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This study reports a series of drop impact tests performed to generate denting damages on stiffened plates and their residual
ultimate strength tests under axial compression, The models were fabricated of general structural steel, and each model has
six longitudinal stiffeners and two transverse frames, Among six fabricated models, four were damaged, and two were left
intact for reference, To investigate the effects of collision velocity and impact location on the extent of damage, the drop height
and the impact location were changed in each impact test, After performing the collision tests, the ultimate axial compression
tests were conducted to investigate the residual strengths of the damaged stiffened plates, Finite element analyses were also
carried out using a commercial package Abaqus/Explicit. The material properties obtained from a quasi—static tensile tests
were used, and the strain—rate sensitivity was considered, After importing the collision simulation results, the ultimate strength
calculations were carried out and their results were compared with the test data for the validation of the finite element analysis
method,

Keywords : Stiffened plate( 2T, Impact test(ZZ A& Denting damage(ZEHE £A) Residual strength(RE22E). Axial
compression test(ES Alg)

1. A—I =2 MRLTE  FARIMCE  FHSI] S48 FURICH
Saad-Eldeen et al. (2015a, 2015b, 2016)= FUFHS Hhe=
BZEe de o sl PxBel Ko Px g wamcly 0o o HIRORe] DR e A T s -
3 el S5 wch Msjolt Muin RAR sjgmage oML HTUE S0l IRl olXis Wi SaE =
Z35| QHEES uh| 5l=0 o] £23] DHES Fo 24T & Absiict. afEl AAolls BAH =, #el FH a2l =
ol QIR EE= ObE S1ES Subs| ElCh Bk AMulmlo] £5 S5 244 210171 Aok Cerik (2018)2 ZARYE aeflo] &4t
OlL} HBAlS| HE S0z Uisl= 57 5152 xS0 2H = Y2 2ol Cish EHel MEu|et &2 37|18 HatA|7A
B3 AAKS HHUA|Z|Z|E BhC) 1M AF TRUTE MY FEeaciMoz FHESIGICt
X|Z7HK| 0] HAPAIS0| &AL Qle H|EZTe| KT TEHY &4 ELEel MF UFZZO| et dFE
X0 Rbst HATE STt Paik et al. (2003)2F Paik Guedes Soares == AFEOf| 2fs OIFO{MCE Xu and
(2005)2 S AAFH|HZHI0| QfSEdn| Mol wke ol Guedes Soares (2013, 2015)= HZEo]| HMoz =2HY &
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(a) Isometric view (b) Stiffened side view
Fig. 1 Drawings of stiffened plate

Table 1 Measured dimensions of models

Plate Stiffener(mm)
Model —
(mm) Longitudinal Transverse
SP-A1
SP-A2 30x15x2.93 1A
SP-A3
0 | 680x550 90x30x9.68 T
SP-B1 x2.85
SP-B2 40x20x2.93 1A
SP-B3

Fig. 2 Fabricated test models
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Table 2 Material properties of the test models

ltem Plate Longtudmal Trarjsverse
stiffener girder
Thickness(mm) 2.85 2.93 9.68
Young’s
modulus(MPa) 229,000 234,000 217,000
Yield
strength(MPa) 351 3471 304
Ultimate tensile
strength(MPa) 416 415 434
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Ay U2 2Ho=Z MEE] 0|2 QIFh 7| HEH0| Lst
Al 5, ol #[E Z%oll ¥skS n|Alct 2| HYs EMsp|
2l Z2ol| AR grid)E T2 £7| HEo| 5 LIRS LIE D,
AlE DPMofA HYEE SHAS A AEE 4= QTR Sifict =
Ho| x7| H&2 75 Cl2F =X7|(CIMCORE absolute arm)&
ArES10{ AZSIICE (Fig. 3 &x). ASE X7| MEe| 2His
Table 30oil He[sict SP-Al Z2Ee| AT & EZRe}t & 7Hof
He| 7| 3ol AtiMoz cl2 ZHECE I WYsIQIct =
7| #igdo| Z[CHZF2 Cha B SHC] 0. 76H0IA 1.48H2| B2l 2Act

