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Seismic reliability analysis of random structures using linear moments

method under unknown distributions conditions
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Abstract: In the realm of engineering structures, the distribution of structural parameters often remains uncertain due to a lack of
sufficient data, presenting a common and intricate challenge in structural reliability analysis. This paper presents a novel linear mo-
ment method for assessing the seismic reliability of random structures with unknown distributions. A random dynamic system is
constructed using only two basic random variables: (1) the first four-order linear moments derived from the structural random pa-
rameters, expressed as a univariate cubic polynomial with a random function involving standard normal random variables; (2) A
random function-spectral representation model is utilized to describe the non-stationary seismic ground motion. On this basis, repre-
sentative point sets for the two basic random variables are determined using number-theoretical methods. Through time-domain
analysis, extreme structural responses are computed to evaluate the samples of the performance function and its linear moments
within the specified limit state. The seismic reliability index derived from linear moments is established by solving the univariate cu-
bic equation roots. To demonstrate the proposed method’ s applicability, a nonlinear single-degree-of-freedom system with un-
known parameter distributions is analyzed, and its effectiveness is verified by comparing the results with those obtained using Mon-

te Carlo simulation.

Keywords: seismic reliability ;random structures; linear moments ; unknown distributions ;random function-spectral representation

MR A B A A E S P R BEALIE AR T WL ARG B RS B AR R T
LS TE T WM A aE 2 BIHE w5 ULE LU L RE ) A A S B E PR AL . P, R AT

Wr#s B #8: 2023-10-14; 81T H#3: 2024-01-19

ESTA: 5K A AR S W0 H (52009040) 5 81 7 4 [ SR FE 5 36 £ 8 By 00 H (20221740188) 5 K b 1l [ SR B 2%
& W W H (kq2202234) 5 1 8 44 B0F )T FFE0F 5 E G000 H (23A0176) 5 1 /e 48 OF 58 A8 B F 81 %7 T H
(CX20220684)



Bl

RTINS R TE AT AR RS AT T B BEALZE A4 BT T 5E B A3 A 181

Wil BI85 F) 2 B0 B0 72 W] S B2 43 B 6 T VA 25 4 1k g
MR LSRR A T B, TR = RO i B AL
SRR W] R E S M T IR T TR R 1 2 4 ]
PEPEAG , 32 TH 052 7 Al DL K /0 b 7% K X A 4 i
R A I S A

H AT, % Bl AL 45 440 14 43 A7 3 2R FH R AL A 4
D75 (BE WL BN 7 R IE S R R S A B ML
177 ¥ 4 Monte Carlo #£48L (MCS) 75 25, $i T M 57
JrAhRE LHS Jr ik 4 BURGE - FL 2 E 5
K5 B AL AR 30 vk kO 58 R S U JE T AU(E
R Tk BN I GE T 28078 5 R H0
BRI B 5 T 1F 58 R F BRIE 7E SR 28 1k 45 44 Bl 7 i i
LA 5 v ARG R L R R B e B L A E — gt
BRI, FLAS B LR TE M S5 | R I 7 AR 4 1 Bl AL 285 4 1)
THRORS B 7 AT A R

FELE A PR W] 5 BE 23 BT 07 T, B O A Ry S
Bl J) 0] RE BE S BT ) — Bl EE B R AL 32 BIAR 2
B, Hrh e 7 EUE R Chapman-Kolmogorov
Oy FE Oy I R ML R Kolmogorov Jy 2
DA AR AR A3 A o AR B ey ik E S —
Fofr )32 A0 FH LA 3004 35 1 W (8 0 A 19 7 2%, ZE B AL
SER BN J R G AT AR ) A R . O
0 SRR AE TR S (I 72 SR ) 5 2 M Bt AL 2
BN B R MR RS NI AR ) ST A — A
BEBL BN 1 R Ge b, A BE B 3R G0 1 05000 5 3 i
TR S Bh T RE B IR R, 3K K BE LSS AL B &R
G fif Y sl g v] 5B AR E T R AR T AR SR . iR
AR A Sk Bl AL A 5 B AL 5 R 1Y) 2 G T B ) A
F 5T 5 1AL 3 PN 2% 1 K 3 1) ) B SR e B ML 285 40 17
B Sy AT EEE I, AN AR SR T B g R i
T2 Markov B, @57 T B o ek =0 DL e 3 F
Kriging 15 B () B(E Sl A 0 0 1t A% 55 7 1 A
By 3 1 SR R A SRR A AT RS B AR,
BEF ML 2= ) gl sr AR AR ST T R AL S5 AL 1 3h
73 TS B ) SR S e R 4 AR S R AR 2
e 1 19 46 TR 0 AR B, DR ) 1 BE (A — 3k — By
B kA ) EAT WE HILAE B G 3 3R O UE AT BE LS K nT
SERE AT O RS RS TR . B TRT
P e 3L 0 T 8 AR e S T I AE S 4 Y B AL R
Gt JRAEX T BENLES R In] B, 5% E AT R AT T R G
M58 B 7 5 A BEML3h 1 7T 5 B o T 30 R 5 6
JEV A Rrilt— R . MR R E R,
MCS J5 L AE 3 b RE S i AT fo] 2y 7 v g B [n] i,
BAE S B TR o 3 B3 AR 858 e, I LR A 52 B ) A
LRk 25 M 2 B b R RE £ o B AR R O ME B ) B [N

