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Estimation Method for First Excursion Probability of Nonlinear Secondary System
(Simplified Estimation Method Using Maximum Response)

H A g )
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Abstract : The important secondary systems such as pipings, tanks and other mechanical equipment installed in the primary systems
such as building should be designed so as to maintain their function even if they are subjected to destructive earthquake excitations..
Estimation of reliability of the secondary system subjected to earthquake excitations is important problem for aseismic design.
Reliability of such system should be evaluated in probabilistic manner. First excursion failure is one of the most important failure
modes of structures and one of a factor of reliability. Many secondary structures have nonlinear characteristics. Hysteresis loop
characteristic caused by plastic deformation is one of the most common nonlinear characteristics observed in many systems.The
collision and friction characteristics, which are seen in mechanical supports and joints, are other common nonlinear characteristics. In
this paper, an estimation method for the first excursion probability of structure with hysteresis loop characteristic, collision
characteristic and friction characteristic is proposed. The first excursion probability is the function of many parameters. First excursion
probability is obtained by using artificial time histories. It is shown that when the tolerance level is normalized by the expected values

of the maximum response of the secondary system, the first excursion probability can be shown independent of many parameters.

Key Words : Reliability, Secondary System, Random Vibration, Hysteresis Loop, Collision, Friction, Maximum Response

1. #& EFEILINE CICHIEES A 25200 2 (IS % O
VEIE AR 2RO D PIEEREL, ISENKE
FEEMNOED e PO EMEDRITHKESINTND  IBSN A EY R & EREED RO A E NS —S
HEFEOROHERR - Bl 72 EOMINEED R ITHEES A 250 COYBIRBBIERSIZ OV TH L TE/2[6]. Ak
NEZT %S T OBEEZHEEF L T RITIER B2, DX ) RIERBRMEZEZE LI-5E Oy misa Rz
FIINREEY) R O HEISE Y, EAEEY R ORENREIZ X DT HZ ORI AE I SN LIZ[7]-[9]. ZDH T, ks
STREIIBESNDZ ENHD. TDHIZ, HERF L UL e JERRIE R O 72 WIS &9 5% O fix KOG C
ICHEEE N Z 50K D ICRFHT 2 RERN D D, AN wonfbd 5 L, EAEEINC XS0 e R A HE
BED L VLA 8 LB AE T 2B aE I 0 ETH2 N TEDLIEEZWHLMNT L TEE[T9]. —J7
EODEEY O EERMEAXTH L. BN AR T, IERERORRISEEHET D FIELREZEIL Y
BEITH D701, IWEBHERGNRFMALETH Y,  D[I0][11]. L~V & IERIE R O i KIS TRk
LA = DB & SRR T 2 LB & B [1]. THIELILL ST, X OIZHEMAM Y B = O 4
Z DT DI IEE R 2 R D HUEN S 5. EENGELND Z ERWRIESND. 7 Tlo, EERMZ
— )7, MIEEYRIITHE . OIERIBRER D BELESEAICEOREREICOWVWTE R LZ[9]. Rkt
L. TEEZE, ISEDRBERIEN EB IOl H BN TUE, BEEAED & O T IEREREZ b SIS R
JEFREIE T VR EN B H[2]. Z OReMEIE, AREEN I & 72 WZRIER DB 2 Z IS L, MERIe b L7l L~ L TRk
HREDHBEBIA N 2520, EMEDROBIIEICEL T25&, EREROT XA =228 TICYmim ik
STIBENHES NG AICBESND. £7o, R FEHETHZENTELZEERLT.

ARG 72 SIS DI D SR X OB A 3 B

[3]1 [4]. &BIZ, Zib OIEMBRMEEFIA L filiREE 2. HWEETILELVEHAHER

RRBER LR SN TWA[5]. EEE O WG

MHRTIEZO XD RIFREHELBET D2 LERH D, (a2 BT & % 58 LRI 2 & S e T L
DHRITEANE RS EH R b3 0 TR M A7 AT a—2

i

15



() 1FET I
1
‘ y ‘ Xp —= X s
N ke _—
ol Yy -
VA -
my, -
°p kg kg
T AL ™ e WA~
o)
() 1FET IV

¥ 2

oy M omiTEE, TR, dRTRER, xix
Mt EAL 2 RS IRFIIIMEEW R, plIEBEW R
ERY. YR OMEMEN 2 KT (TIHREY RO
AREEE TR EZ b b DL Lz, ZoEThzfe
% LEE AT,

25‘ +2§SwSZ.S +f :_j}_ép (1)
2,420,020, 2, — (20 0.7+ )=

22 ooyt )k, ol Jk7m) A R
B, ylem, im, ) I E SR & THEEY R OB R
BERT.

