J. Comput. Struct. Eng. Inst. Korea, 37(3)
pp-179 ~186, June, 2024
https://doi.org/10.7734/COSEIK.2024.37.3.179

=4 552 Y= 712
H| M TR Al

pISSN 1229-3059 eISSN 2287-2302
Computational Structural
Engineering Institute of Korea

2]

R AT

=. & S
A% w

Development of Modification Coefficient for Nonlinear Single Degree of
Freedom System Considering Plasticity Range for Structures Subjected
to Blast Loads

Tae-Hun Lim', Seung-Hoon Lee? and Han-Soo Kim® '

'Graduate Student, Department of Architecture, Konkuk University, Seoul, 05029, Korea
’Graduate Student, Department of Architecture, Konkuk University, Seoul, 05029, Korea
3Professor, Department of Architecture, Konkuk University, Seoul, 05029, Korea

Abstract

In this paper, a modification coefficient for equivalent single degree of freedom (SDOF), considering the plasticity range of the member
subjected to shock wave type of blast load, was developed. The modification coefficient for the equivalent SDOF was determined through
comparison with the analysis of a multi-degree of freedom (MDOF) system. The parameters influencing the equivalent SDOF system analysis were
chosen as the boundary conditions of the member and the ratio of the duration of blast load to the natural period of the member. The modification
coefficient was calculated based on the elastic load-mass transformation factor. The modification coefficient curve was derived using an elliptical
equation to ensure it exists between the upper and lower parameter bounds. Using the modification coefficient on examples with varying cross
sections and boundary conditions reduced the SDOF analysis error rate from 15% to 3%. This study shows that using the modification coefficient
significantly improves the accuracy of SDOF analysis. The modification coefficient proposed in this study can be used for blast analysis.
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(a) Actual blast load (b) Idealized blast load

Fig. 1 Blast pressure-time function
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Table 1 Transformation Factors for uniformly loaded members
with various boundary conditions

Pin-Pin boundary condition
bebmior | resmancerg | SPrngconsant SR
Elastic 8M,/L 384EI/5L° 0.781
Plastic 8M,/L 0 0.66
Fix-Pin boundary condition
Range of | Bending resistance, | Spring constant, | Load-Mass
behavior R K Factor, Kim
Elastic 8M,/L 185EI/L} 0.776
E-P 4(Mpst2M,e)/L 384E1/5L° 0.781
Plastic 4(Mps+2M,,e)/L 0 0.66
Fix-Fix boundary condition
behior | reswancelg | SPrngconsnt LR
Elastic 12M,5/L. 384EI/L’ 0.774
E-P 8(MpstMpe)/L 384E1/5L° 0.781
Plastic 8(MpstMpe)/L 0 0.66
Cantilever boundary condition
i Load-Mass
};:}I:ag\?i(())rf relsgiz?eilgiR Spring constant,K Factor, &,
Elastic 2M,/L 8EI/L? 0.65
Plastic 2M,/L 0 0.66
Notes: (1) E-P is Elastic-Plastic
(2) M, is the ultimate moment capacity at midspan; M, is the ultimate
moment capacity at support
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(b) Elastic beam material model
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(c) Plastic hinge material model

(a) Plastic hinge modelling
Fig. 2 Modelling of MDOF system
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Table 2 Comparison of yield displacement and natural period
between MDOF and SDOF with various boundary conditions

e vl Y SR Al O] A Al A

Pin-Pin boundary condition
. Yield displacement, y. Natural periods, T,
Anal
alysis type (mm) (ms)
MDOF analysis 10.25 27.97
SDOF analysis 10.25 28.01
Fix-Pin boundary condition
. Yield displacement, y. Natural periods, T,
Analysis type (mm) (ms)
MDOF analysis 9.08 18.17
SDOF analysis 9.08 18.20
Fix-Fix boundary condition
. Yield displacement, y. Natural periods, T,
Analysis type (mm) (ms)
MDOF analysis 8.27 12.76
SDOF analysis 8.27 12.82
Cantilever boundary condition
. Yield displacement, y. Natural periods, T,
Anal
alysis type (mm) (ms)
MDOF analysis 23.81 78.16
SDOF analysis 23.81 78.22
3. SDOF &AM =F7Al+ 7HL
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Percent error