I, 3 MCS FIE HoAt 7 sk i A 36 T B

R TR A R AT 5 AL B ATL b R e 1 AT, oK
1 BRI Ml R B A B B OCH B, W IE LT
77 Bl i AR B ) R 400 i T R AL o AR B e AT O
By o HAEFEW M A TR AL &, P Ik i AL A8
A0 BRI A R TR ) 2 R R ) b AR B A K
8 TIN5 ) Bt AL b 752 e 102 40 AT B 0% . B T RE L
SRR, SHINOZUKA 5 HE 3% & 7R 458 0 [
AT O B B R R R R AR O R TR S
4 i AL 1 5 i 152 4 B R Rl T S o AR AR A
o SEXT A A B LS g AT AL, A R b B T Sk
B TR ) 83 By B MERE o SRy T 020 B L 722 e A 400
BUL B B B AR AR B el e SRR T B AL
PR 1 R Rl e 3k 2, SR /D & 1 B0 T L AR 156
Tfy Y Ty 33 oK K LTU 45 SR F Bt AL pR 2508 A8 FA o
1~2 A HEABEHLAZ 58 (09 B HL ok BOE 2, XT Bl AL =
S HEATRAL . DL A ST A A Bl ATL b R e R 1Y) 5 K
SR AL T A

AN, Bl B 45 4 53 B s 1 A AR i Ok B — o 40
A3, SR AE S8 bR T A2 th il T g 1t A 2 e DL
S5 Z 800 o0 A B3 S iR 4l A 1Y &8s 42 1
E % R TDIN I B o s U ST SRS o SR |
W FEAUA FEA R (I LT 8 R G AR R
7 o TH 7 7 N 51K - T <9 T T 33 o VT 7 S
TR T BB o X T LG A A ) B, BT
£ S 1 IR T e o/ DA Bl 51 Rl = 1 1 T RTIN
JEOR AL A X — TR AR R T T N .
i, Fisher-Cornish £ " Hermite %5 # 1™, PO 46
i Ak 2R B0 48— 1) Hermite 22 101 5 45 A 22 45
F T B T T R AR AR A AR B ) SRR L 7
SR TR v S Eh e R0 S b A A A AR
DL e I 1) o A7 AR R I A i 1 . (7548
AR TR /N B R AS RS T 2 Mk R L O AR SRR
fe R IE S AR R A R T —
M TR o RV A A AN i P 0 R A T )
PEFAAEPEAG 2 W ALK BE R 9 R AE P A 3 1)
LR AR AR S5 R PR T 5 4 A T B
FIRAETRA o INGETH AR 7 A1 eR B AT 18 2 53
Br g W B R TEB/MEAR BTN, 5o A T,
i PR B A5 e E 2 . BT b, A SCial B R
LRAMEH Y IE S AL R R R 5 AT SRR AR Y
FE SCH A ST A R I S5 R T FEHE B, LA SE R
Bl BIL 25 14 1 Be 52 7T &E B2 43 A7 o

ALETAH T LM IR TR
=W, HEER T — R T 2 R nY BE



182 & 31 T

%38 &

[

LS K B 7% Al 4 BE 20 M 5 i, O i Sr 1k T AR
(0 F] RE PR AR bR R S %007 TR A BE PL PR RS R R
BRI A S B A T 2 P A = 2 I U e
SERD S B0 A R Y BE LS B TR A S AR
PR S e — RIS I R Geb o TP A
BE DL A i LR BOE 1 0 07 vk R AT AR e v i A 2
M3 45 R v O B R AL e DL 1l B AR ek
25K O ) %k AR SCHR R 9 DT A BEAT T AT, S T IR
AR B S IR AR AL IR A A MCS U7 3 5 ik
TSI L A R

1 &MEENHE

L1 BRSHHLMERE

LR PEHE T HOSKING ™4 Y, 5 SO0 SR A &
FEBILRME AL A o X T B R0 S5 43 A 11 3 2 Bl L AR =
X, H BB A R BOR 3 8RB0 B R R Sl F (X)) AN
X(F). i, BEHLAS 5 X A9BSR A E L RN

p(x)=] x

A, r=0,1,2, - AR AEE BB WA, B
BLAS B X A5 r (e MR R

Ar+l<X):thiﬂi<X) (2)

Ao, B(X) (i=0,1,2, ) AR HE (1) 345 1 HER
WEH,p, RN N
_ (=) ()
)
AL T R 1 R 4 e A R R o R
FE 2K o, 3 BEAILAS XA D R0
CAX)
S a(x)’
A LX) A 2B R4 A ( X)) M EE r B i s
Mor=3, 4B 435 R S 5 4. 2
B V5 3B 55 4 By gk AR XY ] DLGE o 2R (2) 1A
55,
TELPREy TR s A A s o0 T i
e (D) A1 (2) AT LIRS C 40 A ) BE ML AS & 1 1T 4
Bk 0, R R

alX:j XdF(X) (5)

F)[F(X)]dF(X) (1)

(3)

r=23,4 (4)

Azxzle[ZF(X)—l]dF(X) (6)

xgxzjlx[amx)—m X))+ 11dF(X) (7)

/m:JIX [20F*( X )—30F*( X )+ 12F(X)

—1]dF(X) (8)
1.2 HAERHLMELE

5 SE PR TR 2 b, R B B ) M3 20 A1 e B2 I
R, DR IH A B B 20 A TR AR R R Y (B8 5 3R A
AREAS . X AR O T, AT UE o BEAR A T 2
BBEX v Xo v oo << Xy v A N /N ERHE
F B BEHLAEAS , DU U B 2R MR Ay Ao, Ao A