K1 AL THO - BEREZ R, KMo X 9 7%
bilinear 8 A1 7T I ReE & O 2. I O SIE BRI &
FEARATEIME D b, ZAXBRRENL 2R T, Z0gA, A1)
DAIWATH 2 65,

wsz(zs —E)Z—Ze <z-¢<Z,
f= ,b’wsz(zs—e):zs—g>Ze,z'S >0 )

—,b’a)sz(zs —5):zs -£<Z,,z,<0
ZIT, dIKAENEERT.
B2(a) |G BE LGB D FET VTR
Dk I LY OIXRER, dTF ¥ > TIRERT.

X
)

16

(b)Bilinear & 45 5t 71 F7 1

JRIEREE 2 & ST IIE Y R

2
v og (b+l)
M
2
/ 0g
-Zg -d 1 s
| zg
| ’ ¢
‘ 2
[0}
s q
(b)Bilinear 18 & /1R

E 2R & b O IIEY) R

FRXEFAXMEFALUTHS. X2O)ICHEEZEE L5
BAOET S ERT. P ObIIYE Y X i E L AN
MEMRDOITNRERDOEZRT. Zoga, X()DAXR
KTRIND.

old+o(b+1)z,-d) : z,>d
f={o’z, : -d<z,<d 3)
—old+o (b+1)z,+d) : z,<d

K30 BEEEBE LI HE DO FET M ERT. A
SR & THEMROMICEERD DL LD LT 5.
OHBEDOATRATEIND.

2 z
f:a)s Zs+jfr._s
2

-
—

4)

EI3(b)Z A THW BB EZRT. MO Lo —
0B AE T, B IREER L B EE O XBNL Lo
7.
3. ANHEE

A HISE AT PARIHERFHICHY N TS Z
e, ADHESE L CURE AT MVIZE AT S8
BEHEE 2 e, AT ARHRE T2 5%B0 e o3



kS -
o [ i
=V -
my [
°p Cs
™y
NI 5
—
fr
(@ 1T T

(b)7 — 1 BRI

3 BEEFRIEAE S OISR

T 5 BEEGE AT FV[12)& R, SS9 E & AR
HIREY CH D 2 L6, XSICARRIE THWZIEEF ik
BE[13] 2”7, 1003 OILHEHIREE) 2 Fpk L, N7 —2
Y NVEEOTVHEE RO LR RET V142 T
1T 7-.

(24“ 10) a))z +a)
g-@ )2 Zggwgw)z
TIT, GO, oo s RDK,

GolIFE~D AN EF AT THDH L LIz &
DRy N AEEERT. ZORE, 05,

d@—( 5)

Cl)

5
L |
0.5 N
0.05 0.1 05 1 5
Natural Period(s)
X2 5% T 5 HAEINE AT hv
10 A B
1r OAI(H)=t/16
ABI(t)=1.0
0.8
BC:1(t)=exp{-0.0924(t-15)}
0.6 - CD:(H)=0.05+0.0005(50-t)"
04
02
0 ' 1(s)
0 10 20 30 40 50
X5 ai&Eask

17

T, (21 ,)=0.285s, Gg=1.94x107(1/s) & 72> 7=[6].
ORI EN By, & B L, FEIC kT A R E O
RN 2~y )T BT 2 B Rt

Z,=-28,0,z, -

g87°878
y=10, +yg)

RL 6)

T, I\ alks s A ST
4. ZFHmigEmie

KD kD & 5 IS ML L7z,

f2§a)z+a)z (7

eq™leq=m m

T DTl B & Pag i T N R 3 X O A
FHRBIH A £, C,5 & Gl EEBH iR = &

NE, EHEHERBRRICESWCREMICRD . BT
\ZENENDOIERIRHEIC R T D AR T,
BilinearJ& FE15 ¢ /)RR L C
20, (1- Blyeerfe(y, )
2 — S
geqweq J;ws
04> =0 ~(1- o, expl- 3,7 [+ (1= Pl N yperely,)
(3)
ZZT,
erfc(u) = 1——J.exp
WK LT,
2é/eqa)eq (9)
a)eqz = a)s + ba)f exp(— 77’1 )— ba)fx/;f]’le;jfc(n’l)
I,
n=v20. 1d
R R L C,



221,
2
Sea g “Vroo. (10)
weq2:a)x
ZIT, o, (IAIMEED RO TERIEY RIS D M

I5fi OB R & T
5 YEBHMIERHEROFEE

TAEEY R T D AT IE Y 5 O AR ZE (2D HE
AN L~V By 2 8 U 7= BN AE N L = 5 &
T 5. WHIEEERERIIRT Y R AEEE TS L, K
ANBHRDD Z ENTEX BH[13].

