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Abstract: As common structures in hydraulic engineering, the arch structures may suffer from explosion load during their
operation life. In order to explore the dynamic response characteristics and failure features of reinforced concrete arches
subjected to underwater explosions, two reinforced concrete arch specimens were fabricated and underwater explosion tests
were carried out. The tests consisted of two groups: external explosion and internal explosion. 10 g emulsion explosives were
used, and the minimum distance between the explosion source and the structure was 10 cm (the explosives were placed directly
above or below the arch). The time history curves of water pressure and structural acceleration at typical sections of the arches
during the explosion tests were recorded. Based on the Arbitrary Lagrange-Euler (ALE) algorithm, a multi-material dynamic
coupling model, including air, water, explosive, and reinforced concrete arch was established. The initiation of explosive, the
propagation of shock wave, the interaction between fluid and solid, and the dynamic response of the structure were considered

in the numerical model. The reliability of the numerical model was verified by comparing the numerical results and the
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experimental results. With the calibrated numerical model, the difference of dynamic response of reinforced concrete arches
under external explosion and internal explosion was further studied. The results show that more energy acts on the concrete
arch, and the structural response is stronger when subjected to internal explosion. Large cracks occur at the vault and waist
induced by external explosion. Compared with the external explosion, the number of cracks significantly increases under
internal explosion, and cracks also appear at the spandrel. The ability of reinforced concrete arch to resist external explosive
loads is significantly stronger than that of internal explosive loads although the explosive weight is the same. For concrete
arches that are vulnerable to external explosions, high strength concrete or reinforced reinforcement can be appropriately used
in the arch vault and waist. For concrete arches that may be subjected to internal explosions, protective nets can be set to make
the explosion occur at a longer distance away from the structures, or high strength materials can be used to resist the overall
deformation.

Keywords: reinforced concrete arch; external explosion; internal explosion; underwater explosion; blast resistance.
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Fig. 1  Arch structures in hydraulic engineering
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Fig. 2 Specimen size and reinforcement (unit: mm)
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Table 1 Concrete ingredients per cubic meter

ok Hit/kg fic & Ll Hrk
KU 428 1 P.042.5
KRS 728 1.7 0~3 mmHife
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K 167 0.39 A F kK
WK 5.56 0.013 RIRMRAY
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Fig.3 Layout of blast test
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Fig. 4 Section division of arch specimen
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Fig. 5 Explosive and measurement point arrangement (unit: mm)
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Fig. 6 Numerical model of reinforced concrete arch subjected to underwater explosion (unit: mm)
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Table 2 Explosive parameters

py/(kg-m™) D/(ms™) pe/ GPa m/GPa n/GPa R, R, w E/MPa

1630 6930 21 373.77 3.75 4.15 0.9 0.35 6000
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Elastic tensile strength

&7 RHT BRI AL
Fig. 7 Failure surface of RHT model™”
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Table 3 Concrete parameters of RHT model

2 HufE 28 B 24 Bl
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YRR LS 0.18 REFRSHB, 1.22 B IR R AR IR R B 0.5
B G,/GPa 17.21 RE I RSB, 1.22 B SHD, 0.04
MR Jip/MPa 30 RETTESHT,/GPa 35.27 TR 5D, 1
JESEIE Ip, /GPa 6 RETERSHUT/GPa 0 /NRBUN B €, 0.01
SR AR e /s 3x10°° Ky S44 1.6 AT S84, 1.6
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Fig. 8 Comparison of water pressure between experimental and numerical results
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Fig. 9 Comparison of acceleration between experimental and numerical results
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Fig. 10 Propagation process of explosion shock wave
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Fig. 11 Change process of maximum principal stress of central longitudinal cross section
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Fig. 12 Axial strain time histories of steel bars

4.4 HEHEE S

] 13(a) S T AR KE AT N AR E P FR G o0 T TR SE - HER ShREI RE N e o mTLUE s, SMER AN &6
R KT 2 | A 5 4 11 2l i 722 A BT AR — 3 R ey 2 o o T TR OB R 0 20 BB A AR R A B [ PN 3k B 0
{H (=0.2 ms), M5 38 T B 7E =0.5 ms B, ZhAB AR W NI, ORI FEL BRI, 4625 J8 FE Y
TR U - AR P BSF () P AR AR T B s A I s, S B8N B D 1R] A B WA (EL; SRR JR AR sl 1 SR
S E B REPL T T R SR, A5 A A S A [ s N R . MR REZG S AR, AN AE T IR 1t
) S BV (E ol 249.85 1, 117 PR KE T TR %E - HERY Sh BRI (Al 408.46 J, AR KES A ShRERY 1.63 £i%,
PR R AR K 5 45 ) 114 3 R e L I 8 DK T AN KB , 10 B P SRR K T 5 RS HE I &85 440 194 3 7 o iy B 8 KT
G K i 85 | 1) i i

P 13(b) k4T R PN 8 A7 28 A FH T LI 45 44 11 P B B T 8] 1 2 Akl A, T e 7 24 FH R IR
B+ HE 1 P BB AR fb I BEAS A W], (E P 0 A A 285 RS 9 VR B - PN BB W B J K T AR AR A T . A
PR T IR EE - HER I BBIE A 1055.69 T, PIFERKE T IR BE +HEAY N BEIE(E N 1698.37 J, INTRELE Tk
BE - HED N BENSMTERKE T 0 1.61 £, S BUNFRERE T S50 7 A TR 0 AR T A R A

420 1 800
Test A-1
2 Test A-2 2
> >
%‘) 280 %" 1200
8 5
2 =
S 140} 5 600}
Y, =
0 4 0 1 2 3 4
Time/ms Time/ms
(a) Kinetic energy time histories of concrete (b) Internal energy time histories of concrete

K13 ke b R IREE L I RE R 1L

Fig. 13 Energy time histories of concrete during the explosion
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Fig. 14 Deformation distribution of the specimens
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Fig. 15 Specimen damage process
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Fig. 16 Damage distribution of reinforced concrete arches subjected underwater explosions
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Fig. 17 Comparison of damage results between experiments and numerical simulations
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