7|"-‘El

AIX:NEXI:N (9)
i=1
2, i—1 1 &
An=—> ——— X, vn—— > X,.n (10)
2X N&N—1 N N,,Z N
7§-' G—Di—2)
NE(N—1)(N—2)"""
6 Xyi—1 1 &
— > —X,.yv T X, . 11
N&EN—1 777 Nz : (11)
Noo(i—1)i—2)i—3)
/14)(: itN T
N=(N—1)(N—2)N—3)
30 & —1)(i—2
30 (z )i ) X, o+
NZ(N—1)(N—2)
21 NZX,-;N (12)
i=1

1.3 ETFE&MEN=ZXRESmMAEHR

R K — 43 A CEZS 534 5 AR B 43040 (14 Bl
HLAS 5 X R 4 B 2k 20 2 A, =k 23] L
TR

X=S(U)=aU*+ bU*+cU+d (13)
A, UM IR M AR HEIEZS 20 A6 (B8 0, ﬁ‘/ﬁ%%

DR BEHLAS 5 S(U) N & A U B —I0 =K R % a.
bodJg Z W AK dian AR E
d=Aix— 1.813799372: (14)
¢=2.25518617A, — 3.93740250A,  (15)
b=1.813799372: (16)
a=—0.193092932x + 1.5749614,x  (17)

FCI3) S 1 b e I 25 73 A B9 BEAL S 2 5 4
B — A Y BEALAS B A B A OC R, 25 B RS — Bl P
A8 A T 4 B e PR I, Al ORI T 3 (13) 26 A v
TEAS AT HEHLAS f 1) PR R 40 L, 78 TR SE B
Xt A — Bl AL A i A Bl T LA o e R 1, 0E
R B A6 s A e 3 (9) ~ (12) 3RA5 i BE ML 2
AT 4 Br PR . NI 7R A R B AE BT, 8
1 3CC13) S R HLAE fE 9 2 Ak ] LA sl 0 A T A o X
BEPLAE 5 /Y RE o



Bl

RTINS R TE AT AR RS AT T B BEALZE A4 BT T 5E B A3 A 183

2 BTARMEGTHENEERE
7 52 B 43 AR 22

2.1 ETEREMABHHIREN B -ERTER

HRH Priestley 3 - Fa bifi AL 1k 72 9 0 335 2438
?l/\@i*ﬂ]?*—lj% szﬁéh(l,wk),mﬂﬂlf¥7h%\ﬂﬂ;§
i, ( TR A

i ()= Z [2S: (1, w,) Aw [ak cos(w,t)+

by sin(wkz‘)} (18)
X, 0=, 1)Av,Ao=w,/(j—1), L/, 0,
R BRI R 5 a, 5 b,k Bk ST bR A IE S BEAL AR &
M (18) AT U i, A58 48 3 5% sl i 75 2 D =
i A S AR EE SRR m R AR R Y =
s by by 6] Si(tw) N AET R
72 ) 14 Ty 35 5 B PR AR, SRR
Salt, w;):’A(w l)’ZS--(wA (19)
A, 0 BRI A(w, 0) H I ] o6 %, 7T LR
R R A2
A(w,t)z
exp(—amt) —
exp(— amfz‘*) —

|:a1 Ay =

exp[—(cmf X w+ b, )X [J
exp[—(cm(X W+ b)) X z‘*}’
w>0,t>0 (20)

Horp

- ln(c‘mf X w+ b)) — Ina,,
a Cot X @+ (b — an)
0.25s5 ", 6,=0.251s"",¢,=0.005,
HOR AR BB AT B — g AR i I
by} HEEABENLAE 7 O 1) R 5L, N

w>0 (21)

K, 28 a,~

454 B AL bR
5 BEHLAE B { @,
5 0,50 SRR R -

a,=«/§cos<k@+a);ka«/Esin<E@+a);

by h=1,2,,j (22)

L, OTE] — x, = | X [R50 5346 50 €[ 0, 27),
WEBE N a=n/4;k 5k H——BE KR,

bR b RS (22) , AT MCS BP0 3 A il
MLAE 5 O 7= A= B HLES , o] LAAS 2 b 5= 2o s B i 78
BEA o SRIAT, R T g 0 M 3R B 7 B o sl e AR R
A A R AR ORI EAOR

ASCHI A ZOPPE ™ $ i ) ¥ 59 43 A 2 A5 2 AQ
T B AR KA — o, ] DX TR] A AR B BLAE B
OBEECHO(i=1,2,,n.), I FFmRN:

0, =—n(na— 2+ 1)/nasi=1,2, -, na (23)
Ao n AR AR B

51K R Fre/IME L3RR 8

2
us

377501
fift T4 2% pR K0 Je /ME Ly AT LA Ak il A [
B p AR R AU PR 25 . SRS AR R B ik
I R E AT AR R AT A B n, T LA S R 144
377.610.987 LA J 1597 % . b, 45X (23) 5(24)
AT (18), AT LA 3R A5 Hiu 55 fin 138 J38 B 2 A0 A% 36 1
A ()i=1,2, w) o

Ly= (24)

2.2 ETHMENSEHSHBNETERE

MRS R SRR AR L NI
S5 ) AN E I, G B RT LR LTU S5 R 3 A b 94 IE
A5 BEALAZ B ) LAl E R B P AR B R IR O — DA B
PLAS R O ML & a5 B0 — AL S 1 b o 1F
SR N LR R

