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Dynamic response of flowing ice colliding with a sluice pier
under hydrodynamic action

YANG Tengteng, GONG Li, DONG Zhouquan, DU Yunfei, CUI Yue
(School of Civil Engineering, Lanzhou Jiaotong University, Lanzhou 730070, Gansu, China)

Abstract: In frigid regions, the construction of sluice pier structures within river systems is confronted with considerable
challenges arising from the presence of severe ice loads and ice-induced vibrations. The collision process between ice and
sluice piers is further complicated due to the intricate hydrodynamic effects exerted by water. The arbitrary Lagrangian-
Eulerian (ALE) fluid-structure interaction (FSI) method is employed in this research to meticulously account for the fluid
forces acting upon both the ice and sluice pier surfaces. A comprehensive coupled model encompassing the interactions among
water, ice, and sluice piers is established to thoroughly investigate the mechanical characteristics associated with ice-sluice pier
collisions under highly unpredictable conditions. Corresponding ice-concrete collision tests are meticulously designed and
conducted, revealing an exemplary concurrence between the simulated impact forces and the values obtained from
experimental observations. Upon analyzing the fluid-structure interaction and hydrodynamic effects, the present study
demonstrates that the water-ice-sluice pier coupled model adeptly captures the fluid characteristics inherent to water. During
the approach of an ice mass towards a sluice pier, the initial hydrodynamic effects initiated by the water medium effectively
augment the kinetic energy possessed by the ice. As the ice forcefully interacts with the sluice pier, the water medium swiftly

generates a transient high-pressure field, thereby establishing a phenomenon colloquially referred to as the water cushion
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effect. This effect is manifested by absorbing a portion of the ice’s kinetic energy, effectively dampening its movement.
Distinctive scenarios characterized by varying ice volumes and compression strengths elucidate that the ice forces exerted upon
the sluice pier structure directly correlate with the magnitude of the ice volume, while the influence of ice compression strength
on said forces is relatively negligible. The consequential damages inflicted upon the ice and the response exhibited by the
sluice pier structure primarily manifest within the contact area at the moment of collision. Consequently, the collisions between
ice and the sluice pier structure induce vibrations that are uniquely attributed to ice-related factors. The volume of ice
significantly influences the acceleration of sluice pier vibrations. Furthermore, under the condition of maintaining a consistent
ice volumes, an increase in compression strength yields only marginal discrepancies in vibration amplitude. This finding
convincingly substantiates the critical role played by ice volume as the paramount parameter governing ice-sluice pier
collisions.

Keywords: fluid-structure interaction; hydrodynamic; sluice pier; collision forces; ice-induced vibration
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Fig.2 Horizontal ice-sluice pier collision finite element model

1.3.1 [

YT BT R BAR, AR SCrh, DLBIAT P 52 1t BB S 1 A K TR 3T il [0 385k 191, 2% B 81 )38 5 ok
PR B AR P R B3 B ) 5 T 8, e B v AN SO R A T A PR DTSR 030 I SGA K v R 2 R, 1058
2.4 m, R R 0.5 m, #E/K KRR 5.0 mo 2N 1 23 B IRHECPE R4 b 7™ A= (4 3l e 15, DA PRTS0TER 6+ o 2
C30 1], 3 AL W AR RN SR RHE NI (4 454 477 Brittle Damage X TR 5E L B0 BHMAT 96), I A8 R &N
T SRR RN BE R , 0 AN R AR R NI B K e SORPRMB 20, A DGR RMBE R 2802 n gk 1 iR .

=1 EERHERS

Table 1 Material parameters of sluice pier”'
REEL MRS
%/ (kgm™) SRPLA i /GPa KA WHEPRIBRMPa  HUBTIBR/MPa  WERBIE/(N-m)  BTEMRES
2500 30 0.2 4.02 21 0.14 0.03
IREEEMRZH MRS
TRTRRIE FEJRRS)/MPa SRR GPa JE R 3/ MPa TRk E/GPa RAREAL
0.72 42 200 335 10 0.75
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Table 2 Material parameters of ice

R/ (kg'm™) B /GPa Ji IR J1/MPa SAMERE AR i/ GPa IRFUSE I /GPa PRBLN AR BT 1/ MPa

910 2.2 2.1 4.26 5.26 7.69x10°* —4.0
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Table3 Material parameters of water and air media

