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The scale effects on the permanent deformations and fractures of structures subjected to impact loadings have been aware by
structural engineers for a long time, Experimental investigations have been performed with various structures to demonstrate the
effects, but very few are directly related with marine structural elements, Furthermore, the causes of the scale effects have not
clearly been answered vyet, In this study, to quantify the scale effects on the permanent deflections, lateral collision tests were
performed on steel unstiffened plates and the numerical analyses of the tested models were also conducted using a commercial
package, Abaqus, After the substantiation of the numerical tool using the test results, a parametric study was carried out
considering and neglecting the strain—rate hardening, Based upon the parametric study results, it may be concluded that the
main cause of the scale effects on the permanent deflections of steel unstiffened plates subjected to lateral collision loads is the
strain—rate effects,

Keywords : Lateral collision(2/55), Scale effect(=27]=21}), Steel plate(ZH), Strain—rate hardening(HYELSE A3}, Permanent
deflection(ZFLx%)
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Fig. 1 Geometry of models
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Table 1 Dimension of models

Model t« (mm) | A1 (mm) A2 (mm)
SE-3-1, -2, -3 3 800 600
SE-4-1, -2, -3 4 1,000 800
SE-5-1, -2, -3 5 1,150 1,000

note: * nominal thickness of plate

2.2 Q& AIH
OIZF AlHE AIHS KS (1998)0] 2t MZletm Al 2HI9|
=3 (0 )0t EEAT(HE 7| el A& AlRE TSI
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Table 2 Material properties

Plate t oy E

no. (mm) | (MPa) (GPa) Model

1 2.85 272 219 SE-3-1, -2, -3

Fig. 2 Free drop collision testing machine

Table 3 Mass and edge length of striker

Scale factor Mass (kg) Edge length (mm)
2 3.86 301 209 SE-4-2, -3 100 86 300
3 | 386 | 266 | 218 SE-4-1 133 206 400
4 4.85 267 203 SE-5-3 1.67 400 500
5 4.85 267 214 SE-5-1, -
3.2 E=48 xA
SIXE AlS
3. 38F =& Clekst £z0lMe] 27| antE Selsh| 2l Hst oIS

3.1 A8 &
2 70l ARBE XFHsK] SEAE JRIE Fig. 20M &
oiF1 Uk ol JEoM L 5 UKol FEAYE =
Testing frame, =, Z=A| 122 MXIA, Mofch 12|20 X}
2 Me|Ex|2 FMECE 2o 9e=0l= 3,050 mmo|1, MA}
Mo| a2 1.5 Tono|ct,
of|M AFBIR R0l 2 AEolM= =S| 37|dlof| 2| 3
R E=AHE AMSsIUCE AT A= 25 knife-edge
solely, S=xe| 2kt ZolE Table 3ol Mzl5i%ict =&
S=x| Bele| HEE2 15 mmolUcth. E=A2l edge length=
e BZio|(A2)e] HHtoz 5|91 2k scale factore| MF|
=H|2 g,

=
o) =1
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5P AFQICL 7H 2P S5 Mol Usizolet Ustzo|
Atgsto] 75+ H5 ST E Table 40l HelsIACH

Table 4 Data about drop test models

Scale Drop height Collision velocity
factor Mocel (m) (m/s)
SE-3-1 1.303 5.06
1.00 SE-3-2 2.000 6.26
SE-3-3 2.297 6.71
SE-4-1 1.299 5.05
1.33 SE-4-2 1.996 6.26
SE-4-3 2.299 6.72
SE-5-1 1.300 5.05
1.67 SE-5-2 2.005 6.27
SE-5-3 2.293 6.71
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il Table 5 Measured permanent deflection

Non-dimensiona
| permanent
deflection

Permanent deflection

(mm)

Z=AM8 M & model SE-3-12] #ALS Fig. 30iM 2 5
| Model

o ol & P1, P2, PRE SEME F AT A
FIAIE LIKED Sick PIt P SEASl % B3 T
Slxlo| P2 EQolct
M Kol 55 ST Tatle Sl HEIBHAC P
2} P3O ASE HAZS 22 d,, dy2} ST BYLP2)
3

7_|
oMol XMEZLZ d,,012F I

n

T ZQ

dl d3 dE dM 5E' 5M
SE-3-1 | 18 | 16 | 17.0| 14 | 0.210 | 0.173
SE-4-1 | 25 | 21 | 23.0| 19 | 0.208 | 0.172

oF ok

s

r

ol FollA o £ 9l=0| s} SE-5-1 31 | 30 | 30.5| 27 | 0.222 | 0.197
fHollM EEHC| BEQ= oI5l d, 3t d,0| Afol7} Wk of SE-3-2 | 20 | 21 | 20.5| 18 | 0.268 | 0.223
Hol= d, o} d,° BAZ d,002} 5k o] ZtE Eatelof Qict SE-4-2 | 29 | 29 | 29.0 | 27 | 0.285 | 0.265
ALK EIZHd)S FARIs) 517| 9laf Al (1) ARRSI%CH SE-5-2 | 43 | 40 | 41.5| 40 | 0.302 | 0.291