1 1
! 1+1arcsin{sin(@+n)“ (25)
2 bid 5

Z—O—Karcsm{co (@)-l—
Ko, @ () Jo b o I 2540 A R BRI 3 PR O O
ARBEHLAS B AEL 0, 270 ] IX [ JIR A2 20 93 A o
W — 2 R M A B LS H {0, B0 ) TR TE 2543
i, T B 50 0 5 e, 2 5 R B 3R 6,
50,00 7T LA { @, By} RARN
= (14 01a.),8=mw(1+8,5,) (26)
KM, YA N, 4R G i BEHL S {8 )
F L N, 28R T 36 B0 b E IE 25 B LS B {ay, 8, ) 32

NN
1 1 . ST
2+ﬂarcsm[cos(]@ + = )H,

;+1arcsin{sin<f@+gﬂ} (27)

T

a, =@ !

oA

B=2

a, =@ !

sj

ﬁ.sj: o

K JG=1.2, . N)5Fj(G=1,2,.N,) Jg——
it SE R HO T B kR b5 R —— BT SE &R .
1 G5 1) 280 R R I S B AL AR i 5 B AL AR 5y
AT A H NG LR, A SCR ] Ze ik 46 19 = By 22 5 =X R
A (13) 57 A IE A BEAL A i 5 1F A Bl AL AR 5 /) ¢
Zo B AR IE A BN B {0, ) AE ST v T
A ERAYERE 20900 R Ay, A Ay A x BRI 4 B 227 56
B A, A Ay A, T
v=ua,+ b,a,+ c,a’+d,al,
x=a, T b0+ cpB+dpl (28)
K, a,.0,.c,.d, HITEBEHLAE & v 1) 200X R



184 o L

S

A by e d, T B REALAS & ) 20X R B AL
5 ik v iy 1 22 500 X R BOKR A% T DLR] B AT A T 4
B RIS AR (14)~(17)5R 15 . % FARIE S04
P 4 B 2 v aT LA 9 i LR (5) ~(8) 3K 45 .

il AL A2 2 1 o0 A A AT AR R X (9) ~(12) AT 1L
ARAFILRT A BY LM AR . T B4R AR AR SCH — A
SEA Bt AL A% T 2R 25 4 S 5000 B AL 2 X A B
7R BN A 56 A BE AILAE B, T R Bl AL AR A G
558 2 80 SEAR BEHL A & 3R R T il — B 5
ISk .

Sk TR0 e b AR BRCES LA TE 2 43 A 4 By
LA R (5)~(8), K 1T A T — L3 W4 fi
HSECGRTAMEMER R . A NAASHH W
IE IE A BEHLAS fE AR 46 X (26) 3R BN, AL bR o 1 A
BEALAS 5, FEAR U6 20 (28) 348 N4 AE IF S BE AL
L

S HL o

®1 ERDHHBIAMEMELE

Tab.1 First four-order linear-moments of common

distributions
AT T | X(F) T 4 B £k 56
X=p+ A=, Azzi‘
BT 2 erf '(2F — 1) g
gve £, =0, 7,=0.1226
1
A1:5(0+ﬂ)
Wit X=a+(f—a)F 1
5] oA a f—a Asz(ﬂ—a)
6
r,—=0,7,=—0
1
A a,AZZEa
E¥ T X=—alg(1—F) . )
75:3771:5
7 I_I/_( A= JF ,A?Z 1 2,
kD175 X=¢—alg(—IgF) =&t yal,=alg
Bl 7,=0.1699,7, = 0.1504
_ AMA=E& A, =a,
g X=6T =4 1
il alg[F/(1—F)] n=0 n=7

T F R o A eR B 1 B o 43 ) R A i 344
SERMER 5o I A B RE SR 60 i i B 2
B RS Ai a5 84350 BUE T S/ INME R
e KAH

25 b MR RS S ORI E I A S5
AT — AN AR BEHLAS B O B AT SE . % R
SER S BOR 2 I, 3 T REHL sR B A9 3k, mT LA
AN FEARBEHLAE B E @ 55 O F ik, I AT LR 4 4
T RERD glp B8 A A B ST HIOA A BLR R 4
(5 hiyhoy ooy b)) — S BK &R 1<<h<
n,hﬂﬁ/1‘,-<i75j),.5‘<n&%jﬁi\\%ﬁ(n,hi):l(z’:

1’“'75)0 é\:

qu= /eh,( mod n)

s h=1, 3 i=1, .
x@:(Zq,H* 1)/(271)

(29)
K, g BARFELITHIINNTER A< qu<n;a, N
UF A8 F R AR5 RAT AR (9 M BUE

%Q‘P”:{xk:[m e 2 k=1, 0| FR K

AR B (s, eee R AR SUER o R PAE I A
HE M2 % 5 B SR/ M 22 00 PR Ry glp 265 o
AL

2kh, — 1
X — (30)
2n

MR 4 7 ™, X (29) 5 (30) 19 S5,
By s BIE AT LAAR 95 35 2 647 e R .

R2 BN EFAHINTESEBENSHY
Tab.2 Parameters determined by the point sets of two

basic random variables

n s h, h,
144 2 1 89
377 2 1 233
610 2 1 377
987 2 1 610
1597 2 1 987

2 EESEEEIT 0N MR =144
b, % A Y s kA i 201,89, MR AR 2K
(29)5(30), 7] LLTF5 K45 n=144 MR E M4 F 45
P,=Pu={x,=[an xul k=1, 144}, I E 1

ijZT_\‘o Fgl 1':’:'@:Im,@:lk2»’ﬁ%:iﬁ/‘3% 144/|\ﬁj/>__]
o3 A AR U

ka
S —~ N W A L
— T T T T T T

|
=

T 0 1 2 3 4 5 6 7
xkl
1 n=144 I TS FEA BEALAS B B9 ARS8 4R
Fig. 1 Representative point sets of two basic random

variables when n=144

)i AR 2 (18) 45 8] oy =n Z5 038 I R )5
T 2 0 M7 5 vk AT LA S A 30 45 0 B e 7 AR
CHSE Fo i 7 INF 2 ), 78 28 GE T o 4L W 7 P 22 ) A5
ES(i=1,2,,n.)