P()=1- exp{ - 2‘[ lv(t)dt}

Z DR RN ER A TH D L ET 5 &, (1)
DOUNIFRTH 2 L5 [14].

_ 1 \/B _ BD2 ( K‘zxz'sz

(In

z

V4 B’
+Bpk, - 2D62S2 exp[— 20_12 ]{1 + erf(C)}}

(12)
I,
C:%’D:O—zyzaiyz_’(‘zyivz’
2Do,? .
=2 (M exply?
erf(u)—\/—_[ eXp( y )dy
O BLUOAIZNETNIRT TREND ik L s &
7.
KADB LX) 56, z, BL Oz 1T 2 5B &

O O I EA o X Wl g 2 kb 5 2 &
NTED. ZhbDfEiEA1), XOBLOKXKMNDEIVES
NoHE—A 2 FIFRX[6)NLRDZ. T— A FFHERK
%21 JoEST 1 M R e 2 D,

6. INFIA—EDERLA

IS R OIS LA IS R & TSR OE
'y, WY R OBIELS SOHEA AT e),
T @)D E D725 DRI A—FDEBERZTH. Z
ZCUE, IS R OB S EREEY) R OE & L R
LCHBINSWESERIGE L, =0& Lz, A HY
B L TIE, AIEED R ORE N R b K E L 2D W
EW R OEE N —ET D550 Lz, HEkizon
TIIRRME L U THRIIEEY R I3 L TiEg=0.01, T4k
R L TIEG=0.05& Lz, Flimim iR 3
DD X S IO E 72 5. EEEO & IIEEY)

18

RITHEBER THR O EOWELZHERF L CWAUERD D
Zlnb, HUEEK TR OYEIBE R E R DT
TG4 O MR % G CULIERRIZ R D 70 WP SR D fe ok
JEENANBIND Z ENBU. IERRTEERE 2N A W AR
TEW) SR D I KIS BV RS R ST 2 IEGR 2R [17] 8 5
WIEE— REFTI8IIC Lo TR BV D . FlkEE L~ L BRIk

BIRHE D 2 ORISR OBRENL |2, || 2T

max

WA X H Tt L.
5, =By /|2y, . (13)
Zygl, IIRATRE 5.
| = R|)'ép| /o) (14)

2 I T, RIFFEBIGRFEN I S E Y R & EREEY R
DIERIGED L, |xp| VX E W R D B KN JE 2 3

L, M4DSE ANHEBORKNEOHETHEALNS.

Bilinear & [iE 18 72 DRI LT, BRI ZA1Zk Ao &
IR Ak LTz,
a=2, /|zS, . (15)
WRRFFIECH LT, ¥y v TIEAIRAD L 5 ICEK T
L.
d =d/|z,| (16)

BEERR VRIS LT, A E R T | |>fr0)%ﬁ175‘5

72 S D £ CEMEWRITH L TEINRW I &b

WAD L5 IR L LTz,
I xp|max (17)
1. FE#HR

KA3)D & 5 I L ~L & ko b3 % & EAEI
X o ER g ERE R OEB N NS 2D L 6([T]-[9],
RFE L LT T=T,703s DHEAHOFERE R,

Bilinear JEIEE L /IFEZZE LT HE L LT, M6(a)
B L OO ENEIERRERIME & FARATAIMED T 5
25 08B L 0.5 DA OYEIBIRE R 2~ BIRZEAL
ERTad/ NI 7p 513 EWIBIRMEMEREN NS e B
Tz, BUVNEWVE EPNEIBBIEERERS NS D,