Minimum
Percent error

Difference ratio of SDOF system (%)

Nl

8 9 10

Ductility ralio (ym/ Yo

Elastic Elastic-Plastic

range range

Plastic
range

(a) Pin-Pin boundary condition

Maximum
Percent error

Minimum

Difference ratio of SDOF system (%)

¥ Percent error o H ]
s ! / , t i
- pare —. ]
0 1 2 3 4 5 6 T 8 9 10
Ductility ratio (v,,/ y,)
Elastic Elastic-Plastic Plastic
range range range

(b) Fix-Pin boundary condition

Maximum
Percent error

,’l .~
¥~ Minimum

Difference ratio of SDOF system (%)

Percent error R [ astic loz actor
15
NLE
S— ] N --+- Average load-mass factor
20
0 1 2 4 6 7 8 9 10
Ductility ratio ! YO
Elastic Elastic-Plastic Plastic
range range range

(c) Fix-Fix boundary condition

g 15
)
5 10
S :
- Maximum

5
g Percent error
@ R
o 0 pEmmmEEEC TEEE e *
S =t
E Minimum
g 5 Percent error
8
g
§ :
= o B
[t ‘ / '\

— . - Average load-mass factor
20
0 1 2 3 4 H 6 8 9 10
Ductility ratio (y,,/ y0)
Elastic Elastic-Plastic Plastic
range range range

(d) Cantilever

Fig. 4 Difference ratio of Equivalent SDOF system analysis
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% 100 (5a)
K-
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Kzﬁ[— elastic )

Diffyin = (1 — x 100 (5b)

KLA/[* plastic

171 A, Diffyuc= SDOF 8} 2] 2|l @2}, Diffyin= SDOF
EH/S}Q‘] ‘%L/J\— gi}%a KLAprlastic—‘: - _] K Oﬂoﬂjﬂ—‘] o]’—é_— X]ﬁ
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St WAl exbeg-2 M H o)A 1% w]vke] @4}
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2ol thafAls oI H3] 7%~9%2] @ago] HHAystt. whebA
= Aol A= WA HE Al A Al N o] FAZS st
© 9 FAAE =23

SDOF 814 2] 5l =4 442 7
T8 Astgick 2

Table 3 Maximum, minimum difference ratio of equivalent SDOF system

Boundary condition Diffyax (%) Diffyin (%)
Pin-Pin 15.5 -18.3
Fix-Pin 15.0 -17.6
Fix-Fix 14.7 -17.3

Cantilever 1.5 -1.5
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& ALAIE BI(t/Ty), 22 A3} 226k vlof w2t
SDOF A| A 8| 2] S5} E & A 23tc} UFC3-340-02(2008) &
HAHE 9] {379} 515 A AL B (ta/Ta) 9191 0.1~ 20
I Fbeh ) 2 E o] A3 v 91910.1~-2.00. 2 v 7
o AL E A Ysgich

A7)0k 8k AEAIREY B (/T2 Az 0l the
SDOF 4] ©.2}= 2.415}7] 93] Table 42] BA X2 714 =
HANES AHESFAATE Fig 5 ek 1 A, g 14 2|4
2204 AL{FF719} 515 AL AIZEY H](t/Ty) Bkl 0.1, 0.5,
15,2091 22 2] SDOF 341 2] 9 3}-8-2 HojZr},

7 A A 54 sk 4 AE A A/43H]7F
A3 YA Skt f AT A A Al /R 7 42
© 2 7t} Table 30 A|AE AR A 271 0] w2l SDOF
s8] Hof eakgo] depiinh wEbA F EHO= Qg
SDOF oH*U 2| HM 21}7& A7t &g Ech

HH7H L_'T"_' —L—

NORSOK(2013)%= 3l

Table 4 Properties of MDOF system and SDOF system

T, Natural periods, Bending resistance, R

Ty (ms) (kN)

0.1 50.17 125
0.5 42.54 680
1 27.97 229

5 16.35 972
10 6.78 1100
15 37.78 765
20 11.25 6750

20

Feasible range
~—Upper bound, Pin-Pin, td/Tn = 0.1
in, W/Tn =05

d/Tn=5
WTn=5
td/Tn=15

Difference ratio of SDOF system (%)

—=—Lower bound, Fix-Fix, td/Tn =20

0 1 2 3 4. 5. 6 7 8 9 10
Ductility ratio (y,,/y.)