WA EE/ (kgm”)  EWUE /P BERHY(N-sm?) G, o G G G C; EJ/MPa ¥,
=R 1.1845 -10 1.844x10°° 0 0 0 0 04 04 0253 10
K 998.21 -1.0x10°° 1.790x10°3 1.0133x10°  2.25x10° 1.0

KB IVERTE, W x 507 138 Sl 0 vk R 55 ) 350RE 4l R v, F T A AE AR 5 R I KT R, e 4 UK
B KR XU AR T, AR KA T8 ) RS, BRI, K K R Tt R AN AT 2R, SR FH G
F*INITIAL_HYDROSTATIC_ALE & ¥ 55 J1 A B Fi K, HoK 2T 2 2% 1 1% 8 MR ifE KA
H (py=101.3 kPa), ]t He 77 35 & 0 Hs J3 WK TR 7= AR AR 2l , el e T 4R 3, 158 I 57t o &5t i A B @
100 N-s/m™*, [ 3(a) 25 T I ER RS R I # KR ) = 1B, S IBOR [RIZK BR 19 oK i g S iyl 2, o
FE 3(b) iz, NIRRT LA Y, KA e e RS T B 2 B4, 6 2 ik R 1 5K R e R,

0.16
——0m 1.50 m
Pressure/kPa s 015 e 325m —— 5.00m
147.7 & ' '
142.6 %
137.6 5 0.14r
132.5 3
127.4 g 0.13 Hylyy
1223 .- ‘
117.2 2
1121 -é 0.12 {
107.1 >
102.0 T 0.11H
96.9
0.10 ! 1 ! :
0 0.1 0.2 0.3 0.4 0.5 0.6
Time/s
a) Contours of pressure ressure-time curves at different depths
(a)C f (b)P i diff depth
K3 HFokET

Fig.3 Hydrostatic pressure
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Table 4 Flowing ice -pier collision conditions

T4 VK& /m UKk C K/ (m-s™) iNESATY VK458 %/ MPa
1 0.3 -8 1.5 7.2 2.186
2 0.3 -8 1.5 14.4 2.186
3 0.3 -8 1.5 28.8 2.186
4 0.3 -8 1.5 64.8 2.186
5 0.3 -8 1.5 115.2 2.186
6 0.3 -2 1.5 64.8 1.123
7 0.3 =5 1.5 64.8 1.825
8 0.3 -8 1.5 64.8 2.186
9 0.3 —14 1.5 64.8 2.615

10 0.3 -20 1.5 64.8 2.889
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RSFN 1.00 mx0.84 mx0.88 m, VK AF -1 ) SF 4 0.1 mx0.1 m, JEEJE 43 513% & 4 0.015, 0.020 A1 0.025 m,
Xif 3 S RE %) TR AT G S 5, () Ao AR A S 6 1A Y R T AT A BRI AT, AN TR TR
7 BB SR HEA TR HG, B0k vk RS A S BORTTR 5 1 AU S0 A A

Stepper motor

Data acquisition system
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Fig. 4 Ice-concrete crash experimental rig
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Fig. 8 Changes in water flow pattern and y-strain of water mediam at different times

P9 &yt 3L DK ol ] B0aed A A () B 220 ) 0 R K I T IS 1 T 2k, 35 8 o -5 K O 3 ) 40
T (HRE 55, A AL VKT 3 3 U T B30t A b, E IR 9(a) AT R, AL KR o B0 AR 2l i LA B2 B K RN 1 5
Wiy, PR TR . P 9(b) TR, i T IR AATE , U T /K iz 3 25 A, T8 K- 7K - IR SoRE 5 AH LA
b AR, Y K5 IR o 2l DX 8N KA B B — BSR4, (AR K I R P T, A e R
JEIRFNZY 3.0 my/s, 0 5 43 o 45 ik DX A K R BE ORAF AR 2 1.5 s

1.0 -1.0
0.5}
TVJ 0r Tm
c &
:i‘ —-0.5 E» Node number
2 8 o5 —— 5520
2 -0} e ——2970
= = — 250
st -3.0f
’4
—2.0— : : : : ' -3.5"0 ' ' ' : '
0 0.1 02 03 04 05 06 0 0.1 0.2 0.3 0.4 0.5 0.6

Time/s Time/s

(a) x-velocity of ice (b) x-velocity of water

P9 ANIRTH 20 4 74 O i B2 AR K

Fig. 9 Water velocity and ice velocity at different times
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