Bl

2.3 ETHEENEHHAAEERRE

V25 4 3h F7 i R A SR A R (— i R R D
DRe RN G I REMREL G I FREA N
G=X=R-—S (31)
FIFC(31) BT 115815 2] U fig sR 3 G iR AR 5
o B R (9) ~(12) Al LU 15 3, A RE
AT I RE R G BIRT 4 B ZERE Ao Aoe Ase L Ao
R 7T 5 B (19 5 3L, T RE oA AL G X I 114 2 Ak
R P LAR IR R -
P;=Prob[ G<<0]=Prob( X< 0)=
Prob(a+ bU + cU*+dU*<<0)  (32)
AR 45 55 HE e A8 4, ]
F(G=X)=ao(U)=ao[S '(G,M)] (33)
Hrh, @ (U ) s e 1E 25 BEHLAS B 1) BB A R AL
SHG,M) R RE M= Lo A Aue]
SR A 4 1 1 T
B, (3 LIERR N
P=F(0)=o[S '(0,M)] (34)
R4 2 RIOME 2 5 ] SEF8 b5 19 2 X, m] SE 48 A 0T
LRRN
fu=—@ (P)=—S (0,M) (35)
Xt F S0, M) ISR i, S5 1 koK i — ot =
WA R (3R U,
S(U)=aU*+ bU*+cU+d=0  (36)
Xt F1Z 7 A 0 SR A T AR B e AT 3 e 4 8 X
FRAAXFEHATITE ., GHHNLA=8B—
4AC=> OB, AT I B B AY — A KR S (0, M )=
U, %k R

—b—JY, — Y,
U= 1 ’ (37)
3a
/\EP:

—B-+VB —4AC

Y, =Ab+ 3a 2 ,
—B— B —4AC

Y,=Ab+ 3a ) ,

A=DB*— 3ac,B=bc— 9ad,C=c*— 3bd (38)
R, i 45 5X (35) 5 (37) , A SCHE RIS T
T4 B 2t A5 2 A9 AT SEFE AR B h
b+JY, +IY,
3a

An=—S ' (0O,M)=—U= (39)

HHAHX A<M, UAT IR N
0

0
—b+JA COSE*«ESin—

U= » (40)

B R RAESE TR A A3 A0 AR SRR (4 BEALES KA BT R VT R R A BT 185
2A0 — 3ab
A, 0= arccosy, H }/2741 (A>0,
2V A?

—1<<y<<1),
U H , e A T FEFE AR B R H
fn=—S ' (0O,M)=—U=
b— A cosgf «/gsinE

& (41)

3a
2.4 ANRHNEHEEEZNIHTE

FF LR 2.1~2.3 40, AR SCHE ST T BEVL S
Fa BT 7% 0] S I 4 P VR 0 4 B A5 R EL St I AR 0
K 2 BT

IHih

' !
I FEEA BEA 1AL i 042 A FFREEABEYLAL B Ok
AR FRpELH R Sh SRS R R A
[ J
)
PN EEAREPLAL
BEbLE) ) R 5t

!

AR AR T T S MM AR (LS

B S BRR, SRR D HE PR R GG
B4

T T RTAR MR T S48 AR

P2 BEALAS R0 T 4 2 4 M R 2k 4 20 T A

Fig.2 Flowchart of the linear moment method for assessing

the seismic reliability of random structures

(1) AR IR BEAL 52 S A o ] — A 2
ARBEVLAZ 5 O, LS BEAL ok K03 2 73 B8 10 A= i AR
o B AL 3 52 5

(2) 53 A A (0T 4 B 26 MR ) 1 45 4 2 4
B B ik . RIS — A SEARBEHLA B O, 3k
YBCHR ¥ 1E 285 73 A Bl ML A% 8, 9 1 R FG T I E
A IR %I AT AR Y BEALAZ o

(3) My 2 A A BENLE B (0, @) B3 1)
RGIF AT A 0 M o AE 2 A FEAREAL AL B AR 1Y
BEHL B 1 2 58 vh i A7 AR Ak I R 0 AT, TSR A5 R Y
M SO A L S

(4) RLHE S5 4 70 M v E 55 T R pR KL G B AT 4 Bir &
PERE A6 Aui Ase A BERE SR R SR A D RE R G=
R— ST 4 B e M5

(5) THE B T RAMER A6 Aug Ase Ay B9 W] 545
b A5 Zh BE eR B R 4 B g AL A S (14) ~
(17) KX R E a b c.d, MR (39) 5L
(A1) 5K fif B T 2 Pk 1 AT REFR AR B



186 W oz T B ¥ iR %38 %
o, m kA IR R & e R B W EE
3 %’%ﬁ*ﬁ )y () oy(2) 43 5 R 2 0 A0 %k BE A X

% B AR AR B L AR U T B AR L A i B2
TR Z AR 3 TR, A 2Rk Sy XU R 2 5 A% 78 Bk
BN AR o By R R L & 4 Fros o Horp 2,
MR, B0 0.01 mo &y 5 &, 53 531 4] B W R A3