B BB LA L LT, K7 @BLUOOb)ICE
NZENHEE Y ORINE & IS EY R ORIED b % 5
ELTHX vy v IR ERT AL AB LIV d4=0.8 &



100

N | 100 N \ |
\ \ —_—
80 Y —=1.0 | 80 \ a=1.0 ]
\ \ = = 0=0.5 \ \ = = o=0.5
60 \ 60 v
) \ \‘ & \
&~ 40 A &40 \
\ \\ \
20 20 A
‘\ \ \
0 > - S~ 0 A
0.5 1.0 15 2.0 0.5 1.0 1.5 2.0
8, 5,
(a)=0 (b)b=0.5
6 JEEERREZ & O E % O PEs A = (=0, (=0.01, ¢,=0.05, T,=T,=0.3s)
100 — | 100
\\ \“ \\\ 02 \\ \ i
80 \ N \ - - - k=04 | 80 -
80 \ \ — — k=06 | g \
£ v \ d*=0.8 g
%40 1 & 40
20 | ‘ 20
0 0
0.2 0.6 22 0.8 1.2 1.6 20
Ot o
(a)b=5 (b)d*=0.8
B 7 EIRE A b OIS R O PRI IERER (=0, £=0.01, £,=0.05, T,=T,=0.3s)
100 = ] 8. FRMROBAGEEMFEHE
60 | ——£=0.05 |
| \ ------- £=0.1 IR 2 b DA IS R D e RISE OHEE[10]
60 [IBIESINTND. £ T, ERIBEEEZ b SR
i \ TEW) o O e KB 2 N T2 R e A B e =2 oD V5 & 42
% 40 BB, R LU & IR 2 b IR R 0
20 \ RIS |2 CHRAD & 5 I RIS 5.
. L N 5 By s
08 12 16 2 24628 ZIT, B 6D 8 THImBIERES Pt 0.5 L7D
t

8  EEBREREVEZ b OISR O 4] i e
(770, £=0.01, £,=0.05, T,=T,=0.35)

LT b #E 1256 OPERBERERZ R, &*DB/hS
WIEE, b AREWIE EW IR NS 0D,

FERRAEEZ BIE LI- A & LT, X8 ICEEERITHY
T2 EREZ I G OB ER 2 R, a3/ SN
1F EVEIRMIEE RN NE L 2D,

19

& X ORI L OV IERIE AR & b OIS EE R D I
KIGEDEHEEEZENDZ MG, Z0 L xONE

z| L LTHNS

Bilinear JEEE L NRMEZZBE LT %G L LT, X 9(a)
BLOOICENTNa=1.0 & LTREEZTZHAEB IV
B0 L LTCar BRI a0ERETT. pBLVaT LD
WERIBEEME R OEBNRIEF IS 2o T D,



100 - \ ‘ 100 ~ ‘
80 B0 80 =10 ]
\ ------- B=0.5 \ ------- 0=0.5
60 60

L \\ . \\
20 \\\ 20 ‘ \\
0 — 0 S
05 0.7 0.9 1.1 1.3 15 05 0.7 0.9 1.1 1.3 15
St* 8t*
(2)a=1.0 (b)=0
9 K18 Z& AW =BG ORBIERHEZ b DI IEY) 3 O W BRI (=0, £=0.01, {=0.05, T=T,=0.3s)
100 ﬁ T 100 ﬁ
80 \ - -jizg:czr 80 \ _:2 b
— — =06 | — —b=10 |
? 60 \ *=0.8 % 60 \ o0
40 \ 40 —b=30 -
2 \ % \ ------- b=40
0 0
0.6 0.8 1.0 1.2 14 1.6 1.8 0.6 08 1.0 12 14 16 18
St* 5t*
(a)b=5 (b)d*=0.8
10 K& MWW T¥E DS & b DT INEEY R DY@ B A= (=0, {=0.01, £=0.05, T,=T,=0.3s)
ERRRR A BB LG E L LT, 11 ZEREZT-5
100 | B OYEERERER 2T, AT L 5 OB R O
80 —&=0.05 | BAHEF I E AR TN,
------- £=0.1
~ 60 9. %8
\;\%
40 PEHRERNOEW 72 EOTEMBEDRICHKESNLTWND
BHEE OB SR - B 72 E OIS EY R 03B R,
20 2D X OSBRI IE O & 5 ZIERIARIE & b D3 o
0 \\ OFLRIBWIEMRE EZ RO D HikE R L. EL L%
FERIERFE & & DA EWY) % O I KIGZ TR Tk
04 08 12 16 20 B, PREEBRIEHER NI R8T A—F 1T
O LOTIHEET A ENTEDHZERH LN 5Tz,
B1 1 RAE MW TGE DEEERE A b o
HEIE ) 7 D AR B R (=0, £=0.01, 10. BExiHk

