected to
side top blast[J]. Acta Armamentarii, 2021, 42(S1): 105-116. DOI: 10.3969/j.issn.1000-1093.2021.S1.014.

XDGE, REGE, VE4E, &5, TR HOR S5 MR TURSEAF N AU Be)]. & REAMEL, 2021, 29(2): 157-165.
DOI: 10.11943/CJEM2020137.

LIU GK, LIU R Z, WANG W, et al, Blast resistance experiment of underground reinforced concrete arch structure under
top explosion[J]. Chinese Journah of Encrgetic Materials, 2021, 29(2): 157-165. DOI: 10.11943/CJEM2020137.

MENG F M, JIN F N, KONG X K, etal. Field test and theoretical analysis of a large underground arch structure subjected
to buried explosion[J]. Structures, 2023, 57: 105141. DOI: 10.1016/j.istruc.2023.105141.

CHEN H L, ZHOU J N{ FAN H L, et al. Dynamic responses of buried arch structure subjected to subsurface localized
impulsive loading: Experimental study[J]. International Journal of Impact Engineering, 2014, 65: 89-101. DOI:
10.1016/j4jimpeng.2013.11.012.

XIAO Y, ZHU W.Q, WU W C, et al. Damage modes and mechanism of RC arch slab under contact explosion at different
locations[J]. International Journal of Impact Engineering, 2022, 170: 104360. DOI: 10.1016/j.ijjimpeng.2022.104360.
SHAN Y L, ZONG Z H, RICHARD L J Y, et al. Damage modes and mechanism of steel box arch ribs under contact
explosion[J]. Journal of Constructional Steel Research, 2025, 224: 109115. DOI: 10.1016/j.jesr.2025.109115.
KLASEBOER E, HUNG K C, WANG C, et al. Experimental and numerical investigation of the dynamics of an underwater
explosion bubble near a resilient/rigid structure[J]. Journal of Fluid Mechanics, 2005, 537: 387-413. DOI:
10.1017/50022112005005306.

LIBRESCU L, OH S, HOHE J. Dynamic response of anisotropic sandwich flat panels to underwater and in-air
explosions[J]. International Journal of Solids and Structures, 2006, 43(11-12): 3794-3816. DOI:
10.1016/].1jsolstr.2005.03.052.

15



wmOoE 5 &
Explosion and Shock Waves

(19]

(20]

(21]

[22]

(23]

[24]

[25]

ZHAO X H, WANG G H, LU W B, et al. Experimental investigation of RC slabs under air and underwater contact
explosions[J]. European Journal of Environmental and Civil Engineering, 2021, 25(1): 190-204. DOI:
10.1080/19648189.2018.1528892.

FEWRZE, mill, S27hK, &, KN AR b AT A S A A R e AR B R AT (0], AR EOR, 2024, 46(19):
50-55. DOI: 10.3404/j.issn.1672-7649.2024.19.009.

TANG L Y, GAO P, PENG M L, et al. Analysis on damage characteristics of reinforced concrete slabs under underwater
explosion shock wave load[J]. Ship Science and Technology, 2024, 46(19): 50-55. DOI:
10.3404/j.issn.1672-7649.2024.19.009.

CHEN Z J, ZONG Z H, GAN L, et al. Numerical investigation on dynamic response of air-backed RC slabs subjected to
close-in underwater explosion[J]. Ocean Engineering, 2023, 273: 113962. DOI: 10.1016/j.oceaneng.2023.113962.
ZHUANG T S, WANG M Y, WU J, et al. Experimental investigation on dynamic responserand damage models of circular
RC columns subjected to underwater explosions[J]. Defence Technology,, 202050 16(4): 856-875. DOI:
10.1016/5.dt.2019.10.015.

EIRKSE, TR, EAaME A i K B NECE F T B 5 VR e AR AR 2 R BB RGN 78], VR T, 2019, (07): 32-
36+40. DOI: 10.3969/j.issn.1002-3550.2019.07.007.

YAN Q S, NING S Y, WANG Q S, et al. Damage effect for a typical reinfotced concrete pile under the near field explosion
in water[J]. Concrete, 2019, (07): 32-36+40. DOI: 10.3969/j.issn.1002<3550.201.9.07.007.

HEHL X, R, SE KT ERAMATIT I R T DUR RS K I B R[], RAE S b, 2026, 46(01): 75-88.
DOI: 10.11883/bzycj-2024-0332.