Fig. 3 Initial shape imperfection measurements using
CIMCORE absolute arm

Table 3 Maximum values of initial shape imperfection

Maximum deflection(mm)
Model Plate Stiffener Girder
Lateral Lateral | Transverse | Transverse
SP-A1 3.92 10.09 9.71 10.55
SP-A2 4.10 7.01 7.77 7.34
SP-A3 2.08 2.65 8.98 7.52
SP-B1 4.09 3.13 8.16 7.94
SP-B2 3.85 5.30 11.81 4.39
SP-B3 2.71 5.36 7.49 7.20

3. 55 A

1o

3.1 5= 48 Al

& A2 Fig. 40IM 20iF= ot 34 A HRE AR
5lo{ FEISIRACE 0| ARl =, A (electromagnet), &
=x|(striker), M7 |(control box), 22 X|X[CH} HIO|E] X2 |E
|2 FMERIC 2HE X|X|CHof| MX|EH = MAME ALESt
0] ZZXE dstke /IXI7IX| 212k = HO7|E ARSsto] M|
£ AictetH SEH7E A Hotsto] Mx|E 22| S35
Elot Hoh S Ax|E ARZSI0] HIEZE (Cho et al., 2018a),
0|& M2z} (Cho et al., 2016), BA HO{H (Cho et al., 2018b),

Fig. 4 Experiment set-up for lateral impact tests

2USHZISIE (Do et al., 2018a) J8|1 Z==EZE (Do et

al., 20180) 5 Clefst 2ol cislol BE AEo] MBHOR
+as|ic)

32 5= Hg =A

AE 2YE Fig. 52 20| izt 22 X[X|C] Afojof| =k
Zl(bracket) 2 A2lst = 2EL HEE Aot 1M=ACt
SE MY =S Table 40 2okIQ1CE EEX2 5F A
Telo] ZAH0|ct SEAe| AR 400kgo|nd, st =0|
1000mmet 600mm=E M-SIFCH S=X = Fig. 62 20| bt
{ 50mme| HFE MHE(header)E 71l gAloz MpiEES
Ao MZots Aoz FHECE

-

Striker

Jointing bracket

/ - End plate \,\
Q ﬂ Model ﬂ g
— = -

Support fixture

Jointing bracket

Fig. 5 Boundary condition for lateral impact tests

Table 4 Condition of lateral collision tests

Impact | Mass of | Drop height | Impact velocity
Model ) i
location | striker (mm) (m/s)
SP-A2 1000 4.43
SP-A3 i 600 3.43
Mid 1 400kg
SP-B2 | point 1000 4.43
SP-B3 600 3.43
800
340
i 100—- —
3;;0
Fig. 6 Striker
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Fig. 7 Shape of damaged model

Table 5 Collision test results

Non-dimensional dent depth, §/tp
Model
Before” After™
SP-A2 19.7 20.7
SP-A3 13.8 14.6
SP-B2 14.2 14.2
SP-B3 10.7 10.8

note: * before releasing the boundary clamping
** after releasing the boundary clamping

Y/
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I I I I I I
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e
-20
—=—Initial shape imperfectopn
-25 11 —Before releasing the boundary clamping [
—=- After releasing the boundary clamping
I \ \ I I |

Longitudinal distance (mm)
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Fig. 8 Non—dimensional deflection
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Table 6 Results of axial compression test

Model Failure | Ultimate strength | Reduction factor
mode (MPa) (%)

SP-A1 Shﬁener 259 3 ~
induced

SP-A2 Shﬁener 43.7 6 6
induced

SP-A3 Snﬁener 67.8 a0
induced
Plate

SP-81 induced 221.2 -

SP-B2 Snﬁener 1411 %61
induced

SP-B3 Snﬁener 209.4 6o
induced

2 | oA =-of|
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Fig. 12 Procedure for numerical modelling considering
initial imperfection

A oA ZEo| [T SUXE T A AnE HiEez
H

=
TR M2 2ES ARESICE & siAciME

HHE ST
22 Defsp| SIh Cho et al. (2015)0] Aokt S5 2st

HAIZ 0|85I%1on, U= FFUT oAl e BN (perfect

elasto—plasticity) 2HS XE35|9C}.