JEE AR AOE RS BTG T I 1) 2 19 R

RICH JEEEA S Em 5 k0953 A R0 (HRE A2
T AR A B AR AT T 4 B MERE . O T ARTR SR
(AT 4 B2 PEaE BB m 9 IE 2S04 ke 9 KDL 2R 9y
Ay, FE AR 45 HGE SCARAS AN 58 1 2 500 23 A 15 2

Ik Iy P 3 i 2 KD &/ =02, N3 Fron. 5350 % e R % = 36612 Nes/m.
HRAE 2 3 H B i 4 By 2tk S n] DLIE R A B 2 X &
BnR 4 PR
H Ty 436 % i R $CR FH Clough-Penzien %"
+ 4 2 ) 2
S(w)=—"2% by .
(w — w; ) + 4§) HON
4
@ .S, (43)
2 2\" + 4 2 2
B3 R (o —wi) +dtiaie
Fig.3 Single degree of freedom system A, w, M & G390 Ay S M - L 5 A 25 AR Je
FE 5 o 1 Ay 3t 72 o 2 I RRAR A 3 1 I B, 0, =
O.lwg, §[ Cg,Soj‘]%EiﬂEZﬁ]ﬁﬂ FEI Jj‘]ﬁ
TR B WM AR B Y 0tk 55 AR UL TR AR D 1 0
Wy, Rm
S, = s (44)
72 28 -+ i
P4 ORI v med 2t
Fig.4 Bilinear restoring force model SOy i T s A 4 £ yj{llll (HH
ZHH R ERRE TR To Clough-Penzien 3 B ZEUIRE IR 5 fros , Horp, T
my ()4 () +ky()=—mii ()  (42)  JosbfRuHE R
®3 EEMEHNTIHEUSHNSHER
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Tab. 6 First four-order linear moments of the performance function and reliability indices (R=180 mm )
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e e i, A 37 RS S MCS 7 i TR S T
MO-OM' — 7 WY 22, AT DL TR0 AR SCO ik AR T T SR 4R bR
0.0121
P £7 FERRTHM4MLEHE
£ 0.008F Tab.7 First four-order linear moments under different
0.0061
bounds
0.0041
0.002f ) R/mm A/mm Ao/ mMm A/ mm A/ mm
D — M 10 1% 300 110 24.0441  13.8561 —1.6018  1.6319
N f“im 120 34.0441  13.8561  —1.6018  1.6319
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Fig. 11 Histogram of performance function with 1597
140 54.0441 13.8561 —1.6018 1.6319
samples (R=180 mm)
150 64.0441 13.8561 —1.6018 1.6319
W T HE— 2 U8 W AR Sy RS b R T 2 160 74.0441  13.8561  —1.6018  1.6319
ORISR BT 4 Bk e 7 e B 170 840441 138561 16018 16319
180 94.0441 13.8561 —1.6018 1.6319

Wi 5 A R %) 358 KL 55 1 B 4 e R B ) (R 2 3 L
2.3 AR R FEAAE . B 1245 T ARIART
AT (1597 AFEA) (— K Z B 4 15 (1597 A~ #F
A GEPLT A LHS J7 ik (50000 A ) 5 MCS
75 ¥ (100000 AN BEAS ) THE 1 AT FEHE b5 . AL 121
ATLVE L FEARRI R T A S5 vk (LHS Jridk DL &
MCS F kit 5 g B M G R4, i — W A vk
HF R TR 2 B bl AR S 7 SRR R W7 R K
f, 5 MCS J5 36 Je LHS J5 #3580 45 51 19 22 7 3% i
K, RAE LHS )7 i 5 MCS )5 2 fE % (% IE K i,
EAR ST B AE 1597 S FEAR T T RE AR 8 5 LHS J5 i
K MCS Jr 4 [FFE 0 A BE AR BT AR S 8k 1Y 7 24

4.0
—o— — IR B HER(1597)
350 weeme RIITHE(1597)
Y MCSJ77:(100000)

I T~ LHSJTE:(50000)

ﬁ 2.5t
**‘fhi&f 20t

L.5F
1.0

0'5 1 1 1 1 1 1
110 120 130 140 150 160 170 180
R/mm

12 R[E SR Y T SR8 AR
Fig. 12 Reliability indices under different bounds



RTINS R TE AT AR RS AT T B BEALZE A4 BT T 5E B A3 A 189

I ] BE AP — S WY R 22 o A7 7E (Y ) B AT RETE T3l
A SO Bt BT 4 B AR S MCS Jr i
BERME SR R SR SLIE bR Wi 2 7 R 22 5
Bt X% )R, AT A E o 3 0 SR A R R R

4 7 &

AT A5 SR AT R S DL W 5 T 4
PEFE Y — o0 = IR 2 X 5 B 4E R 0R 19 BE AL ek 235
FRBLAL LS G A T 2 SE AR Bl AL AR 5 B AL BN
JIRYGE P& T —Fh BEAIL S5 48 P15 v] 5 B Y Ze ik 4R
W T T A3 A R SRR 0 B AL 45 R B R ] SR
SPATIE HESE o Gl M R BENL ) ) R A
2 AL 5, I is T AR v e HARER A
85 AR SO 1k B A AT S0 B 4 R i 9 A R (R
FE PRER R AR R R o R SR R —oT R T R Y
HR 5L T AT 5 BE A o SC, 4 11 17 36 T 2R Pk 4R 1y 25 )
PUR TSR R . AR L AL H B
B 53 B WF 5T T AE S5 S 800 A AR HE DL B[R]
B JEIR TR AR VA M SRR . BARZS IR R .