¢,=0.05, T=T,=0.3s)
[1] Ang, A.H-S. : Perspectives on Reliability-Based

MERAEL SR LB L LT, 10(@# LT ®I=E Engineering, Proceedings of the Third Asian-

NEN D=5 L LT P ELRATHBRE LV =08 £ LThH Pacific Simposium on Structural Reliability and
&2 2T B D OBEBIERE R A R, b B Tk Tts Applications, pp.5-27. 2004,
D VNEERIEHRE RO LB BIF /NS Ao TS, [2] Jalali,S.A, and Banazadeh,M. : Development of a

new deteriorating hysteresis model for seismic

20



collapse assessment of thin steel plate shear walls,
Thin—Walled Structures, 106, pp244-257,2016.
Abu-Yasein, O.A., Lay, C., Pickett, M,A., Madia,
dJ., Sinha, S,K. : The Influence of Higher Modes
and Support Gaps on the Seismic Response of
Snubbers.
Transactions of ASME, Journal of Pressure Vessel
Technology, 119-4, pp.444-456, 1997.

Bakre, S.V, Jangid, R.S., ReddyRubiolo, G.R :

Response of piping system on friction support to bi-

Piping Systems Containing

directional excitation, Nuclear Engineering and

Design, 237, pp. 124-136, 2007.

T.T., Dargush, G.F.

Dissipation Systems in Structural Engineering,

John Wiley & Sons, 1997.

HAEE © HIEREN AT & 52T 2 A SR O 4Tl

HEreER, WORHR S T2 S B 2 e, 23,

pp.1-8, 1988.

HARE  WEEhA ) & 0T DB EY % O JEIEE T

JVRFIEIT & 2 W) e R O, RS T

SRR SRS, 25, pp.7-13, 1989.

HARE © NIV A B RE L T AP DIREEN 5 0O 4 i
Bife R, HORHEDNL T F A M AT R, 26,
pp.1-5, 1991.

HARE BRI A b OIS OPEIBEE (R

BEORERAEZ OB SHEERE) , RO LR

SFRERAFSEEE, 40, pp.1-6, 2005.

[10] Aoki S., Suzuki K. : Dynamic Response Reduction Effect
of the Piping due to Gap and Friction. Proceedings of the
1988 ASME Pressure Vessels and Piping Conference,
Application of Modal Analysis to Extreme Loads, PVP-
150, pp.17-21, 1988. .

Soong, : Passive Energy

[9]

21

[11] Lin,J., ZhangY., Zhao,Y., Tang,G. : Pseudo Excitation
Method of Linear/Nonlinear Random Vibration,

of the Sixth World Congress
Computational Mechanics in conjunction with the
Second Asian-Pacific Congress on Computational
Mechanics, pp.426-431, 2004.

[12] ;EPHPESEE « L0 AGRAM S Mk ot AL, 1981.

[13] Jennings, P.C., Housner, G.W., Tsai, N.C. : Simulated

Earthquake Earthquake  Engineering

Research Laboratory, California Institute of Technology,

pp.7-8, 1968.

Tajimi,H. : A Statistical Method of Determining the

Proceedings on

Motions.

[14]
Maximum Response of a Building Structure during an
Earthquake, 2nd  World Conference
Earthquake Engineering, I1, 781-798, 1960,
Soong,T.T., Grigoriu, M. : Random Vibration of

Proc. on

[15]
Mechanical and Structural Systems, Prentice Hall,
Englewood Cliffs, pp.305-306, 1992.

[16] Iyengar,R.N., Iyengar,K.T.S.R. : Probabilistic Response
Analysis to Earthquakes. ASCE Journal of Engineering
Mechanics Division, Vol.96, No.3, pp.207-225, 1970,

[17] Suzuki,K., Aoki,S. : Conventional Estimating Method of
Earthquake Response of Mechanical Appendage
System Installed in the Nuclear Structural Facilities.
Transactions of the 6th International Conference on
Structural Mechanics in Reactor Technology; K10/3,
pp.1-8, 1981.

[18] Gupta, S. : Recent Developments in the Seismic Analysis of

Multiply Supported Piping Systems, Proceedings of the 2004

ASME/JSME Pressure Vessels and Piping Conference : Seismic

Engineering-2004-, PVP-Vo0l.486-1, pp61-69, 2004.