SE-3-3 25 | 18 | 215 | 20 | 0.266 | 0.247
SE-4-3 35 | 37 | 36.0| 36 | 0.354 | 0.354
SE-5-3 | 44 | 42 | 43.0| 42 | 0.322 | 0.314

04
0.35
03
(a) before (b) after & 0.25
Fig. 3 Deformation shape of model SE-3-1 02
0.15 ’ : ’ 4
| +-505m/s ®-626m/s —46.71mVs
d [oy 0.1 i : '
i=\7 M 1 133 1.67
Scale factor
047 |of| A (a) Permanent deflections at ends of striker knife-edge
¢ = Non—dimensional permanent deflection 0.4
t = Plate thickness 0.35
0y = Yield strength 0.3
E' = Young's modulus 50.25
S
0.2
A (1)2 FXRSE STHE S Top| ol AT 015 | : H
2 W T2 LD M2 SAZS DR 9 (/o /ES o | #-5.05m/s -=-626m/s —+6.71 /s
=ot Zolct, gE330| M2 CiE 2EE 20| H|We 4= UL 1 1.33 1.67
£ siAck o d)2 PRI} B 6,9 6,5 EEBICH Scale factor

Table 501 F0I&l ZEH2| oF B(5,)2t F2U4,, )0l 2 (b) Permanent deflection at mid-length of striker knife-edge

ApelsiEl HPHEIZIS Fig. 40 LIERHQICH 0 =M Hi= Fig. 4 Plots of non-dimensional permanent
HiQ} 20| CHEMOo 2 mulo| F7|7} HX|M DAl o3y deflections against scale factors

ot HES € + UCh sK|2t S555716.26 m/s0|1L &2

= gx' 7} 4 e 2 SE4 3] B2 0] BT 4. FX| olf4

7t %l?&'li} = °4-_r‘01|/\‘| TSl *EE'E*% il &= skss &4 si52 dh= P29 S5 SHol= M=o &4 Fs|
dk= H|EZ 2ol 37| g1 =Rlg 4= Q] (strain hardening)2t HEELET AsKstrain—rate)7} ¥ate o
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o y= Yield strength

¢”= Plastic strain
€ y= Yield strain

n = Plastic strain hardening exponent

ARl ARBE iZe| A E4A TEolA Al (1)ollAe] £
M dax|(nel k2 0.22 7FE3Ich Fig. 501 n2 0.282
sl Qo] A2 EAMS Qs FAMuMAlS T2loz |

2 =9 SH3Hol| &S nlxls HEE
&= 51l strain—rate effect)a 1245| £l5l Cowper—Symonds
of &M TMEXA! (Cowper & Symonds, 1957), Al (3), & At
S3i%ct o] Ale| M= -?— D,.2 q. & Jones (2012)7} |

Alet 40.42+ 5.0 22t Ef‘ﬁP

J

|

0

a‘if— Uy[1+(

0y = Dynamic vield strength

e’ = Equivalent strain rate
D., q,., = Material constant

800
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Stress (MPa)
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0 0.1 0.2 0.3 0.4
Strain

Fig. 5 Applied non-linear strain hardening relationship
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1,000 mmO|Z! &= 5.0 mmo[Rlend, =55+ 5.0 m/sO|
qich =9 AR 400 kg, Z0l= 500 mm 12|11 S=5
o B2 HiH0| 15 mmZ 71AsIct @40 7|2 me| &
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Table 6 Collision conditions for convergence test

o Striker
Model size Collision
(mm) vel. Mass | Length | Header
(m/s) | (kg) | (mm) | Type
1,000%1,000 500 400 500 Knife—
X5 edge

4.3 A oM 21t
4.3.1 oflL{x] H= ®F ol

Fig. 72 24 SE-5-39| E=A 230X |et E=A2l 2
Ho| T HIol|Lx|e] HEE 2oiF1 ot o XL
€ HlWsk= A2 0|0] Z=2Het 22 vlnld &AM
ool MZ|=E HIIske 7|F0[7| mZolct Eoh XA Aefol
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Me B9 230|UX7 25 TESHQ 5 HEHX]|
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Fig. 6 Results of convergence test
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Fig. 8 Deflection history of point P1 of model
SE-5-1

(b) Numerical analysis
Fig. 9 Permanent set of model SE-5-3
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Table 7 Comparison of predicted permanents set by numerical analysis with those of experiment

Collision velocity Model 5E 5M

(m/s) Exp.(1) Num.(2) | X (2/(1) Exp.(1) Num.(2) | X (2)/(1)
SE-3-1 0.210 0.227 1.081 0.173 0.210 1.214