(1) LA M2 1 fl BE SR 1), 2% 1 BB WL 285+ 2 250t
ALTT 2 A FEACKE ML AR &, Hol 2 4f 4% 7 S SE e R
IR 2ASFEABEALAS . R AR B LA AR N T
1597 4% Hb 7% Jin 38 B B B2, O A 0 SE Al b i A7 Rk
i B bt 5 i 157 534 o 38 3 A3 BT AR A T 5 A A 5 B e
I LA KA 7% ) O A B, O — 205 T IR
T 6E R BT 4 B4t .

(2) 38 1 W AR 3007 A5 B 1 25 R 514 51 MCS
7, LHS 97 3 DA K — K B 45 7 3158 45 SR gk 47 %t
Ll , 22 W R 2 S 07 15 345 16 T RE pR 0T 4 B Ze 1
M AT SRR AR B RE AR 4 b 5 MCS 7 ik 1153 45 L 4
AL IUE T AR B L X O R D BE AL 2 A AR
AL SE P A3 T (R R AL T —FP AT AT AR AR

(3) BMKF A E T EMSH MR T
HI 4 R A BEDL A A URR PT SR BE A AT AE 2R . AR
H AT RS0 o 1 B R R G ABIZ 7 AT DA
IR Z A W AR RS rBrrh o SR, 6T T g
P (B/NRRME SR ) LA B AS [R) Al 21 1 100 (A 458 AN (] e
MRS IR AT B — IR AR S FIIR R

S X ik:

[1] GHANEM R G, SPANOS P D. Stochastic Finite Ele-
ments: A Spectral Approach[M]. New York: Spring-
er-Verlag, 1991.

(2] BE%E, WO . T ook LHS 77 1 09 W00 ) 1 B¢ 4= 45
MRk BERE R [T ], TR J1 %%, 2010, 27(4) -
163-168.

[3]

[4]

[5]

(6]

[7]

[8]

[9]

[10]

[12]

XIONG Xueyu, GU Wei. Long-term performance proba-
bilistic analysis of PC structure based on improved lhs
method[J]. Engineering Mechanics, 2010, 27(4): 163-168.
IOURTCHENKO D, MO E, NAESS A. Reliability
of strongly nonlinear single degree of freedom dynamic
systems by the path integration method[J]. Journal of
Applied Mechanics, 2008, 75(6): 061016.

RALEK . BEBLV- 2236 S R LT Ji2f ik, 1987, 17
(3): 342-352.

ZHU Weiqiu. Stochastic averaging methods and their
applications[ J]. Advances in Mechanics, 1987, 17(3) :
342-352.

DOS SANTOS K R M, KOUGIOUMTZOGLOU 1
A, SPANOS P D. Hilbert transform-based stochastic
averaging technique for determining the survival proba-
bility of nonlinear oscillators[ J]. Journal of Engineering
Mechanics, 2019, 145(10): 04019079.

CHEN J B, LI11J. The extreme value distribution and dy-
namic reliability analysis of nonlinear structures with un-
certain parameters[J]. Structural Safety, 2007, 29(2) :
77-93.

CHEN J B, YANG J Y, LIJ. A GF-discrepancy for
point selection in stochastic seismic response analysis of
structures with uncertain parameters[ J]. Structural Safe-
ty, 2016, 59: 20-31.

A, BRI BEHLSI 1 &R G b i MR R v Ak O AR
L HAFE it e[ T]. S17e ik, 2010, 40(2): 170-188.
LI Jie, CHEN Jianbing. Advances in the research on
probability density evolution equations of stochastic
dyanmical systems[J]. Advances in Mechanics, 2010,
40(2): 170-188.

s, Dk, L0 . BENLES K Bl ) TR R R Y 4
EEA T[], T 1%, 2018, 3503 Tl 1)« 17-21.
YANG Jie, MA Mengfan, WANG Xu. Conditional
probability method for dynamic reliability calculation of
random structures[J]. Engineering Mechanics, 2018,
35(Supl): 17-21.

U SET LA = T I BE LM S AR T ST (D]
P VY TR R A, 2021,

JIANG Hao. Research on dynamic reliability of random
structures based on machine learning[ D]. Xi’ an: Xidian
University, 2021.

RAET, fLup b, B4 . Kriging 5 ootk — v B JH @l
A B9 AT O A 7 2 [T ] [ B BB R 22 4, 2020,
42(6): 150-156.

YUAN Xiukai, KONG Chongchong, GU Jian. Reli-
ability analysis approach based on Kriging and advanced
first-order second moment method[J]. Journal of Na-
tional University of Defense of Technology, 2020, 42
(6): 150-156.

T, FIER, 3058 HE TR AL A 0 A e 1 B
BUAH € MEAL R 0 AT 7 ik (7). TR D%, 2021, 38(8):
15-23.

WANG Tao, LI Zhengliang, FAN Wenliang. An un-

certainty propagation analysis method for stochastic sys-



& 3 T

£

EE

%38 %

tem based on extended conjugate unscented trans-
form[ J]. Engineering Mechanics, 2021, 38(8): 15-23.
SHINOZUKA M, JAN C M. Digital simulation of ran-
dom processes and its applications[J]. Journal of Sound
and Vibration, 1972, 25(1): 111-128.

Ml fc, 2578 . BEBL o B2 09 BE ML R ok B3R [T,
e, 2011, 43(3): 505-513.

CHEN lJianbing, LI Jie. Stochastic harmonic function
and spectral representations[ J]. Chinese Journal of The-
oretical and Applied Mechanics, 2011, 43(3): 505-513.
LIU ZJ, LIU W, PENG Y B. Random function based
spectral representation of stationary and non-stationary
stochastic processes[J]. Probabilistic Engineering Me-
chanics, 2016, 45: 115-126.