Bz 2de gHoz MzE FxE2 8 Al 248t 2
T AR50l ot 2 3 2FH0| WM s Ag
=ol| olsl 222t I ol XF S2o| LS| ol= £E
Zrol| gske o|FCh Fig. 132 feteindo] M5t 27
M SHe| EXE HoiFch 2 dA7olME 81 T 382
124517| 23l Faulkner (1975)0ll 2laf Miet=l A (1)2 AlEs]
Ac

r 2
Ea ) 0
0o{7|M, o2 &LF £ SH(MPa), o= Mz &5 Zk

(MPa), b= EZA 7ZH(mm), n= 27 33 H(residual
stress parameter)S 2|0|5H04, Yao et al. (2000, p.332)ol| 2|5}
5

HIokel Al (2-(4)E AKS3I0l SH5HCt

ty  0.26AQ
. 1
K (2 ty 21,

/t, 2

AQ="T8.81 3)

_ 0.7t, (mm) (when().?tw < 7.0mm)
7.0 (mm) (when0.7t, > 7.0mm)

of7|M, t,= HAE(web)2l FA(mm)E 2lolshct

5, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

Fig. 13 Distribution of welding residual stress
5.2 && oY

S M 25t =AM L XX HE =Eet 7ot 22 2
2 Fig. 140l LIERHQICH SExE 2H 2 71d61ond, &
X (reference point)2 S8l 55 £ = £o Al
Sloj|A s} Al ARx|ol| Xk U5t A| ZEH|T} 1~2F T 7|
E0{Zo| LYsIUCE Ol 112fslo SEAQ| =S =HsIICt

ol
£Q
a

>

JSNAK, Vol. 57, No. 4, August 2020



S oY 2oz 3FHe 240 “E"g'?_* E.%% 150]|

(coefficient of variation)= 22 2.88%2} 2.24% =2 AEts| AL
St ANE HoiFch

Striker Ref. point

Stiffened plate

Supporting frame
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Fig. 16 Boundary conditions for residual strength simulation
[
_ 1 :
(b) SP-B2 ] ——SP-Al-Exp.
Fig. 15 Results of the collision simulation 08 ——SP-Al-Num. ||
(\ - - -SP-A2-Exp.
Table 7 Dent depths before releasing the boundary 0.6 fh -¢-SP-A2-Num. ||
. . . B —--SP-A3-Exp.
clamping at the impact point \g s 1 // ‘\\\ —+ -SP-A3-Num.
Non—dimensional dent depth, 6/t - ~
Model , p. £ xm | // \\N
Experiment Numerical (Num./Exp.) 02 NP — —
Ll PR L o = e i _-Q
SP-A2 19.7 20.4 1.04 é?{ R e R et
0 ‘ . :
SP-A3 13.8 13.5 0.98 0 . 5 3 4
SP-B2 14.2 13.9 0.98 EEy
SP-B3 10.7 10.9 1.02 Fig. 17 Load-shortening curves of Group SP-A
Mean 1.01
o Table 9 Comparison of residual strength simulation with
cov 2.88% experimental results
Table 8 Dent depths after releasing the boundary clamping Model Ultimate strength (MPa) Xm
at the impact point Experiment | Numerical | (Exp./Num.)
Vodel Non—dimensional dent depth, &/t, Xm SP-A1 252.3 235.2 1.07
ode
Experiment Numerical | (Num./Exp.) SP-A2 43.7 44.8 0.98
SP-A2 20.8 211 1.01 SP-A3 67.8 72.5 0.94
SP-A3 14.6 14.2 0.97 SP-B1 221.2 205.2 1.08
SP-B2 14.2 141 0.99 SP-B2 1411 151.4 0.93
SP-B3 10.8 1.1 1.02 SP-B3 209.4 217.2 0.96
Mean 1.00 Mean 0.99
Ccov 2.24% cov 6.91%
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