5.05 SE-4-1 0.208 0.227 1.091 0.172 0.214 1.244
SE-5-1 0.222 0.237 1.068 0.197 0.224 1.137
SE-3-2 0.253 0.291 1.150 0.223 0.274 1.229

6.26 SE-4-2 0.285 0.293 1.028 0.265 0.275 1.038
SE-5-2 0.302 0.293 0.970 0.291 0.277 0.952
SE-3-3 0.266 0.303 1.139 0.247 0.287 1.162

6.71 SE-4-3 0.354 0.311 0.879 0.354 0.291 0.822
SE-5-3 0.322 0.318 0.988 0.314 0.301 0.959

o Folle HMEel FHiS MMl ASURE L0l X, 0l2f
1 51l 0] g LIERKICE 2B XMES| HP= X, o Edo|

1.0440|22 COV7t 8.35% 0|11, SYFo| Holt COve 242t

Ml

1.0842} 13.69%0|Cl 24 X
SERIN S Ziokst Iff $=x(5HA &l
= ACk SiX|oE ZAURe| A= FHE COV 25 22| 89
2ob 23l 2ollM HE SHAIMT A2 50| =[5 A{H
o| JiMdo| T == FEolct

7HMel 0x|= QUoLY, o] =20l AEist AMAS) HEE
L5 ASIE H|RSH FRI6HA 7S ARE510{ parametric study
Faiet 4= ok mekECE

on

ey

JB

]

5. Parametric study

5.1 7X| sija] 2H
I|EE AYs| /5 MY HAFolMe ME 2|9 He
0| J0{ FZ7[H|E 1.00, 1.33 22|22 1.672| B2t CIEAUCE

FolH|e] HAE O Ho|7| 2l & il THLE sHAT|
HE ALZsI0d FRGiAS TSI TX6iM 2Ee| HES
M Table 80l Hzlsl%Cl.

M2E Aoz NIl YEUT (0,)E 235 MPa, EMM
HZ= (A& 206,000 MPag ARSSIRACE T8 HS0l| Cigh H
YELEEO| Pakg Tsk| 2ol Cowper-Symondse| &~
M4 ol M2A D, o g, 22404 (sT)°t

oM ek HiRb ZO| 37| BIUE Sish| sl
parametric studyolliAl= 37[H|= 1.0, 2.0 32|12 10.02| &<
£ CIFQICE 2t 37[H|9] B 37|= Table llA HoiFdd Y
Cf. 7|22l 37[8|7+ 1.0 mel 2 7I2, Mz J2|2 FH7t
212+ 500 mm, 225 mm 2|3 1.8 mm o|c} 37|e|7} 2.0z}
0.0e| A<= 37|17+ 22t 2.0 vi=} 10.0 87} =k

—_

Table 8 Material properties of models for parametric

study
Yield strength (MPa), oy 235.0
Elastic modulus (MPa), £ 206,000
Mass density (Ton/mm?), p 7.85%107°
Poisson's ratio, v 0.3
Material constant DJ,. (s™) 40.4
Material constant g, 5

Table 9 Geometry of parametric study models

;i?(ljer Plate size (a X b X t) [mm]
1.0 500 x 225 X 1.8

2.0 1,000 X 450 X 3.6
10.0 5,000 X 2,250 X 18.0

Parametric studyollM2| & =S Table 100 M2[sIRACL,
7|22l 37|d| 1.00lMe] &Azk2 20.0 kg2 Mol F7[H|7}
2.01F 10.00iM= ZZ0| 282t FT|H|o] MEZH|Z S0{ct
80.0 kgt 1,000 kgo| ElCt ZSEET= 37|H|Rb ARGI0]
3.00 m/s, 7.75 m/s2t 10.0 m/s2| M| 7IXIZ CIEICE

Table 10 Collision conditions for parametric study

Scale factor | Mass (kg) Collision velocity (m/s)
1.0 20.0
2.0 160.0 3.00, 7.75, 10.00
10.0 2,000.
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Table 11 Strain-rate effect on the non—-dimensional
permanent deflection

Considering Neglecting
Scale strain—rate effect strain—rate effect

factor | Collision velocity (m/s) | Collision velocity (m/s)

3.0 7.75 10.0 3.0 7.75 | 10.0

1.0 10.112| 0.283 | 0.359 | 0.130 | 0.361 | 0.465

2.0 [0.113| 0.293 | 0.372 | 0.129 | 0.360 | 0.465

10.0 | 0.124 | 0.318 | 0.405| 0.129 | 0.366 | 0.470

|
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(a) Non—dimensional permanent deflections when considering
strain—rate effect
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(b) Non—dimensional permanent deflections when neglecting
strain—rate effect
Fig. 10 Results of parametric study
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