Fig. 5 Difference ratio of SDOF system analysis according to
td/Tn and boundary condition
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120 Table 5 Cross section of numerical examples
2 Case 1
£y . .
i Boun’d’ary Type Dimension Length
2 condition (mm) (mm)
S 110 _
£ Pin-Pin H-beam of steel H-302 %594 = 3,500
< 14 x 23
£
S Case 2
~+Upper bound (Pin-Pin, td/Tn=0.1
e it e, Boundary Type Dimension | Steel ratio Length
- —=Modification coefficient curve COnditiOn yp (mm) (%) (mm)
0 1 2 3 4 5 6 i f 8 9 10
Ductility ratio (y,,/y,) Rectang]e
Fix-Pi f reinf 1.
Fig. 6 Modification coefficient bound et o Crz;ncr(;ized 500 %500 06 3,500
~ Case 3
A S 27 A A, A7)0 3k A5 A1 B (ty/ T —
. Boundary Type Dimension Length
200 A7 sk3ich condition P (mm) (mm)
Fig. 6.2 4k 512t vl a4 A Aok 479415 € Wol :
& °© B f 7Rt 23 Aot 58 ° Fix-Fix H-beam of steel H-400 > 200 3,500
of. 23| x&-& B4 5151 WelA4E AL SDOF 8 13
AR, y2L A A= e 0] Ztl] &
o] A/gul, yS 78 Al 9o = MDOF 84 2] o -t Table 6 Dynamic properties of numerical examples
SDOF 412 2|t -5ko] v S Lehiet
Natural . .
SAAS BAL A GO, B4 99, A4 gPom Type . periods, _[Bending resitnce
vhleh. g4 el 4] %ohe SDOF sh42] 2] 8 2 T, () o
2hgo] W] Rl AL THo] ASgro] Hrk. & Case | 03 725 6328
- 2 ol A R A AFgato] £ a5 4 Case 2 LI 17.04 638
S Qu] LORE A shek ol uis: A o) 44 Ao < Cose? > Sl 2778
g8 Bt gk7hA 2] A ooy T2 AR, skt w4 Table 7 Effect of modification coefficient
Ale] 2o 2574 W gkoloh ALE AL A1 4] (6) : :
Before applying | After applying
ot modification modification Reduction
Type coefficient coefficient ratio (%)
C,=10(0<pu<1) (6a) Difference ratio of SDOF system
Case 1 15.4 2.7 82
0.178 Case 2 15.0 1.6 89
_ : 2_ ()2
Cu =1+ == V5"~ (p=6)" (1<n=6) (6b) Case 3 14.6 23 84
C,=1178 (1> 6) (6¢) Ack A= EYA = 2 E YFHE 27TMPa, A FET}F
= 400MPaIT], F41 5128 Fig. 1009 o454l 32051 %
1714, & %4715 1 SDOF 41| gulo]et ool Agstaa, 2 2o g, Fik AgEe
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334545 A8 Fig. 72 S5 48517 1 94 5150 AaA 4
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Difference ratio of SDOF system (%)

[—e—Case | -=-Case 2-+ Case 3|

0 1 2 3 4 5 6 7 8 9 10
Ductility ratio (y,,/y,)

Fig. 7 Difference ratio of SDOF system analysis before applying

modification coefficient

Q@

Difference ratio of SDOF system (%)

-15 i i ——Case | -#--Case 2 -+ Case 3|

=20

0 1 2 3 4 5 6 7 8 9 10
Ductility ratio (y,,/ y))

Fig. 8 Difference ratio of SDOF system analysis after applying
modification coefficient
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