BATR, A8, BLERSC, A AR 0 KU 4R A (A
Pt 5 F HPM e ad F i 236 A [T ] dbae Tl K2
2E4, 2024, 50(2): 180-186.

ZHAO Yangang, ZOU Chunyue, JI Xiaowen, et al.
Extreme value estimation of non-Gaussian wind load:
empirical formula of HPM-based translation process[J].
Journal of Beijing University of Technology, 2024, 50
(2):180-186.

WA SR T L S T I B T AL OGS A AR AN Bl A
FFEPESI M LRSS (D ] AN h B R, 2023.
CAO Shuang. Study on gradual and dynamic reliability
analysis method for key components of a mine hoist
based on the linear moment[ D ]. Xuzhou: China Univer-
sity of Mining and Technology,2023.

FISHER S R A, CORNISH E A. The percentile
points of distributions having known cumulants[J].
Technometrics, 1960, 2(2): 209-225.
WINTERSTEIN S R. Nonlinear vibration models for
extremes and fatigue[J]. Journal of Engineering Me-
chanics, 1988, 114(10): 1772-1790.

ZHAO Y G, LU Z H. Fourth-moment standardization
for structural reliability assessment[J]. Journal of Struc-
tural Engineering, 2007, 133(7): 916-924.

ZHANG L W. An improved fourth-order moment reli-
ability method for strongly skewed distributions[J]. Struc-
tural and Multidisciplinary Optimization, 2020, 62(3) :
1213-1225.

ZHANG XY, ZHAO Y G, LU Z H. Unified hermite
polynomial model and its application in estimating non-
Gaussian processes[J]. Journal of Engineering Mechan-
ics, 2019, 145(3): 04019001.

HOSKING J R M. L-moments: analysis and estimation
of distributions using linear combinations of order statis-
tics[J]. Journal of the Royal Statistical Society: Series
B (Methodological), 1990, 52(1): 105-124.

ZHAO Y G, TONG M N, LU Z H, et al. Monotonic
expression of polynomial normal transformation based
on the first four L.-moments[J]. Journal of Engineering
Mechanics, 2020, 146(7): 06020003.

FEHRHE, EHRE, R, 5 BT Ik DR -2 R M K-
Means B 1 i) 407 I8 5 [ /K S8 9 R 73 T 58 (7] st Bk gy 2
4k, 2023, 66(8): 3171-3184.

[26]

[30]

[31]

[32]

[35]

[36]

WANG Liping, WANG Yunzhe, XIANG Xin, et al.
Research on classification of short-duration heavy rain
based on Gumbel-Linear Moment and K-Means algo-
rithm[J]. Chinese Journal of Geophysics, 2023, 66
(8): 3171-3184.

V5 B T /N AR A i K SRR 3 AT A R LT[ D .
R AL B RUIR LR 2, 2023,

FENG Jinghan. Modeling and application of small sam~-
ple extreme hydrological frequency analysis|D]. Nan-
jing: Nanjing University of Posts and Telecommunica-
tions, 2023.

FLEISHMAN A I. A method for simulating non-normal
distributions[ J]. Psychometrika, 1978, 43(4): 521-532.
TUNG Y K. Polynomial normal transforms in uncer-
tainty analysis[J]. Journal of Applied Probability and
Statistics, 2000, 1: 167-174.

PRIESTLEY M B. Evolutionary spectra and non-sta-
tionary processes[J]. Journal of the Royal Statistical Soci-
ety: Series B (Methodological), 1965, 27(2): 204-229.
SHINOZUKA M, DEODATIS G. Simulation of sto-
chastic processes by spectral representation[J]. Applied
Mechanics Reviews, 1991, 44(4): 191-204.
DEODATIS G, SHINOZUKA M. Simulation of seis~
mic ground motion using stochastic waves[J]. Journal
of Engineering Mechanics, 1989, 115(12): 2723-2737.
ZOPPE A. Principal points of univariate continuous dis-
tributions[ J]. Statistics and Computing, 1995, 5(2) :
127-132.

1.1 J, CHEN J B. The number theoretical method in re-
sponse analysis of nonlinear stochastic structures[J].
Computational Mechanics, 2007, 39(6): 693-708.
FANG KT, WANG Y, BENTLER P M. Some appli-
cations of number-theoretic methods in statistics[J].
Statistical Science, 1994, 9(3): 416-428.

LIU ZJ, RUAN X X, LIU Z X, et al. Probability den-
sity evolution analysis of stochastic nonlinear structure
under non-stationary ground motions[J]. Structure and
Infrastructure Engineering, 2019, 15(8): 1049-1059.
EORNI, STOIMY, R 25k n] 5 R A BT 1 3 51 T
Wi g T[], TR 4, 2011, 28(7): 109-116.

LYU Dagang, JIA Mingming, LI Gang. Uniform de-
sign response surface method for structural reliability anal-
ysis[J]. Engineering Mechanics, 2011, 28(7): 109-116.
CLOUGH R W, PENZIEN J. Dynamics of Structures
[M]. NewYork: McGraw-Hill, 1975.

KONG F, LIS J, ZHOU W B. Wavelet-Galerkin ap-
proach for power spectrum determination of nonlinear
oscillators[ J]. Mechanical Systems and Signal Process-
ing, 2014, 48(1-2): 300-324.

£ —1EH 2P (1983—), B W04,

E-mail: 261631662@qq.com

BIEMEE: 30 (1988—) 5 it gkum .

E-mail: zhanglongwen@hunau.edu.cn