DONG Q, LIU J H, LI L F, et al. Damage characteristic ofi¢aisson gravity wharf subjected to underwater contact and near-
field explosion[J]. Explosion and Shock Waves, 2026, 46(01)75-88. DOI: 10.11883/bzycj-2024-0332.

Fz, 2N, ERKSE. I8k N AT B Rl A R Mr (0], JeTAE4R, 2023, 44(S1): 90-98. DOI:
10.12382/bgxb.2023.0717.

ZHOU L Y, LI X J, YAN Q S. Analysis on dynamic response of bridge pier under near-field underwater explosion
loading[J]. Acta Armamentarii, 2023, 44(S1): 90-98. DOI: 10.12382/bgxb.2023.0717.

YANG G D, FAN Y, WANG G Hgetlal,Experimental and numerical investigation on dynamic behavior of RC orifice
targets subjected to underwater/ explosions[J]. Engineering Structures, 2023, 279: 115541. DOI:
10.1016/j.engstruct.2022.11554 1

WANG P, JIANG M R, ZHOW_ N, €t al. Spalling in concrete arches subjected to shock wave and CFRP strengthening
effect[J]. Tunnelling/and\Underground Space Technology, 2018, 74: 10-19. DOI: 10.1016/j.tust.2018.01.009.

SU Q, WU H, SUN H'${ et al. Experimental and numerical studies on dynamic behavior of reinforced UHPC slab under
medium-range, explosions[J]. International Journal of Impact Engineering, 2021, 148: 103761. DOI:
10.1016/j4jimpeng.2020.103761.

RIEDEL W, THOMA K, HIERMAIER S, et al. Penetration of reinforced concrete by BETA-B-500: Numerical analysis
using a new macroscopic concrete model for hydrocodes[C]// 9th International Symposium on the Effects of Munitions
with Structures. Berlin-Strausberg, Germany, 1999: 315-322.

ZHAO X H, WANG G H, LU W B, et al. Damage features of RC slabs subjected to air and underwater contact
explosions[J]. Ocean Engineering, 2018, 147: 531-545. DOI: 10.1016/j.oceaneng.2017.11.007.

YANG G D, FAN Y, WANG G H, et al. Mitigation effects of air-backed RC slabs retrofitted with CFRP subjected to
underwater contact explosions[J]. Ocean Engineering, 2023, 267: 113261. DOI: 10.1016/j.oceaneng.2022.113261.
HERNANDEZ C, MARANON A, ASHCROFT I A, et al. A computational determination of the Cowper-Symonds
parameters from a single Taylor test[J]. Applied Mathematical Modelling, 2013, 37(7): 4698-4708. DOI:
10.1016/j.apm.2012.10.010.

16



wmOoE 5 &
Explosion and Shock Waves

[35]

YUAN S J, HAO H, ZONG Z H, et al. A study of RC bridge columns under contact explosion[J]. International Journal of
Impact Engineering, 2017, 109: 378-390. DOI: 10.1016/j.ijimpeng.2017.07.017.

LEE E L, HORNIG H C, KURY J W. Adiabatic expansion of high explosive detonation products: UCRL-50422[R].
Livermore, CA, USA: University of California Radiation Laboratory, 1968. DOI: 10.2172/4783904.

LSTC. LS-DYNA keyword user's manual: VOLUME II Material Models[M]. Livermore, California: Livermore Software
Technology Corporation, 2017.

WEBSTER K G. Investigation of close proximity underwater explosion effects on a Ship-Like structure using the multi-
material Arbitrary Lagrangian Eulerian finite element method[D]. Blacksburg: Virginia Polytechnic Institute and State
University, 2007: 223-233.

HAIL, REN X D. Computational investigation on damage of reinforced concrete slab subjected to underwater explosion[J].
Ocean Engineering, 2020, 195: 106671. DOI: 10.1016/j.oceaneng.2019.106671.

LE L H, GAO X N, WANG W B. Study on explosion effects of a spherical reticulated shell\wihderinternal explosions[J].
International Journal of Civil Engineering, 2018, 16: 1713-1724. DOI: 10.1007/s409994018-0323-y.

LIM H, ZONG Z H, LIU L, et al. Experimental and numerical study on damage 'meehanism of CFDST bridge columns
subjected to contact explosion[J]. Engineering Structures, 2018, 159: 265-276. DOI: 10,1016/j.engstruct.2018.01.006.

17



